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Abstract
Global search on conducting polymers (CPs) during the last decades has
confirmed their feasibility as innovative bioactive materials which are able to induce
electrical, electrochemical and electromechanical stimulation of cell tissues.
However, their application is limited by their non-biodegradable properties or poor
mechanical integrity.
This Thesis reports the fabrication and characterization of interfaces based on
CPs, which are designed with at least one dimension in the nanometric scale, for
bioapplications such as scaffolds for promoting electro-active tissue regeneration,
drug delivery systems or passive ion transport membranes. In particular, the
development of such platforms is addressed to overcome CPs limitations without
compromising their electrochemical and electrical properties. Special attention is
placed on evaluating those properties that are known to determine cell-biointerface
interactions (i.e. surface chemistry, topology and mechanical features) in addition to
biocompatibility and biodegradability. Concretely, CP-based biointerfaces are
designed as free-standing nanomembranes (FsNM), fibrous substrates or
electropolymerized ultra-thin interfaces.
In the first approach, spin-coating is used to prepare robust and ﬂexible
nanofilms by blending a chemically synthesized PTh derivative (P3TMA), which is
soluble in THF, CHCl3 and DMSO, with an insulating polymer (i.e. polyester (PE44)
or thermoplastic polyurethane (TPU)), which is crucial to provide mechanical
integrity to P3TMA. Fully characterization of the resulting FsNM reveals that both
systems, P3TMA:PE44 and TPU:P3TMA interfaces, retain features coming from
each of the homopolymers: electrochemical activity and electrical response on the
one hand, and biodegradability on the other. Moreover, they behave as potent
cellular biointerfaces because they are biocompatible, electrobioactive and adequate
substrates for type I collagen adsorption.
Secondly, P3TMA is further used to obtain hybrid fibrous scaffolds. In this case,
polylactide (PLA) or poly(ester urea)-co-poly(ester amide) (PEU-co-PEA) are chosen
as biodegradable polymers. After the optimization of the electrospinning process, a
study is carried out to investigate the electrochemical properties (electroactivity and
electrostability) of both PLA:P3TMA and PEU-co-PEA:P3TMA hybrid samples, and
their bioapplication. P3TMA displays a good doping level, and retains its
electrochemical features in the hybrid fibrous samples, which are electroactive and
electrostable. Again, P3TMA improves the cellular proliferation of cells cultured on
the hybrid fibrous interfaces, thus enabling their use as suitable scaffolds for cell
i

regeneration. Furthermore, PLA:P3TMA fibrous interface can perform as a drugdelivery platform since it combines suitable wetting behaviour, biocompatibility
and good electrical features. Matrices loaded with antibacterial drugs are active, and
thus the drug is feasible to be released from the fibrous biointerface by electrical
stimulation.
Finally, CP-based biointerfaces are prepared by electrochemical polymerization
adopting specific strategies. Hence, Omp2a, an outer membrane protein which
forms trimeric pores, is entrapped in a poly(N-methylpyrrole) (PNMPy) matrix,
preserving its native structure, which ensures its operative and functional state as
passive ion channel. Similarly, a bioactive platform is prepared based on the coelectropolymerization of a specially synthesized bis-thienyl monomer, AzbT, which
contains carboxyl and Schiff base functionalities, and 2,2’:5’,2’’-therthiophene (Th3).
Such interfaces display good optical and electrochemical properties depending on
the AzbT:Th3 molar ratio in the electrpolymerization medium. Furthermore, the
copolymer with the highest AzbT content shows enhanced cell adhesion and
proliferation results, with cells cultured on their surface homogeneously spread.
Such behaviour has been interpreted as the combination effect of the minor release
of harmful Th3 monomer entrapped into the polymeric matrix and the presence of
the AzbT’s distinctive groups.

Keywords: conducting polymer, biodegradable blend, nanomembranes,
fibrous scaffolds, tissue engineering, drug-delivery, funtional biointerfaces,
electrochemical polymerization.
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1.1.

Motivation of the Thesis Research

Without electricity our brain would not work, our muscles would not contract,
we would not sense or the rhythm of our heartbeat and the movement of blood
through our circulatory system would not be controlled. The human body is a
complex bioelectrical system and, at the end, those electrical signals are responsible
for the correct internal function of our body. Biological processes are driven by
charge transport phenomena: transport of ions across the cell membranes and of
electrons along biomolecules. There are measurable electric potentials that exist at
the cellular level (cell membrane), the interstitial level (between layers), and the
epidermis (transepithelial potential, TEP).
A great example of how electricity takes part directly in some body functions is
the role it plays as the driving force in the correct wound healing process.[1] This is a
systematic and yet not fully understood process. In a normal state, the TEP, which
varies from 10 mV to 60 mV (average 23 mV), is caused by the imbalance of
negative chlorine ions and positive sodium and potassium ions in the tissues. When
a wound is formed, this seal is broken and the TEP collapses to 0 mV, thus
establishing a movement of ions, referred to “injury current” (ca. 10 – 100 μA), and
also a physiological electric field (EF) of ca. 140 mV/mm. Only 2 – 3 mm away from
the wound edge, the EF decreases to 0 mV/mm. Therefore, both the EF and the
injury current start a cascade of events that results in healthy cells being attracted or
repelled to induce wound healing, and thus close the wounded gap. Current will
continue until the defect is fixed, and the TEP value restored.
Therefore, it is not surprising that since the invention of electricity, electrical
current has been used for medical and therapeutic applications: in the treatment of
skin wounds,[1] to accelerate bone fracture healing,[2] and also to prevent muscle
atrophy and pain relief during rehabilitation.
Generally, electrical stimulation (ES) is used for wound healing purposes
because it can mimic the natural “injury current”.[3,4] Rouabhia et al. showed how ES
promotes skin fibroblast growth and migration, increases growth factor secretion,
and enhances wound healing.[5]
Apart from that, research has evidenced how electrical stimuli induce other
cellular responses such as stem cell differentiation,[6] specifically in electrically
excitable tissues, like skeletal, muscle, nerve or cardiac tissues, and bone. Thus
electric signals are able to regulate cell growth and function.[7] As it was reviewed
by Meng et al., there is no standardized methodology or setup for ES, as it can be
delivered in many modalities depending on the final purpose it accomplishes.[8]
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Figure 1.1.1. Result of the search under the key words: “electrical stimulation” and
“conducting polymers” until January, 2015. Top: scientific papers and patents found
at ScienceDirect. Bottom: number of cites each year (Source: Web of Science).

Hence, the optimization of the overall process is quite complex since a lot of
variables are involved (e.g. electrical voltage, duration, electrical pulse sequence,
frequency, and the selection of appropriate electrodes in terms of geometry, position
and material).[9]
Conventional biomaterials do not result in appropriate biointerfaces to conduct
ES since they lack of electrical conductivity properties. And recently, standard
materials (i.e. stainless steel, platinum or titanium) are being replaced by nonmetallic materials which are biocompatible and also display conductive
properties.[10-13] Figure 1.1.1 shows how research on both “electrical stimulation”
and “conducting polymers (CPs)” has been increasing considerably during the last 5
years. A new and exciting area of research has emerged, in which CPs are the key
biomaterial component not only because of their tuneable ability for electron/ion
transport, but also because of their biocompatibility, softness and easy of blending,
self-assembly ability, environmental stability and processability.
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Figure 1.1.2. Parameters and factors connected in the design of CPs. [Adapted with
permission.[20] - Open Acces article under a Creative Commons license (CC. BY 3.0)].

Consequently, CPs represent an excellent choice to support cell adhesion,
migration and proliferation.[12] Moreover, their ability to electrically stimulate local
tissue is of great potential.[13]
In contrast, their application is limited by their non-biodegradable properties,
low porosity, hydrophobicity and poor mechanical integrity. Among the different
strategies to overcome such limitations, a common one is based on the combination
of CPs with other biopolymers and the processing of the mixtures into membranes
or fibers. The homogeneous distribution of the CP phase in the blend ensures
electrical signals to be effectively transmitted throughout the biointerface, reaching
all seeded cells. Even without the effect of ES, the respond of cells towards CPbased biointerfaces depends on its features: wettability,[14] mechanical stiffness,[15,16]
elasticity,[17] and surface topography.[18,19] It is not the effect of one specific property,
but the combination of all that influences significantly the behaviour of seeded cells,
including their proliferation, migration, differentiation and structural
reorganization.
Accordingly, CP-based scaffolds can effectively interface biological systems and
act as cell-instructive platforms, thus contributing enormously to the field of tissue
5
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engineering and regenerative medicine. Taking advantage of CPs unique properties,
research efforts are aimed to produce a suitable scaffold with enhanced
biocompatibility and biodegradation properties, as well as tailored topological,
mechanical, electrical and electrochemical features which can be relevant to satisfy
the specific biomaterial requirement. Finally, it is important to bear in mind that,
due to CPs vast versatility, a lot of variables are interconnected in the design steps
(Figure 1.1.2). In consequence, the challenge remains in balancing all these
characteristics, and still obtaining a functional biointerface, which is the aim of this
work.

1.2.

Background and Overview of Key Concepts

1.2.1. Biomaterials: from Bioinertness to Biointeractivity
It was in the late 1940s and early 1950s when the first medical devices based on
biomaterials were used in humans.[21] Since then, the biomaterials field has gained
widespread scientific and technological attention, and the list of commonly used
applications has been growing considerably. Just to cite a few, the list of key
applications of biomaterials include cardiovascular prostheses, intraocular lenses,
joint replacements, dental implants, scaffolds for in vivo and in vitro cell growth,
skin substitutes, sutures, blood bags, bone cement, etc., and the field is continuously
updating with the design of novel biomaterials and emerging technologies.[22]
As it is defined by the International Union of Pure and Applied Chemistry
(IUPAC), a biomaterial is any material exploited in contact with living tissues,
organism or microorganism.[23] Traditionally, biomaterials science has focused on
the study of the physical and chemical interactions that arise when complex
biological systems and entities interact with either synthetic or modified natural
materials.[24] However, the progress achieved during the last decades in areas such
as medicine, cell and molecular biology, chemistry, materials science and
engineering has undoubtedly contributed to biomaterials research, which has been
continuously evolving and adapting through three generations now (Figure 1.2.1).
Each generation differs from the previous one by the specific purpose it tries to
accomplish, thus enlarging the field of applications, and temporal overlapping can
occur.[21]

6

INTRODUCTION
Biomaterials Research

Regenerative Potential
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Biocompatibility
Minimal foreign body
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Bioactivity and
Biodegradation:
Therapeutic effect
Controlled drug
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Resorbable materials

Tissue regeneration:
Integrative scaffolds
ECM mimicking
Stimulation of cell
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Functional Biointerfaces

3rd generation (2000s)

2nd generation (1980s)

1st generation (1950s)
Time
Figure 1.2.1. Evolution of biomaterials. Classical biomaterials, such as solid metallic
implants, pursue the objective to be biocompatible, to replace damaged tissue and to
provide structural support. However, more and more biological approaches focusing on
repair rather than on replacement are pursued in experimental research. Smart
biomaterials are biodegradable and actively participate in the regeneration process of
damaged tissue by stimulating specific cellular responses at the molecular level. Adapted
with permission from [25] (Copyright 2002, Elsevier) and [22] (Copyright 2013, Elsevier).

The 1st generation of biomaterials (1950s and 1960s) was developed by using
widely available industrial materials which, although not being designed for a
specific medical application, resulted in excellent candidates for tissue replacement
because they were bioinert (i.e. their suitable chemical and physical properties
induced minimal foreign body response).[26] For example, silicone rubber used in
medical components and assemblies or pyrolitc carbon for mechanical heart valves
are examples of 1st generation biomaterials.
During the 2nd generation (1980s-1990s), the goal is not aimed to achieve
bioinertness anymore, but bioactivity.[27] That is, biomaterials features are tailored to
obtain a desired therapeutic effect at the biointerface they contact. Hence,
biomaterials are conceptualized as systems for controlled drug release and gene
therapy, delivering pharmacologic agents such as drugs, active proteins, growth
factors, and other macromolecules of interest to localized areas.
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For such purposes, bioactive glasses and ceramics are widely used in orthopedic
and dental procedures.[28] Drug-eluting stent coatings designed to prevent
endovascular restenosis (blood vessel closure) or biodegradable sutures are also
found among this group.[29]
Finally, 3rd generation biomaterials research (2000s-onwards) focuses on
developing innovative systems to support functional tissue regeneration as opposed
to replacement (1st generation), or either resorbability or bioactivity (2nd
generation).[26] On the contrary, at the present time, these last two properties are
combined to help the body heal itself.[30] Renovation of living tissue is accomplished
by designing biocompatible matrices (scaffolds) which resemble the complexity of
natural tissue assemblages (i.e. the native extracellular matrix, ECM), and stimulate
specific cellular responses at the biointerface to promote cell adhesion, proliferation,
migration and differentiation processes.[31] Figure 1.2.2 illustrates the tissue
engineering paradigm: various cell types are seeded on porous scaffolds, possibly
proliferated in a bioreactor, and finally implanted in various tissue sites to restore or
regenerate damaged or missing tissue.[21,32]
Eventually, when this biointerface is able to actively guide and control specific
adhesion and recognition events it is defined as a functional biointerface, and its
development is of particular interest for tissue engineering applications and
regenerative therapeutics.[33] This new concept of scaffold, which is also referred as
smart interface or proactive cell-instructive material,[34] is designed to display a
series of chemical, biochemical and biophysical signals that actively guide the whole
tissue repairing process.[35] Furthermore, smart biomaterials which are able to
interact with the surrounding environment and respond accordingly are also
included in this 3rd generation, regardless the biomedical application.
Taking into account the interdisciplinary component of the biomaterials field, it
is not surprising that nanotechnological concepts and procedures,[36-37] as well as
biomimicry-inspired design[40-42] are being applied to obtain advanced biointerface
structures that will interact with the in vivo system in the desired way. On the one
hand, techniques such as molecular and nanoparticles self-assembly,[43]
nanopatterning,[44] electrospinning[45-48] or nanotemplating[49,50] approaches are
introduced to control with nanometric precision the spatial organization of the
biointerface to resemble the fibrillar structure of the ECM, which is vital for
enabling effective cell guidance.[51] On the other, the biological response is also
influenced by the mechanical,[17,52] physico-chemical,[53] electrical[54,55] and
morphological[56,57] properties of biointerfaces.
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Figure 1.2.2. The tissue engineering paradigm: multiple roles for biomaterials.
Reproduced with permission.[32] Copyright 2007, Nature Publishing Group.

Thus, all these features are tailored at the nanoscale in an effort to mimic the
complex and dynamic signalling processes that induce cell recognition, adhesion,
cytoskeleton assembly, differentiation and migration processes.[58,59]

1.2.2. Conducting Polymers in Biomaterials Research
Throughout these three generations, metals (titanium, stainless steel, platinum,
platinum-iridium), ceramics (calcium phosphates), glasses, carbons, polymers
(polyester, poly(lactic acid), polyurethane, silicone, polypropylene, Teflon®,
poly(methyl methacrylate), nylon) and biopolymers have been used as
biomaterials.[21] Generally, polymeric biomaterials are distinctive since they can be
modelled and processed into a wide range of forms, such as coatings, fibers, films,
membranes, foams, nanoparticles or hydrogels. This versatility results in materials
able to accommodate a greater number of clinical contexts because it is possible to
precisely tune their structural, mechanical and surface properties, fulfilling the
requirements set for each specific biomedical application. Global search on CPs
during the last decades has confirmed their feasibility as innovative bioactive
materials or functional biointerfaces. CP-based electroactive biomaterials are
important in that they are able to induce electrical, electrochemical and
electromechanical stimulation of cell tissues.[20, 60-62]
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Introduction to CPs
The first inherently CP was recognized in 1977 when Shirakawa, MacDiarmid,
Heeger and co-workers reported the change in polyacetylene conductivity for many
orders of magnitude after being doped with iodine.[63] The fact that under oxidation
such property could be tuned in that range has attracted the interest of the scientific
world. Since then, research on organic semiconductors has resulted in a wide range
of technological applications,[64] such as optoelectronics (organic light-emitting
diodes and field-effect transistors), [65-68] energy storage devices[69]
(supercapacitors[70,71] and solar cells[72]), electromechanical actuators,[73,74] electronic
textile,[75,76] and anticorrosive coatings.[77-79]
These polymers are special in that they consist of long polymeric chains in which
alternation of double and single-bonded sp2 hybridized atoms is present. This
conjugation results in an extended π-orbital system that allows charge mobility
along the polymer backbone and between adjacent chains, thus endowing the
polymer with semiconductive properties, both electrical and optical.[80] Besides, CPs
also exhibit the attractive properties associated with conventional polymers, such as
ease of synthesis and flexibility in processing. Figure 1.2.3 presents the most
commonly used CPs.
In addition to the conjugated alternation of double bonds, application of a
doping process is also a requirement for CPs conduction. CPs with low ionization
potentials are oxidized when submitted to an anodic potential, thus undergoing pdoping. Radical cations (chemical term), or polarons (physical term) are generated
in the polymer backbone delocalized generally over several repeating units, while
counter-anions from the solution are also introduced to balance the charge. The
intercalation of these mobile dopant ions is reversible. On the other hand, CPs with
high electronic affinity are reduced at cathodic potential (n-doping) from the neutral
state and store negative charges. In this case, counter-cations are needed to maintain
electroneutrality. It is the ordered movement of these charge carriers along the
conjugated CP backbone that results in high electrical conductivity. Moreover, the
chemical nature, size and steric properties of the mobile dopant ions affect the
electroactivity of CPs as well as their surface and bulk structural properties.
Another important concept when talking about CPs is the electrochemical band gap,
that is the energy difference between the ionization potential (valence band, HOMO
value) and electroaffinity (conductance band, LUMO value) of a CP. Whenever this
value is below 3 eV, the polymer can be referred as semiconductive.
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ELECTROACTIVE CONDUCTING
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Polypyrrole (PPy)
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Poly(3,4-ethylenedioxythiophene)
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Poly(2,5-thienylenevinylene) (PTV)
Poly(3-alkylthiophene) (PAT)
Poly(p-phenylene) (PPP)
POLYHETEROCYCLIC
Poly(p-phenylene-sulphide (PPS)
Poly(p-phenylenevinylene) (PPV)
Poly(p-phenyleneterephthalamide) (PPTA)
Polyacetylene (PAc)
PTh (10 – 103 S/cm) Poly(isothianaphthene) (PITN)
Poly(α-naphthylamine) (PNA)
Polyazulene (PAZ)
Polyfuran (PFu)
Polyisoprene (PIP)
Polybutadiene (PBD)
Poly(p-phenyleneterephthalamide) (PPTA)
PPy
(102 – 7.5 x 103 S/cm)

CYCLIC
POLYENES

PPP (102 – 103 S/cm)

PPV (3 – 5 x 103 S/cm)
PPS

PFu

PEDOT

PAni (30 - 200 S/cm)

PAT

Figure 1.2.3. List of CPs and their abbreviations. Chemical structure and conductivity
values for some of the representative CP of each family. [Adapted with permission.[20] Open Acces article under a Creative Commons license (CC. BY 3.0)].

The accepted mechanism to synthesize CPs is the coupling of radical-ions
generated by electrochemical, chemical, or photochemical oxidation of the
monomer. Thus, the energy required to extract one electron from the monomer and
initiate polymerization is provided in each case by an anodic potential, an electron
acceptor (oxidizing agent) or by photons, respectively. In addition to the monomer,
a solvent and the doping agent are also required.[80]

CPs biomedical applications
After the assessment that CPs were compatible with biological systems,[81,82]
their use for biomedical applications increased considerably. Basically, the
combination of their outstanding properties (good stability, high conductivities and
easy of synthesis) with features such as biocompatibility, high sensitivity/selectivity
for specific analytes, reproducibility of the electrode response and redox stability
turned them into potential components in biosensors,[83-86] tissue engineering
scaffolds,[87,88] neural probes,[89-91] drug-delivery systems,[92] or bio-actuators
devices.[93,94] Practical applications in such fields have been typically developed
using polypyrrole (PPy),[95-98] polyaniline (PAni)[99-101], polythiophene (PTh)[102] and
its derivatives, specially poly(3,4-ethylenedioxythiophene) (PEDOT.)[103-105]
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Nevertheless, as reported by Green et al.,[106] there are three main factors which
can influence CPs toxicity, and thus have to be carefully controlled: unreacted
monomers and oligomers, the mobility and toxicity of dopant ions and, finally,
residual solvent used during the chemical or electrochemical polymerization
process. Monomers tend to display higher toxicity than dopants, although both are
slightly-moderately toxic. Therefore, complete removal of leachable components
during the purification step is of vital importance to obtain high purity CP with
reduced cytotoxicity.[81] Besides, the unique properties exhibited by CPs when
structured at the nanoscale,[107] such as high electrical conductivity, electrochemical
stability and quantum effects, can induce adverse biological effects (i.e. the surface
area of nanomaterials increases exponentially with decreasing size, resulting in an
enhanced interaction with biological tissues). Therefore, it is essential to run
systematic cytotoxicity tests when working with CP nanomaterials to ensure the
safety of these devices for biomedical applications.[62]

1.2.3. CPs Biointerfaces: Modification Strategies
For biomedical applications, the optimized design of CPs bioactive surfaces is
crucial since the first contact established between biological systems and
biomaterials is done at this interface. Commonly, CPs require specific modifications,
which are done through four major approaches (physical adsorption, entrapment,
doping or covalent linkage methods), to tune their properties (electrical, chemical or
physical), and achieve an optimized performance.[108] Again, this flexibility of
synthesis and adaptation to better suit the needs of each application is a great
advantage (Figure 1.2.4).
In the physical adsorption approach, the interaction between the molecule and
the CP interface is established by static forces and, although it is the most direct and
simple route, loss of activity can occur if adsorbed molecules detach from the CP by
external factors (e.g. pH changes). In the entrapment option, the molecule of interest
is present in the polymerization solution during the CP synthesis and its
incorporation in the growing CP occurs without any chemical reaction. These two
routes have been widely used to prepare CP-based biosensors.[109,110] For instance,
biofunctionalization with large biomolecules, such as enzymes or DNA, prevents
their leakage from the CP matrix once entrapped.[111-113]
Similarly, if the entrapped molecule is charged, it can act as dopant and
accomplish a two-fold purpose: it induces conductivity and a CP bioactive surface
with new properties is obtained.[114]
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Figure 1.2.4. Scaffold properties. Surface properties: the surface topography could drive
cell adhesion, proliferation, migration and differentiation. Mechanical properties: cells
respond to the mechanical properties of the substrate on which they are growing, thus
changing their fate. Morphological properties: scaffold morphologies for cell
biomaterial interaction may vary in terms of interconnectivity, pore-size and shape.
Electrical properties of the substrates are important issues for biomaterial-cell
interaction. Adapted with permission.[117] Copyright 2012, Elsevier.

It is highly important to note that the CP performance, in terms of
electrochemical activity, electrical conductivity, stability and biocompatibility, is
significantly influenced by the properties of the dopants.[115]
Lastly, molecules can be strongly bounded to the CP backbone by covalently
linkage, thus preventing their release from the biointerface.[116] Even though
covalent functionalization can be achieved both during the synthesis of the
monomer or after its polymerization, CP tend to be insoluble in most common
organic solvents, which is an obstacle to post-polymerization covalent modification.
Moreover, after functionalization, CP chains can adopt new conformations that alter
the conjugation system and hinder their conductivity.
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1.2.4. CP-based Scaffolds: Biomimetic Properties
When designing CP-based interfaces, it is of the outmost importance to
incorporate well-defined features that mimic the native ECM. By applying all the
strategies described in the previous section, the list of properties susceptible to
modify and thus obtain a tissue scaffold with biomimetic chemical, topological and
mechanical properties include: surface roughness, porosity, hydrophobicity, threedimensional geometry, redox stability, biomolecule functionalization, degradability
and elasticity, among other (Figure 1.2.4).[117]

Chemical properties
Biological activity and biodegradation are two of the most important features
exhibited by the natural ECM. Regarding the former, cell adhesive sequences (i.e
protein, peptide and synthetic peptidomimetic ligands) stimulate cells via receptor
signalling.[118] On the other hand, ECM biodegradability ensures its constant
regulation when it is replaced by functional tissue during natural wound healing.
Hence, CP-based scaffolds are required to mimic these biochemical cues since both
influence to a great extend cell adhesion behaviour.[119]
Biological activity:
Chemical biomimicry is achieved by the incorporation of bio-regulative cues.
Many research groups have biofunctionalized CP by adding type I collagen,[120-122]
gelatin,[123] laminin,[124,125] lysozyme,[126,127] polysaccharides,[128] dextrin molecules,[129]
or doping with heparin,[130,131] hyaluronic acid (HA) and chondroitin sulphate A[132]
to promote cellular adhesion, while nerve growth factors (NGF) have been used to
improve compatibility with neural cells.[133-135] In addition to that, it is well-known
that cellular adhesion mechanisms proceed via the RGD (Arg-Gly-Asp) ligandreceptor interaction, in which the RGD tripeptidyl sequence is the minimal amino
acid sequence common to adhesive proteins.[136,137] Therefore, RGD has been used in
many research studies to enhance the cytocompatibility of the CP interface.[138-140]
Another approach to add biological activity to the CP biointerface is based on
the covalently modification of monomers to bear biological molecules, generally
peptides, that promote cell-material interactions.[141-143] Furthermore, the use of
functionalized monomers allows the precise control of the functional group density.
This is the case of an electroactive polymer–amino acid hybrid material synthesized
by conjugating PEDOT with a synthetic aminoacid as a new method to prepare CPs
with cell adhesive functions. The final material successfully retained the
morphological and structural characteristics of PEDOT as well as electrical
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conductivity, electroactivity and electrochemical stability, while supporting cell
adhesion and proliferation.[144] Similarly, Fabregat et al. reported the design of a new
biocomposite based on a PEDOT matrix and a pentapeptide (CREKA), which
recognizes and binds clotted plasma proteins.[145] One CREKA molecule per six
PEDOT repeating units was entrapped during the electrochemical polymerization
in basic aqueous solution. Results evidenced that the presence of CREKA favoured
cellular proliferation by binding fibrin molecules from the culture medium, without
negative impact on the CP electrochemical activity.
Finally, surface energy, wetting and adhesion properties of biointerfaces, which
can be assessed by contact angle measurements, determine protein and
biomolecular interactions.[14,146] CPs are exposed to acid-base and hydrophobic
interactions because of their organic polymer backbone and the presence of radical
cations and negatively charged dopants. When in contact with biological entities,
such as cell adhesion proteins (i.e. integrins, selectins or cadherins), the non-specific
adsorption of these biomolecules can be enhanced or prevented by controlling the
redox state of the CP and its interaction with the dopant agent since both determine
surface properties.[147] For instance, Li et al. adjusted easily the hydrophobicity of
polythiophene films with different alkyl side chains by controlling their chain
length, which in turn affected protein adsorption.[148] Atomic force microscopy
(AFM) is an interesting tool to explore how CP interfaces interact with specific
biomolecules at the molecular and nanoscale level after chemical functionalization
of the AFM tip.[149-151]
Biodegradation:
CPs inability to biodegrade (degradation due to the scission of the backbone of
the polymer caused by enzymatic or hydrolytic bond cleavage) is still a great
challenge: inflammatory responses can occur if biomaterials are kept in vivo for long
periods of time. Recently, Guo et al. published an excellent review on the different
fabrication methods followed to obtain degradable CPs, while retaining electrical
conductive properties.[152] Three major approaches were described: (1) blends and
composites of CPs with conventional insulating polymeric biomaterials,[153,154] (2)
erodible CPs[155,156] or (3) degradable CPs with conducting oligomers.[157] The first
one is the most commonly used and, although it combines the positive properties of
both polymers, the CP still has to be removed from the body after the degradation
of the insulating polymer. In the last case, the CP is modified by adding ionisable or
hydrolysable bonds that render it degradable. Therefore, the future design and
study of CPs should be oriented to optimize simultaneously both their
biodegradation rate and conductivity properties. Several groups (notably those of
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Figure 1.2.5. Classification of patterning methods with template-free and templateassisted principles and their availability with the existing various synthetic polymers.
Reproduced with permission.[59] Copyright 2012, Spinger.

Schmidt, Albertsson, Wei and Langer) have reported the preparation of
biodegradable CP-scaffolds that are suitable candidates for cell attachment and
proliferation.[158-161]

Topological properties
The studies described in the previous section have shown how surface chemistry
affects cell response toward biointerfaces.[162] However, the topological arrangement
of these functionalities also controls and directs cell function.[163] Some natural
tissues (i.e. cardiac, ligament, nervous or musculoskeletal) exhibit anisotropic
response and morphology when in contact with the scaffold.[164] Therefore, its
topological features, such as scale-length (micro- and nanoscopic structure[165,166]),
type (i.e. ridges or grooves), distribution (randomly or distributed in pits or spikes)
and surface roughness,[167] can regulate cellular behaviour (adhesion, proliferation,
differentiation, and apoptosis), even without the effect of traditional growth
factors.[168] For this reason, biomimetic topological properties and physical guidance
cues are induced in tissue engineering platforms by patterning the surface.[169,170]
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Besides, the use of biodopants when polymerizing CP is not only intended to
improve their compatibility with biological systems, but they can also alter the
physical surface properties of CPs. For instance, Gelmi et al. studied the physical
surface properties of PPy substrates doped with ECM and non-biological molecules
using AFM and Electrochemical AFM (EC-AFM) techniques. Results showed how
these parameters correlated with the differing ability of the PPy biointerfaces to
support cell growth.[122]
CP biointerfaces are topologically patterned[171] by electrospinning,[172]
electrochemical deposition, soft lithography[173] and printing[174-176] methods (Figure
1.2.5).[59] From all these approaches, electrospinning is one of the most popular
methods, since it allows the design of 3D-matrices with tuneable fiber features, such
as the degree of fiber density, size and alignment.[177] Moreover, interconnecting
porosity can be also controlled through experimental parameters. This results in
large surface areas to exchange nutrients and wastes, and promote cell attachment
and cell in-growth. Recently, J. Y. Lee reviewed the progress achieved so far in the
fabrication of electrically CP based nanofibers biointerfaces, as well as their
applications as potential tissue engineering scaffolds.[178] A more extensive insight
on this topic is addressed in Chapter 2.

Mechanical properties
As it has been discussed, the design of scaffolds with optimal microenvironment
conditions for cell tissues is based on maintaining the chemical, physical and
biological similarity to the native ECM. Moreover, mechanical properties are also a
key factor in controlling the response of cells towards the biointerface.[179,180]
Recently, Evans et al. reviewed the role that material structure and mechanical
features play in cell-matrix interactions: cells must sense and understand the
mechanical context of the material in which they reside to perform their correct
physiological function.[52] However, in addition to respond towards an applied
force, cells also exert a mechanical force on the substrate, thus gauging feedback and
making cell-fate decisions.
Specifically, processes such as cell growth, differentiation, shape changes and
cell death are regulated by cycles of mechanosensing, mechanotransduction and
mechanoresponse, all three mechanisms influencing cell behaviour thorough
mechanical stimuli. Therefore, local sensing of force, geometry or substrate stiffness
is transduced into biochemical signals.[181] As an example of that, back in 1977
Emerman et al. showed how mammary epithelial cells proliferate on rigid
substrates, while they were able to differentiate on softer substrates.[182]
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Figure 1.2.6. Range of the elastic modulus of various (a) cell types, (b) natural tissues in
human body and (c) synthetic polymers. Adapted and reproduced with permission.[59]
Copyright 2012, Spinger.

Similarly, Engler et al. showed that the stiffness of the substrate has a direct
correlation with the differentiation of mesenchymal stem cells (MSCs).[183]
Furthermore, each biological tissue displays a characteristic elastic modulus and
rigidity based on the cell type and structural organization (Figure 1.2.6), ranging
from hundreds of Pa for soft tissue (brain and fat), tens of kPa for stiffer tissues
(muscle), and modulus in the order of MPa and GPa for bone tissue.[184] Recent
research has evidenced that the mechanical characteristics of the biomaterial have to
match those displayed by the tissue it is going to interface or replace to avoid
undesired side effects like inflammation or scarring processes.[185]
In general, CPs display poor mechanical integrity and they lack flexibility. Their
limited conformational freedom leads to brittle materials, which are not easily
handled.
Therefore,
their
blending
with
insulating
materials
(i.e.
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polycaprolactone,[186] polyurethane,[154,187] poly(styrene-β-isobutylene-β-styrene[188],
poly(lactic acid)[188-191] or poly(glycerol-sebacate)[192]) is aimed to achieve a two-fold
purpose. First, the non-conductive matrix supports the CP, thus resulting in a
flexible biointerface with electroactive features. Secondly, the elastic modulus of the
scaffold can be tailored to equal that of the cell tissue of interest (i.e. tuneable
mechanical and physicochemical properties).
Finally, complex CP-based tissue scaffolds have been developed by using
hydrogels as the polymeric matrix since they exhibit excellent properties for tissue
engineering applications: high water content, porosity and mechanical features
similar to those displayed by soft tissues.[193,194] Excellent research work which
addresses the challenges derived from the development of electrically conductive
hydrogels can be found in the literature.[195-199] For example, an electrically
conductive hydrogel consisting of oligo(polyethylene glycol) fumarate and PPy was
developed and successfully applied to regenerate nerve cells[200] Similarly, a single
component CP hydrogel was developed and combined both electrical properties
and hydrogel characteristics.[201] It also promoted cell adhesion and proliferation,
opening the way for the development of new tissue engineering scaffolds that have
potential applications for nerve and muscle regeneration.

1.2.5. CP-based Scaffolds: Electrical Stimulation
Electrical stimulation (ES) is one of the agents that modulate cell-biointerface
interaction in CP-based biointerfaces.[202] In particular, scaffolds made of PPy,[97]
PAni[99] or PTh[102] derivatives are the most commonly used when applying ES,
specifically when delivered to enhance neurite outgrowth in nerve cells.[203-205]
Beneficial effects from ES have been theorized as the result of the release and uptake
of negative/positive ions from/by the polymer, as well as electrophoretic
redistribution of cell surface receptors and the increase in ECM molecules
adsorption (i.e. fibronectin) onto the CP surface.[206,207] However, the ES set up has to
be carefully designed since CP experience an increase in their resistivity as the ES
proceeds, thus limiting their useful time, while long-term exposure of cells to high
electrical currents (above 1 mA) can lead to a cytotoxic effect. Table 1.2.1
summarizes some of the most recent studies in which ES has been applied to CPbased scaffolds made of PAni and PPy.
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Table 1.2.1. Summary of some of the most recent studies in which ES has been applied to CP-based scaffolds made of PAni and PPy.

Conductive Scaffold

Thin films of PAni

PAni-poly(lactic-coglycolic acid) blend
Sulfonated PAni
micropattern electrodes

Cell line tested
Human mesenchymal
stem cells (hMSCs)

ES parameters
DC EF of 100 mV/cm
during 10 min every
24h during 7 days

Trains of electrical
Neonatal cardiomyocytes pulses
(1.25 Hz, 5 V/cm)
Mouse bone marrow
ES with a sine wave
stromal cells (BMSCs)
generator at 1 kHz
Pre-osteoblast cells
and 500 mV
(MC3T3-E1)
ES for 2h at 0.1 V,
0.5 V, and 1.0 V

PPy films

Schwann cell (SC)

PPy films

DC EF of 3.5, 0.35, and
Rat bone marrow stromal
0.035 V/cm during 2,
cells (rBMSCs)
4, and 12h

PPy deposited onto ITO
glass slides

20

Outcome
Ref
ES triggered the expression of early neural
phenotypic markers
Distinctive morphological change towards [208]
neural-like cells with enhanced cytoskeletal
elongation
Cardiomyocytes synchronized their beating
as a result of ES

[209]

Both BMSC and MC3T3-E1 cells grew faster
than control

[210]

Increased average SC displacement and
enhanced levels of adsorbed proteins

[211]

ES accelerated the osteo-differentiation of
rBMSCs and improved their mineralization

[212]

100 μA pulse trains, 5 s Stimulated cells developed pronounced
Mouse retinal progenitor
neuronal morphologies with significantly
in duration, once per
cells (mRPC)
minute, for 4 days
longer dendritic processes and larger cell
bodies

[213]

INTRODUCTION
Conductive Scaffold

Cell line tested

ES parameters

Outcome

Ref

PPy inkjet printed on
polyarylate film

Rat pheochromocytoma
12 cells (PC12)

Pulsed current signal
at 1 mA

ES promoted neurite outgrowth and
orientation of neurites

[214]

PPy-poly(D,L-lactic acid)
nerve conduits

PC12 cells

DC of 100 mV for 2 h

ES promoted nerve regeneration in vivo:
cells exhibited more and longer neurites

[215]

PPy-blockpolycaprolactone with
poly(lactic-co-glycolic
acid)

Dorsal root ganglia
(DRG)

DC/AC EF of 100
mV/cm for 2 h

Increased axon growth for peripheral nerve
repair

[216]

Nanoporous cellulose
gels + PPy nanoparticles

PC12 cells

PPy coated polylactide
scaffolds

Human adipose stem
cells (hASCs)

Rectangular peak-topeak potential of 100
mV centering around a
rest potential with a
PC12 cells attached and extended longer
frequency of 100 Hz for neurites when electrically stimulated
30 min every 24 h,
repeated 3 times
0.2 V symmetric
biphasic pulsed DC
voltage at 1 or 100 Hz
for 4h/day

ES promoted proliferation and osteogenic
differentiation of hASCs

[217]

[218]
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Summary
Development of advanced biointerfaces that are able to combine electroactive
and biodegradable features is currently considered a promising field of study for
biomedical applications such as tissue engineering or drug delivery systems.
On one hand, the electrical response of CP enables the local stimulation of
desired tissue, time controlled drug release and stimulation of either proliferation or
differentiation of various cell tissues. On the other, this new class of functional
platforms should not pose any long-term health risk. Nevertheless, as one polymer
does not meet all the necessary requirements, it remains a considerable challenge to
combine all the requisites and still minimize the inflammatory reaction in the host
tissue. Hence, important efforts have been focused on developing biocompatible
CP-based biointerfaces by combining conducting and degradable units.
Nanotechnology approaches assist in this purpose, and nanostructured blends
are designed to result in smart platforms with tuned properties. Biomaterials
scientists design functional scaffolds at the nanometer scale to better control the cellbiointerface interaction based on appropriate surface chemistry, topography and
mechanical features.
This chapter reviews the latest research conducted on CP-based biointerfaces
arranged as free-standing nanomenbranes and nanofibrous mats. The content and
cited references have been adapted from:
(1) Review: Nanomembranes and Nanofibers from Biodegradable Conducting
polymers [E. Llorens, E. Armelin, M. M. Pérez-Madrigal, L. J. del Valle, C.
Alemán, J. Puiggalí, Polymers 2013, 5, 1115].
(2) From Insulating to Semiconducting Polymeric Free Standing Nanomembranes
for Biomedical Applications [M. M. Pérez-Madrigal, E. Armelin, J. Puiggalí, C.
Alemán, Submitted work to J. Mater. Chem. B].
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2.1.

Free-standing Nanomembranes (FsNM)

Over the past decades, biomaterials science has been increasingly evolving into a
more interdisciplinary field combining elements of medicine, chemistry, biology,
engineering and materials science. Recently, nanotechnological concepts and
procedures have also been applied to obtain and improve devices with very
different applications in biomedicine and biotechnology.[1-3] Specifically, there is a
growing interest in the fabrication of nanomembranes (also known as ultra-thin
films or nanosheets) since their distinctive features make them suitable for
designing sensors,[4,5] nanobiological reactors,[6] biomotors,[7] biointerfaces for
cellular matrices,[8] antimicrobial surfaces,[9,10] or drug release devices.[11,12]
In practice, the term nanomembrane refers to quasi-2D structures with
macroscopic surface area and thickness values ranging from 10 to a few hundreds of
nm. A few years ago, Kunitake et al., pioneers in this field, coined the term “giant
nanomembrane” to denote self-supporting (also named free-standing) membranes
with thickness from 1 to 100 nm and an aspect ratio of size and thickness greater
than 106.[13] Such a high aspect ratio facilitates the macroscopic handling of these
nanomembranes, while the self-supporting property, which enables the nanosheet
to be removed from its supporting substrate retaining the mechanical integrity, is
required to physically separate two spaces. Besides, free-standing nanomenbranes
(hereafter denoted FsNM) are characterized by other special properties, such as low
weight, high flexibility, robustness and, in some cases, transparency.[14]
Typically, FsNM are produced by depositing nanofilms on solid substrates, or
via the fluid-fluid interface (either liquid-liquid or liquid-air). In addition, some
other approaches, including layer-by-layer (LbL) assembly, Langmuir-Blodgett
transfer (LB), spin-coating, electrophoretic deposition and cross-linking of selfassembled monolayers (SAM) techniques, also often are employed. These methods
differ in two general aspects: (1) the degree of control over the final FsNM thickness,
composition and stability; and (2) the step in which the nanomembrane is removed,
transferred or extracted from the solid surface or the fluid-fluid interface.[15]
In the LbL technique, which was developed by Decher et al.[16-18] in the early
1990s, the formation of the FsNM is achieved by depositing on a solid surface
alternating layers of oppositely charged materials (Figure 2.1.1a), such as polyions,
metals, nanoparticles, ceramics or biological molecules.

32

CP-BASED BIOINTERFACES: LITERATURE REVIEW

(a)

+

-

Polyanion
+
+
+
+
+
+
+
+
+
+
+

+

-

Polycation
+ -- - +
+ -+ -+ -+ -- ++ -- +- +-+-

Water
+ - -- + +
+
+
+ - +
+
+ + -- + +
+ -- - ++
+
++
+ -- - +
+
+ +-- + +
+ - ++

+ - -- + +
+
+
+ - +
+
+ + -- + +
+ -- - ++
+
++
+ -- - +
+
+ +-- + +
+
++

-------

(b)
(1)

(2)

Rotation

Liquid solution on
the substrate

Air flow
(4)

(3)

Nanomembrane

Solvent evaporation

Figure 2.1.1. Schematic illustration of the (a) LbL and (b) spin-coating processes.

Accordingly, FsNM stability arises from primary or secondary interactions
between those layers. This approach stands out because of its simplicity and the
high degree of control over the FsNM thickness. Furthermore, the precise guidance
exerted over the chemical composition of the layers results in a tremendous
versatility for their assembly when designing FsNM.[19] Regarding the SAM
technique, in 2003, Stroock et al.[20] extensively described the synthesis of polymeric
FsNM with 10-15 nm in thickness and well-defined lateral size and shape.
On the other hand, spin-coating (Figure 2.1.1b) is another interesting approach
that allows the preparation of single- or multi-layered FsNM in a few steps. In this
case, the optimization of the spin-coating parameters (e.g. spinning speed and time,
and the solution concentration) leads to ultra-thin films with controlled features,
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thickness and homogeneity. In this procedure, which seems to be the most versatile
and easy-going, the liquid polymeric solution is spin-coated onto a solid substrate,
previously coated with a sacrificial layer. Hence, by dissolving the sacrificial layer
in an appropriated solvent, the FsNM is detached from the substrate and released
into a liquid environment where it can be easily handled with syringes or pipettes.
Most of the FsNM described in this review were fabricated using a combination of
both the LbL assembly and spin-coating procedures.

2.1.1.

Insulating and Electrochemically Inactive FsNM

Generally, FsNM for biomedical applications are made using synthetic or
naturally derived polymers. Among the synthetic ones, linear aliphatic polyesters,
such as poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA), have been
extensively chosen since their biodegradation rate and mechanical properties can be
easily controlled through variations in their molecular weight.[21] Also, poly(ether
ester) copolymers have been successfully employed due to their excellent properties
(e.g. elasticity, toughness, strength and easy processability), which arise from the
combination of both soft and hard segments along their chemical structure.[22] In
regard to biopolymers, the most frequently used are collagen and polysaccharides,
such as alginate and chitosan, their applications being usually focused in tissue
engineering.[23,24]
In the biomedical context, FsNM have been frequently reported as novel
substrates/biointerfaces to promote cell adhesion, migration, proliferation and
differentiation. For this purpose, specific requirements such as biocompatibility and,
in some cases, also biodegradability and/or bioresorbability need be met.
Furthermore, by successfully controlling the chemical composition and the
fabrication process, it is possible to tune and adjust the physicochemical,
mechanical, chemical and morphological properties of FsNM to promote cellsubstrate interaction, which is particularly relevant in regenerative medicine (i.e.
cellular organization can be directly regulated through the cellular
microenvironment).[25,26] Threfore, FsNM can be used for different therapeutic uses
(e.g. treatment of microbial infections, control of cell adhesion and repair of tissue
defects). Their structure and flexibility allow them to coat the surface devices that
interact with biological systems or, alternatively, FsNM can be introduced in a
needle by aspiration and then be moved and released/injected in liquid
environments (e.g. finely positioned on surgical incisions or directly used for wound
treatments).
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Figure 2.1.2. (a) PLA FsNM with a thickness of 23 ± 5 nm: macroscopic image of the
nanosheet suspended in water (left) and SEM image of the nanosheet on an anodisc
membrane (right). Reproduced with permission.[27] Copyright 2009, John Wiley and
Sons.

This chapter is focused on reviewing CP-based FsNM. Nevertheless, Table 2.1.1
summarizes the most important characteristics (i.e. preparation method, thickness,
properties and potential biomedical application) of FsNM made of insulating and
electrochemically inactive polymers reported to date. As representative examples,
two of the cited works are described in more detail.
First, Okamura et al.[27] developed PLA FsNM (Figure 2.1.2) with a thickness of
23 ± 5 nm by spin-coating a PLA solution (5 mg/mL) at 4000 rpm for 20 s onto a
poly(vinyl alcohol) (PVA) sacrificial film. The mechanical properties and adhesion
strength of the resulting transparent films, which exhibited a flat and uniform
surface without cracks, were evaluated using the bulging test and micro-scratch
test, respectively. These PLA-based FsNM showed low elastic modulus (1.7 ± 0.1
GPa) and high adhesiveness, which encouraged the analysis of their feasibility as a
wound dressing in an in vivo experimental gastrostomy model test. Results were
extremely positive, showing an excellent sealing efficacy that did not require
adhesive agents. Moreover, the incision healed completely without scars and tissue
adhesion. In an effort to investigate the possible biomedical application of these
PLA FsNM, their antiadhesive and fixative characteristics were further investigated:
an intraperitoneal polypropylene mesh (IPOM) overlaid with PLA nanosheets was
placed on an intact peritoneum.[28] Results evidenced that PLA FsNM are feasible to
induce adhesion prophylaxis in IPOM, having a beneficial effect as an atraumatic
fixation tool.
Later, Fujie, Okamura and Takeoka[29] constructed what they called a “nanoadhesive plaster”, a multilayered FsNM (nano-scale thickness: 30.2 ± 4.3 nm) made
of chitosan and sodium alginate (Na alginate) that was deposited onto a PVAsilicone rubber substrate using the spin-coating assisted LbL approach. More
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specifically, the layers of each polyelectrolyte were spin-coated on the silicone
rubber (millimetre scale thickness: 1.0 mm) previously covered with a sacrificial
PVA layer (micrometer scale thickness: 1.2 µm). As a result, the nano-adhesive
plaster consists of the superposition of three different types of free-standing sheets.
Chitosan and Na alginate contain amino and carboxylic groups, respectively, as
cationic and anionic polyelectrolytes at ambient pH, which enormously facilitated
their assembly in the FsNM. The elastic modulus, which was determined by the
bulge test, was found to be 1.3 GPa. The good adhesiveness and flexibility of the
nano-adhesive plaster was evidenced by transferring it, after modification with a
luminescent pigment for ease of visibility, not only onto the skin of the arm of a
human subject[29] but also onto a tissue (rat cecum) surface.[30]
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Table 2.1.1. Summary of the most important characteristics (i.e. preparation method, thickness, properties and potential biomedical applications)
of FsNM made of insulating and electrochemically inactive polymers.

Material

PLA

Preparation

Thickness (nm)

Spin-coating

23±5

Spin-coating
assisted
multilayering

60±6

Spin-coating

320±27

PLA-mesh

Spin-coating

From 29±1 to
703±4.4

PLA coated
with collagen
at one side

Spin-coating

59.5±9.5 (PLA)
and 5-10
(collagen)

PLA + SPION

Spin-coating

From 33±3 to
245±9

Propertiesa
E: 1.7±0.1 GPa, Lc=
(1.7±0.3–1.8±0.2)·10-5 N/m.
Transparency
Transparency
E: 136±44 MPa.
Transparency

Biomedical applications
Wound dressing
Barrier against burn wound
infection

Reference
[27,28,31]

[32]

Bone/tendon repair: healing,
adhesive bioactive matrix

[33,34]

Anisotropic cell
proliferation/differentiation

[35]

Weak adhesiveness

Scaffold with different
discrete functions: antiadhesive and pro-healing

[36]

E similar to PLA.
Magnetically responsive
and colored

Magnetically controllable
support

[37]

E: from 3.5±1.3 to 7-10 GPa.
Transparency. Weak
adhesiveness for higher
thickness nanosheets
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Material

Preparation

PLA / PAH-D
/ HA

Spin-coating +
LbL

PLGA

Thermal fusion

Chitosan / Naalginate

Spin-coating
assisted LbL

PVA / TC /
(chitosan / Naalginate)

Spin-coating
assisted LbL

HA / collagen

38

LbL

Thickness (nm)
∼500
-

From 30.2±4.3 to
∼75

177

42±4 (fibrous
collagen, FC) and
62±7 (nonfibrous collagen,
NFC)

Propertiesa
Robust and flexible
E= 1.3 / 9.6 GPa. Pressure
resistance, high flexibility
adhesiveness,
transparency,
biodegradability
High flexibility, adhesive
strength, transparency

FC: E= 12.5±1.5 GPa, σmax=
289±9 MPa, εmax= 1.0±0.1%.
NFC: E= 4.3±0.6 GPa, σmax=
227±10 MPa and εmax=
1.7±0.3%

Biomedical applications
Drug delivery

Platelet substitute, carrier
Nano-adhesive plaster
Tissue defect repair. Multioverlapping therapy for
venous hemorrhage.
Overlapping therapy,
treatment of burn wound
infections,
antimicrobial/drug-loading

Scaffolds for regenerative
medicine

Reference
[38]

[39]

[29,30,40-43]

[44-45]

[46]
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Material

Preparation

Thickness (nm)

Cell / gelatin /
(chitosan / Naalginate)3

LbL onto
cultured cells
on PNIPAMgrafted surfaces

-

PEO / PAA
PAA / PEG –
PAH / PSS

LbL
Spraying
polymer
solutions

80 nm per bilayer
55 to several
hundreds

Propertiesa

Reference

-

Fabrication of complex
artificial soft tissues
substitutes

[47]

Elastomeric properties,
smooth, transparent

Biosubstrates, drug delivery
devices and pH-sensitive
sensors

[48]

Therapeutic devices and aids

[49]

Support in TEM studies

[50]

Highly sensitive support
Sensor element for biological
samples

[51]

Drug-delivery systems

[11]

Biocompatible.
Transparent, pH
responsive
Mechanical stability,
biocompatibility, high
transparency. Proteinrepelling behavior

NBPT-PEG

Spin-coating

PEG hydrogel

Chemical
crosslinking

10-350

Mechanical stability, high
flexibility (E= ∼ 2MPa),
hydrophylicity,
biorepulsion

PAH / PAA

LbL dipping

253-688

Pores size: 300 nm-2 µm

∼5

Biomedical applications
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Material
PDDA /
P4VPPS
PHEMA
PMPC / (PS,
PAH, PAA)

PMMA

PMMA

PS – (CNT-Fn)

40

Preparation
LbL
Surfaceinitiated ATRP
on a PDA layer
ATRP of MPC
and spincoating assisted
LbL

Thickness (nm)

Biomedical applications

Reference

pH-dependent

Sacrificial layer for biological
templates

[52]

16-75

Good chemical stability,
low mechanical strength,
transparency

Multi-stimuli responsive
sensors after functionalizing
the surface of the films

[53]

11 (PMPC) +
85±2 (PS, PAH,
PAA)

Physiological stability,
surface wettability, antibiofouling

Biointerface for tissueengineering scaffolds

[54]

Platforms with spaceselective cell culture. Celldirected culture in muscular
tissue engineering

[55]

∼29 per bilayer

Propertiesa

Spin-coating

199±20

High flexibility and
physiological stability

Spin-coating
PMMA:PS
mixtures

From 38.8±1.1 to
110.2±2.0

Porous and perforated
structures

Cell culture devices, high
flux biosensors, drug
delivery systems

[56]

From tens (∼40)
to hundreds
(∼360)

High flexibility, cell
adhesiveness +tailored
morphology

Flexible platforms to direct
the cellular organization

[57]

Spin-coating
(PS) + µcontact
printing (CNTFn)
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Material
(PAH/PSS)nPA
H-Au(PAH/PSS)nPAH
PAA /
DMLPEI
DGI
aE:

Preparation

Spin-coating
assisted LbL

LbL
Free-radical
polymerization
under UV
radiation

Thickness (nm)

25-70

Propertiesa
E= 30-40 GPa, σmax> 100
MPa and εmax= 2%. Light
blue color. Long life,
extraordinary sensitivity,
unique auto-recovering
ability

Biomedical applications

Reference

No biomedical application
directly examine.
Outstanding mechanical and
dynamical properties.

[4,58]

< 100 (from 2 to
20 bilayers)

Mechanical robustness, pH
responsive

Coatings with microbicide
properties for airborne and
waterborne bacteria

[10]

<5

High mechanical strength,
thermal stability.

Practical applications
depend on the surface postfunctionalization

[59]

Elastic modulus. Lc: Critical load related to the adhesion. σmax: Ultimate tensile strength. εmax: Ultimate tensile elongation.
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2.1.2. FsNM with Electroactive CP
CPs have been used as biocompatible materials which can support cell adhesion,
migration and proliferation.[60] Their properties are of great potential since the can
be used to electrically stimulate local tissue,[61-64] exchange ions reversibly with cells,
thus promoting adhesion and proliferations of these living systems,[65] fabricate
electronic devices (e.g. biobatteries) that can be implanted in the organism,[66] act as
time controlled drug- or bactericidal-release devices,[67,68] detect biomolecules,[69-71]
or recognize specific fragments of DNA.[72,73]
Nevertheless, one of the major drawbacks to obtain free-standing nanosheets
composed exclusively of CPs is the lack of mechanical integrity, poor stability,
brittleness and the restricted processability of many of these materials. These
limitations, combined with their lack of degradability, affect the number of
biomedical applications of all-CP FsNM.
In spite of the fact that the mechanical properties of CPs are in general poor,
different strategies have been developed to produce free-standing membranes of
micrometric thickness made of PPy,[74-78] PAni[79-81] and PTh[82-84] for their application
in different fields, such as separation membranes, electrode materials, sensors and
catalysts.
In 2010, Wang et al.[85] reported a novel one–pot procedure to prepare PPy FsNM
which was based on an interface polymerization (IP) that occurred at the interface
between air and a Cu2+-containing ionic liquid (Figure 2.1.3a). Resulting films were
compact and uniform, and exhibited finely controlled thickness, with values from
tens to hundreds of nanometers (i.e. as low as 60 nm, Figure 2.1.3b-d). However,
FsNM with a thickness under 50 nm were brittle and weak, and broke easily. PPy
FsNM doped with p-toluenesulfonic acid (TSA) displayed good electrical
properties. Specifically, the electrical conductivity of films with a thickness of ∼230
nm was 1.14 S/cm, although this value was lower than that reported previously for
PPy in other systems. Moreover, asymmetrical films with different smoothness and
water wettability on each side of the film were also prepared by altering the
concentration of Cu2+ ions in the liquid phase. Even though no biomedical
application was proposed by the authors, it is highly promising for this field the
development of a general methodology for the preparation of CP films with
different hydrophilicity and roughness on each side.
Jeon et al.[86] fabricated PPy FsNM by the organic crystal surface-induced
polymerization of the monomer in an aqueous suspension containing hydrated
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Figure 2.1.3. (a) Schematic illustration of the formation of a film at the air/ionic liquid
interface. (b) Photograph of the film floating on water. (c) Low and (d) high
magnification of the cross-sectional SEM images of the film. Reproduced with
permission.[85] Copyright 2010, American Chemical Society.

crystals of sodium decylsulfonate below the Krafft temperature (i.e. temperature
above which thermodynamic stable micelles are formed), and using FeCl3 as
oxidant. The main role of the crystals was to act as a template onto which the
polymerization occurred. FsNM obtained using this procedure were composed of a
unique CP domain with a thickness of ∼21 nm, widths of 2-6 µm, and lengths
greater than 10 µm. The electrical conductivity of these nanosheets was determined
to be 30.6 S/cm, thus one order of magnitude higher than the value displayed by
spherical PPy nanoparticles (diameters 30-50 nm) prepared by emulsion
polymerization (2.9 S/cm). Besides, the feasibility of PPy FsNM to perform as HCl
and NH3 vapour detectors was evaluated: the system exhibited high sensitivity and
a fast response with respect to PPy nanoparticles, which was attributed to the
increased surface area and porosity of the former nanostructure. Despite the fact
that the application studied for PPy FsNM was not biologically related, the
methodology used is of relevant importance to successfully obtain FsNM.
More recently, Qi et al.[87] developed PPy FsNM by in situ freezing interfacial
polymerization (FIP). This approach differs from the conventional interfacial
polymerization in that the chemical reaction takes place at a solid/liquid interface.
In this specific work, water and cyclohexane, which are immiscible, were used as
the liquid and solid phase, respectively; solid cyclohexane being achieved upon
crystallization. Special attention was paid to the following two issues: (1) proper
choice of the reaction temperature, which should be lower than the freezing points
of the organic solvent and water, but above that of the monomer; and (2)
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minimizing the polymerization of pyrrole and the formation of PPy particles before
the formation of solvent crystals. FsNM were very smooth and their thickness was
about 100 nm. In this case, the electrical conductivity was determined to be 430
S/cm, whereas for the optimal synthetic conditions and doping parameters, the
electrical conductivity reached peaks as high as 2000 S/cm, opening the door to
potential biomedical applications.
Jha et al.[88] reported a novel strategy for the one-pot fabrication of PPy FsNM by
dropping a dichloromethane solution that contained the monomer and a porphyrin
derivative to an aqueous FeCl3 solution kept in a beaker. Initially, a porphyrin/PPy
bilayer formed spontaneously at the air/FeCl3 interface, which after being washed
rendered the PPy nanosheet. Follwoing this method, the nanosheet thickness can be
tailored by changing the monomer concentration in the dropping solution. Hence,
the thickness of PPy FsNM prepared by Jha et al.[88] increased from 50 to 250 nm
when the pyrrole concentration augmented from 0.01 to 1 M. In addition, the
conductivity of these PPy FsNM, which initially was of only ∼10-5 S/cm, was
enhanced after optimizing the doping parameters (i.e. the conductivity improved by
∼ 30 and ∼150 times on exposure to hydrochloric acid and iodine, respectively).
Most importantly, the conductivity of these nanosheets showed no change when
kept in air for more than 6 months, revealing a very noticeable stability in air.
Although no specific application was examined, potential applications were
mentioned (e.g. biosensors, scaffolds and artificial muscles).
On the other hand, the number of studies devoted to PAni-based nanosheets,
which mainly consist of PAni/inorganic hybrid composites, is very scarce and their
application in the biomedical field is practically inexistent. For example, very
recently it was reported the fabrication of layered PAni/graphene/PAni nanosheets
(the thickness of PAni and graphene layers was of 3.7 and 8.9 nm, respectively),
which exhibited excellent gravimetric capacitance.[89] However, this sandwiched
structure was essentially oriented towards applications in energy storage devices,
solar cells, semiconducting devices, etc. Niu et al.[90] used a “skeleton/skin” strategy
for the preparation of free-standing, thin and flexible single-walled carbon nanotube
(SWCNT)/PAni hybrid films by a simple in situ electrochemical polymerization
method. In this approach, directly grown SWCNT films with a continuous reticulate
structure acted as the template, whereas PAni layers acted as the skin. The resulting
hybrid films displayed a much higher conductivity compared to that of
SWCNT/PAni composite films based on the post-deposition of the SWCNT film.
Regarding to PTh derivatives, PEDOT has also been used to prepare
mechanically robust, electrically conductive and transparent hybrid FsNM. This
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was achieved by Lee et al.[91] who coated densified carbon nanotube sheets with
PEDOT by vapour phase polymerization. For FsNM with a thickness of ∼66 nm, the
main properties were high mechanical strength and modulus (135 MPa and 12.6
GPa, respectively), low resistance (below 200 Ω/sq), moderate optical transparency
(56% at 550 nm wavelength), high flexibility and minor changes in resistance upon
bending. Another interesting characteristic of these FsNM was their remarkable
shape-recovery ability in a liquid and at the liquid/air interface, as opposed to
previous carbon nanotube sheets. On the basis of these properties, these hybrid
PEDOT-containing FsNM were proposed so far to be of potential interest in the
design of sensors, actuators, optical devices, fuel cells, as well as for electrochemical
capacitors. Unfortunately, their use for biomedical applications has not been
considered yet.
As mentioned above, blending of CPs with insulating polymers is the most
commonly followed approach to overcome the poor mechanical integrity of organic
semiconductors. Accordingly, free-standing membranes have been fabricated by
solvent casting mixtures of CPs with conventional insulating polymers, such as
PVA[80] and nylon 66.[92] However, in all cases, such membranes were of micrometric
thickness and their potential use (e.g. optical pH sensors[80] and conductive
coatings[92]) was not related to the biomedical field, even though they were prepared
by combining CPs with biopolymers derived from natural sources. For example,
cellulose-PAni membranes of micrometric thickness, which were prepared by in situ
polymerization of aniline in the presence of bacterial cellulose nanofibrils, were
used as electromagnetic interference shielding materials despite the biological
origin of the biopolymer.[93]
Greco et al.[94] reported the preparation of FsNM made of PEDOT and
polystyrene sulfonate (PSS) complexes (PEDOT/PSS), where PSS acted as the
dopant agent. In this sturdy, the Supporting Layer method, which enables the
release and recovering of the free-standing nanosheet, was used (Figures 2.1.4 and
2.1.5). Firstly, a layer of water-soluble PVA is deposited as the sacrificial layer on a
substrate (PDMS) by spin-coating. Then, the desired nanosheet is supported on that
sacrificial layer. Later, once the bilayered film is dried, it is peeled off from the
substrate. The thickness of those FsNM, which was controlled through the rotation
speed, ranged from ∼100 nm (rotation speed of 1000 rpm) to ∼40 nm (rotation speed
≥ 4000 rpm).
Moreover, the mechanical and electrical properties of these PEDOT/PSS FsNM
were extensively investigated as a function of their thickness. With decreasing
thickness, the elastic modulus values, which were determined by the strain-induced
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Figure 2.1.4. Schematic representation of the main steps of fabrication and release for
obtaining PEDOT/PSS nanofilms by a Supporting Layer technique. (a) Si substrate; (b)
spin-coating deposition of the PDMS substrate layer; (c) spin-coating deposition of the
PEDOT/PSS nanofilm; (d) casting of a thick PVA supporting layer; (e) cutting and (f)
peeling of the bilayer (PVA supporting layer + PEDOT/PSS nanofilm); (g) freestanding
PEDOT/PSS nanofilm floating in water after dissolving PVA. Reproduced with
permission.[94] Copyright 2011, Royal Society of Chemistry.

buckling test, varied between 0.81 and 1.02 GPa, while the electrical conductivity
decreased from 1.44 to 0.88 S/cm. Interestingly, solvent casted PEDOT/PSS
micrometric films (thickness of 7.5 µm) showed a conductivity of 1.38 S/cm.
Therefore, a percolation threshold was reached based on the microscopic grain-like
structure or the effect of residual water present in the FsNM.
Because of the proven biocompatibility of PEDOT,[65,95] PEDOT/PSS FsNM were
considered as a first proof of concept towards the development of smart conductive
substrates for cell growth and stimulation.[94] Although no cell culture study was
reported in that work, PEDOT/PSS FsNM have been recently used to fabricate
electrochemical microactuators in the form of microfingers of a variety of lengths.[96]
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Figure 2.1.5. PEDOT/PSS nanofilms transferred to various substrates: (a) freestanding
PEDOT/PSS nanofilms floating in water after PVA dissolving; nanofilms collected onto
(b) paper, (c) human skin and (d) flexible PDMS. SEM micrographs showing the
PEDOT/PSS nanofilm collected onto (e) the porous alumina substrate (scale bar 2 µm)
and (f) steel mesh (scale bar 100 µm). Reproduced with permission.[94] Copyright 2011,
Royal Society of Chemistry.

The reversible actuation of these microactuators, which consists in the bending of
such microfingers, has been demonstrated by imposing electrochemical oxidation
and reduction cycles on PEDOT/PSS supports. A number of possible applications
can be envisaged for these small, soft actuators, such as microrobotics for cell
manipulation.
The same group embedded iron oxide superparamagnetic nanoparticles into
PEDOT/PSS FsNM using the Supporting Layer method described above.[97] More
specifically, a stable colloidal dispersion of iron oxide nanoparticles added to the
PEDOT:PSS mixture was used to prepare nanofilms through spin-coating. The
thickness and surface roughness of the nanosheets depended on the amount of
incorporated nanoparticles, ranging from 218 ± 13 to 269 ± 19 nm and from 1.5 to 8.5
nm, respectively. In this investigation, the attention was focused on the
characterization of the morphological, electrical, magnetic and magneto-optical
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properties, which also depended on the amount of entrapped iron oxide
nanorparticles. The electrical conductivity was found to decrease from 1.96 ± 0.14
S/cm to 0.38 ± 0.06 S/cm with increasing concentration of nanoparticles. These
FsNM open up new perspectives in technological fields (electronics,
telecommunications and optics) rather than in biomedicine, even though no
practical evidence for any application was provided.
PEDOT/PSS was also employed by Greco et al.[98] to prepare and characterize
robust wrinkled conductive surfaces. This was achieved by following the simple
two-step approach (metal deposition and subsequent heating) developed for the
fabrication of nanowrinkles on shape-memory polymer sheets.[99] Specifically, the
CP nanosheet (thickness ranging from 53.6 ± 1.2 to 120.9 ± 1.5 nm) was deposited
onto a thermo-retractable polystyrene (PS) sheet by spin-coating an aqueous
dispersion of PEDOT:PSS. A subsequent thermal treatment induced the substrate
shrinking causing the microbuckling of the upper PEDOT:PSS layer due to
compressive stress patterning. Adhesion and proliferation assays of C2C12 murine
skeletal cells on uniaxial wrinkled samples indicated that cells preferentially aligned
on low and narrow ridges (∼1.5 µm height) rather than on high and wide ones (∼2.5
µm height). This observation was corroborated when aligned myotubes in C2C12
differentiation stage were only formed on the former topology. Furthermore, the coculturing of C2C12 cells with a fibroblast feeder layer improved the formation of
aligned and mature myotubes. The achievement of tuneable conductive
nanowrinkles interfaces represents a unique tool for the development of innovative
biomedical devices.
A completely different strategy to obtain FsNM made of a CP and an insulating
polymer is the one in which both components are arranged in a bilayered
configuration. For instance, Greco et al. fabricated self-supported nanosheets with
patterned conductivity using PEDOT/PSS and PLA, which acted as the mechanical
support layer, thus maintaining continuity and robustness.[100] In a first step, the
PEDOT/PSS layer (thickness of ∼45 nm) was spin-coated onto a substrate. Then, in
a second step, and after thermal treatment, the PLA layer (thickness of ∼200 nm)
was spin-coated onto the previous one. However, in order to obtain a patterned
bilayer FsNM, an intermediate step (inject patterning) was introduced just before
the deposition of the PLA layer. (i.e. localized over-oxidation of PEDOT/PSS
nanofilm to provoke an irreversible loss of electrical conductivity at specific spots)
of the PEDOT/PSS nanofilm Moreover, to enhance its electrical conductivity, which
reached values of 180 S/cm, DMSO was added as a secondary doping agent. The
resulting bilayered FsNM is of great interest as (bio)electrical interface and as thin
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floating or ultraconformable circuits. In addition to that, the surface wettability of
the bilayered FsNM was electrochemically switched through simple oxidation and
reduction processes. This change was even more evident for nanosheets supported
on a PS substrate. On the basis of this interesting ability, authors proposed the
application of these nanofilms as smart conductive biointerfaces for directing cell
adhesion and differentiation.[101]
Table 2.1.2 summarizes the most relevant examples of CP-containing FsNM
discussed in this section.
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Table 2.1.2. Summary of the most important characteristics (i.e. preparation method, thickness, properties and potential biomedical
applications) of CP-containing FsNM.

Material

PPy

Preparation

50

Propertiesa

Biomedical
applications

Reference

Interface
polymerization

From 60 to
hundreds

Different roughness and
water wettability on
each side of film fit

[85]

Organic crystal
surface-induced
polymerization

σ= 1.14 S/cm for a
thickness of 230 nm.
Flexible, transparent,
shiny, light-blue color.

∼21

σ= 30.6 S/cm. Smooth
surface

Chemical sensor for
HCl and NH3 vapors

[86]

In situ FIP

∼100

Extremely high
electrical conductivity
σ= 2000 S/cm.
Semi-transparency,
smooth surface

Sensors

[87]

From 50 to 250

Low conductivity (σ≈
10-5 S/cm)
Mechanically strong,
dense morphology

Biosensors and artificial
muscles

[88]

σ= 0.88-1.44 S/cm
E= 0.81-1.02 GPa.
Flexibility.

Bioactive platforms.
Electrochemical soft
microactuators

Interface
polymerization
using porphyrin
as in situ
template

PEDOT / PSS

Thickness (nm)

Supporting
Layer

From ∼40 to ∼100

[94,96]
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Material
PEDOT / PSS

PEDOT-carbon
nanotube sheet

(PEDOT/PSS)
/ PLA

Preparation
Spin-coating
+heat-shrinking

Vapor phase
polymerization

Spin-coating

Thickness (nm)
From 53.6±1.2 to
120.9±1.5

∼66

∼45 (PEDOT/PSS
layer) + ∼200 (PLA
layer)

Propertiesa
R= 199±11 - 586±16
Ω/sq
R= 200 Ω/sq
E= 12.6 GPa, σmax= 135
MPa. Volumetric
capacitance: ∼40 F/cm3
at 100 V/s. Flexibility
and transparency.
σ= 180 S/cm.
Mechanical robustness
Colors from dark blue
to light blue or even
transparent depending
on the oxidation state.
Electrochemical
regulation of the surface
wettability.

Biomedical
applications

Reference

Scaffolds for functional
cell alignment and ES

[98]

Sensors and actuators

[91]

Smart conductive
biointerfaces for
directing cell adhesion
and differentiation.
Bioelectrodes.

[100]

σ: Electrical conductivity. R: Electrical resistance. E: Elastic modulus. σmax: Ultimate tensile strength. Fadh: Adhesion force between the
AFM tip and the sample surface. Eg: Optical band gap energy.

a
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2.2.

Nanofibrous Biointerfaces

Electrospun nanofibers display promising features for biomedical purposes
since they result in interconnected porous networks with increased surface area and
abundant binding sites for absorbing proteins and cell membrane receptors. These
features are interesting for applications such as drug gene/cell delivery, artificial
blood vessels, wound dressings and substrates for tissue regeneration,
immobilization of enzymes and development of catalyst systems. In addition to
that, mats of electrospun nanofibers can mimic topographically the extracellular
matrix (ECM): their architecture becomes similar to that of the ECM collagen (i.e. a
3D network of nanofibers with diameters between 50–500 nm).
Therefore, it is not surprising that the electrospinning technique has gained huge
attention due to its advantages: (1) great accessibility to fabricate composites and
incorporate drugs, (2) capability to prepare correct controllable topography
(nanoscale size, alignment and orientation of nanofibers), (3) feasibility to render 3D
scaffolds with the porosity required for effective tissue regeneration application, (4)
encapsulation and local sustained release of drugs (e.g. growth factors, antioxidants,
anti-inflammatory agents), and (5) surface functionalization.
Briefly, this electrostatic technique involves the use of a high voltage field to
charge the surface of a polymer solution droplet, held at the end of a capillary tube,
and induce the ejection of a liquid jet towards a grounded target (collector). The
single jet initially formed is divided into multiple filaments by radial charge
repulsion, which results in the formation of solidified ultra-thin fibers as the solvent
is evaporating (Figure 2.2.1). The final morphology of fibers obtained onto the
collector depends on (i) the molecular weight, molecular-weight distribution and
architecture of the polymer, (ii) the solution properties (e.g. viscosity, dielectric
constant, surface tension, concentration), (iii) operational parameters (e.g. applied
electrical potential, deposition distance, flow rate, collector’s size and motion), and
finally (iv) ambient parameters (e.g. temperature or humidity).[101,102] Selection of the
appropriate experimental conditions can lead to fibers with diameters that can
range from several micrometers to few nanometers in an extremely rapid process
(millisecond scale).[103]
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(b)

Collector

Distance

Flow Rate

(a)

Polymer
Solution
High Voltage

Figure 2.2.1. Typical electrospinning setup. Box shows fibers formation: (a) slow
acceleration zone, (b) rapid acceleration (transition between liquid and solid).

In the last years, different reviews were concerned on the formation of
biodegradable nanomats by electrospinning and their potential use for tissue
engineering applications as functional smart scaffolds.[104-108] Specifically, Kai et al.
reported advances for electrospun nanofibers that are based on natural proteins
such as collagen, gelatin, silk, chitosan and alginate; synthetic polymers such as
polyglycolide (PGA), poly(ε-caprolactone) (PCL), PLA and their copolymers, PLGA;
and their blends.[109]

2.2.1. CP-based Nanofibrous Biointerfaces
Biopolymer-based conducting fibrous mats are of special interest for tissue
engineering because they are able to stimulate specific cell functions or trigger cell
responses in addition to the expected ability to physically support tissue growth.[110]
Apart from that, several other properties are also desired when designing
conducting fibrous mats: reversible oxidation, redox stability, conductivity,
biocompatibility, controlling of the three-dimensional geometry and tunable surface
topography.
However, the preparation of conductive nanofibers by electrospinning is not
trivial and different strategies have been followed: (a) Incorporation of conductive
particles (e.g. carbon nanotubes (CNT)) into the fibers, being usually necessary to
submit the particles to surface treatment to increase their affinity for the polymeric
matrix; (b) Direct electrospinning of CPs (in this case problems related to their high
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stiffness and low solubility appear); (c) Blending of the CP with another
electrospinnable polymer (used as a carrier), being the detriment of the electronic
properties the major inconvenience (Figure 2.2.2a); and finally (d) Coating
electrospun nanofibers with conductive materials (Figure 2.2.2b).
As it is stated in [111], MacDiarmid and his group firstly verified the possibility to
electrospun fibers of CPs where no chain degradation was observed after electrical
field application. Since then, many CPs such as PAni, PPy and PTh and its
derivatives have been used to produce nanosized electrospun fibers.[112]
In the next subsections, some studies on CP-based nanofiber mats prepared by
the electrospinning approach are described. In addition, Table 2.2.1 lists further
examples.

PAni-based fibrous mats
One strategy to get conductive and biodegradable polymers is based on
combining a biodegradable polymer (e.g. PLA or chitosan) with heterocyclic
oligomers of aniline.[113] In fact, oligoanilines compounds with well-defined chain
lengths have been used to model the electrical, magnetic, optical, and structural
properties of PAni. Different approaches involve the use of aniline trimers,[114]
tetramers,[115] and pentamers.[116]. However, nanofibers based on blending PAni and
gelatin[117] resulted in the first novel conductive material with well suited properties
as biocompatible scaffold. Both compounds were dissolved in 1,1,1,3,3,3hexafluoroisopropanol and co-electrospun into nanofibers. PAni-gelatin blend

Figure 2.2.2. Fabrication of electrically conducting nanofibers using CPs: (a)
electrospinning of CP containing blend, (b) nano-thick CP deposition onto a
nanofiber template in a CP polymerizing solution. Reproduced with permission.[110]
Copyright 2013, Taylor and Francis.
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fibers supported H9c2 rat cardiac myoblast cell attachment and proliferation to a
similar degree as positive controls (i.e. tissue culture-treated plastic).
Picciani et al.[118] considered the use of PLA as the support polymeric matrix for
the preparation of PAni-based conducting nanofibers and evaluated the influence of
some operational parameters, such as polymer concentration, applied voltage, and
flow rate, on the morphology of electrospun fibers. Similarly, several PAni and
poly(D,L-lactide) (PANi/PDLA) mixtures were successfully electrospun and their
conductivity and biocompatibility evaluated.[119] Specifically, this scaffold was able
to conduct a current of 5 mA and had an electrical conductivity of 0.0437 S/cm.
Primary rat muscle cells were able to attach and proliferate over the entire new
scaffold. The polymer degradation and shrinkage may prevent the blend from being
used as the primary component of a biomedical device, but it was claimed useful as
a biocompatible coating on devices such as sensors. In another example, composite
substrates made of PAni doped with camphorsulfonic acid (CSA) and PCL
electrospun fibers were investigated as platforms for cardiac tissue regeneration.[120]
Finally, a biodegradable five-arm star-shaped polymer based on PCL was
synthesized combining the advantages of star-shaped PCL with benefits of the
electrospinning method to obtain uniform nanofibers with possible potential for use
in tissue engineering.[121]

PPy-based fibrous mats
PPy is one of the most widely investigated CP because of the aqueous solubility
of the monomer, its low oxidation potential and high conductivity, it is easily
synthesized and displays long-term ambient stability. However, scarce work is
concerned on the electrospinning of PPy alone. PPy fibers were firstly achieved
using chloroform soluble samples chemically synthesized using ammonium
persulfate (APS) as the oxidant and dodecylbenzene sulfonic acid (DBSA) as the
dopant source.[122] Resulting PPy fibers exhibited circular cross-section, smooth
surface and diameters about 3 μm. The electrical conductivity of the compressed
PPy nonwoven web was about 0.5 S/cm, which was slightly higher than those of
powder or cast films, possibly because of molecular orientation induced during the
electrospinning.
Later, PPy conductive nanofibers (70-300 nm) were obtained by electrospinning
organic solvent soluble PPy using PEO as the carrier.[123] Nanofibers were obtained
with a well-defined morphology and physical stability. Moreover, the electrical
conductivity increased with the PPy content, probably as a consequence of the
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contact established between CP regions which remained ‘less isolated’, thus
facilitating the electrical conduction.
Similarly, scaffolds constituted by PPy/PCL/gelatin nanofibres were obtained
with balanced properties of conductivity, mechanical properties, and
biodegradability, matching the requirements for regeneration of cardiac tissue.
Furthermore, the scaffold promoted cell attachment, proliferation, interaction, and
expression of cardiac-specific proteins.[124]

PTh-based fibrous mats
Electrospinning of CP has been scarcely carried out mainly because of their low
solubility and fast crystallization, which easily blocks the nozzle. Among PTh
derivatives, poly(3-hexylthiophene) (P3HT) has been considered the best candidate
since it has very high field effect mobility (i.e. 0.1 cm2/Vs can be attained).
Nanofibers, with diameters of 100–500 nm, were deposited by electrospinning from
chloroform solution onto electrodes on a SiO2/Si substrate. However, the
morphology of the P3HT nanofibers was poor since they were not continuously
produced and contained lots of beads along the fibers.[125]
Lee et al.[126] studied the way to avoid P3HT crystallization and the block of the
nozzle tip in order to obtain continuous nanofibers with uniform thickness.
Experiments were performed using chloroform, which is the best solvent for P3HT,
and a coaxial setup to continuously provide a small amount of additional solvent to
the evaporating solution. This additional chloroform effectively maintained the
concentration of P3HT low in the solution at the nozzle tip and consequently
crystallization was late enough to allow continuous electrospinning without
blocking the nozzle tip. Blends of P3HT and PCL were also electrospun into
nanofibers to facilitate the production of continuous nanofibers even at low P3HT
concentration (Figure 2.2.3).[126]
Later, a mixture of PLGA and poly(3-hexylthiophene) (P3HT) was electrospun
into 2D random (196 nm) and 3D axially aligned nanofibers (200-80 nm).[127] Results
of in vitro cell studies indicated that aligned PLGA–P3HT nanofibers had a
significant influence on the adhesion and proliferation of Schwann cells.
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Figure 2.2.3. SEM images of electrospun blend fibers with 10% P3HT in PCL
(P3HT:PCL 10:90, w/w): (A) as-electrospun fibers and (B) fibers after selectively
removing PCL. Scale bar in insets indicates 500 nm. Reproduced with permission.[126]
Copyright 2008, Royal Society of Chemistry.

The new electrically conducting axially aligned nanofibres provided both
electrical and structural cues and could be potentially used as scaffolds for neural
regeneration.
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Table 2.2.1. Further examples of CP-based nanofiber mats prepared as tissue
engineering scaffolds by the electrospinning approach.

Insulating
Polymer

CP

Gelatin and PCL

PLA

PAni

PEG and PCL

PEG and PCL

PLA

P3HT

2.3.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
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PLGA

Properties
PAni patterned on electrospun
scaffold by inkjet printing
Nanofibers prepared with a 3 wt%
PLA/PAni solution were conducting.
Diameters: 10 nm–300 nm
The presence of (PAni)n-b-PEG-b(PAni)n terpolymers enhanced the
spinnability of solution and
significantly reduced the bead
formation
Low molecular weight copolymer
with PAni segment resulted in fibers
without any beads and average size
of micrometer
High porosity electrospun mats
provided cells with comparably stiff,
sub-micron sized fibres as anchoring
points
In vivo experiments revealed the
biocompatibility and
biodegradability of PLGA-PHT
nanofibers

Ref
[128]

[129]

[130]

[131]

[132]

[133]

References
R. Langer, J. Biomed. Mater. Res. 2013, 101A, 2449.
S. Fleischer, T. Dvir, Curr. Opin. Biotechnol. 2013, 24, 664.
T. Cohen-Karni, R. Langer, D.S. Kohane, ACS Nano 2012, 6, 6541.
C. Jiang, S. Markutsya, Y. Pikus, V. V. Tsukruk, Nat. Mater. 2004, 3, 721.
J. D. Kittle, C. Wang, C. Qian, Y. Zhang, M. Zhang, M. Roman, J. R. Morris, R. B.
Moore, A. R. Esker, Biomacromolecules 2012, 13, 714.
M. G. Bellino, I. Tropper, H. Duran, A. E. Regazzoni, G. J. A. A. Soler-Illia, Small 2010,
6, 1221.
J. A. Jaber, P. B. Chase, J. B. Schlenoff, Nano Lett. 2003, 3, 1505.

CP-BASED BIOINTERFACES: LITERATURE REVIEW
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

C. S. Hajicharalambous, J. Lichter, W. T. Hix, M. Swierczewska, M. F. Rubner, P.
Rajagopalan, Biomaterials 2009, 30, 4029.
Z. Tai, H. Ma, B. Liu, X. Yan, Q. Xue, Colloids Surf., B 2012, 89, 147.
S. Y. Wong, Q. Li, J. Veselinovic, B.-S. Kim, A. M. Klibanov, P. T. Hammond,
Biomaterials 2010, 31, 4079.
M. C. Berg, L. Zhai, R. E. Cohen, M. F. Rubner, Biomacromolecules 2006, 7, 357.
K. C. Wood, J. Q. Boedicker, D. M. Lynn, P. T. Hammond, Langmuir 2005, 21, 1603.
H. Watanabe, E. Muto, T. Ohzono, A. Nakao, T. Kunitake, J. Mater. Chem. 2009, 19,
2425.
H. Watanabe, T. Kunitake, in Giant Nanomembrane, Handbook of nanophysics.
Functional nanomaterials, Vol. 5 (Ed. K. D. Sattler), CRC Press, Taylor & Francis, Boca
Raton, FL 2011, pp. 11-1.
W. Cheng, M. J. Campolongo, S. J. Tan, D. Luo, Nano Today 2009, 4, 482.
G. Decher, J. D. Hong, J. Schmitt, Thin Solid Films 1992, 210–211, Part 2, 831.
G. Decher, Science 1997, 277, 1232.
G. Decher, Y. Lvov, J. Schmitt, Thin Solid Films 1994, 244, 772.
C. Jiang, V. V. Tsukruk, Adv. Mater. 2006, 18, 829.
A. D. Stroock, R. S. Kane, M. Weck, S. J. Metallo, G. M. Whitesides, Langmuir 2002, 19,
2466.
K. M. Nampoothiri, N. R. Nair, R. P. John, Bioresource Technol. 2010, 101, 8493.
K. Odelius, P. Plikk, A.-C. Albertsson, Biomacromolecules 2005, 6, 2718.
F. Khan, S. R. Ahmad, Macromol. Biosci. 2013, 13, 395.
] R. Parenteau-Bareil, R. Gauvin, F. Berthod, Materials 2010, 3, 1863.
S. Martino, F. D'Angelo, I. Armentano, J. M. Kenny, A. Orlacchio, Biotechnol. Adv. 2012,
30, 338.
C. Zhao, A. Tan, G. Pastorin, H. K. Ho, Biotechnol. Adv. 2013, 31, 654.
Y. Okamura, K. Kabata, M. Kinoshita, D. Saitoh, S. Takeoka, Adv. Mater. 2009, 21, 4388.
K. Fujino, M. Kinoshita, A. Saitoh, H. Yano, K. Nishikawa, T. Fujie, K. Iwaya, M.
Kakihara, S. Takeoka, D. Saitoh, Y. Tanaka, Surg. Endosc. 2011, 25, 3428.
T. Fujie, Y. Okamura, S. Takeoka, Adv. Mater. 2007, 19, 3549.
S. Takeoka, Y. Okamura, T. Fujie, Y. Fukui, Pure Appl. Chem. 2008, 80, 2259.
H. Miyazaki, M. Kinoshita, A. Saito, T. Fujie, K. Kabata, E. Hara, S. Ono, S. Takeoka, D.
Saitoh, Wound Rep. Reg. 2012, 20, 573.
Y. Okamura, K. Kabata, M. Kinoshita, H. Miyazaki, A. Saito, T. Fujie, S. Ohtsubo, D.
Saitoh, S. Takeoka, Adv. Mater. 2013, 25, 545.
V. Pensabene, S. Taccola, L. Ricotti, G. Ciofani, A. Menciassi, F. Perut, M. Salerno, P.
Dario, N. Baldini, Acta Biomater. 2011, 7, 2883.
L. Ricotti, S. Taccola, V. Pensabene, V. Mattoli, T. Fujie, S. Takeoka, A. Menciassi, P.
Dario, Biomed. Microdevices 2010, 12, 809.
T. Fujie, L. Ricotti, A. Desii, A. Menciassi, P. Dario, V. Mattoli, Langmuir 2011, 27,
13173.
D. Niwa, T. Fujie, T. Lang, N. Goda, S. Takeoka, J. Biomater. Appl. 2012, 27, 131.
S. Taccola, A. Desii, V. Pensabene, T. Fujie, A. Saito, S. Takeoka, P. Dario, A. Menciassi,
V. Mattoli, Langmuir 2011, 27, 5589.
D. Chen, J. Chen, M. Wu, H. Tian, X. Chen, J. Sun, Langmuir 2013, 29, 8328.
Y. Okamura, Y. Fukui, K. Kabata, H. Suzuki, M. Handa, Y. Ikeda, S. Takeoka,
Bioconjugate Chem. 2009, 20, 1958.
T. Fujie, N. Matsutani, M. Kinoshita, Y. Okamura, A. Saito, S. Takeoka, Adv. Funct.
Mat. 2009, 19, 2560.
T. Fujie, M. Kinoshita, S. Shono, A. Saito, Y. Okamura, D. Saitoh, S. Takeoka, Surgery
2010, 148, 48.

59

CHAPTER 2
[42]

K. Hagisawa, A. Saito, M. Kinoshita, T. Fujie, N. Otani, S. Shono, Y.-K. Park, S.
Takeoka, J. Vasc. Surg. Venous Lymphat. Disord. 2013, 1, 289.
[43]
N. Otani, M. Kinoshita, T. Fujie, A. Saito, S. Takeoka, D. Saitoh, K. Hagisawa, H.
Nawashiro, K. Shima, J. Clin. Neurosci. 2013, 20, 301.
[44]
T. Fujie, A. Saito, M. Kinoshita, H. Miyazaki, S. Ohtsubo, D. Saitoh, S. Takeoka,
Biomaterials 2010, 31, 6269.
[45]
A. Saito, H. Miyazaki, T. Fujie, S. Ohtsubo, M. Kinoshita, D. Saitoh, S. Takeoka, Acta
Biomater. 2012, 8, 2932.
[46]
T. Fujie, S. Furutate, D. Niwa, S. Takeoka, Soft Matter, 2010, 6, 4672.
[47]
J. Chen, X. Qiu, L. Wang, W. Zhong, J. Kong, M. M. Q. Xing, Adv. Funct. Mater. 2014,
24, 2216.
[48]
J. L. Lutkenhaus, K. D. Hrabak, K. McEnnis, P.T. Hammond, J. Am. Chem. Soc. 2005,
127, 17228.
[49]
S. S. Ono, G. Decher, Nano Lett. 2006, 6, 592.
[50]
N. Meyerbröker, Z.-A. Li, W. Eck, M. Zharnikov, Chem. Mater. 2012, 24, 2965.
[51]
N. Meyerbröker, M. Zharnikov, Adv. Mater. 2014, 26, 3328.
[52]
Z. Gui, J. Qian, B. Du, M. Yin, Q. An, J. Colloid Interf. Sci. 2009, 340, 35.
[53]
M. Kohri, Y. Shinoda, H. Kohma, Y. Nannichi, M. Yamauchi, S. Yagai, T. Kojima, T.
Taniguchi, K. Kishikawa, Macromol. Rapid Commun. 2013, 34, 1220.
[54]
T. Fujie, H. Haniuda, S. Takeoka, J. Mater. Chem. 2011, 21, 9112.
[55]
T. Fujie, A. Desii, L. Ventrelli, B. Mazzolai, V. Mattoli, Biomed. Microdevices 2012, 14,
1069.
[56]
H. Zhang, S. Takeoka, Macromolecules 2012, 45, 4315.
[57]
T. Fujie, S. Ahadian, H. Liu, H. Chang, S. Ostrovidov, H. Wu, H. Bae, K. Nakajima, H.
Kaji, A. Khademhosseini, Nano Lett. 2013, 13, 3185.
[58]
C. Jiang, S. Markutsya, V. V. Tsukruk, Adv. Mater. 2004, 16, 157.
[59]
H. Qin, D. Wang, X. Xiong, J. Jin, Macromol. Rapid Commun. 2014, 35, 1055.
[60]
P. R. Bidez, S. Li, A. G. MacDiarmid, E. C. Venancio, Y. Wei, P. I. Lelkes, J. Biomater.
Sci., Polym. Ed. 2006, 17, 199.
[61]
I. Jun, S. Jeong, H. Shin, Biomaterials 2009, 30, 2038.
[62]
J. Huang, X. Hu, L. Lu, Z. Ye, Q. Zhang, Z. Luo, J. Biomed. Mater. Res., Part A 2010, 93A,
164.
[63]
J. Y. Lee, C. A. Bashur, C. A. Milroy, L. Forciniti, A. S. Goldstein, C.E. Schmidt, IEEE
Trans. Nanobiosci., 2012, 11, 15.
[64] C. R. Broda, J. Y. Lee, S. Sirivisoot, C. E. Schmidt, B. S. Harrison, J. Biomed. Mater. Res., Part
A 2011, 98A, 509.
[65]
L. J. del Valle, F. Estrany, E. Armelin, R. Oliver, C. Alemán, Macromol. Biosci. 2008, 8,
1144.
[66]
D. E. López-Pérez, D. Aradilla, L. J. del Valle, C. Alemán, J. Phys. Chem. C 2013, 117,
6607.
[67]
B. Teixeira-Dias, L. J. del Valle, D. Aradilla, F. Estrany, C. Alemán, Macromol. Mater.
Eng. 2012, 297, 427.
[68]
G. Fabregat, B. Teixeira-Dias, L. J. del Valle, E. Armelin, F. Estrany, C. Alemán, ACS
Appl. Mater. Interfaces 2014, 6, 11940.
[69]
G. Fabregat, E. Armelin, C. Alemán, J. Phys. Chem. B 2014, 118, 4669.
[70]
M. Martí, G. Fabregat, F. Estrany, E. Armelin, C. Alemán, J. Mater. Chem. 2010, 20,
10652.
[71]
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CHAPTER 3

OBJECTIVES

OBJECTIVES
The review of the latest examples of nanostructured materials (free-standing
nanomembranes (FsNM) and nanofibrous mats) for biomedical applications
demonstrates the versatility of these systems, which relies on the variety of
techniques available for their preparation and the concept that rational design can
be used to tailor the relationship between desired properties and advanced
applications (e.g. wound dressing, patches for bone or tendon repair, scaffolds for
regenerative medicine and tissue engineering, drug delivery devices, artificial soft
tissues, biosensors, artificial muscles and bioelectrodes).
On the one hand, research in FsNM for biomedical applications began about one
decade ago, and investigations have been conducted considering basically a few
groups of insulating and biodegradable polymeric materials: polyesters (e.g.
poly(lactic acid) (PLA)), polysaccharides and other materials (e.g. poly(ethylene
glycol), poly(acrylic acid) or poly(methyl methacrylate), among others). FsNM
made of CPs have emerged with great interest in the last few years (i.e. first works
appeared in 2010). Therefore, the number of CP-based FsNM studied so far,
individually or combined with insulating polymers, is still limited. On the other
hand, CP-based nanofibrous mats are of special interest for tissue engineering
purposes because they are able to stimulate specific cell functions or trigger cell
responses and physically support tissue growth.
Generally, the role played by the insulating polymer in these CP-based
nanostructures is not only to provide mechanical robustness but also to protect any
embedded biomolecule (i.e. drugs, growth factors, DNA, peptides and proteins, etc.)
and to provide a matrix support for the CP, which in turn is responsible for the
optical, electrochemical or electrical activity of such systems.
Still, as it has been appointed in the Introduction Chapter, the development of
functional CP-based biointerfaces represents a tremendous challenge, in which
decisive variables need to convergence. During the design step, the main difficulty
is found in the limited solubility of CPs in common organic solvents, while their
poor biodegradability hinders their practical use in in vivo tests.
Hence, the optimized performance of CP-based biointerfaces for bioapplications
relies on the fact that CPs are able to deliver biological cues, and thus modulate the
cell-biointerface interaction. This is based on the synergy among (1) physical
stimulation (surface roughness, channels, or grooves), (2) biochemical stimulation,
(3) mechanical stimulation and finally, (4) electrical stimulation (ES).
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3.1.

Aim of the Thesis

In this Thesis, the design and fully characterization of novel functional CP-based
biointerfaces for biomedical applications is highlighted. Specifically, the
development of such platforms is addressed to overcome the CPs limitations
without compromising their electrochemical and electrical properties. In addition to
that, the assessment of their biocompatibility and biodegradability features is also a
main objective. Furthermore, special attention has been paid to evaluating those
properties that are known to determine cell-biointerface interactions (i.e. surface
chemistry, topology and mechanical features).
The obtained CP-based biointerfaces have been primary applied to function as
scaffolds for promoting electro-active tissue regeneration. However, other
applications such as drug delivery or passive ion transport have also been
considered. Basically, this global purpose has been accomplished through three
different approaches, which correspond to each one of the main parts of this
dissertation, in which CP-based biointerfaces have been designed as FsNM, fibrous
mats or electropolymerized ultra-thin interfaces. Specific objectives for each part are
listed and described in detail in the next section.

3.2.

Outline of the Thesis: Specific Objectives

This Thesis consists of ten chapters and, at the end, a summary which presents
the general conclusions derived from the overall of the work.
In Chapter 1, the motivation of the Thesis is introduced. Moreover, a general
overview of key concepts related to the topic of the dissertation is presented.
Chapter 2 consists on a review of the latest research conducted on CP-based
biointerfaces which are produced as FsNM or nanofibrous mats. The current
chapter, Chapter 3, summarizes the aim, objectives and outline of the Thesis.
PART A describes the experimental approach followed to develop FsNM as CPbased biointerfaces by blending a chemically synthesized PTh derivative with an
insulating polymer (i.e. poly(tetramethylene succinate) (PE44) or thermoplastic
polyurethane (TPU), Scheme 3.2.1). The choice of this specific PTh derivative is
based on the fact that the incorporation of substituents into the 3-position of the
thiophene ring enhances the solubility and processability of the CP. Therefore, the
improved solubility of P3TMA in organic solvents enabled its blending with
conventional polymers, thus improving its mechanical integrity.
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Scheme 3.2.1. Polymers used in Part A (MDI = Methylene diphenyl diisocyanate; TDI =
Toluene diisocyanate).

Chapter 4 describes the preparation and characterization of PE44:P3TMA FsNM,
while in Chapter 5 PE44 is substituted by TPU to produce TPU:P3TMA FsNM. For
both systems, their potential application as biointerfaces is explored. The specific
objectives for these two Chapters can be summarized as follows:
-

Optimize the experimental conditions (spin-coating speed and time, or solution
concentration) required to obtain stable, flexible and robust FsNM with tunable
thickness and roughness parameters by applying the spin-coating technique.

-

Determine the miscibility of P3TMA and the insulating polymer in the
corresponding blend by thermal and microscopic studies, and check their
thermal stability.

-

Analyse the doping state of P3TMA (in terms of band gap energy, Eg) in the
blend from both the macroscopic (bulk properties) and nanoscopic scales.

-

Evaluate the electrical semiconducting and electrochemical properties of P3TMA
in each system to ensure that the CP retains its electroactivity after blending with
PE44 or TPU, and determine if they produce a significant insulating eﬀect.

-

Study the influence of the TPU:P3TMA weight composition (20:80, 40:60 and
60:40) on the FsNM nanostructural features and nanomechanical response
(Young’s modulus and adhesion force ).
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-

Investigate the inﬂuence of the P3TMA/insulating polymer interfaces
composition on properties related to biomedical applications. This includes:
swelling behaviour, hydrolytic and enzymatic degradability from both a
quantitative and qualitative approach, biocompatibility towards different
epithelial and fibroblast-like cell lines by cellular adhesion and proliferation
studies, and finally the ability to adsorb extra cellular matrix proteins.

-

Examine the electrobioactivity of the system: the influence of cell monolayers on
the electrochemical response of P3TMA:PE44 biointerfaces.

Chapter 6 focuses on the characterization of P3TMA interfaces. Special interest is
placed on the study of thermal properties (glass temperature transition, Tg). More
specifically, the following aspects are explicitly addressed in this Chapter:
-

Determine the Tg of ultra-thin P3TMA interfaces using a new technology
(nanocalorimetric measurements based on the bimetallic effect), and compare the
results with those obtained by conventional DSC thermal characterization (bulk
sample).

-

Correlate the morphological features of both systems (bulk and ultra-thin
P3TMA) with the thermal results (Tg).

-

Run atomistic molecular dynamics simulations on models that represent P3TMA
bulk powder and ultra-thin ﬁlms to evaluate the influence of the film-air
interface on the density and conformation of P3TMA polymeric chains.

In PART B, the main goal is to characterize the electrochemical response and
describe the bioapplication of CP-based fibrous interfaces made of P3TMA and
biodegradable polymers (i.e. polylactide (PLA) (Chapter 7) or poly(ester urea)-copoly(ester amide) PEU-co-PEA (Chapter 8), Scheme 3.2.2). Special interest has been
taken in determining the influence of the CP content on the features displayed by
P3TMA-based hybrid fibrous interfaces. After optimizing their preparation, and
evaluate their morphological and thermal properties, these studies have been
focussed on the following specific objectives:
-

Examine the electrochemical properties (electroactivity and electrostability) of
both PLA:P3TMA and PEU-co-PEA:P3TMA hybrid samples.

-

Assess the biocompatibility of PLA:P3TMA scaffolds toward Vero cells
(epithelial-like) by cellular adhesion and proliferation studies.
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Scheme 3.2.2. Biodegradable polymers used in Part B

-

Prepare PLA:P3TMA scaffolds to perform as drug-delivery interfaces by loading
drugs with different hydrophobic/hydrophilic character (i.e. ciprofloxacin,
chlorhexidine, triclosan and ibuprofen), and evaluate their release kinetics.

Finally, PART C consists on the preparation of new CP-based biointerfaces with
nanometric thickness by electrochemical polymerization adopting specific
modification strategies, as well as their characterization and bioapplication.
Chapter 9 is devoted to obtain a bioinspired interface formed by poly(Nmethylpyrrole) (PNMPy) and Omp2a (Scheme 3.2.3a), an outer membrane protein
which forms trimeric pores, by the entrapment method. The following issues are
specifically approached in such investigation:
-

Determination of the electrochemical polymerization conditions for the
optimized immobilization of active Omp2a into the PNMPy matrix.

-

Assessment of the influence of Omp2a on the morphological, topographical and
electrochemical features of PNMPy-Omp2a biocomposites, comparing them
with those of the control PNMPy.

-

Regarding the bioapplication, three different targets have been addressed: (i)
investigate the Omp2a response towards severe enzymatic degradation
conditions; (ii) evaluate the cell adhesion and proliferation response of two cell
lines (Vero and Cos-7) toward the PNMPy-Omp2a biointerface; and (iii) study of
the passive ion transport of PNMPy-Omp2a biointerfaces by means of
electrochemical impedance spectroscopy.

Chapter 10 has been focused on the development of a bioactive platform based on
the co-electropolymerization of a specially synthesized bis-thienyl monomer, AzbT,
which contains carboxyl and Schiff base functionalities (i.e. covalent linkage
method), and 2,2’:5’,2’’-therthiophene (Th3) (Scheme 3.2.3b). The specific objectives
examined in this Chapter can be listed as follows:
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Scheme 3.2.3. Monomers used in Part C to obtain CPs by electropolymerization.

-

Confirm the correlation between the AzbT:Th3 molar ratio of the
electropolymerization medium with the final content of AzbT structural units in
P(AzbT:Th3) copolymers.

-

Determine the dependence of the AzbT:Th3 molar ratio with the morphology
and topography, the electrochemical response and optical properties displayed
by P(AzbT:Th3) copolymers.

-

Examine the cytotoxicity and biocompatible response of P(AzbT:Th3)
copolymers toward cell adhesion and proliferation tests, and infer the influence
of AzbT and Th3 content on the results.
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BIOACTIVE NANOMEMBRANES OF
POLYTHIOPHENE DERIVATIVE AND
BIODEGRADABLE POLYESTER

P3TMA:PE44 BIOACTIVE NANOMEMBRANES

Summary
The present chapter reports the fabrication of free-standing nanomembranes
(FsNM) with semiconducting and biodegradable properties. Specifically,
nanomembranes have been prepared by spin-coating mixtures of a semiconducting
polythiophene derivative, poly(3-thiophene methyl acetate), P3TMA, and a
biodegradable polyester, poly(tetramethylene succinate), PE44, considering three
different molar ratios.
Firstly, P3TMA:PE44 nanomembranes (80:20, 50:50 and 20:80) were evaluated by
spectroscopic (FTIR), thermal, morphological and electrical studies (section 4.3). The
biocompatibility response of this system was tested using P3TMA:PE44 (50:50)
nanomembrane. As results were satisfactory, nanomembranes with composition
50:50 were chosen to be further characterized (section 4.4).
Materials and general methodology (i.e. P3TMA and PE44 synthesis, FsNM
fabrication, and cell viability assays) are described in section 4.2, whereas
experimental details of the characterization techniques used are found in sections
4.3.1 and 4.4.1.
PE44 was synthesized by Dr. A. L. Gomes 1, who also performed the
determination of the viscosity and molecular weights of the obtained polymers, and
the AFM microscopic studies described in section 4.3.1. Thermal measurements
were run by Dr. L. Franco 2, while electrical characterization was performed under
the guidance of Dr. N. Ferrer-Anglada 3. Biological and biodegradation assays were
done in collaborative working with Dr. L. J. del Valle2.

Publications derived from this work:

E. Armelin, A.L. Gomes, M.M. Pérez-Madrigal, J. Puiggalí, L. Franco, L.J. del Valle,
A. Rodríguez-Galán J.S. de C. Campos, N. Ferrer-Anglada, C. Alemán, J. Mater.
Chem. 2012, 22, 585.
M.M. Pérez-Madrigal, E. Armelin, L.J. del Valle, F. Estrany, C. Alemán, Polym.
Chem. 2013, 3, 979.

1

Departamento de Tecnología de Polímeros, Faculdade de Engenharia Química, Universidade
Estadual de Campinas, Brazil.
2Departament d’Enginyeria Química, E.T.S. d’Enginyers Industrials de Barcelona, UPC.
3Departament de Física Aplicada, UPC.
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4.1.

Introduction

Conjugated polymers (CPs) and their composites have attracted much attention
because of their interesting electrical and optical properties. Indeed, these materials
are currently used for a great variety of applications in different ﬁelds, like
electronics, nanotechnology and biotechnology.[1–8] Among CPs, polythiophene
(PTh) derivatives are particularly important since much progress has been made in
the past two decades to solve their serious problems of solubility and
processability.[9–11] A widely accepted strategy to overcome such problems is based
on the incorporation of substituents into the 3-position of the thiophene ring.
Speciﬁcally, it was found that the incorporation of long alkyl side chains increases
the solubility in non-polar solvents,[12–14] whereas hydrophilic substituents produce
PThs soluble in water and/or polar solvents.[15–20] For example, PThs bearing
carboxylate groups, like poly(3-thiophene methyl acetate) (P3TMA), show easy
solubility in different solvents and solution processability in ﬁlms or ﬁbers.[16,17,19–21]
In order to improve the mechanical integrity of CPs, in the last decade some
studies have been focused on blending PTh derivatives with conventional
polymers. Hsieh et al. studied the miscibility of poly(3-thiophene acetic acid)
(P3AA) with poly(ethylene oxide) (PEO), ﬁlms being obtained by solvent casting
polymer solutions onto a glass plate.[22] Nicho et al. studied the morphological and
physicochemical properties of thin ﬁlm composites made of poly(3-octylthiophene)
(P3OTh) and polystyrene (PS), which were spin-coated onto corning glass
substrates from toluene.[23] Özgün et al. characterized blends and composites with
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different molar ratios of PTh and polyoxymethylene.[24] More recently, Manna et al.
fabricated new nanostructures of P3TMA within a poly(vinylidene ﬂuoride) matrix
using a reactive blending technique under melt-cooled conditions.[25] Finally,
Mawad et al. prepared a multilayered system based on water soluble polymers with
charges of opposite sign, poly[(3-thienyl) ethoxypropanesulfonate] and
poly(ethyleneimine), electrostatically assembled by the LbL technique.[26]
Among CP applications, those related with both biotechnology and biomedicine
have a very relevant impact. More speciﬁcally, CPs are biocompatible materials able
to stimulate cell attachment, proliferation, regeneration and differentiation through
electrical signals and/or simple ion-exchange in which the dopant agents
embedded in the material play a crucial role.[27–33] Although these properties favour
the use of CPs as scaffolds for tissue engineering, the biomedical use of these
materials is still limited because of their lack of biodegradability. Combination of
thiophene (Th) and pyrrole (Py) units with an aliphatic moiety, which acts as a
linker, allowed Rivers et al. to obtain a biodegradable CP.[34]
The work summarized in this chapter focused on the fabrication of a new type of
FsNM, which has been achieved by blending P3TMA and poly(tetramethylene
succinate) (PE44), a biodegradable polyester. The major achievements of this study
can be summarized as follows: (i) P3TMA:PE44 blends retain the semiconducting
properties of P3TMA and the biodegradability of PE44; (ii) polyester matrices are
good supports for CPs since they provide mechanical integrity to the latter; and (iii)
P3TMA:PE44 FsNM enhance the cell adhesion and proliferation behaviour with
respect to the individual homopolymers. In addition, both the biodegradability and
the excellent behaviour as cellular substrates of P3TMA:PE44 nanomembranes
allow us to conclude that they should be considered as bioactive platforms for tissue
engineering applications.

4.2.

Experimental Section

4.2.1

Materials

3-Thiophene acetic acid (3TAA, 98.0%), poly(4-hydroxysytrene) (PHS, Mw ca.
11 000), magnesium sulfate (97+%), 1,4-butane-diol (99.0%), succinic acid (≥99.0%)
and titanium(IV) butoxide (97%) were purchased from Sigma-Aldrich, Germany.
Iron(III) chloride anhydrous (97.0%), methanol (99.5%), ethanol (99.5%), diethyl
ether stabilized with 6 ppm of BHT-QP (99.5%), trichloromethane dry stabilized
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with 50 ppm of amylene DS-ACS (99.9%) and sulfuric acid (98.0%) were purchased
from Panreac Quimica S.A.U. (Spain). Dichloroacetic acid solution (≥99.0%) used for
intrinsic viscosity characterization and 1,1,1,3,3,3-hexaﬂuoro-2-propanol (≥99.8%)
used for size exclusion chromatography were both purchased from Sigma-Aldrich,
Germany. All reagents were used as received without further puriﬁcation.
For cell culture experiments, Madin Darby canine kidney (MDCK), human
prostate cancer (Du-145), human laryngeal epidermoid carcinoma (HEp-2) and
monkey kidney ﬁbroblast (Cos-7) were purchased from ATCC (USA). Dulbecco’s
phosphate buffered saline (PBS) solution without calcium chloride and magnesium
chloride, Dulbecco’s modiﬁed Eagle’s medium (DMEM, with 4500 mg of glucose
per L, 110 mg of sodium pyruvate per L and 2 mM of L-glutamine), penicillin–
streptomycin, 3-(3,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT, 97.5%) and trypsin–EDTA solution (0.05% trypsin, 0.02% EDTA) were all
purchased from Sigma, Germany. Fetal bovine serum (FBS) and trypan blue stain
(0.4%) were purchased from Gibco, UK. Dimethyl sulfoxide (99.0%) was purchased
from Panreac Quimica S.A.U. (Spain) and sodium azide (NaN3, ≥99.5%) from
Sigma-Aldrich, Germany. Finally, Lipase F-AP15 (from Rhizopus oryzae) was
purchased from Sigma (USA) and used in the enzymatic degradation experiments.

4.2.2. Synthesis of Poly(3-thiophene methyl acetate)
Using 3TAA as starting monomer and FeCl3 as oxidant, 3-thiophene methyl
acetate (3TMA) was prepared and subsequently polymerized by oxidative coupling
following the procedure described by Kim et al. (Scheme 4.2.1).[16] The puriﬁed
3TMA monomer was obtained with 82% yield, while the yield of P3TMA was 25%
after removal of the residual oxidant and oligomers. Unfortunately, changes in the
3TMA:FeCl3 ratio did not improve the low yield of the oxidative coupling
polymerization. The 1H-NMR characterization of the produced P3TMA (not shown)
was in complete agreement with that previously reported.[16]

4.2.3. Synthesis of Poly(tetramethylene succinate)
The biodegradable polyester was prepared by bulk thermal polycondensation of
1,4-butanediol and succinic acid (diol/diacid molar ratio of 2.2/1).[35] The reaction
was ﬁrst performed in a nitrogen atmosphere at 150 °C for 6 hours, and then in
vacuum at 180 °C for 18 hours (Scheme 4.2.1). Titanium tetrabutoxide was used as a
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catalyst. The polymer was dissolved in chloroform and precipitated with ethanol.
PE44 was obtained with a 72% yield after drying overnight under vacuum.

4.2.4. Viscosity and Molecular Weights Determination
The intrinsic viscosity of PE44, 0.80 dL/g, was determined using a CannonUbbelohde microviscometer and a dichloroacetic acid solution at 25 ± 0.1 °C. The
intrinsic viscosity of P3TMA was not evaluated due to the insolubility of this
material in dichloroacetic acid. Molecular weights were estimated by size exclusion
chromatography (SEC) using a liquid chromatograph (Shimadzu, model LC-8A)
equipped with an Empower computer program (Waters). A PL HFIP gel column
(Polymer Lab) and a refractive index detector (Shimadzu RID-10A) were employed.
Polymers were dissolved and eluted in hexaﬂuoroisopropanol at a ﬂow rate of 0.5
mL/min (injected volume 100 mL, sample concentration 1.5 mg/mL) and using
poly(methyl methacrylate) standards. The resulting number and weight average
����
����
����
molecular weight were 𝑀𝑀
𝑛𝑛 = 10 500 g/mol and 𝑀𝑀𝑤𝑤 = 22 500 g/mol, and 𝑀𝑀𝑛𝑛 = 24 365
𝑀𝑀𝑤𝑤 = 36 524 g/mol for PE44 and P3TMA, respectively.
g/mol and ����

4.2.5. Preparation of Free-standing Nanomembranes
The procedure described by Kunitake and co-workers[36,37] for the preparation of
ultrathin ﬁlms of epoxy resins has been followed in this work for the fabrication of
P3TMA:PE44 nanomembranes. Poly(4-hydroxystyrene) in ethanol (50 mg/mL) was
ﬁrstly spin-coated on an indium-tin oxide (ITO) glass slide (dimensions ranged
from 2.5 × 2.5 to 5.0 × 10.0 cm2) at 3000 rpm for 60 s to give a 0.1 mm thick sacriﬁcial
layer after two applications. On the other hand, sonicated powder of P3TMA and
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PE44 were separately dissolved in chloroform (50 mg/mL) and then mixed. The
resulting mixtures, which were prepared considering 80:20, 50:50 and 20:80 molar
ratios, were subsequently stirred at room temperature for 4 hours. The dispersions
were then diluted with chloroform (final concentration 10 mg/mL), ﬁltered and
subjected to spin-coating for ﬁlm deposition. The thickness of the ﬁlms was adjusted
in the range of 15–100 nm by varying the spin-coater speed (from 1500 to 8000 rpm).
Spin-coating was performed using a Spin Coater (WS-400BZ- 6NPP/A1/AR1,
Laurell Technologies Corporation).
After coating, the samples were dried under vacuum at room temperature for
24 h to remove completely the solvent. Detachment of the nanomembranes from the
ITO substrate was achieved by immersion into ethanol, which dissolved the
sacrificial layer and induced the separation of the nanomembrane from the
substrate. The edge of the specimens was cut to help penetration of ethanol into the
sacriﬁcial layer. Nanomembranes were also fabricated using steel AISI 316 sheets
(dimensions 1.0 × 1.0 cm2) as substrate using the same procedure.
Detachment of the nanomembranes from the substrate was not required for
some assays (i.e. microscopic observations, contact angle, electrical and
electrochemical measurements, qualitative biodegradation studies and cellular
adhesion and proliferation tests), no sacriﬁcial layer being necessary in such cases.

4.2.6. Cell Adhesion and Proliferation Tests
MDCK, Du-145, HEp-2 or Cos-7 cells were cultured in DMEM high glucose
supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100
µg/mL). The cultures were maintained in a humidiﬁed incubator with an
atmosphere of 5% CO2 and 95% O2 at 37 °C. Culture media were changed every two
days. When the cells reached 80–90%conﬂuence, they were detached using 1–2 mL
of trypsin (0.25%trypsin/EDTA) for 5 min at 37 °C, and centrifuged at 650g for 1
min. Finally, cells were re-suspended in fresh medium, their concentration being
determined by counting in a Neubauer camera using 0.4% trypan blue as a dye
vital.
Nanomembranes of PE44, P3TMA and 50:50 P3TMA:PE44 were prepared and
deposited onto steel AISI 316 sheets of 1 cm2. These samples were placed in plates of
24 wells and sterilized using UV-light for 15 min in a laminar ﬂux cabinet. Controls
were simultaneously performed by culturing cells on the surface of the tissue
culture polystyrene (TCPS) plates and steel plates. For adhesion assays, an aliquot
of 50 µL containing 5 × 104 cells was deposited on the nanomembrane of each well.
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Then, cell attachment to the nanomembrane surface was promoted by incubating
under culture conditions for 30 min. Finally, 500 µL of the culture medium were
added to each well. After 24 h, non-attached cells were washed out, while attached
cells were quantiﬁed. For proliferation assays, the 50 µL aliquots deposited on each
well contained 2 × 104 cells, quantiﬁcation of proliferated cells being performed after
7 days of culture.
Cell adhesion and proliferation were evaluated by the colorimetric MTT assay.[38]
This assay measures the ability of the mitochondrial dehydrogenase enzyme of
viable cells to cleave the tetrazolium rings of the MTT and form formazan crystals,
which are impermeable to cell membranes and, therefore, are accumulated in
healthy cells. This process is detected by a color change: the characteristic pale
yellow of MTT transforms into the dark blue of formazan crystals. Speciﬁcally, 50
µL of MTT solution (5 mg/mL in PBS) were added to each well. After 3 h of
incubation, samples were washed twice with PBS and stored in clean wells. In order
to dissolve formazan crystals, 1 mL of DMSO/methanol/water (70/20/10% v/v)
was added. Finally, the absorbance at 540 mm was measured after using an UV-vis
spectrophotometer (UV-3600, Shimadzu). The resulting viability results were
normalized to TCPS control as relative percentages. Results were derived from the
average of four replicates (n = 4) for each independent experiment. ANOVA and
Tukey’s tests were performed to determine the statistical signiﬁcance, which was
considered at a conﬁdence level of 95% (p < 0.05).
SEM observations of cell-coated samples were carried out using a Focused Ion
Beam Zeiss Neon40 scanning electron microscope equipped with an energy
dispersive X-ray (EDX) spectroscopy system and operating at 5 kV. All samples
were coated with a carbon layer of 6 nm thickness using a K950X Turbo Evaporator
to prevent sample charging problems. Before the carbon coating for examination by
SEM, samples covered with cells were ﬁxed in a 2.5% glutaraldehyde PBS solution
(pH = 7.2) overnight at 4 °C. Then, they were dehydrated by washing in an alcohol
battery (30°, 50°, 70°, 90°, 95° and 100°) at 4 °C for 30 min per wash. Finally, samples
were air-dried, and sputter-coated with carbon before SEM observation.
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4.3.

First Approach to P3TMA:PE44 FsNM

This section covers the preparation and characterization results for P3TMA:PE44
nanomembranes considering three different molar ratios 80:20, 50:50 and 20:80.
Furthermore, 50:50 P3TMA:PE44 has been taken as a representative sample for
some characterization studies.

4.3.1. Characterization Methods
FTIR spectroscopy
IR absorption spectra were recorded on a FTIR Jasco 4100 spectrometer. Samples
were placed in an attenuated total reﬂection accessory (top-plate) with a diamond
crystal (Specac model MKII Golden Gate Heated Single Reﬂection Diamond ATR).
PE44 and P3TMA:PE44 ﬁlms were prepared by solvent casting from the
corresponding chloroform solutions, while P3TMA was analyzed as a powder. For
each sample 32 scans were performed between 4000 and 600 cm-1 with a resolution
of 4 cm-1.

Thermal analyses
Calorimetric data were obtained by differential scanning calorimetry (DSC) with
a TA Instruments Q100 series equipped with a refrigerated cooling system (RCS)
operating at temperatures from -90 °C to 600 °C. Experiments were conducted
under a ﬂow of dry nitrogen with a sample weight of approximately 5 mg,
calibration being performed with indium. The Tzero calibration requested two
experiments: the ﬁrst was done without samples, while the second one was
performed with sapphire disks. Hot crystallizations were performed at a cooling
rate of 10 °C/min with melted samples previously heated until 200 °C to erase the
thermal history. Heating runs were performed at 20 °C/min with samples
previously quenched from the melt state by cooling at the maximum rate allowed
by the equipment. Determination of Tg values from the calorimetric curves was
carried out with the TA-Universal Analysis software furnished with the instrument.
Thermal degradation was determined at a heating rate of 20 °C/min with around 5–
8 mg samples in a Q50 thermogravimetric analyzer of TA Instruments and under a
ﬂow of dry nitrogen. The analysis was performed in the temperature range from 30
to 800 °C. For polymer kinetic analysis additional heating scans were carried out at
rates ranging from 5 °C/min to 20 °C/min. In all cases deconvolution of the
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derivative thermogravimetric curves was performed with the PeakFit v4 program
by Jandel Scientiﬁc Software using an asymmetric double sigmoidal function.

Microscopy studies
Optical microscopy observations were performed using a Zeiss Axioskop 40 Pol
light polarizing microscope equipped with a Linkam temperature control system
conﬁgured by a THMS 60. Micrographs were taken with a Zeiss AxiosCam MRC5
digital camera. A ﬁrst-order red tint plate was employed to determine the sign of
spherulite birefringence under crossed polarizers.
Scanning electron microscopy (SEM) studies were carried out using a Focused
Ion Beam Zeiss Neon40 scanning electron microscope equipped with an energy
dispersive X-ray (EDX) spectroscopy system and operating at 30 kV. Samples were
mounted on a double-sided adhesive carbon disc and sputter-coated with a thin
layer of carbon to prevent sample charging problems. Atomic force microscopy
(AFM) was employed to take topographic images of P3TMA:PE44 nanomembranes
using the tapping mode. Images were obtained with a Molecular Imaging PicoSPM
using a NanoScope IV controller under ambient conditions. The row scanning
frequency was set to 1 Hz. The RMS roughness was determined using the statistical
application of the Nanoscope software. The scan window size was 5 × 5 µm2 in all
cases.

Conductivity measurements
In order to measure the electrical properties, ﬁlms of P3TMA:PE44 were spincasted onto glass substrates, and dried under vacuum overnight. The nanoﬁlms
(thickness from 20 to 80 nm) were partially coated with silver paint to yield two
electrodes for two-probe conductivity measurements. A direct voltage ranging from
-20 to +20 V was applied, the current response being measured with a Keithley 6430
Sub-FemtoAmp Remote Sourcemeter. Conductivity (σ) was calculated as 𝜎𝜎 =
𝐿𝐿/(𝑅𝑅 × 𝐴𝐴), where L (cm) is the distance between the electrodes, R (Ω) is the
membrane resistance, and A (cm2) is the cross-sectional area of the membrane.

4.3.2. Results and Discussion
Many technological applications of organic CPs are seriously limited by their
poor mechanical properties. Thus, many strategies to improve the mechanical
integrity of these interesting materials have been proposed in the last few years.
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In this work, we have prepared P3TMA:PE44 nanomembranes not only to
enhance the mechanical integrity of this conducting polymer, but also to promote its
use in biomedical applications. Speciﬁcally, the electron-withdrawing carboxylate
groupof P3TMA (Scheme 4.2.1) have increased both the environmental stability and
the solubility of the polythiophene, while the polyester matrix has provided
mechanical integrity and biodegradability. The combination of these properties
allows us to propose the use of P3TMA:PE44 as a new material with interesting
biomedical applications.
P3TMA is highly soluble in chloroform, this behaviour being also showed by
other polythiophenes bearing carboxylate substituents in the 3-position of the
thiophene ring.[17,20-21,39] The Hildebrand solubility parameter of PE44,[35] which is
also soluble in chloroform, is expected to be similar to that of P3TMA suggesting a
partial miscibility between them. Thermal polycondensation of 1,4-butanediol and
succinic acid yielded a polyester with high polydispersity (PD = 2.14), whereas the
oxidative polymerization produced a CP with uniform size and almost
homogeneous distribution (PD = 1.50). Therefore, P3TMA exhibits a stabilizing
effect in the blend formation, avoiding the coagulation and agglomeration of
P3TMA in the polyester matrix. In this sense, different segments of PE44 absorb
P3TMA particles through attractive forces, resulting in a homogeneous distribution
of nanoparticles. P3TMA:PE44 nanomembranes with 80:20, 50:50 and 20:80 molar
ratios were prepared by spin-coating using an ITO substrate and a poly(4hydroxystyrene) sacriﬁcial layer.
The resulting FsNM (Figure 4.3.1a-b), which were detached from the substrate
by dissolving the sacriﬁcial layer, are ﬂexible ultra-thin ﬁlms with average
thicknesses and areas ranging from ~20 to ~80 nm and from 4 to 50 cm2,
respectively.

Figure 4.3.1. Digital camera images of a P3TMA:PE44 FsNM: (a) release in ethanol
(i.e. after detachment from ITO) and (b) deposited on a glass substrate.
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Figure 4.3.2. FTIR spectrum of P3TMA, PE44 and 50:50 P3TMA:PE44 in the range
between 2000 cm-1 and 500 cm-1. Absorption bands marked with boxes and arrows
have been used to identify the CP in the mixture.

The thickness is controlled through both the speed applied to the spin-coater
and the blend composition, while the area depends on the dimensions of the
substrate. The nanomembranes are stable in air and in ethanol solution for their
manipulation, such stability remaining more than a year after their preparation.

FTIR spectroscopy studies
Figure 4.3.2 shows the FTIR spectrum of P3TMA, PE44 and 50:50 P3TMA:PE44
in the range from 1800 to 550 cm-1. Changes and shifts occurring at higher
wavenumbers are not displayed but discussed for comparison. Absorption bands of
the two individual polymers and the three blends (20:80, 50:50 and 80:20
P3TMA:PE44 compositions) are displayed in Table 4.3.1. Although CPs are difﬁcult
to identify by infrared spectroscopy, some assessments can be pointed out. The
band for C–H aromatic stretching vibration is only observed in the P3TMA
spectrum (3005 cm-1), and it is associated with the benzonoid or quinonoid form.
Other C–H stretching vibrations are identiﬁed for the aliphatic segment (2998, 2948,
and 2843 cm-1). The weak absorption intensity at 1522 cm-1 has been attributed to
C=C stretching vibration of the thiophene ring, indicating the conjugation
behaviour of P3TMA chains. Another C=C aromatic ring stretching (medium
intensity) is observed at 1322 cm-1. Asymmetric and symmetric stretching of ester
groups in P3TMA are identiﬁed at 1146 cm-1 (C=O, broad and high intensity), 1196
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cm-1 (R–CO–O–CH3, weak intensity) and 1013 cm-1 (C–O–C, broad and medium
intensity). Finally, the peak at 615 cm-1 has been attributed to the C–S bonds of the
thiophene rings.
On the other hand, the main absorption bands corresponding to C–H aliphatic
stretching of PE44 are observed at 2964, 2946 and 2857 cm-1. Absorption bands
characteristic of –(CH2)n– hydrocarbon chains are detected at 804 cm-1 (sharp) and
748 cm-1 (broad, CH2 rock vibrations). Relevant bands related to the CH2
asymmetric and symmetric bending are shown between 1470 and 1390 cm-1. Three
signiﬁcant peaks are detected in the PE44 spectrum at 1150 cm-1 (sharp and strong
absorption band), 1044 and 954 cm-1 (sharp and medium absorption bands), which
have been assigned to the C=O and C–O–C vibrations. Other bands typically
associated with the C–O component tend to be less pronounced, sometimes being
overlapped with other ﬁngerprint absorptions of the molecule. These bands are
usually located in the 1320–1200 cm-1 (C–O stretch) interval. In the current case, they
appear as sharp and strong doublet bands at 1329 and 1311 cm-1; and also at 954
cm-1, as discussed above.
Formation of the 50:50 P3TMA:PE44 nanomembranes is evidenced by some
overlapped bands, which are marked in Figure 4.3.2, arising from the two
individual polymers. The strong absorption at 1716 cm-1 and the broad shoulder at
1734 cm-1 have been attributed to the C=O stretching of ester units from PE44 and
P3TMA, respectively. Furthermore, a very weak shoulder at 1508 cm-1 was also
observed for the mixture, corresponding to the C=C stretching of thiophene ring.
Other overlapped bands arising from the P3TMA contribution can be seen at: 1262,
1018, 837 and 620 cm-1. Similar features are displayed in Table 4.3.1 for the 20:80 and
80:20 nanomembranes.
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Table 4.3.1. Main infrared absorption bands (cm-1) of P3TMA, PE44 and P3TMA:PE44 (50:50) blends studied in this work. Note: a)Band overlapped with
C=O ester.

Aromatic
C-H in
plane
deform.
β

Aliphatic
C-H
stretch

P3TMA

CH3
Asymmetric
symmetric
bending

CH2
Asymmetric
symmetric
bending

C-O-C
stretches

Aliphatic
C-H
out of
plane
bending

Aromatic
C-H
out of
plane
deform.
α/β

689

737/835

681

726/830

C=O
ester

C=C
conjugated
diene

3005

2998, 2948,
2843

1726

1690 a),
1522, 1322

1431

1402

1196, 1148
(broad and
strong),
1016

P3TMA:PE44
(80:20)

~3000

2937, 2836

1713

1510

1421

1422, 1381,
1312

1190, 1141,
1109

P3TMA:PE44
(50:50)

-

2948, 2919,
2858

1732
1713

1675 a)

1444

P3TMA:PE44
(20:80)

-

2934, 2904,
2896

1708

-

-

PE44

-

2964, 2946,
2923, 2857

1714

-

-

1470, 1424,
1389, 1331,
1314
1460, 1418
1383, 1322,
1251
1472, 1448,
1424, 1389

1043, 1018,
1016

743/836

1147, 1036,
948

800, 642

738/837

1329, 1311
(doublet)
1207,1150
(strong),
1044, 954

804, 748,
653

-/-
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Thermal analyses
Calorimetric data reveal that P3TMA and PE44 are partially miscible.
Speciﬁcally, DSC cooling runs from the melt state (Figure 4.3.3a) indicate that the
crystallization of PE44 is hindered by the presence of P3TMA. Thus, both the
temperature of the exothermic crystallization peak and the crystallization enthalpy
decrease when the P3TMA content increases (Table 4.3.2). Heating runs of melt
quenched samples show two glass transition temperatures (Tg), as expected from a
phase separation (Figure 4.3.3b). Values corresponding to each phase were
determined separately. It was clearly found that the determined glass transition
temperatures depend on the composition, evidencing a partial miscibility. The Tg
associated with the P3TMA decreases with the concentration of this polymer in the
blend, while the Tg of PE44 increases when the concentration of polyester in the
blend decreases (Table 4.3.2). The weight percentage of each polymer in the
corresponding phase was determined from Eq. 4.3.1 (Table 4.3.2):
1
𝑤𝑤1
𝑤𝑤2
=
+
𝑇𝑇𝑔𝑔 𝑇𝑇𝑔𝑔,1 𝑇𝑇𝑔𝑔,2

(4.3.1)

where Tg,1 and Tg,2 correspond to the Tg of the pure components (i.e. -34 °C and 63 °C
for PE44 and P3TMA, respectively) and, w1 and w2 are the weight fractions in the
studied phase.

Table 4.3.2. Calorimetric data of P3TMA:PE44 system.a

Tc
(ºC)

∆Hc
(J/g)b

Tg1
(ºC)

Tg2
(ºC)

w1c

w2d

PE44

93.2

75.0

-34

-

100

0

P3TMA:PE44 20:80
P3TMA:PE44 50:50
P3TMA:PE44 80:20
P3TMA

73.5
68.8
62.0
-

73.8
66.5
33.4
0

-27
-20
-10
-

38
45
63

0.89
0.79
0.65
0

0.89
0.96
100

aCooling

Tf
(ºC)
102,
112.8
112.5
111.8
111.6
-

and heating runs performed at 10 and 20 ºC/min, respectively. bReferred to the
PE44 content. cPE44 weight fraction in the PE44 phase. dP3TMA weight fraction in the
P3TMA phase.
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Figure 4.3.3. (a) Dynamic DSC curves (10 ºC/min) showing the exothermic
crystallization peak of the different P3TMA:PE44 samples. (b) DSC heating traces (20
ºC/min) showing the glass transitions associated to PE44 (up) and P3TMA (down)
domains for the indicated blends. (c) DSC heating traces (20 ºC/min) showing the
melting behaviour of the indicated P3TMA:PE44 blends.
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On the other hand, the fusion of the PE44 crystalline fraction is also affected by
the incorporation of P3TMA (Figure 4.3.3c). The polyester has two well deﬁned
melting peaks that have been associated with the existence of two populations of
lamellar crystals with different thickness.[40] The ﬁrst peak corresponds to the melt
of thinner crystals, which undergo a reorganization giving rise to the intermediate
exothermic peak. This melt/reorganization process is less clear in the heating runs
of the studied blends, the ﬁrst melting process being only detected as a small
shoulder of the main peak. Heating traces of all blends show also a small cold
crystallization exothermic peak around 95 °C (i.e. before any fusion process).
Finally, the melting peak of the thicker crystals slightly decreases when the content
of P3TMA increases (Table 4.3.2). However, shifts are lower than 2 °C in all cases,
evidencing that the contamination of PE44 crystals is very low.
Thermogravimetric scans show that the onset degradation temperature and the
temperature corresponding to a given weight loss increase with the content of PE44
(Figure 4.3.4a). Table 4.3.3 indicates that the thermal stability of the blends is highly
dependent on the P3TMA:PE44 composition (i.e. PE44 increases the thermal stability
of P3TMA and decreases the char yield, which reaches practically constant values at
500 °C). Nevertheless, although the incorporation of P3TMA decreases the thermal
stability of the aliphatic polyester, the blends are very stable with degradation
temperatures ranging between 320 and 385 °C.

Table 4.3.3. Thermogravimetric data of P3TMA:PE44 systema.

Tonset

T20%b

T50%b

T70%b

PE44

390

392

412

421

418

P3TMA:PE44
20:80

385

391

412

424

415

P3TMA:PE44
50:50

357

368

403

-

P3TMA:PE44
80:20

320

355

572

-

P3TMA

314

391

-

-

aHeating

Tmax

321
396

344
373

399

341

284
282
279

rate of 20 ºC/min. bT20%, T50% and T70% correspond to the temperatures after
20%, 50% and 70% degradation, respectively.
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(a)
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(c)

P3TMA:PE44
80:20
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Weight (%)

418 °C

1000/Tmax (K-1)
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Figure 4.3.4. (a) Thermogravimetric curves obtained at a heating rate of 20 ºC/min for the
P3TMA:PE44 blends and the two individual polymers. (b) TGA and DTGA curves
corresponding to the thermal decomposition of PE44 (solid lines) and P3TMA polymers (dashed
lines). (c) Kissinger plots for the thermal decomposition of PE44 (ж) and the two main thermal
decomposition steps observed for P3TMA (solid lines, ▲ symbols) and P3TMA:PE44 50:50
(dashed lines, ■ symbols) samples. Full and empty symbols correspond to the peaks appearing
at the highest and the intermediate temperature, respectively.
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The derivative thermogravimetry (DTG) curve of PE44 shows a single peak (418
°C), while the curve corresponding to the CP was characterized by three well
differentiated shoulders (399, 341 and 279 °C), indicating a complex degradation
behaviour (Figure 4.3.4b). DTG curves of P3TMA:PE44 blends (Table 4.3.3) also
revealed a complex behaviour, which depends on the polymers ratio in the mixture.
However, it is interesting to note that the blend with an intermediate composition
(50:50) showed three DTG shoulders at temperatures close to those determined for
P3TMA (Table 4.3.3). These results suggest that the degradation of P3TMA gives
rise to radicals that favour the decomposition of the aliphatic polyester, the DTG
shoulder of the latter appearing at practically the same temperature as that of the
main decomposition step of P3TMA.
DTG curves obtained at different heating rates (5, 10 and 20 °C/min) were used
to estimate the activation energies, Ea, associated with the single degradation step of
PE44, and the two main decomposition steps of the individual P3TMA and the
P3TMA:PE44 blend with a 50:50 molar ratio. For this purpose, the Kissinger
method[41] was applied because of its simplicity:
ln

𝛽𝛽
𝐴𝐴𝐴𝐴
𝐸𝐸𝑎𝑎
= ln
+ ln[𝑛𝑛(1 − 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 )𝑛𝑛−1 ] −
2
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

(4.3.2)

where β is the heating rate, Tmax is the temperature at the maximum reaction rate
associated with each degradation step, 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is the conversion at this Tmax
temperature, n is the reaction order and A is the frequency factor.
2
against 1/Tmax, which was ﬁtted to a straight line
The representation of ln β/𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
using a simple linear regression, allowed us to determine the Ea from the slope of
the resulting linear equation. It should be noted that this method is a rough
approximation since it is not a rigorous isoconversional method. Thus, the peak
temperature of each step is obtained at different heating rates, and the extent of
conversion related to a given peak is known to change with the heating rate.[42,43]
Moreover, the determined activation energies may lose sense if they vary
throughout the degradation processes.

Figure 4.3.4c shows the Kissinger plots of the thermal decomposition steps of the
three investigated samples. The linear plot of PE44, which showed the lowest
activation energy (Ea = 39 ± 2 kcal/mol), was clearly shifted to the high temperature
zone, whereas the two main decomposition steps of the 50:50 blend and the P3TMA
samples provided very similar linear plots. In spite of this, the highest activation
energy (Ea=52 ± 3 kcal/mol) was determined for the high temperature
decomposition step of P3TMA, the activation energy of the equivalent
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Figure 4.3.5. Optical micrographs of P3TMA:PE44 50:50 in (a) the melt state and (b) after
isothermal crystallization at 70 ºC, black domains corresponding to the P3TMA phase.

decomposition step of the 50:50 P3TMA:PE44 blend (Ea = 45 ± 4 kcal/mol) being
half way between those of individual PE44 and P3TMA. Finally, the activation
energies for the second decomposition step of the 50:50 blend and the individual
P3TMA were practically identical (Ea = 43 ± 3 and 40 ± 1 kcal/mol, respectively).

Microscopy studies
Optical micrographs of melted blends showed a phase separation, suggesting
again a partial miscibility, which after keeping the samples at 70 °C became the
amorphous and crystalline domains of P3TMA and PE44, respectively (Figure 4.3.5).
Typical double ringed spherulites of PE44 were developed during these isothermal
crystallizations. The P3TMA amorphous phase corresponds to the black domains in
Figure 4.3.5. As it can be seen, the amorphous domains of P3TMA tend to preclude
the formation of spherulites by the crystalline phases of PE44. Accordingly, the
amount of double ringed spherulites on blends decreases when the concentration of
CP increases.
SEM images indicated a completely homogeneous distribution of P3TMA and
PE44, as it is evidenced in Figure 4.3.6a for the nanomembrane with a 50:50 molar
ratio. According to the sulfur concentration detected by EDX spectroscopy, the
embedded spherical nanoaggregates shown in such micrograph correspond to
P3TMA trapped in the polyester matrix. Comparison of SEM micrographs obtained
for the 20:80, 50:50 and 20:80 nanomembranes indicates that the number of spherical
nanoaggregates increases with the concentration of CP, even though their
distribution was homogeneous in all cases. SEM micrographs of P3TMA, like that
displayed in Figure 4.3.6b, also evidence spherical nanoaggregates of small (40–70
nm) and medium (250–340 nm) size. Thus, P3TMA does not present good ﬁlmforming properties, bigger particles detaching from the polymer surface.
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Figure 4.3.6. SEM micrographs of nanomembranes made of: (a) P3TMA:PE44 50:50,
(b) individual P3TMA, and (c) individual PE44.

However, good mechanical integrity is obtained by blending the CP with PE44.
On the other hand, PE44 nanomembranes showed lamellar aggregates with
superﬁcial porosity, as is clearly reﬂected in Figure 4.3.6c. The porosity induced by
these microstructures is expected to facilitate the blending between the polyester
and the CP.
The topography of the nanoﬁlms depends on the speed used in the spin-coating
process. The AFM image of the 50:50 nanomembrane deposited on a silicon wafer
substrate using 3000 rpm (Figure 4.3.7a) shows a very smooth surface with some
small pores randomly distributed. The measured RMS roughness ranged from 3 to 5
nm, this value being similar to that typically measured for the ITO substrate (~4
nm). The number and size of the pores, as well as the RMS roughness, are
signiﬁcantly higher for the nanomembranes prepared using small (1500 rpm) and
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Figure 4.3.7. 3D AFM images of the nanomembranes prepared using the P3TMA:PE44
50:50 blend and spin-coating for 60 s at a speed of: (a) 3000 rpm; (b) 1500 rpm; (c) 5000
rpm; and (d) 8000 rpm. The thickness of the films was determined using AFM scratch,
an example of scratch being displayed in (d).

large (5000 and 8000 rpm) spin-coater speeds. More speciﬁcally, the RMS roughness
determined for the 1500, 5000 and 8000 rpm samples ranges within the following
intervals: from 16 to 20 nm (Figure 4.3.7b), from 10 to 11 nm (Figure 4.3.7c), and
from 12 to 13 nm (Figure 4.3.7d), respectively.
The thickness of the ﬁlms was determined using the AFM scratch technique, an
example of a scratch being displayed in Figure 4.3.7d. The average thickness
determined by AFM scratch (Figure 4.3.8a) of the nanomembranes produced using
3000 rpm is ℓ = 15 nm, this value increases to ℓ = 71, 62 and 55 nm for 1500, 5000 and
8000 rpm, respectively. Thus, 3000 rpm has been found to be the optimum speed to
produce 50:50 nanoﬁlms with the smallest roughness and thickness. The ultrathin
thickness of the ﬁlms was corroborated by SEM, the average value measured for the
50:50 nanomembranes produced using 3000 rpm being 19 nm (Figure 4.3.8b).

Conductivity measurements
The electrical properties of the nanomembranes were studied on an insulating
substrate using a Keithley 6430 Sourcemeter. The conductivity determined for the
80:20 P3TMA:PE44 nanomembranes ranged from ~10-4 to ~10-5 S/cm, depending on
the thickness. These values are within the range typically found for semiconductor
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Figure 4.3.8. Thickness of the 50:50 nanomembrane prepared using a spin-coater
speed of 3000 rpm for 60 s determined using (a) AFM scratch (the topographic
image and the corresponding height profile (inset) are displayed) and (b) the SEM
micrograph of a cross-sectional nanomembrane (the different material layers are
displayed).

polythiophene derivatives bearing carboxylate groups.[22,44] Thus, the carboxylate
side groups affect the electron transport through the π-conjugated backbone of the
polymer. Unfortunately, measurements for the 50:50 and 20:80 were not possible
indicating that the conductivity decreases when the concentration of P3TMA
reduces.

Cellular adhesion and proliferation
Biological assays were performed to assess the biocompatibility of the system
considering the HEp-2 cell line (human epithelial morphology) due to its highly
adherent characteristics. A preliminary quantitative comparison between P3TMA,
PE44 and P3TMA:PE44 50:50 nanomembranes as substrates for cellular adhesion
and proliferation is displayed in Figure 4.3.9. Five samples were analysed for each
group of nanomembranes, the standard deviation of the mean being small in all
cases. Moreover, those cases in which the difference between the bioactive
behaviour of the nanomembranes and the control TCPS plates is signiﬁcant
(conﬁdence level of 95%) have been explicitly labelled in Figure 4.3.9 with an
asterisk. Cellular adhesion is signiﬁcantly lower on P3TMA than on the control
(tissue culture polystyrene, TCPS), while the adhesion on the polyester and
P3TMA:PE44 is similar to that on the TCPS (Figure 4.3.9a).
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Figure 4.3.9. Cellular adhesion (a) and cellular proliferation (b) on the
nanomembranes. *p < 0.05 vs TCPS. Five samples were analyzed for each group. Bars
represent the mean ± standard deviation. The asterisk indicates a significant
difference with the control, Tukey’s test (p < 0.05).

After 7 days of culture in identical conditions, examination of the cellular
viability shows a remarkable enlargement in the number of viable cells onto the
PE44 and P3TMA:PE44 50:50 ﬁlms but not onto the P3TMA substrate (Figure
4.3.9b).
The SEM micrograph displayed in Figure 4.3.10a shows the characteristics of
cells cultured onto the surface of hybrid P3TMA:PE44 nanomembranes. As it can be
seen, a cellular monolayer with cells having a broad spreading was formed on the
surface, even though very small domains without cells are occasionally detected
(see the inset of Figure 4.3.10a). In contrast, relatively large microdomains without
cells are frequently identiﬁed on the surface of P3TMA, as it is reﬂected in the SEM
micrograph displayed in Figure 4.3.10b. These observations suggest that, although
the receptivity of the P3TMA surface to cellular adhesion is relatively poor,
colonization of such material through proliferation of the adhered cells should be
possible by considering more days of culture. Indeed, the biological behaviour of
P3TMA has been found to be worse than that observed for other polythiophene
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Figure 4.3.10. Micrographs of the HEp-2 cells cultured for seven days on the surfaces
of the (a) P3TMA:PE44 50:50 and (b) individual P3TMA nanomembranes.
Morphological details of the cellular adhesion (arrows) are displayed in the inset of
(a). Asterisks indicate domains at the surface without cells.

derivatives with higher conductivities and doping levels, e.g. poly (3,4ethylenedioxythiophene).[30,31]
In spite of the limitations of this CP to allow cell attachment, the P3TMA:PE44
50:50 blend has been identiﬁed as a potent cellular matrix showing the highest
viability to support the cellular adhesion and proliferation. Thus, although the use
of polyesters as biomaterials with biomedical applications is broadly accepted due
to its very high biocompatibility, the combination of PE44 with the CP has allowed
us to improve the behaviour of such polyester as bioactive platform. It should be
noted that cell attachment to CPs, especially to polythiophene derivatives, has been
found to be favoured because of the following two reasons:[30,31] (1) the morphology
of these materials is suitable to establish an intimate interfacial contact with cells;
and (2) the exchange of anions between the CP and the cells through the cellular
membrane. Moreover, although PTh derivatives are usually biocompatible
materials, monomers retained in the polymeric matrix are cytotoxic.[31] According to
these observations, the poor bioactivity of P3TMA has been attributed to the toxicity
of the 3TMA monomer, such damaging effect being minimized in the 50:50 blend.
Thus, the reduction in the relative concentration of P3TMA to a half should be
enough not only to eliminate the injurious effect of 3TMA, but also to take
advantage of the morphological and anion-diffusion beneﬁts typically associated
with CPs (i.e. promoting the bioactivity of the blend with respect to the polyester).
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4.4.

50:50 P3TMA:PE44 FsNM In Depth

FsNM made of P3TMA and PE44 were satisfactorily prepared by spin-coating
blended solutions of the CP and the biodegradable polyester. The thickness of these
ultra-thin ﬁlms, which were stable in both air and ethanol solution for more than a
year, ranged from 20 to 80 nm, while the area varied between 4 and 50 cm2
depending on the dimensions of the substrate used in the spin-coating process.
Thermal, morphological and electrical properties of the P3TMA:PE44
nanomembranes were described in the previous section (Section 4.3.2).
Motivated by the promising bioactive behaviour displayed by P3TMA:PE44
50:50, in this section the following items related to the P3TMA:PE44 50:50
nanomembrane are examined in depth: (i) the intrinsic electrochemical properties,
which have remained completely unknown so far; (ii) the hydrolytic and enzymatic
degradability, both from a qualitative and quantitative point of view; (iii) the
response towards different ﬁbroblast and epithelial cellular lines using both
adhesion and proliferation studies; and (iv) the electrobioactivity, which has
allowed us to determine the inﬂuence of cell monolayers in the electrochemical
characteristics of the nanomembrane.

4.4.1. Characterization Methods
Electrochemical assays
The electrochemical behaviour of the nanomembranes was investigated by cyclic
voltammetry (CV) using both acetonitrile and PBS (pH=7.4) solutions.
Measurements were performed on ultra-thin ﬁlms, which were deposited on steel
sheets by spin-coating, before and after covering them with cells. All
electrochemical assays were performed with a VersaStat II potentiostat–galvanostat
(Princeton Applied Research) using a three-electrode compartment cell under
nitrogen atmosphere (99.995% pure) at room temperature. The working
compartment was ﬁlled with 50 mL of electrolyte solution (acetonitrile or PBS) with
0.1 M LiClO4 as supporting electrolyte. Steel AISI 316 sheets of 1.0 × 1.0 cm2 in area
were used as working and counter electrodes. The reference electrode was an
Ag|AgCl electrode containing a KCl saturated aqueous solution (offset potential
versus the standard hydrogen electrode, E0 = 0.222 V at 25 °C). The initial and ﬁnal
potentials were -0.40 V, whereas a reversal potential of 1.20 was considered for PBS
and acetonitrile. Scan rates of 10 and 50 mV/s were used in this work. The
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electroactivity (i.e. ability to store charge) increases with the similarity between the
anodic and cathodic areas of the ﬁrst control voltammogram, whereas the
electrostability (i.e. electrochemical stability) decreases with the oxidation and
reduction areas of consecutive control voltammograms.

Contact angle measurements
Contact angles were obtained using the water drop method. Images of water
drops (0.3 µL) in the surface of the ﬁlms were recorded with a contact angle meter
(Dataphysics, Contact Angle System OCA15+) after stabilization (30 s). The images
of the drop shapes were analysed, and the contact angle measures were carried out
with the SCA20 software. Measurements were performed four times for each
material.

Hydrolytic degradation studies
Degradation studies were carried out with ﬁlms prepared by solvent casting and
cut to approximately 1 cm×1 cm and nanomembranes deposited on steel substrates,
the former and the latter being used for quantitative (weight loss) and qualitative
(SEM studies) analyses, respectively. Both ﬁlms and nanomembranes were placed
in vials containing 10 mL of PBS solution supplemented with 0.1 mg/mL of sodium
azide, and incubated at 37 °C in a shaking incubator set at 100 rpm for a total of
eight weeks. Vials were closed and sealed with paraﬁlm to avoid loss of solution by
evaporation, even though the PBS solution was replaced every 48 h. Samples were
analyzed after 4 days, 7 days, 2 weeks, 4 weeks and 8 weeks. After each immersion
time, samples were removed from the solution and gently washed with distillate
water. After drying under vacuum for several days at room temperature (24 h),
ﬁlms were weighed. Degradation was quantitatively monitored as weight loss (WL,
in %) of the ﬁlms by applying the following formula:
𝑊𝑊𝑊𝑊 =

𝑚𝑚0 − 𝑚𝑚𝑡𝑡
𝑥𝑥 100
𝑚𝑚0

(4.4.1)

where m0 is the weight of the ﬁlm before the degradation assay and mt is the weight
of the ﬁlm after exposure to the degradation medium. The inﬂuence of the
hydrolytic degradation on the morphology was evaluated by SEM. For SEM
studies, nanomembranes were sputter-coated with carbon before observation.
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Enzymatic degradation studies
The procedure was identical to that mentioned above for hydrolytic degradation
studies with the exception of the solution contained in the vials, which was formed
by 4 mg/mL of Lipase F-AP15 in a 10 mL of PBS solution supplemented with 0.1
mg/mL of sodium azide to prevent contamination. The variation of the weight loss
against the exposure time was used to evaluate the enzymatic degradability from a
quantitative point of view. Micrographs were taken with a Canon IXUS 40 digital
camera.

4.4.2. Results and Discussion
Figure 4.4.1 shows a digital camera image of a nanomembrane immersed in
ethanol, which was fabricated and detached using the procedure previously
described. These self-standing P3TMA:PE44 nanomembranes are very ﬂexible and
robust, their folding into small shapes being an easy process. This is evidenced in
Figure 4.4.1b–i, which shows optical images of the aspiration process of a nanoﬁlm,
with an area of 5 cm2 ﬂoating in ethanol, into a pipette with a tip diameter of 1 mm.
As can be seen, the nanomembrane is completely introduced into the pipette (Figure
4.4.1f) due to its outstanding ﬂexibility. After releasing it into the solvent, the
nanoﬁlm adopts a folded appearance (Figure 4.4.1g) recovering rapidly its original
shape
when
manipulated
with
a
spatula
(Figure
4.4.1i).
This
aspiration/release/shape recovery process can be repeated more than ﬁve times
without producing any damage in the nanomembrane. A similar behaviour was
reported for hybrid inorganic/organic hybrid nanomembranes made of zirconia
and a crosslinked polymer,[45] their robustness and ﬂexibility being essentially
attributed to the combination of hard and soft networks in a single material. Thus,
in that case two-dimensionally extended double interpenetrated networks were
used to reinforce the mechanical properties of the hybrid nanomembrane. However,
it should be emphasized that the 50:50 P3TMA:PE44 is a pure organic blend without
crosslinking. Accordingly, the robustness and ﬂexibility of the nanomembranes
studied in this work are due to the excellent dispersion achieved between the two
organic materials.
The contact angles of steel, P3TMA, PE44 and 50:50 P3TMA:PE44 have been
determined to illustrate the morphological changes induced by the blending on the
wettability of the ﬁlms. The contact angle of P3TMA at room temperature is 93.8° ±
3.46°. This value indicates that the hydrophobicity at the surface of P3TMA is
signiﬁcantly higher than that observed for other polythiophene derivatives (e.g. θ =
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Figure 4.4.1. (a) Digital camera image of a P3TMA:PE44 FsNM immersed in ethanol;
(b-f) aspiration of the nanomembrane floating in ethanol into a pipette; (g-h) release of
the folded nanomembrane into the ethanol solution; and (i) aspect of the
nanomembrane after recovery the shape.

54.0° ± 0.6° for poly(3,4-ethylenedioxythiophene)[46]). On the other hand, the contact
angles of PE44 and steel are θ = 76.1° ± 2.5° and 31.2° ± 0.0°, indicating that the two
materials, especially the latter, are considerably more hydrophilic than the CP.
Finally, the contact angle of the P3TMA:PE44 50:50, θ = 91.9° ± 1.8°, is very close to
that of the individual CP. This result is fully consistent with the SEM image of the
blend displayed in Figure 4.3.6, which allows identiﬁcation of spherical P3TMA
nanoparticles trapped in the polyester matrix. Thus, the phase separation between
the two components of the blend is the cause of the fundamental role played by the
CP in the wettability of the ﬁlm surface.

Electrochemical behaviour of the nanomembranes
The intrinsic electrochemical properties of the blend and the individual
polymers were investigated in both PBS and acetonitrile solutions, 0.1 M LiClO4
being added in both cases as supporting electrolyte. Control voltammograms
recorded for P3TMA, PE44 and 50:50 P3TMA:PE44 in PBS and acetonitrile are
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compared in Figure 4.4.2a-b, respectively. Voltammograms collected using scan
rates of 10 and 50 mV/s are displayed to provide information about the deﬁnition
of the peaks. In general, the oxidation and reduction peaks are more clear and
intense in acetonitrile than in PBS indicating that polarons are formed at more
speciﬁc positions of the polymer chains in the former environment than in the latter
one.
The electroactivity of chemically produced P3TMA is signiﬁcantly higher in the
organic solvent than in PBS, which is consistent with preliminary investigations
reported for the electrochemically polymerized material 3TMA.[47] In PBS, the CP
shows an oxidation shoulder O1 with anodic peak potential 𝐸𝐸 𝑎𝑎𝑝𝑝 (O1) = 0.84 V, and an
oxidation peak O2 that is expected to reach an anodic peak potential 𝐸𝐸 𝑎𝑎𝑝𝑝 (O2) ≈ 1.4 V
(i.e. 0.20–0.25 V above the reversal potential). These two processes, which have been
attributed to the formation of polarons and bipolarons in polymer chains, are highly
irreversible. Thus, the cathodic scan shows a weak reduction shoulder R1 with a
cathodic peak potential of -0.14 V.
The anodic scan recorded for P3TMA in acetonitrile indicates that at potentials
around 0.7 V begins a very clear oxidation peak, O2, which is expected to show an
anodic peak potential 𝐸𝐸 𝑎𝑎𝑝𝑝 (O2) ≈ 1.5 V (i.e. ~0.3 V above the reversal potential). An
oxidation shoulder, O1, partially overlapped with O2 is detected at potentials close
to 1.0 V. These results indicate the formation of polarons and bipolarons in the
polymeric chains at ~1.0 and ~1.5 V, respectively. Moreover, comparison of the
current densities indicates that the amount of oxidized molecules is signiﬁcantly
larger in acetonitrile than in PBS. Thus, in acetonitrile the current density at 1.20 V is
6.61 mA/cm2, whereas in PBS the current density at 1.20 V is 0.91 mA/cm2. The
cathodic scan in acetonitrile reﬂects a reduction peak R1 with 𝐸𝐸 𝑐𝑐𝑝𝑝 (R1) = 0.88 V (i.e.
polarons and bipolarons reduce at the same potential). These features suggest the
formation of a quasi-reversible redox pair in acetonitrile. Moreover, the
voltammogram of the blank demonstrates that the identiﬁed shoulders and peaks
are not perturbed by the organic solvent.
The voltammogram recorded for PE44 in PBS is similar to that recorded for
P3TMA in the same medium. Thus, the oxidation shoulder O1 with 𝐸𝐸 𝑎𝑎𝑝𝑝 (O1) = 0.90 V
and the oxidation peak O2 with an anodic peak potential higher than 1.20 V have
been attributed to the formation of irreversible polarons and bipolarons,
respectively. The cathodic scan shows a small reduction shoulder R1 with cathodic
peak potential 𝐸𝐸 𝑐𝑐𝑝𝑝 (R1) = 0.10 V, which corresponds to the reduction of PBS. The
voltammogram recorded for PE44 in acetonitrile does not show oxidation or
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Figure 4.4.2. Control voltammograms collected using scan rates of 10 and 50 mV/s (left
and right, respectively) of P3TMA (red line), PE44 (black line) and 50:50 P3TMA:PE44
(blue line) in (a) PBS and (b) acetonitrile solutions (grey lines) with 0.1 M LiClO4. Control
voltammograms of the same species after 10 consecutive oxidation-reduction cycles in (c)
PBS and (d) acetonitrile solutions with 0.1 M LiClO4.
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reduction processes, indicating that no oxidized specie is formed in the potential
range from -0.50 to 1.20 V.
The behaviour of the P3TMA:PE44 50:50 in both PBS and acetonitrile shares
some of the characteristics discussed for the two individual components, even
though some distinctive features are also reﬂected. In PBS the oxidation peak O1
shows an anodic peak potential, 𝐸𝐸 𝑎𝑎𝑝𝑝 (O1) = 0.75 V, lower than those of the two
individual polymers. However, the characteristics of O2 and R1 are similar to those
described for P3TMA and PE44 in this medium, conﬁrming that the irreversibility
of the oxidation processes is maintained in the blend. The voltammogram recorded
for the blend in acetonitrile presents an oxidation peak that begins at 0.80 V and is
expected to present an anodic peak potential ~0.3 V higher than the reversal
potential. This peak has been associated with the oxidation peak O2 of P3TMA, even
though the current density at 1.20 V is lower for the blend than for the individual
CP (1.35 and 2.60 mA/cm2, respectively). The cathodic scan of the blend presents a
reduction peak with a cathodic peak potential of 0.90 V, which corresponds to the
peak R1 identiﬁed for the pure CP, indicating the formation of polarons in P3TMA
molecules.
Figure 4.4.2c-d shows the voltammograms recorded for P3TMA, PE44 and 50:50
P3TMA:PE44 in PBS and acetonitrile, respectively, with 0.1 M LiClO4 after ten
consecutive oxidation–reduction cycles. As it can be seen, the integrated cathodic
and anodic areas decrease, independently of the environment, after such amount of
cycles indicating a reduction of the electroactivity. However, the electrochemical
stability of the blend has been found to be similar in PBS and acetonitrile. The
quantitative determination of the loss of electroactivity for the two electroactive
species (i.e. P3TMA and 50:50 P3TMA:PE44) is around 40% and 30% in PBS and
acetonitrile, respectively.

Hydrolytic degradation
Figure 4.4.3 compares the PE44 and 50:50 P3TMA:PE44 50:50 ﬁlms after 4 days, 2
weeks and 8 weeks of immersion in PBS solution. As it can be seen, the mechanical
integrity of the PE44 ﬁlms was retained in all cases. However, the SEM micrographs
of PE44 nanomembranes (Figure 4.4.4a-b) suggest that the inﬂuence of the PBS
solution on the surface morphology is non-negligible after 4 and 8 weeks of
exposure. Thus, degradation produces changes in the superﬁcial texture of the
polyester and numerous crevasses and thin grooves appear, their extension and
proportion being more noticeable as the immersion time increases. When aliphatic
polyester is submerged in an aqueous environment, the water only penetrates into
103

CHAPTER 4

(a)

(b)

4 days

2 weeks

8 weeks
Enzymatic

Hydrolytic

Enzymatic

Hydrolytic

Figure 4.4.3. Optical photographs showing (a) PE44 and (b) 50:50 P3TMA:PE44
samples after 4 days, 4 weeks and 8 weeks of hydrolytic and enzymatic degradation.

the amorphous domains of the polymer chains; it cannot enter the crystalline
regions, as reported elsewhere.[48] Amorphous domains can undergo surface erosion
or bulk degradation. A theoretical model supported experimentally was
developed[49] to predict the erosion mechanism of insoluble biodegradable polymer
matrices by water. The model showed that the type of degradation depends on the
diffusivity of water inside the matrix, the degradation rate of the polymer’s
functional groups and the matrix dimensions, these parameters allowing a critical
device dimension LC to be calculated. If the matrix dimensions are larger than LC it
will be subjected to surface erosion, otherwise it will undergo bulk erosion. The
inﬂuence of LC on the degradation was experimentally conﬁrmed using poly(𝛼𝛼hydroxy ester) matrices.[49] Experiments on other aliphatic polyesters also showed
bulk erosion processes.[50-52] Koning and co-workers demonstrated that the main
reaction in the degradation of aliphatic polyesters is the autocatalytic hydrolysis of
ester bonds, which causes the molecular weight to decrease.[53,54] The reduction of
the molecular weight has been measured using ﬁlms prepared by solvent casting
and determining the temporal evolution of the weight loss (WL). As it can be seen
in Figure 4.4.5, the weight remains practically unaltered after 8 weeks of immersion
in PBS (i.e. WL = 1.4%) indicating that the changes in superﬁcial texture only
correspond to the ﬁrst stages of the degradation process.
Hydrolytic degradation underwent by 50:50 P3TMA:PE44 nanomembranes
resembles that observed for the polyester. Thus, the appearance of abundant
crevasses and thin grooves was detected after 4 weeks of immersion in PBS (Figure
4.4.4c-d), these effects becoming more pronounced after 8 weeks (Figure 4.4.4e-f).
However, Figure 4.4.5 indicates that changes in the superﬁcial texture are
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Figure 4.4.4. SEM micrographs of hydrolytically degraded nanomembranes: PE44 after 4
weeks (a) and 8 weeks of immersion (b); 50:50 P3TMA:PE44 after 4 weeks (c and d) and 8
weeks (e and f) of immersion; low (g) and high (h) magnification micrographs of P3TMA after
8 weeks of immersion.

accompanied by a signiﬁcant increase of the weight loss (WL = 17.2%). Thus, we
found that the degradation of the polyester in the blend produced the detachment
of the P3TMA domains, the thin grooves observed after 4 weeks of degradation
transform into large and deep cracks after 8 weeks. Moreover, the mechanical
integrity of P3TMA:PE44 disappears after two weeks, hydrolytic degradation
inducing the fragmentation of the ﬁlms. These results indicate that the contribution
of the polyester is essential not only to provide mechanical integrity but also to
facilitate the hydrolytic degradation of the P3TMA:PE44 nanomembranes.
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Degradation days
Figure 4.4.5. Plot of the WL (%) versus the degradation time (days) in hydrolytic
(filled symbols) and enzymatic media (empty symbols) for PE44 (triangles) and
50:50 P3TMA:PE44 (squares) films.

Immersion of P3TMA in PBS produced a delamination process, which is
evidenced in the SEM micrographs displayed in Figure 4.4.4g-h. This particular
degradation process, which started after 2 weeks, was initially observed through the
appearance of blisters and small cracks around them. However, inspection of the
samples submerged during 8 weeks reﬂected signiﬁcant growth of such cracks,
which induced the above-mentioned delamination process. Thus, fragments of
relatively large dimensions were released to the medium, leaving holes that are
detectable at ﬁrst glance (i.e. visible to the naked eye). The delamination process,
which is not properly a degradation process, of P3TMA may be attributed to a
corrosion process at the steel substrate, which was used to deposit the material.
More speciﬁcally, molecules of water, which were absorbed by the nanoﬁlm due to
the hydrophilic carboxylate side groups, reached the steel/P3TMA interface. This
absorption produced not only a swelling effect but also the corrosion of the anodic
region (i.e. in the metal surface, under the P3TMA coating), which was activated by
the dissolved salts. These features enabled the development of blisters and tensions
on the surface, inducing the formation of crevasses in the nanomembrane.
Interestingly, the delamination process described for P3TMA was not observed in
P3TMA:PE44 nanomembranes. Due to the lack of film forming properties of the CP,
no quantitative analysis of the degradation was carried out for P3TMA samples.
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Figure 4.4.6. SEM micrographs of the 50:50 nanomembrane after (a) one week and (b
and c) three weeks of exposure under enzymatic degradation conditions. (d) SEM
micrograph of an ultrathin film of P3TMA after four weeks of incubation in the
enzymatic medium.

Enzymatic degradation
Results derived from enzymatic degradation assays are qualitatively similar to
those described above for hydrolytic degradation but quantitatively enhanced due
to the action of the enzyme. This qualitative similarity is reﬂected in both the digital
camera images displayed in Figure 4.4.3, which compares the effects of the two
different degradation media in the PE44 and P3TMA:PE44 50:50 ﬁlms, and the SEM
micrographs (Figure 4.4.6). Thus, although PE44 ﬁlms retain the mechanical
integrity after 8 weeks, blend ﬁlms start a fragmentation process after only two
weeks. Moreover, the inﬂuence of the enzymatic degradation in the morphology of
the individual polyester and the blend is also very similar to that displayed in
Figure 4.4.4 for hydrolytic degradation assays. On the other hand, Figure 4.4.5
shows that the WL for the polyester and the blend after 8 weeks of immersion is
3.8%and 22.5%, respectively. These values conﬁrm that the presence of the Lipase FAP15 in the degradation medium produces an increment in the weight loss of 2.4%
and 5.3% for the polyester and the blend, respectively, with respect to the PBS
without enzyme.
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Cell adhesion and proliferation
The responses of P3TMA:PE44 nanomembranes towards different cellular lines
were compared with those of P3TMA and PE44. Cellular adhesion and proliferation
assays were performed considering four different lines of eukaryotic cells: MDCK
and Cos-7, which are ﬁbroblast cells, and Du-145 and HEp-2, which are epithelial
cells. These carcinogenic cells were selected due to their fast growth. Quantitative
results of cellular adhesion assays are displayed in Figure 4.4.7, steel and TCPS
being used as control substrates. As it can be seen, the number of cells by area of a
given material is similar for the four cellular lines. Although the behaviour of
P3TMA as a supportive matrix for cellular adhesion is signiﬁcantly worse than that
of PE44, the adhesion of ﬁbroblast and epithelial cells on the surface of 50:50
nanomembranes is the most favoured in all cases.
After 7 days of culture, the cellular activity on the material was re-evaluated.
Cellular proliferation results, which are included in Figure 4.4.7, show that the
number of viable cells per area of material in the TCPS control substrate remains
practically unaltered, while that in steel decreases slightly. In contrast, a signiﬁcant
increment in the number of viable cells is detected in both PE44 and 50:50
P3TMA:PE44. Indeed, the ability of the two substrates for cellular proliferation is
the same for all cellular lines with exception of Cos-7 cells, which show a slight
preference towards the blend with respect to the individual polyester. This is an
amazing result since the comparison between adhered and proliferated cells reﬂects
in all cases, with exception of HEp-2, the negative behaviour of P3TMA as a cellular
matrix. Thus, the number of viable cells decreases after seven days of culture for the
MCDK, Du-145 and Cos-7 lines. The cell proliferation inhibition exhibited by
individual P3TMA should be attributed to the presence of the oxidizing agent
(FeCl3) in the matrix, which was in excess during the polymerization process. Thus,
recent studies showed both the cytotoxicity effect produced by FeCl3 in MCF-7
cells[55] and the lipid peroxidation induced by this oxidizing agent in the cell
membranes.[56] The negative effect induced by FeCl3 is eliminated when the CP is
mixed with the polyester because of the reduction in its effective concentration.
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Figure 4.4.7. Cellular adhesion (right column) and proliferation (left column) on
P3TMA, PE44 and 50:50 P3TMA:PE44 substrates. Assays were carried out using the
following eukaryotic cell lines: a) HEp-2, b) MDCK, c) Du-145, and d) Cos-7. The
relative viability was established in relation to the TCPS control (tissue culture
polystyrene). Steel was also considered as control substrate because the individual
polymers and the blend were deposited on this material. Greek letters on the columns
refer to significant differences (p<0.05) using the ANOVA and Tukey’s test: α vs. TCPS;
β vs. steel; χ vs. P3TMA; and δ vs. PE44.
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Cos-7

Du-145

Figure 4.4.8. SEM micrographs of Cos-7 and Du-145 cells adhered on the surface of
steel (a and b), and cultured on PE44 (c and d), P3TMA (e and f) and 50:50
P3TMA:PE44 (g and h). The substrates surfaces (domains without cells) are shown by
asterisks (), while the connections or interactions between the cell and the surface or
between two cells are indicated by arrows.
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Figure 4.4.8 displays SEM images of different cells cultured on steel, P3TMA,
PE44 and 50:50 P3TMA:PE44 substrates. In general, there is a signiﬁcant spreading
of cells on the surface of steel and PE44 substrates. The connection sites between the
cells and the surface of these substrates have been marked with arrows, details
about the stress ﬁbers formed by the cells to move along the substrates being also
displayed. The latter correspond to the lamellipodia, which are delicate sheet-like
extensions of cytoplasm that form transient adhesions with the substrate, and the
actin ﬁlaments are known as ﬁlopodia (i.e. thin extensions of cytoplasm to focal
adhesion). The formation of lamellipodia and ﬁllopodia is less abundant on the
P3TMA surface, which is consistent with the poor colonization of such a substrate.
In contrast, the abundance of cells on the surface of the 50:50 sample was so high
that it allowed us to identify thick monolayers involving different levels of cellular
growth. Similarly, connections of cells to both the blend surface and the
neighbouring cells are clearly evidenced in this substrate. Within this context, it
should be remarked that Cos-7 cells present a star shape that grow side-by-side
forming a very compact monolayer. Such a compact disposition is also observed for
Du-145 cells, even though they present a round-like shape. The overall of these in
vitro results support the fact that 50:50 P3TMA:PE44 nanomembranes should be
considered as powerful bioactive platforms for tissue regeneration.

Electrobioactivity
The electrochemical behaviour of P3TMA:PE44 nanomembranes coated with
MDCK and HEp-2 cell monolayers was investigated by CV in PBS with 0.1 M
LiClO4. Figure 4.4.9 compares the control voltammograms recorded for P3TMA,
PE44 and 50:50 P3TMA:PE44 coated with cellular monolayers with those obtained
for the uncovered materials. Although HEp-2 cell monolayers do not affect the
proﬁle of the voltammogram recorded for P3TMA and PE44, these epithelial cells
produce a slight enhancement of the anodic current densities in both the anodic and
cathodic scans. This feature suggests that HEp-2 cells facilitate the ionic diffusivity
in the polymer–cells–solution interfaces but do not modify the almost irreversible
behaviour of the oxidation processes. In contrast, MDCK cells proliferated on
P3TMA and PE44 produce a reduction of the anodic current densities of oxidation
and reduction proﬁles, which causes a loss in the deﬁnition of the oxidation peaks
that is particularly remarkable for the CP. Accordingly, these cellular line reduces
the mobility of the ions at the interface, even though as observed for HEp-2
monolayers the irreversible behaviour of the oxidation and reduction processes
remains unaltered.
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Figure 4.4.9. Control voltammograms of: (a) P3TMA; (b) PE44; and (c) 50:50 P3TMA:PE44
in PBS with 0.1 M LiClO4 (scan rate 50 mV/s). For each material, control voltammograms
for the oxidation of the uncoated sample (black lines) and samples coated with HEp-2
(red lines) and MDCK cells (blue lines) are displayed.

The most remarkable effect of the HEp-2 and MCDK cells on the 50:50 blend
refers to the decrease of the anodic and cathodic intensities in the whole
voltammogram, such a reduction being especially evident for the latter monolayers.
This feature is particularly striking for the HEp-2 cells since they were found to
enhance the anodic and cathodic intensities of the two individual polymers (Figure
4.4.9a-b). The overall of these results suggests that important differences exist in the
interfaces of the blend and the individual polymers. Thus, the channels that allow
the access and escape of the dopant ions are blocked by the two types of cells in the
blends, whereas this effect is only detected for MDCK cells in the individual
polymers.
Figure 4.4.10 displays the SEM micrographs of P3TMA and 50:50 P3TMA:PE44
coated with cellular monolayers after eight consecutive oxidation–reduction cycles.
As it can be seen, cells are severely affected by the electric current, which produces
their detachment from the substrate surface. Amazingly, the inﬂuence of the electric
current in the cellular structure depends on both the substrate and the cellular line.
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Figure 4.4.10. SEM micrographs of P3TMA and 50:50 P3TMA:PE44 samples coated with HEp2 and MDCK cells before and after an electrochemical treatment consisting of eight
consecutive oxidation-reduction cycles: P3TMA coated with HEp-2 cells (a) before and (b)
after treatment; 50:50 blend coated with HEp-2 cells (c) before and (d) after treatment; P3TMA
coated with MDCK cells (e) before and (f) after treatment; and 50:50 blend coated with MDCK
cells (g) before and (h) after treatment. Stars indicate regions not covered by cells.

More speciﬁcally, the interconnections between the HEp-2 cells and the P3TMA
surface (Figure 4.4.10a-b) were damaged by the eight redox processes, whereas
damages were not so severe in the case of the 50:50 blend (Figure 4.4.10c-d). This
result should be attributed to the fact that the initial distribution of cells was very
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different for the two substrates. In opposition, MDCK cells were annihilated by the
anodic current in all cases (Figure 4.4.10f and h). Thus, although a few isolated cells
were detected on the substrates, the surfaces were essentially coated by denatured
proteins (i.e. cell remainders). It is worth noting that in the initial samples, MDCK
cells formed compact monolayers (Figure 4.4.10e and g). Therefore, detachment of
some cells induced the detachment of neighbouring cells, which are in close contact,
through a cascade effect. The scenario of HEp-2 cells is completely different since
cells are more spread over the surface facilitating their resistance towards the
anodic current.

4.5.

Conclusions

The present work presents the fabrication of very stable FsNM by combining a
polythiophene derivative bearing carboxylate substituents in the 3-position of the
heterocyclic ring and a biodegradable polyester. The thickness and roughness of the
nanomembranes are controlled through the spin-coater speed. Specifically, 50:50
P3TMA:PE44 obtained using a speed of 3000 rpm displayed values of 19 and 5 nm,
respectively. The dimensions of these ﬂexible ﬁlms are only limited by the size of
substrate used in the fabrication process. Moreover, their ﬂexibility and robustness
have been investigated by aspirating the nanomembrane ﬂoating in ethanol into a
pipette and subsequently releasing it into the solvent. We found that the nanoﬁlm
rapidly recovers the original shape, this aspiration/release/shape recovery process
being repeated more than ﬁve times without producing any damage to the
nanoﬁlm. The robustness and ﬂexibility of the nanomembrane have been attributed
to the good dispersion of the CP and the polyester in the blend.
The structure and wettability of the blend have been investigated and compared
with those of the individual polymers using FTIR and contact angle measurements,
respectively. Amazingly, both the blend and the individual CP show a very similar
hydrophobicity, the contribution of the hydrophilic polyester to the wettability of
the 50:50 nanomembrane being practically negligible.
Investigation of the electrochemical properties by CV in PBS and acetonitrile
indicates that the oxidation and reduction processes found in the individual CP are
also present in the blend. Thus, the polyester only affects the infrequent oxidation
process detected for P3TMA at 0.22 V, which is blocked in the blend. The
electroactivity of both the blend and the P3TMA is higher in acetonitrile than in
PBS. Moreover, the deﬁnition of the oxidation and reduction peaks is more clear
and intense in the organic solvent indicating that in this environment the formation
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of polarons is more localized. However, the electrochemical stabilities of the blend
are similar in the physiological and the organic environment.
Hydrolytic and enzymatic degradation produces changes in the superﬁcial
texture of the PE44 samples, which are evidenced by the appearance of crevasses
and thin grooves. In spite of this, the weight loss was very low in both cases since
the degradation media only penetrate into the amorphous domains of the polyester.
In contrast, the weight loss grows signiﬁcantly when the 50:50 blend is exposed to
hydrolytic and, especially, enzymatic degradation media, which has been attributed
to the fact that the degraded polyester facilitates the detachment of the P3TMA
domains. Thus, the degradation rate is considerably higher for the blend than for
the individual polyester.
Cellular adhesion and proliferation assays have been carried out using HEp-2,
MDCK, Cos-7 and Du-145 lines. Results clearly evidence that P3TMA:PE44 50:50
behaves as a potent cellular matrix, the viability of the cultured cells being
signiﬁcantly higher in the blend than in the polyester and, especially, the CP.
Indeed, cellular proliferation is inhibited by the P3TMA substrate, which has been
attributed to the detrimental effects caused by an excess of FeCl3.
Finally, analysis of the electrobioactivity of P3TMA, PE44 and the 50:50 blend
coated with HEp-2 and MDCK monolayers has been carried out using CV.
Comparison of the results obtained for uncoated and coated systems indicates that
all three materials are electrocompatible with cellular monolayers, even though the
anodic and cathodic intensities are in general smaller for the coated systems. On the
other hand, inspection of the cellular connections after eight consecutive oxidation
and reduction cycles indicates that the HEp-2 cells are more resistant towards the
anodic current than the MDCK ones. The different electrobioactive behaviour found
for HEp-2 and MDCK lines suggests a signiﬁcant dependence on the interaction
between cells and the substrate surface. In summary, the combination of P3TMA
and PE44 to produce nanomembranes allows us to retain, or even to improve, the
best properties of each individual material (i.e. the biodegradability and good
behaviour as cellular matrix of PE44 on one side, and the electroactivity of P3TMA
on the other).
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BIOACTIVE NANOMEMBRANES OF
POLYTHIOPHENE DERIVATIVE AND
THERMOPLASTIC POLYURETHANE

TPU:P3TMA BIOACTIVE NANOMEMBRANES

Summary
The results described in Chapter 4 encouraged the further study of P3TMAbased FsNM. In an effort to improve the miscibility between the CP and the
insulating matrix that supports it, PE44 was substituted by thermoplastic
polyurethane (TPU), which was gently provided by Merquinsa, A Lubrizol Company.
Again, spin-coating was the technique chosen to prepare these biointerfaces.
Although TPU:P3TMA samples were processed as supported nanomembranes for
most of the characterization tests, it should be noted that blends were also processed
as ﬁlms by solvent-casting due to experimental limitations of the techniques. Each
approach will be specified when required.
Firstly, the thermal, nanostructural and nanomechanical properties of
TPU:P3TMA FsNM were examined (Section 5.3). Secondly, a complete study of
their electronic, electric and electrochemical features was performed (section 5.4).
Finally, their feasibility as interfaces for biomedical and biotechnological
applications was evaluated in terms of biocompatibility, biodegradability and
protein adsorption response (section 5.5).
Following the structure of the previous chapter, common materials for sections
5.3-5.5, P3TMA synthesis and FsNM fabrication are described in Section 5.2.
This work is the result of a research collaboration stablished with Dr. M. I.
Giannotti1 and Prof. F. Sanz 1. Thus, AFM measurements were performed at the
Centres Científics i Tecnològics (UB). Thermal measurements were run by Dr. L.
Franco 2, while biological and biodegradation assays were done in collaborative
working with Dr. L. J. del Valle2.
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5.1.

Introduction

Tissue engineering is a novel interdisciplinary field which focuses
fundamentally on restoring or regenerating dysfunctional tissues and organs. In
order to accomplish this purpose, biocompatible matrices or porous scaﬀolds are
used as substrates/biointerfaces to promote cell adhesion, migration, proliferation
and diﬀerentiation, thus mimicking the native extracellular matrix functions.[1]
Scaﬀolds must exhibit specific requirements such as biocompatibility and, possibly,
also biodegradability and/or bioresorbability. Besides, their mechanical integrity
must oﬀer adequate support for cells to attach and seed, thus integrating them with
the surrounding tissue to restore the defect.
Biomaterials are usually made of either synthetic or naturally derived polymers.
Linear aliphatic polyesters, such as poly(lactide) (PLA) and poly(glycolic acid), have
been extensively used as synthetic biopolymers since their biodegradation rate and
mechanical properties can be easily adjusted (e.g. by modifying the molecular
weight).[2] Moreover, poly(ε-caprolactone) is another biocompatible polymer used
extensively.[3] Polyether-ester co-polymers form another group of synthetic
polymers that present excellent properties like elasticity, toughness, strength and
easy processability that come from the combination of both soft and hard segments
along the chemical structure.[4] Within naturally derived polymers, collagen and
polysaccharides, like alginate and chitosan, have been studied for many tissue
engineering applications.[5,6] Generally, all these biomaterials can be easily
processed into films or fibers thus tuning precisely their structural, mechanical and
surface properties.
Recently, CPs such as polythiophene (PTh) derivatives have been brought into
focus.[7-9] The combination of their electrical response and their non-toxicity towards
biological systems makes biocompatible PTh derivatives suitable candidates for
interesting biomedical devices.[10] The use of PTh derivatives has been proposed for
several biomedical applications like controlled release and drug delivery, DNA
synthesis enhancement, protein secretion and biosensors and bioactive
platforms/scaﬀolds for tissue engineering.[11-14] However, some chemical and
physical characteristics of PTh derivatives (e.g. brittleness, low chemical stability,
restricted processability into films and fibers and low solubility in common organic
solvents), also showed by many other CPs, restrict their practical applications when
used individually. In order to overcome these limitations, several approaches are
followed, the one consisting in blending the CP with another polymer, generally
insulating, that provides a polymeric matrix in which the CP is embedded being the
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most usual. Although attenuation of the semiconductor performance of the CP can
arise when blending with a non-conductive material, a great improvement in the
mechanical stability and processability of the final product is achieved.
On the other hand, artificial nanomembranes are a very recent concept in
nanotechnology. They may be defined as free-standing (self-supported) structures
that have one nano-dimension (5–100 nm) and two macroscopic dimensions.[15]
Robust and flexible nanomembranes were fabricated by Kunitake and co-workers
using a variety of cross-linked synthetic materials, for example inorganic/organic
hybrid,[16,17]
thermosetting
resins[18,19]
and
photopolymers.[20]
Robust
nanomembranes have also been obtained using biopolymers, such as
polysaccharides[21,22] and silk,[23] and biodegradable polylactic acid.[24]
Within this context, P3TMA:PE44 nanomembranes (Chapter 4) were prepared
by spin-coating mixed solutions of the two polymers, the thickness of the resulting
ultra-thin films ranging from 20 to 80 nm depending on the spin-coater speed.[25]
Nanometric P3TMA:PE44 blends were found to retain the intrinsic semiconducting
and electrochemical properties (i.e. oxidation and reduction processes) of
P3TMA.[25,26] Moreover, hydrolytic and enzymatic studies showed that the
degradation of polyester domains produces the detachment of the P3TMA domains.
Successful adhesion and proliferation assays using four diﬀerent cellular lines
allowed us to propose that P3TMA:PE44 free-standing nanomembranes are
potential bioactive platforms for tissue regeneration. Thus, the viability of the
cultured cells was significantly higher in the blend than in the individual polymers.
In spite of the important benefits obtained from blending the polyester matrix with
the semiconducting polymer, thermal and microscopy analyses revealed the
presence of two phases in the mixture indicating that P3TMA and PE44 are only
partially miscible. Thus, calorimetric data of melt quenched samples showed two
glass transition temperatures, as expected from a phase separation, while both
optical and scanning electron microscopy (SEM) micrographs evidenced phase
separation.
In this work, FsNM have been prepared by blending P3TMA and thermoplastic
polyurethane (TPU), which presents many useful applications and probed
biodegradability.[27] The TPU used in this study is a block copolymer formed by the
polymerization reaction of a diisocyanate, a short-chain diol and a macrodiol. The
reaction of the diisocyanate and the short-chain diol produces hard segments with a
high density of urethane groups of high polarity and capability to form
intermolecular hydrogen bond interactions, while the reaction of diisocyanate and
the long-chain diol results in soft segments of low polarity with a very low density
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of urethane groups. Hard and soft segments are rigid and flexible, respectively, at
room temperature. The polarity of hard segments produces a strong attraction
between them and a high degree of aggregation, causing a phase separation
between blocks (i.e. crystalline micro- or nanodomains formed by hard segments
located in a soft and flexible matrix).[28] Semiconducting blends based on mixtures of
polyurethanes and semiconducting polymers (e.g. polypyrrole and polythiophene
derivatives) showed attractive mechanical, electrical, optical and thermal
properties.[29-32] In particular, their excellent elasticity and mechanical behavior were
found to reinforce the poor mechanical integrity of semiconducting polymers when
processed into fibers and films. In this study, we combined P3TMA with an
aromatic grade TPU, which is expected to show higher miscibility with the aromatic
thiophene rings than the linear polyester used previously,[25,26] at the nanometric
scale to fabricate robust free-standing nanomembranes.

5.2.

Experimental Section

5.2.1. Materials
3-Thiophene acetic acid (3TAA) (98.0%) was purchased from Fluka (Poland)
while poly(vinyl alcohol) (PVA, 87–89% hydrolyzed) was purchased from SigmaAldrich (USA). Iron chloride anhydrous (97.0%), dry methanol (99.5%), chloroform
(99.9%) and tetrahydrofuran (THF) stabilized with 300 ppm of BHT-PRS (99.5%)
were purchased from Panreac Quimica S.A.U. (Spain) and used as received, without
further purification. TPU 12K85 of aromatic grade (ρ = 1.20 g/cm3), which is a
standard polyester-based TPU that combines hardness with excellent mechanical
properties, was kindly supplied by Merquinsa (Spain).
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Scheme 5.2.1. Components of TPU (MDI = Methylene diphenyl diisocyanate; TDI =
Toluene diisocyanate).
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This material can be easily processed by cast film and blown film extrusions. The
chemical structure of the components of the selected TPU is shown in Scheme 5.2.1.,
and corresponds to a copolymer sequence that involves two aromatic diisocyanates
(MDI and TPI) and two aliphatic diols, specifically, 1,4-butanediol and a macrodiol
based on poly(butylene adipate), which aﬀords the degradable ester linkages. The
melting range at which the melting flow index (MFI) equals 10 (10 g/10 min at 21.6
kg) is 155–165 °C.

5.2.2. Synthesis of Poly(3-thiophene methyl acetate)
Briefly, P3TMA can be prepared by chemical oxidative[11,33] and photochemical[34]
polymerizations. In this work, we prepared P3TMA using 3TAA as the starting
monomer and iron chloride (FeCl3) as the oxidant and dopant. The polymerization
process is summarized in Scheme 5.2.2., the details being described in the previous
chapter (section 4.2.2). The purified 3TMA monomer was obtained with 74% of
yield, while the yield of P3TMA was ca. 61% after removing the residual oxidant
and oligomers.

5.2.3. Preparation of TPU:P3TMA FsNM
In order to obtain 5 mg/mL (0.5 wt.%) solutions, given amounts of neat TPU and
P3TMA powder were separately dissolved in THF. P3TMA was sonicated for 10
minutes before (powder) and after its dissolution. After this, the solution was
filtered with cotton as separation barrier. In contrast, TPU was dried at 120 °C under
vacuum for 2 hours prior to its dissolution. The resulting TPU:P3TMA mixtures,
which were prepared considering four diﬀerent weight ratios (20:80, 40:60, 50:50,
60:40), were subsequently stirred at room temperature for 2 hours. The dispersions
were then filtered and used for film deposition.

CH2COOCH3

CH2COOH

S

3TAA

CH3OH

FeCl3

H2SO4 / 90ºC

CHCl3 / 0ºC

S

CH2COOCH3

S

n
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Scheme 5.2.2. Procedure used for the synthesis of P3TMA.
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Figure 5.2.1. Thickness determination: (a) TPU nanomembrane (SEM); (b)
TPU:P3TMA 40:60 (proﬁlometer).

Supported nanomembranes of TPU, P3TMA and TPU:P3TMA were obtained by
spin-coating at 4000 rpm for one minute, directly onto 0.5 × 1.0 cm2 ITO substrates
(40–60 Ω per square slide). Previous to the deposition, ITO substrates were cleaned
in an ultrasonic bath using acetone, ethanol, de-ionized water, and isopropanol (5
minutes each), followed by acetone rinsing and drying under air flow.[35]
Free-standing TPU:P3TMA (40:60 and 60:40) ultrathin films were prepared by
applying the procedure described by Kunitake and co-workers,[16] which was also
used for P3TMA:PE44 FsNM. However, in this work the role of the sacrificial layer
was played by poly(vinyl alcohol) (PVA) rather than by poly(4-hydroxystyrene)
(PHS) since the latter is soluble in THF, which is the solvent used to prepare the
TPU and P3TMA solutions. The process used to prepare the FsNM can be
summarized in three stages. First, a PVA solution in water (2 wt. %) was spincoated onto a glass slide (dimensions ranged from 2.5 × 2.5 to 2.0 × 6.0 cm2) at 3000
rpm for 60 s. After this, the TPU:P3TMA solution in THF was spin-coated at speeds
ranging from 1500 to 8000 rpm to obtain nanofilms with thicknesses varying
between 15 and 100 nm. The spin-coating speed selected for this work was 4000 rpm
for one minute, which resulted in films with suitable thickness and a uniform
surface aspect when examined by optical microscopy. Sample thickness, which was
determined by SEM (Figure 5.2.1a) and profilometry (Figure 5.2.1b), was about 40 –
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Figure 5.2.2. (a) TPU:P3TMA 60:40 nanomembrane deposited onto an ITO
substrate. (b) TPU:P3TMA 60:40 nanomembrane released in water. (c) Releasing a
TPU:P3TMA 40:60 nanomembrane from a glass substrate.

50 nm for films prepared at 4000 rpm. Finally, samples were immersed into water
for the nanomembrane separation from the substrate (i.e. dissolution of the
sacrificial layer). The edges of the specimens were cut to help penetration of water
into the sacrificial layer. Supported and free-standing TPU:P3TMA nanomembranes
are displayed in Figure 5.2.2. Manipulation of the free-standing nanomembranes
revealed that the robustness of the membranes is higher for TPU:P3TMA than for
P3TMA:PE44, which should be attributed to the combination of hard and soft
segments in TPU.

5.3.

Thermal, Nanostructural and Nanomechanical
Properties

The first item investigated for this new system refers to the thermal properties of
blends with diﬀerent TPU:P3TMA weight ratios. After this, a comprehensive study
based on atomic force microscopy (AFM) has been carried out to investigate the
nanostructural (topography and morphology) and nanomechanical (Young’s
modulus (E) and adhesion energy) properties of the nanomembranes made of
TPU:P3TMA 40:60, composition which showed the highest miscibility, and the two
individual polymers. In order to make such exhaustive characterization possible,
nanomembranes were supported on ITO substrates. Moreover, this AFM study has
been complemented with a morphological investigation using scanning electron
microscopy (SEM) and with a cellular proliferation study to compare the response
of TPU:P3TMA and PE44:P3TMA against Cos-7 fibroblast cells, as a preliminary
biocompatibility test. It should be mentioned that, although the peak force AFM
method has been used to examine conventional polymers, this is the first
application to ultrathin films made of conducting polymers.[36-40]
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Graphical abstract

5.3.1. Experimental Section
FTIR Spectroscopy
IR absorption spectra were recorded on a FTIR Jasco 4100 spectrophotometer.
Samples were placed in an attenuated total reﬂection accessory (Top-plate) with a
diamond crystal (Specac model MKII Golden Gate Heated Single Reﬂection
Diamond ATR). TPU and TPU:P3TMA ﬁlms were solvent cast from the
corresponding THF solutions, while P3TMA was analyzed as powder. For each
sample 32 scans were performed between 4000 and 600 cm−1 with a resolution of 4
cm−1.

Thermal analyses
The miscibility of the two components in TPU:P3TMA blends was studied by
diﬀerential scanning calorimetry (DSC). Two diﬀerent sets of samples were
analyzed. First, films of TPU and TPU:P3TMA blends with 20:80, 40:60, 50:50 and
60:40 weight ratios were solvent cast from THF solutions onto Teflon® sheets,
which were slowly dried under vacuum (48 h) at room temperature. The thickness
of the resulting films, which were easily separated from the Teflon® sheets and cut
into small pieces, was determined by profilometry as being around 3–4 mm.
Second, FsNM of TPU and TPU:P3TMA with 40:60 weight ratio (around 20
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nanomembranes for each species) were prepared by spin-coating, released in water,
and dried under vacuum at room temperature for 48 h before being tested. These
samples have been denoted as TPU-n and TPU:P3TMA 40:60-n, where the n refers
to nanomembrane, so as to diﬀerentiate them from solvent cast thick films (bulk).
Calorimetric data were obtained with a TA Instruments Q100 series equipped
with a refrigerated cooling system (RCS) operating at temperatures from -90 °C to
600 °C. Calorimetric results for P3TMA were reported in the previous chapter
(section 4.3.2) and, therefore, have not been repeated in this secton. Experiments
were conducted under a flow of dry nitrogen with a sample weight of
approximately 3 mg, calibration being performed with indium. The Tzero calibration
required two experiments: the first was done without samples, while the second one
was performed with sapphire disks.
Samples were firstly heated up to 200 °C to erase the thermal history. Heating
runs were performed at 20 °C/min with samples previously quenched from the
melt state by cooling at the maximum rate allowed by the equipment.
Determination of glass transition temperature (Tg) values from the calorimetric
curves was carried out with the TA-Universal Analysis software furnished with the
instrument.
For thermal degradation studies, TPU and TPU:P3TMA ﬁlms were solvent cast
from THF solutions onto Teﬂon® sheets and slowly dried under vacuum for 3 days.
P3TMA was analyzed as powder. Thermal degradation was determined at heating
rates of 5, 10, 20, 30, and 40 °C/min with around 5 mg samples in a Q50
thermogravimetric analyzer of TA Instruments under a ﬂow of dry nitrogen and in
the temperature range from 50 to 600 °C. Activation energies were determined by
the Kissinger method[41] and the advanced isoconversional method provided by
Kissinger−Akahira−Sunose (KAS).[41,42]
According to the non-isothermal kinetics theory, thermal degradation of a
sample can be expressed by the following function:
−𝐸𝐸𝑎𝑎
𝑑𝑑𝑑𝑑
1
= 𝐴𝐴𝑒𝑒 ( 𝑅𝑅𝑅𝑅 ) 𝑓𝑓(𝛼𝛼)
𝑑𝑑𝑑𝑑
𝛽𝛽

(5.3.1)

where β is the heating rate, T is the absolute temperature, R is the gas constant, f(𝛼𝛼)
is the diﬀerential conversion function, and A and Ea are the pre-exponential factor
and the activation energy for the decomposition reaction step, respectively.
The Kissinger method gives the activation energy at the maximum of the
derivative thermogravimetric curve (DTG) for each degradation step. The analysis
is based on the following equation:

129

CHAPTER 5
ln

𝛽𝛽
𝐴𝐴𝐴𝐴
𝐸𝐸
= ln
+ ln[𝑛𝑛(1 − 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 )𝑛𝑛−1 ] −
2
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸
𝑅𝑅𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

(5.3.2)

where Tmax is the temperature at the maximum reaction rate, 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is the conversion
at this Tmax temperature, n is the reaction order, and A is the frequency factor. From
a plot of ln β/Tmax2 versus 1/Tmax, the activation energy of the degradation step can
be determined.
The activation energy during the whole degradation process can be calculated
by the KAS method. This methodology is based on equation 5.3.2, which after
reordering gives:
ln

𝛽𝛽
𝐴𝐴𝐴𝐴
𝐸𝐸𝑎𝑎
= ln �
�−
2
𝑇𝑇
𝑔𝑔(𝛼𝛼)𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

(5.3.3)
𝛼𝛼 𝑑𝑑𝑑𝑑

where g(𝛼𝛼) is the integral conversion function (i.e. 𝑔𝑔(𝛼𝛼) = ∫0

).

𝑓𝑓(𝛼𝛼)

For each degree of conversion and each step of the degradation process, the
activation energy is obtained from the linear representation of ln β/T2 versus 1/T.

Morphological and topographical characterization
The surface morphology and topography of TPU, P3TMA and TPU:P3TMA (40 :
60) nanomembranes supported onto ITO were studied by atomic force microscopy
(AFM). Images were obtained with an AFM Dimension 3100 Microscope using a
NanoScope IV controller. The AFM was operated in ambient conditions at a scan
speed of 0.8–1 Hz, in tapping mode and using single-beam silicon cantilever probes
with a nominal tip radius between 5 and 10 nm (T300 Vistaprobes, Phoenix, AZ).
RMS roughness (Rq) and profile sections of the images were determined using the
statistics application and tools of the NanoScope Analysis software version 1.20
(Bruker). The scan window sizes were 5 × 5 or 1 × 1 µm2.
The AFM scratching technique was used to measure the thickness of the films.
Specifically, contact mode AFM was used to intentionally scratch the film deposited
on the ITO substrate. Thus, the force was set to completely remove the layer in a
scratch area of 0.7 × 0.7 µm2. After scratching, a topographic image was then
obtained with tapping mode AFM and used to determine the film thickness from
the depth of the scratch. It should be noted that such a topographic image was taken
of a region bigger than the scratch area so as to accurately measure the step between
the coated and the uncoated surfaces.
The surface morphology of TPU, P3TMA and TPU:P3TMA (40:60) supported
nanomembranes was also carefully examined by SEM. Samples were mounted on a
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double-side adhesive carbon disc and sputter-coated with a thin layer of carbon to
prevent sample charging problems. Microscopy studies were carried out using a
Focused Ion Beam Zeiss Neon40 scanning electron microscope equipped with an
energy dispersive X-ray (EDX) spectroscopy system and operating at 5 kV.
Measurements of the electrical conductivity distribution over TPU:P3TMA
(40:60) surface were performed with an AFM Dimension 3100 microscope equipped
with an Extended TUNA unit and a NanoScope IV controller (Bruker) under
ambient conditions. The cantilever used was a silicon rectangular lever coated with
Pt–Ir (ANSCM-PC: ƒ = 12 kHz and ks = 0.2 N/m, Applied Nanostructures, Santa
Clara, CA). During the measurements, a voltage difference was applied between the
tip, which acted as the back electrode, and the ITO front electrode, while the current
through the tip was measured. The ITO substrate was grounded during all the
measurements.

Quantitative nanomechanical (QNM) characterization
QNM mapping of TPU, P3TMA and TPU:P3TMA (40:60) supported
nanomembranes was performed using a Multimode 8 AFM in peak force tapping
mode with ScanAsyst as feedback optimization technology (Bruker AXS
Corporation, Santa Barbara, CA). Measurements were done under ambient
conditions and cantilevers were carefully calibrated following the next procedure.
First, the radius of the tip was experimentally evaluated by scanning a calibration
grid with extremely sharp ridges (NioProbe, Aurora Nanodevices). Then, the
obtained image was processed with SPIP software (Image Metrology, Denmark) in
order to reconstruct the 3D shape of the tip apex. Afterwards, the Young’s modulus
of a reference sample (Bruker QNM toolkit) was experimentally obtained and
compared with its nominal value. If the experimentally obtained Young’s modulus
value is ± 10% of the reference value, the calibration is considered as successful.
Otherwise, the AFM probe is discarded. Finally, the spring constant was measured
using the thermal noise method implemented in the Nanoscope 8.10 software
(Bruker).
QNM allows quantitative nanomechanical mapping of the material properties,
including mechanical modulus (Derjaguin-Muller-Toropov (DMT) contact
mechanics model is applied) and adhesion forces, while simultaneously imaging the
sample topography at high resolution. QNM imaging mode performs force curves
at 2 kHz so as to provide the feedback loop with accurate topographic information,
leading to applied vertical forces that can be in the pN range (depending on the
chosen AFM probe).
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The proper probe is chosen depending on the expected Young’s modulus (E)
value of the sample. However, as the real E value is unknown before testing the
sample, the probe is tentatively selected, as every kind of probe can cover a fairly
large range of E values. Thus, it is crucial to choose a probe that will be able to
produce enough sample deformation but retain high force sensitivity. The E value
for TPU is ca. 10 MPa, while that for P3TMA is of the order of several GPa.[43-45] As
these values are separated by three orders of magnitude, supported
nanomembranes were tested with three diﬀerent probes. Their characteristics are
displayed in Table 5.3.1. Furthermore, Table 5.3.1 lists the tip chosen for each
sample and the assumed Poisson’s ratio. The TAP525A probe was discarded
because it was too stiﬀ for all the samples, leading to deformations higher than 10
nm. Due to the same reason, the TPU nanomembrane could only admit the softest
probe, SNL-10.
The peak-force set-point was adjusted to obtain a deformation of approximately
2 nm, which is the optimum deformation for the software to be able to fit the
retraction region of the force curve with the DMT model, while remaining in the
region of elastic deformation. The line scan rate was equal to 0.5–1.0 Hz. Image
processing and data analysis were performed with the NanoScope software version
8.10, and NanoScope Analysis software version 1.20. QNM AFM measurements
were performed several times using diﬀerent samples, the results described in this
work being reproducible.

Table 5.3.1. Probes tested in Peak Force QNM measurements.

Probe

Resonance
Frequency
(kHz)

Nominal
Spring
Constant
(ks, N/m)

Sample
Modulus
(E)

Supported
nanomembrane

TAP525A

448-468

200

1 GPa – 20 GPa

-

RTESPA

255-374

20-80

200 MP – 2 GPa

SNL-10

50-80

0.35

0.7MPa - 20MPa
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P3TMA
TPU:P3TMA
(40:60)
TPU

Poisson’s
ratio

0.4
0.5
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Cell proliferation tests
Cos-7 cells were cultured in DMEM high glucose supplemented with 10% FBS,
penicillin (100 units/mL), and streptomycin (100 µg/mL). These carcinogenic cells
were selected due to their fast growth. The cultures were maintained in a
humidified incubator in an atmosphere of 5% CO2 and 95% O2 at 37 °C. Culture
media were changed every two days. When the cells reached 80–90% confluence,
they were detached using 1–2 mL of trypsin (0.25% trypsin/EDTA) for 5 min at 37
°C. Finally, cells were re-suspended in 5 mL of fresh medium, their concentration
being determined by counting in a Neubauer camera using 0.4% trypan blue as a
dye vital.
TPU, P3TMA and TPU:P3TMA 40:60 films of nanometric thickness were
prepared and deposited onto steel AISI 316 sheets of 1 cm2. These samples were
placed in plates of 24 wells and sterilized using UV-light for 15 min in a laminar
flux cabinet. Controls were simultaneously performed by culturing cells on the
surface of the tissue culture polystyrene (TCPS) plates and steel plates. An aliquot of
50 µL containing 2 × 104 cells was deposited on the nanomembrane of each well.
Then, cell attachment to the nanomembrane surface was promoted by incubating
under culture conditions for 30 min. Finally, 500 µL of the culture medium were
added to each well. After 24 h, non-attached cells were washed out. The
quantification of proliferated cells was performed after 7 days of culture.
Cell proliferation was evaluated by the colorimetric MTT assay.[46] This assay
measures the ability of the mitochondrial dehydrogenase enzyme of viable cells to
cleave the tetrazolium rings of MTT and form formazan crystals, which are
impermeable to cell membranes and, therefore, are accumulated in healthy cells.
This process is detected by a color change: the characteristic pale yellow of MTT
transforms into the dark-blue of formazan crystals. Specifically, 50 µL of MTT
solution (5 mg/mL in PBS) were added to each well. After 3 h of incubation, the
samples were washed twice with PBS and stored in clean wells. In order to dissolve
formazan crystals, 1 mL of DMSO/methanol/water (70/20/10% v/v) was added.
Finally, the absorbance at 540 mm was measured after using an UV-vis
spectrophotometer (UV-3600, Shimadzu). The resulting viability results were
normalized to TCPS control as relative percentages. Results were derived from the
average of four replicates (n = 4) for each independent experiment. ANOVA and
Tukey tests were performed to determine the statistical significance, which was
considered at a confidence level of 95% (p < 0.05).

133

CHAPTER 5

5.3.2. Results and Discussion
FTIR spectroscopy
Before assessing the thermal properties associated to the TPU:P3TMA system, a
more general characterization was conducted. Concretely, it included the
assessment of the chemical structure of the 20:80, 40:60, and 60:40 TPU:P3TMA
samples. Figure 5.3.1 shows the FTIR spectra of P3TMA, TPU, and TPU:P3TMA
blends in the range from 1800 to 900 cm−1. Results evidence the formation of
TPU:P3TMA blends by the overlapping of absorption bands coming from the two
individual polymers, TPU and P3TMA. The bands observed for the P3TMA are
fully consistent with those reported in our previous work,[26] and, therefore, their
description has been omitted. As it is reported in Table 5.3.2, the presence of
P3TMA in the blends is conﬁrmed by the −CH3 bending absorption at 1431 cm−1
(peak a in Figure 5.3.1) and the changes and shifts occurring at region e. Moreover,
another band arising from the P3TMA contribution is observed between 1008 and
1017 cm−1 for the three composition blends (peak h).
The rest of peaks marked (from b to g) correspond to TPU groups present in the
blends. First, the hydrogen bonded C=O stretching band coming from urethane
carbonyl groups appears as a small shoulder in the blends spectra at 1701 cm−1
(peak b) in the C=O stretching band associated with the soft segment ester groups
(1719 cm−1, amide I region). Second, transmittance peaks observed at 1595 cm−1
(peak c) and 1526 cm−1 (peak d) are consistent with the TPU C=C stretching of the
phenyl ring and the C—N stretching + N—H bending (amide II band), respectively.
Other bands arising from TPU hard-segment groups (C—N stretching, amide III
region) are identiﬁed at 1215 cm−1 (strong absorption) and 1308 cm−1 (weaker
absorption). However, those bands are clearly detected only for 60:40 and 40:60
TPU:P3TMA compositions. Finally, the absorption bands seen in the blends at 1166
and 1138 cm−1 (peaks f) are attributed to the C—O—C stretching of TPU soft
segments, while the peak observed at 1061 cm−1 (peak g) correspond to the C—O—
C stretching of both TPU soft and hard segments. Overall, the position and intensity
of the absorption bands in TPU:P3TMA blends spectra are in good agreement with
their composition.
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Table 5.3.2. Main infrared absorption bands (cm-1) of TPU, P3TMA, 20:80, 40:60 and
60:40 TPU:P3TMA blends (labels are identified in Figure 5.3.1).

Absorption bands

P3TMA

TPU:P3TMA
20:80

40:60

60:40

TPU

CH3
bending

a

1431

1430

1433

1435

C=O
ester

b

1730

1726

1723
1704

1723
1703

1724
1704

C=C
Stretching phenyl ring (HS)

c

1593

1595

1595

1595

N–H bending
C–N stretching

d

1526

1527

1527

1526

C–N stretching

e

1319a)

1308
1215

1308
1215

1308
1215

f,g

1164
1067

1166
1138
1067

1168
1142
1067

1166b)
1138
1062

C–O–C
stretching
a) Shifted

by conjugated diene C=C (1325 cm-1). b) Band overlapped with C-O-C groups
from P3TMA.
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a
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f

TPU
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Amide I

1650

P3TMA

60:40 TPU:P3TMA

1500

1350

1200

Wavenumber (cm-1)

1050
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Figure 5.3.1. FTIR spectrum of P3TMA, TPU and (20:80, 40:60 and 60:40) TPU:P3TMA
blends in the range 1800–900 cm-1. Absorption bands are described in Table 5.3.2.
Changes in the peaks marked with labels a-h (in green) have been used to identify the
formation of blends.

Thermal analyses
DSC measurements were performed to characterize the thermal behavior of TPU
and P3TMA as well as to determine their miscibility in the prepared TPU:P3TMA
blends. Results obtained from DSC are shown in Figure 5.3.2. Figure 5.3.2a displays
the heat flow for TPU films cast onto Teflon® and P3TMA powder, as the film
forming properties of individual P3TMA are very limited. The glass transition
temperature of P3TMA was assessed at Tg = 62.11 °C.[25] DSC heating runs of TPU
allowed us to identify the glass transition temperature at Tg = -10.52 °C, which was
attributed to the motion of the soft-segment domains. Furthermore, the
crystallization of the hard-segment domains appeared at Tc=60.75 °C (ΔHc =3.18
J/g), their corresponding melting peak being detected at Tf = 124.01 °C (ΔHf =5.29
J/g). Although crystallization and melting peaks are weak, it should be mentioned
that the diﬀerence between the enthalpies of crystallization and melting peaks
indicates that a small TPU fraction crystallizes during the cooling. This feature
suggests an underestimation of the TPU glass transition temperature because some
crystallized rigid blocks were not present in the amorphous phase.
The miscibility of TPU and P3TMA in the TPU:P3TMA blends can be evaluated
in terms of Tg (Table 5.3.3.). Figure 5.3.2b presents the DSC heating curves for the
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(b)

TPU
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Temperature (ºC)

Figure 5.3.2. DSC heating traces of: (a) TPU solvent cast ﬁlm and P3TMA powder; (b)
TPU:P3TMA solvent cast ﬁlms; and (c) TPU and TPU:P3TMA (40:60) spin-coated
nanomembranes. In (b) the dashed lines and the box (magniﬁcation displayed in the
right) show the glass transition temperatures associated with the TPU and the P3TMA
domains.

solvent cast TPU:P3TMA films with 60:40, 50:50, 40:60 and 20:80 weight ratios. DSC
scans show two diﬀerent Tg values, which are attributed to the TPU soft-segment
domains and to P3TMA. Furthermore, such Tg values depend on the composition,
indicating a partial miscibility of TPU and P3TMA. The Tg value associated with
TPU increases with the concentration of P3TMA, suggesting that the presence of
P3TMA in the TPU phase reduces the mobility of the soft-segment domains.
Besides, the Tg value related to P3TMA decreases with the content of P3TMA.
However, the shifts in the Tg values are relatively small indicating a low partial
miscibility between TPU and P3TMA. An exception to this behavior was found for
the blend with a 20:80 weight ratio, in which the Tg value attributed to P3TMA was
the only one detected because of the low TPU content in the blend.
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Table 5.3.3. Calorimetric data of TPU, P3TMA and TPU:P3TMA blends.

Sample

Tg,1
(ºC)

Tg,2
(ºC)

w1a

w2b

Tc
(ºC)

∆Hc
(J/g)

Tf
(ºC)

∆Hf
(J/g)

TPU

-10.5

-

1

0

60.7

3.2

124.0

5.3

TPU-n c

-7.1

-

1

0

60.1

3.0

131.3

3.7

TPU:P3TMA
60:40

-0.9

56.5

0.84
(0.89)

0.94
(0.93)

TPU:P3TMA
50:50

-1.1

56.3

0.84
(0.89)

0.94
(0.93)

TPU:P3TMA
40:60

10.4

46.5

0.66
(0.70)

0.82
(0.81)

TPU:P3TMA
40:60-n c

-1.5

60.5

0.85
(0.90)

0.98
(0.98)

TPU:P3TMA
20:80

-

46.9

-

0.83
(0.82)

P3TMA

-

62.1

0

1

TPU weight fraction in the TPU phase. Values outside and inside the parenthesis were
obtained using the Tg values of TPU and TPU-n, respectively. b P3TMA weight fraction in
the P3TMA phase. Values outside and inside the parenthesis were obtained using the Tg
values of TPU and TPU-n, respectively. c TPU-n and TPU:P3TMA 40:60-n refer to samples
derived from self-standing nanomembranes.
a

The weight percentage of each polymer in its corresponding phase was
determined using:
1
𝑤𝑤1
𝑤𝑤2
=
+
𝑇𝑇𝑔𝑔 𝑇𝑇𝑔𝑔,1 𝑇𝑇𝑔𝑔,2

(5.3.4)

where Tg,1 and Tg,2 correspond to the Tg of each of the two individual components
(i.e. -10.52 °C and 62.11 °C for TPU and P3TMA, respectively), and w1 and w2 are the
weight fractions in the studied phase.
In contrast, the crystallization and fusion processes of TPU are also aﬀected by
the presence of P3TMA since they do not appear in the heating scans. It seems that
P3TMA molecules suppress the crystallization of the hard-segment domains of
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TPU, providing additional evidence of the partial miscibility between the two
materials.
In order to truly correlate the phase separation observed by both DSC and AFM
(see next section), DSC heating runs were also performed with TPU and
TPU:P3TMA 40:60 FsNM, these samples being denoted as TPU-n and TPU:P3TMA
40:60-n, respectively, in Table 5.3.3. The resulting heating scans, which are
displayed in Figure 5.3.2c, indicate that TPU-n follows the same behavior as that of
TPU as a bulk, even though the Tg value was slightly higher for the former (-7.14
°C). In contrast, TPU:P3TMA 40:60-n showed Tg values for TPU and P3TMA that
were lower and higher, respectively, than those determined for the bulk
TPU:P3TMA 40:60 blend. This result reflects a low degree of miscibility in
TPU:P3TMA 40:60 nanomembranes, a fact that was corroborated by the existence of
two phases in AFM images (see next section). According to these observations, the
miscibility of TPU and P3TMA is better in thick films prepared by solvent
evaporation than in ultra-thin films prepared by spin-coating. In any case, it should
be noted that heating scans of TPU and TPU-n samples are significantly diﬀerent
when crystallization and melting peaks are compared. Thus, the nanomembrane
was practically amorphous as the close values of the melting and crystallization
enthalpies reflect (i.e. all hard blocks of TPU-n were located in the amorphous
phase, which results in a higher Tg). As previously indicated, all blends are
completely amorphous and consequently the composition of TPU and P3TMA
phases was also calculated taking into account the new Tg value (Table 5.3.3).
Overall, all studied samples are amorphous with the exception of pure TPU,
which exhibits a relatively low melting temperature in the 124−131 °C range
depending on the processing conditions (e.g. solvent casting and spin coating).
According to possible applications, it seems also highly interesting to evaluate their
thermal stability and the thermal degradation processes.
Thermogravimetric scans (Figure 5.3.3) show that all P3TMA-containing
samples started to decompose at a relatively low temperature (ca. 140 °C), 10%
degradation requiring a temperature higher than 280 °C (i.e. far away from the
melting temperature). Decomposition of blends was characterized by two main
degradation steps as shown in the derivative thermogravimetric (DTG) curves
(Figure 5.3.4a) for the 50:50 TPU:P3TMA representative sample. These steps are
related with a low temperature degradation process, most probably due to the
initiation of the P3TMA degradation, and a high temperature degradation process
that could be associated mainly with decomposition of TPU.
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Figure 5.3.3. Thermogravimetric curves obtained at a heating rate of 20 ºC/min for the
TPU:P3TMA blends and the two homopolymers.

The DTG curves of TPU and P3TMA samples (Figure 5.3.4a) reveal highly
complex degradation processes with at least three steps. The main decomposition
process occurred at the highest temperature for both polymers (i.e. 430 and 460 °C
for TPU and P3TMA, respectively) and involved practically a 50% of the relative
weight loss and gave rise to well-deﬁned DTG peaks. Despite the complex
decomposition process of TPU, its activation energy remained practically constant
(ca. 124 kJ/mol) during degradation, as was revealed by the KAS isoconversional
analysis (Figure 5.3.4b). On the contrary, a high variation was detected for P3TMA
(i.e. from 65 to 298 kJ/mol; Figure 5.3.4b) as expected for well-diﬀerentiated
degradation mechanisms.
Kissinger analysis became useful to discern the degradation processes of the
polymer blends, although it can be considered a rough approximation since it is not
a rigorous isoconversional method. As shown in Figure 5.3.4c, activation energies of
104 and 142 kJ/mol were obtained for the two degradation steps detected for the
50:50 TPU:P3TMA sample. The ﬁrst step occurs, as explained before, at the
temperature range where decomposition of P3TMA starts and the associated energy
is in agreement with the low values determined for P3TMA at low conversions. The
activation energy deduced from the second DTG peak of the blend (i.e. 142 kJ/mol)
is in full agreement with the energy derived from the main peak of TPU (137
kJ/mol) and clearly deviates from the higher value (161 kJ/mol) obtained for
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Figure 5.3.4. (a) Thermogravimetric and derivative thermogravimetric curves
corresponding to the thermal decomposition of TPU (black and dashed lines),
P3TMA (black and solid lines), and 50:50 TPU:P3TMA (blue and dotted lines). (b)
Plots of the activation energy calculated by the KAS method as a function of the
conversion degree for TPU (■) and P3TMA (◆) homopolymers. (c) Kissinger plots
for the main decomposition step of the TPU (■) and P3TMA (◆) homopolymers, and
the two degradation steps of the 50:50 TPU:P3TMA blend (▲, Δ). Full and empty
symbols correspond to the peaks appearing at the higher and lower temperature,
respectively.
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P3TMA. In addition, it is also clear that thermal degradation of the blend is
practically ﬁnished at a temperature lower than that associated with the main
decomposition step of P3TMA (Figure 5.3.4a). In summary, thermal degradation of
the blends is determined by the low energy processes associated with each
individual polymer, namely, P3TMA at the beginning and TPU at the end.

Surface morphology and topography
AFM images of P3TMA, TPU, and 20:80, 40:60 and 60:40 TPU:P3TMA supported
nanomembranes onto ITO and prepared by spin-coating are displayed in Figure
5.3.5. We examined the inﬂuence of the composition on the morphology and
topography of the samples surface. As it can be seen, the characteristics of the 40:60
and 60:40 TPU:P3TMA samples consist of irregular distributions of relatively
prominent and well-deﬁned folds, the RMS roughness being very similar for the
two compositions (i.e. 20 and 19 nm for 60:40 and 40:60 TPU:P3TMA, respectively).
Therefore, both compositions are found in an intermediate position between TPU
and P3TMA since the morphology of TPU consists of a smooth surface with
multiple and well-localized folds homogeneously distributed (RMS roughness of
only 6 nm), whereas the surface of P3TMA is signiﬁcantly more irregular (RMS
roughness of 28 nm). Finally, the irregular surface of 20:80 TPU:P3TMA is more
similar to that of P3TMA, even though the RMS roughness (12 nm) is closer to that
of TPU.

Table 5.3.4. Roughness and thickness of TPU, P3TMA and TPU:P3TMA 40:60
nanomembranes supported on ITO substrates.

RMS Roughness (nm)
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Thickness (nm)

Mean

Std. Dev.

Interval determined by
AFM scratch

TPU

16.3

0.8

11.4 – 70.7

P3TMA

47.0

4.9

26.2 – 141.6

TPU:P3TMA
40:60

17.4

2.2

10.8 – 92.8
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Figure 5.3.5. AFM topographic images of the ITO-supported nanomembranes: (a) TPU,
(b) 60:40 TPU:P3TMA, (c) 40:60 TPU:P3TMA, (d) 20:80 TPU:P3TMA, and (e) P3TMA.
2D height images (left column), 3D height images (middle column) and cross-section
profiles (right column) from the diagonal line for each sample as depicted in (a). RMS
Rq values are also provided. In all cases the image window is 5.0 × 5.0 µm2.
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A closer inspection of topographical parameters has been performed for TPU,
P3TMA and TPU:P3TMA 40:60 films supported on ITO. Hence, the surface
parameters of the three investigated systems are summarized in Table 5.3.4.,
whereas AFM images are displayed in Figures 5.3.6– 5.3.10. The morphology of
TPU nanomembranes (Figure 5.3.6a) can be described as a smooth surface with
multiple, relatively prominent and well-localized folds homogeneously distributed
onto it. The folds on the surface of these ultra-thin films have been attributed to
artifacts produced during the spin-coating process. This hypothesis is supported by
the lack of contrast in the phase image, which indicates that the TPU film entirely
covers the ITO substrate, and by the fact that the contrast in the height images is the
same for all the positions of the folds. The thickness determined by AFM scratching
tests using the tip in contact mode, ranges from 11 to 71 nm. Figure 5.3.6a includes a
topography image with the corresponding cross-sectional profiles. The height of the
folds varies between ~20 and ~55 nm, while the mean RMS roughness of the whole
film, which was measured considering several 5 × 5 µm2 windows, is 16.3 ± 0.8 nm.
The surface of P3TMA films (Figure 5.3.6b) is significantly more irregular than
that displayed by TPU. Thus, continuous and well-defined granules (islands) and
“ridges” emerging from flat regions (“valleys”) are detected. The diameter and height
of the granules range from 314 to 490 nm and from 59 to 73 nm, respectively, while
the height of the ridges varies between 123 and 146 nm. The low contrast observed
in the phase image indicates that all the ITO substrate is completely covered by the
polymer. The RMS roughness of P3TMA (47.0 ± 4.9 nm) is about three-folds higher
than that of TPU, whereas the thickness ranges from 26 to 142 nm.
AFM topographic images of TPU:P3TMA 40:60 nanomembranes are displayed
in Figure 5.3.7. As it can be seen, the surface of this blend can be described as the
combination of the topographies of its individual components. Thus, it consists of a
homogeneous distribution of granules that are smaller than those found for P3TMA,
with diameters and heights ranging from 90 to 205 nm and from 12 to 40 nm,
respectively. The RMS roughness was found to be 17.4 ± 2.2 nm, while the thickness
ranged from 11 to 93 nm (Table 5.3.4). Moreover, the blend shows folds that are
similar to those found for individual TPU samples. Inspection of the phase images
allows us to distinguish between the two phases in the blend. The bright areas in
Figure 5.3.7b correspond to the granules, which are associated with the P3TMA-rich
phase (i.e. P3TMA with some dissolved TPU), whereas the dark areas represent the
TPU-rich phase (i.e. TPU with some dissolved P3TMA).
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Figure 5.3.6. AFM micrographs (3D and 2D topography, height and phase images) of
ultra-thin ﬁlms of (a) TPU and (b) P3TMA supported on ITO. Illustrative cross-sectional
proﬁles of the topography images are displayed.

The combination of composition and topographic information provided by the
phase and the height images, respectively, indicates that the blend consists of a
dispersion of granules essentially made up of P3TMA in a film mainly made of
TPU, even though a small fraction of the second component is contained in each of
such elements. In contrast, it should be mentioned that some TPU:P3TMA 40:60
nanomembranes did not present folds at the surface (an example is provided in
Figure 5.3.10). However, the morphology of these ultra-thin films was very similar
to that displayed in Figure 5.3.7, their RMS roughness being 15.6 ± 1.2 nm.
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Figure 5.3.7. AFM micrographs of TPU:P3TMA 40:60 nanomembranes: (a) 3D height
images; (b) 3D height (left) and phase (right) images; and (c) cross-sectional proﬁles.
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Figure 5.3.8. 3D AFM micrographs of ultra-thin films of (a) TPU, (b) P3TMA and TPU:P3TMA
40:60 supported on ITO.
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Figure 5.3.9. Height (left) and phase (middle) AFM images of ultra-thin films of (a) TPU,
(b) P3TMA and (c) TPU:P3TMA 40:60 supported on ITO. On the right, AFM micrographs
of supported ultra-thin film scratches with their cross-sectional profile to determine the
ultra-thin film thickness.

Figure 5.3.10. AFM micrographs of TPU:P3TMA 40:60 without folds. Scanning area: 5.0
µm x 5.0 µm (left) and 1.5 µm x 1.5 µm (right).
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C-AFM measurements were carried out to corroborate both the distribution of
phases in the TPU:P3TMA 40:60 films and the co-existence of the two components
in the observed folds. Figure 5.3.11 reveals that the application of a voltage between
the AFM tip and the ITO substrate provokes a current response in the P3TMA
domains (i.e. the granules). Nevertheless, the response of the granules was not
uniform, as it is evidenced by the fact that some granules appear in the topographic
image but not in the current image (Figure 5.3.11: left and right, respectively). This
indicates that, in some cases, the P3TMA path between the tip and the ITO substrate
is interrupted by insulating TPU.
SEM images, which are displayed in Figure 5.3.12, are fully consistent with AFM
observations. TPU exhibits a very smooth surface with no distinctive features
(Figure 5.3.12a). As expected, TPU nano-folds detected by AFM were not observed
in SEM micrographs because of their bidimensionality and resolution. The
morphology of P3TMA (Figure 5.3.12b–d) can be described as a relatively smooth
surface dotted by a homogeneous and dense distribution of round-like pits (or
craters). The diameters of such craters range from 140 to 520 nm. This particular
morphology is attributed to the combination of two well-known characteristics of
individual P3TMA:[25] its poor film-forming properties and its tendency to form
spherical aggregates of medium size. Thus, the abundant and well-defined particles
formed by such aggregates detach from the polymer surface during the preparation
of the film. Finally, TPU:P3TMA 40:60 (Figure 5.3.12e–h) shows a granular (island)
morphology in which pseudo-spherical granules with diameters ranging from 85 to
180 nm are homogeneously distributed through the whole surface.
The formation of films by mixing solutions of two individual polymers in a
common solvent can be described as a process with a ternary phase diagram of the
polymer blend and the solvent.[47] Initially, the two polymers are solubilized by the
solvent and the blend is in the intermixed or one-phase region of the phase diagram.
As the evaporation of the solvent proceeds during the spin-coating process, the
solution concentration increases rapidly, leading to a metastable or unstable state
and inducing phase separation. This phase separation process was found to be
sensitive to diﬀerent parameters: the polymer blend ratio, the solubility of the
individual polymers in the common solvent, the polymer–polymer interaction
parameters, and the speed of the spin-coating process.[48-55] However, typical models
used to explain the phase separation in the bulk or in thin films are probably not
valid for the conditions used in the present study. This is because the thickness of
the films prepared in this study is extremely small (40–50 nm) and, therefore, the
substrate–film and film–air interfaces are expected to play a crucial role in the phase
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Figure 5.3.11. C-AFM micrographs of TPU:P3TMA 40:60 nanomembranes. The 2D
topography height and current channel images are shown to the left and right,
respectively, while the 3D corresponds to the superposition of both images.
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separation. Thus, these interfaces may break the symmetry, imposing a direction to
the phase separation process (i.e. the formation of wetting and capping layers in
competition with bulk phase separation can lead to a vertical phase separation of
the film).[56] A simultaneous vertical and lateral phase separation was recently
observed in blends formed by mixing two polyfluorenes.[57] This behavior is
analogous to that found in the present work for TPU:P3TMA 40:60, and it is
attributed to the coexistence of the following two factors: (i) the actions of substrate–
film and film–air interfaces, which provoke the vertical phase separation; and (ii)
the spin-coating process, which is responsible for the lateral phase separation.
Figure 5.3.13 schematizes the phase separation found in TPU:P3TMA 40:60 spincoated ultra-thin films, illustrating the coexistence of vertical and lateral phase
separation.

Figure 5.3.12. SEM micrographs of (a) TPU; (b–d) P3TMA; and (e–h) TPU:P3TMA
40:60 nanomembranes.
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Figure 5.3.13. Scheme showing the cross-sectional view of the TPU:P3TMA 40:60 ultrathin ﬁlms obtained by spin-coating.

Nanomechanical properties
QNM mode was used to investigate the nanomechanical properties of the films
in the elastic deformation regime and to qualitatively map the diﬀerent phases
found in the blends. The main advance of QNM mode is that it allows the
simultaneous imaging and mechanical mapping of the sample. The E value
(applying DMT model) and the adhesion force, which are both represented as maps,
are obtained from the force–distance curves recorded in each pixel. The procedure is
schematically indicated in the Figure 5.3.14. It should be noted that the DMT model,
which is a modified Hertz model where adhesion between the probe and the
sample surface is taken into account, is only appropriated for weak adhesive forces
and tips with a small curvature radius.[58] In Figure 5.3.14, the green and dotted-red
profiles (trace and retrace, respectively) represent the tip approaching process and
the tip withdrawal, respectively. Part of the retrace curve (purple) is used to
calculate the Derjaguin-Muller-Toropov (DMT) elastic modulus. The minimum
force in the retrace curve is used for mapping the adhesion properties. (1) Little or
no force on the tip. As the piezo expands and the separation decreases, the tip is
pull down (2) by attractive forces (i.e. van der Waals, capillarity, electrostatic…)
until it arrives to the surface (separation = 0). The tip is pushed into the sample until
the peak force set point is reached (3). The tip is pulled up by the piezo and the force
on the tip decreases to a minimum value (4), and the tip comes off the surface.
Finally, forces on the tip decreases as the separation increases (5) and the piezo
returns to its initial position.

152

TPU:P3TMA BIOACTIVE NANOMEMBRANES
(3)
Peak Force

DMT fit for
Modulus

Approach

Deformation

(1)

Adhesion

(2)

(5)
(4)

Withdraw

Tip-sample Separation (nm)
Figure 5.3.14. Force-separation curve obtained during the PeakForce AFM tip tapping.

Spin-coated TPU films were examined using a soft cantilever (i.e. its nominal
spring constant, ks, was 0.35 N/m), with the set point adjusted to get a sample
deformation of ~2 nm. In spite of this, accurate control was not possible because of
the heterogeneity of the sample thickness. Thus, the true deformation ranged from
values lower than 2 nm in the thinner regions (i.e. thickness of 10–30 nm) to values
higher than 2 nm in the creases (i.e. thicker regions with a thickness of ~80 nm).
Minimal and maximal deformations are illustrated for a given scan in the Figure
5.3.15. Consequently, the E value varied between ~25 MPa (thicker regions) and ~35
MPa (thinner regions). This is reflected in Figure 5.3.16a, which clearly indicates
that the E value increases when the thickness decreases (i.e. in Figure 5.3.16a creases
are identified in boxes labeled 1 and 2, while thinner regions correspond to labels 3
and 4). These values are similar to those recently measured by nanoindentation for
diﬀerent kinds of polyurethane samples (60–70 MPa) with millimeter-scale
thicknesses (0.5–1.2 mm).[59] Moreover, adhesion force is quite homogeneous
through the whole surface, as is evidenced in Figure 5.3.16b, the mean value being
7.2 nN.
A similar behavior was obtained for P3TMA films, even though the nominal
spring constant of the cantilever used for testing this material (ks = 40 N/m) was
higher than the one used for TPU. Again, the E value was found to vary with the
thickness of the region. Specifically, values of ~12 and ~3.5 GPa were obtained for
the thinner (i.e. thickness of ~26 nm; labels 2 and 3 in Figure 5.3.17a) and thicker
regions (i.e. thickness of ~140 nm; label 1 in Figure 5.3.17a), respectively. These
modules are significantly higher than those for TPU, which is fully consistent with
the stiﬀer nature of P3TMA.
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(a)

(b)

Figure 5.3.15. (a) Deformation mapping image for TPU and (b) its corresponding crossprofiles.

The average value of the adhesion force, which is homogeneous along the
whole surface, was found to be 5 nN (Figure 5.3.17b). This value is one order of
magnitude larger than that reported for poly(3-decyl thiophene) (0.45 nN).[60]
Results obtained for TPU:P3TMA 40:60 are displayed in Figure 5.3.18. As it is
reflected by the contrast, thinner and thicker regions of the films present diﬀerent E
values. Moreover, small domains (i.e. pseudo-spherical protuberances) dispersed in
the continuous phase also show contrast, resulting in a broad distribution of
moduli. The mean values obtained for the thinner (labels 1 and 3 in Figure 5.3.18a)
and thicker regions (labels 2 and 4 in Figure 5.3.18a) are 1.7 and 0.9 GPa,
respectively. It is important to remark that the modulus values obtained for the
blend sample have to be considered cautiously; the vertical force applied on the
sample, while performing the nanomechanical experiments is constant and should
be chosen in order to create a sample deformation of around 2 nm. This deformation
is small enough to make sure that no plastic deformation is being induced on the
sample and representative enough to be able to calculate the E value of the sample.
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Nevertheless, because of the remarkable diﬀerences in the modulus for the two
polymers present in the sample, it is not straightforward to set a suitable vertical
force that ensures a minimum deformation of the stiﬀest polymer, while being low
enough not to create plastic deformation on the softest one. Still, we can consider a
general value for the modulus of the TPU:P3TMA 40:60 blend to be in the order of 1
GPa. This is lower than the E value derived from nanomechanical mapping for
copolymers of 1,4-phenylene with benzoyl-1,4-phenylene (~10 GPa),[61] but higher
than those obtained for poly(styrene-b-ethylene-co-butylene-b-styrene) block
(SEBS), which was found to be highly dependent on the composition.[62] The
modulus of the latter triblock copolymer was found to increase from 19 to 823 MPa
with the polystyrene content.[62]
In contrast to the homogeneous distribution observed for individual TPU and
P3TMA, the blend presents a high contrast in the adhesion force for the continuous
phase and the segregated domains. Specifically, the adhesion force is higher for the
TPU-rich domains than for the P3TMA-rich ones. In the P3TMA-rich phase, part of
the measured adhesion force distribution falls in negative values. After studying
individual force curves in this region of the sample, it is concluded that these
adhesion values are an artifact which arises when there is no adhesion at all
between the sample and the AFM tip. In fact, the software calculates the adhesive
force as the force increment between the flat baseline of the trace signal prior to
contact and the lowest point of the retrace curve, which corresponds to the
maximum adhesion peak. Then, if there is no adhesive peak, and the trace and the
retrace signals are overlapped, any small deviation from linearity in the trace signal
can lead to negative adhesive forces. Because of that, it can be considered that the
adhesive force on this part of the sample is close to 0 nN.
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Figure 5.3.16. (a) DMT modulus and (b) adhesion force maps (two rows at the top), 3Dtopography data (middle) and histograms (bottom) for TPU.
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Figure 5.3.17. (a) DMT modulus and (b) adhesion force maps (ﬁrst and second row), 3Dtopography data (third row) and histograms (bottom) for P3TMA.
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Figure 5.3.18. (a) DMT modulus and (b) adhesion force maps (top), 3D-topography
data (middle) and histogram (bottom) for TPU:P3TMA 40:60.
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Figure 5.3.19. Cellular proliferation on P3TMA, TPU and TPU:P3TMA 40:60 substrates.
Assays were carried out using the Cos-7 eukaryotic cell line. The relative viability was
established in relation to TCPS control (tissue culture polystyrene). Steel was also
considered as a control substrate because the individual polymers and the blend were
deposited on this material. Greek letters on the columns refer to signiﬁcant diﬀerences (p
< 0.05) using the ANOVA and Tukey’s tests: 𝛼𝛼 vs. TCPS; β vs. steel.

Cell Proliferation
The response of the TPU:P3TMA 40:60 nanomembranes towards the Cos-7
fibroblast cells have been compared with those of individual P3TMA and TPU.
Quantitative results for cellular proliferation assays are displayed in Figure 5.3.19,
which displays the cellular activity of the materials after seven days of culture. Both
steel and TCPS were used as control substrates, the number of viable cells per area
of material being considerably higher in the latter than in the former. Moreover, the
number of viable cells detected in P3TMA and TPU are similar to those found in
steel and TCPS, respectively. This feature is evidence that the behavior of P3TMA as
a cellular matrix is limited, which is a consequence of the cytotoxicity of the
oxidizing agent (FeCl3) contained in the matrix.[63,64] This negative eﬀect is
eliminated in the TPU:P3TMA 40:60 blend because of the reduction in the eﬀective
concentration of FeCl3. Interestingly, the ability of the blend for cellular proliferation
is slightly higher than that of individual TPU, indicating the positive eﬀects of
mixing P3TMA and TPU. Nevertheless, the latter eﬀect is smaller than that found in
P3TMA:PE44 nanomembranes.[25] Thus, the TPU:P3TMA blend shows better
mechanical properties than P3TMA:PE44, even though the latter behaves better as a
cellular matrix.[25,26] This is due to the fact that the cells interact more favorably with
the PE44 substrate than with the TPU one. In spite of this, it should be mentioned
that cell proliferation is higher in TPU:P3TMA than in the two individual polymers.
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5.3.3. Conclusions
TPU:P3TMA blends with 60:40, 50:50, 40:60 and 20:80 weight ratios have been
prepared and thermally characterized. The dependence of Tg on the composition
indicates a low partial miscibility between TPU and P3TMA. The highest miscibility
has been obtained for the 40:60 weight ratio. Thermal analysis of samples prepared
using TPU:P3TMA 40:60 nanomembranes evidence that the partial phase miscibility
found in the solvent cast films decreases at the nanometric scale. This eﬀect is
attributed to the influence of the solvent casting and spin-coating processes on the
crystallinity of TPU.
The topography and morphology of TPU:P3TMA nanomembranes present the
same elements as the individual TPU and P3TMA samples. Thus, the blend films
consist of a dispersion of granules, which are associated with the P3TMA-rich
phase, throughout the rest of the film. The co-existence of the two components in
some domains has been demonstrated by means of C-AFM measurements and
detailed observation of AFM phase images. The phase separation has been
rationalized in terms of both the conventional parameters typically found in thin
films (e.g. polymer–polymer interactions, solubility of the polymers in the solvent
and, especially, the spin-coating process) and the crucial role of the substrate–film–
air interfaces due to the ultra-thin nature of the membranes.
Regarding nanomechanical properties, the E value, which depends on the
thickness of the diﬀerent regions comprised in the samples, is higher for P3TMA
(~12.0 and ~3.5 GPa for thinner and thicker regions, respectively) than for TPU (~35
and ~25 MPa for thinner and thicker regions, respectively). In contrast, the adhesion
force of the two individual components is homogeneous and higher for TPU than
for P3TMA (7.2 and 5.0 nN, respectively). The E value determined for the 40:60
blend is half-way between those found for the individual components (1.7 and 0.9
GPa for the thinner and thicker regions, respectively), while the adhesion force
depends on the composition of the domains, being higher for the TPU-rich domains.
Nanomembranes prepared by blending TPU and P3TMA are more active as a
cellular matrix than each of the two individual materials. However, the response of
the P3TMA:PE44 nanomembranes towards the cells is more positive than that of
TPU:P3TMA. Thus, substitution of PE44 by TPU results in an improvement of the
mechanical resistance and robustness of the nanomembranes, even though the
bioactivity decreases. In spite of this, TPU:P3TMA nanomembranes have been
found to be good substrates for applications related to tissue engineering.
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5.4.

Electronic,
Properties

Electric

and

Electrochemical

Human body tissues, such as neural, cardiac or skeletal muscle ones, respond to
electrical stimulus, signals being able to regulate cell growth and behaviour.
However, conventional biomaterials do not result in appropriate biointerfaces to
conduct electrical stimulation since they lack electrical conductivity. Recently, in
order to overcome this drawback, conducting polymers (CPs) have been used as
biocompatible materials which can support cell adhesion, migration and
proliferation,[10,65,66] or even act as substrates for tissue electrical stimulation.[67]
Practical applications in such a field have been typically developed using
polypyrrole (PPy) and polyaniline (PAni) CPs.[68-71]
Considering the previous described results (section 5.3), TPU:P3TMA 40:60
biointerface has been subjected to further studies to test its feasibility as a future
platform for electrically stimulated cell growth. Bearing such biomedical application
in mind, in the present study the electronic and electrical properties, and the
electrochemical behaviour of these nanomembranes have been examined.
Specifically, we focused on the determination of the doping state of P3TMA (band
gap energy, Eg) from both the macroscopic (bulk properties of the blend) and the
nanoscopic scales. Besides, P3TMA distribution in the blend (interconnected
network), its electrical response and the insulating eﬀect of the TPU matrix have
been also analyzed. Finally, an electrochemical study has been performed on steel
supported nanomembranes in order to determine their electroactivity and
electrochemical stability.

Graphical abstract
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5.4.1. Experimental Section
UV-vis absorption spectroscopy
Absorption spectra for both polymer solutions and ITO-supported
nanomembranes were obtained using a UV-vis-NIR Shimadzu 3600
spectrophotometer equipped with a tungsten halogen visible source, a deuterium
arc UV source, a photo-multiplier tube UV-vis detector, and InGaAs photodiode
and cooled PbS photocell NIR detectors. Spectra were recorded in the absorbance
mode, with the wavelength range being 300–800 nm for both solution and
supported nanomembrane samples. For analyzing ITO-supported nanomembranes,
the integrating sphere accessory (model ISR-3100) was used. Its interior is coated
with highly diﬀuse BaO reflectance standard. Single-scan spectra were recorded at a
scan speed of 60 nm/min. Measurements, data collection and evaluation were
controlled by the computer software UVProbe 2.31.

Conductive atomic force microscopy (C-AFM)
AFM Dimension 3100 microscope equipped with an Extended TUNA unit and a
NanoScope IV controller (Bruker) was used in contact mode to simultaneously
obtain topographic and current images of the analyzed samples. The study was
carried out with two diﬀerent current-sensing cantilevers. For imaging, a silicon
rectangular lever coated with Pt–Ir (ANSCM-PC: resonant frequency 12 kHz and
spring constant 0.2 N/m) was purchased from Applied Nanostructures (Santa
Clara, CA). During all the imaging experiments, a bias voltage of 1 V was applied
between the tip, which acted as the back electrode, and the ITO front electrode,
while the current through the tip was measured. The ITO substrate was ground
during all the measurements, which were conducted under ambient conditions. The
load force was maintained below 10 nN to avoid damage on the film or the tip so
contact could be reliable and reproducible. Current images of the 40:60 TPU:P3TMA
supported nanomembranes were obtained using the most sensitive amplifier (0.01
nA per div; current upper limit detected 100 pA). Thus, the presence of TPU in
some regions produced an insulating eﬀect leading to small current signals only
clearly detected by such amplifier. As a drawback, intensity values higher than 100
pA were not distinguishable.
In addition to C-AFM imaging, current/voltage (I/V) measurements were
recorded at given spots by performing forward and reverse voltage scans between
3.0 V and + 3.0 V. In this case, a solid Pt probe (RMN-25PT300B: nominal resonant
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frequency 20 kHz and spring constant 18 N/m) was purchased from Bruker
Corporation (Santa Barbara, CA). These probes were chosen since they oﬀer
excellent conductivity and do not suﬀer from metal wear.

Electrochemical measurements
The electrochemical behaviour of TPU, P3TMA, and TPU:P3TMA
nanomembranes supported on steel AISI316 was determined by cyclic voltammetry
(CV). Phosphate buﬀer saline (PBS) (pH = 7.4) and acetonitrile (99.9%, Panreac
Quimica Sau) with 0.1M LiClO4 were used as electrolytes. All electrochemical
experiments were performed with a Potentiostat Versastat II connected to a PC and
controlled through the Electrochemistry Power Suite 2.58 (Princeton Applied
Research) program using a three-electrode cell under a nitrogen atmosphere
(99.995% in purity) at room temperature. The working compartment was filled with
50 mL of the electrolyte solution with 0.1 M LiClO4. LiClO4 worked as an electrolyte
increasing the number of electrons able to interact with the polymer structure and
maintained the total ionic force of the PBS solution stable. Steel AISI 316 sheets of 1
cm2 were both used as the working and counter electrodes, and an Ag|AgCl
electrode as the reference electrode which contained a KCl saturated aqueous
solution (oﬀset potential versus the standard hydrogen electrode, E0 = 0.222 V at 25
°C). All potentials given in this report are referred to this electrode. Cyclic
voltammograms were registered at a scan rate of 20, 50 and 100 mV/s in the
potential range from −0.4 to +1.0 V.
The electroactivity, which indicates the ability to store charge, was evaluated by
examining the similarity between the anodic and cathodic areas of the control
voltammogram. The electrochemical stability (i.e. loss of electroactivity, LEA),
which decreases with the oxidation and reduction areas of consecutive control
voltammograms, was determined using the following expression:
𝐿𝐿𝐿𝐿𝐿𝐿 =

∆𝑄𝑄
× 100
𝑄𝑄𝑖𝑖

(5.4.1)

where ΔQ is the diﬀerence of oxidation voltammetric charge between the first cycle
and the last cycle and Qi is the oxidation voltammetric charge corresponding to the
ﬁrst cycle. In this work all values of LEA were referenced to 10 consecutive
oxidation−reduction cycles.
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5.4.2. Results and Discussion
Electronic properties of P3TMA: doping state
The doping state of P3TMA and of the CP in the TPU:P3TMA blend has been
compared in ITO-supported nanomembranes and in solution by UV-vis
spectroscopy. Furthermore, UV-vis measurements have been used to examine the
influence of the spin-coating process on the CP. The spectra displayed in Figure
5.4.1 show that TPU nanomembranes and TPU solutions at any concentration do
not present any absorbance peak. As a control, the absorption spectrum for ITO was
recorded in the range from 300 to 800 nm showing almost 0% of absorbance (not
shown).
The absorbance peaks of P3TMA and TPU:P3TMA supported nanomembranes
(Figure 5.4.1a) appear at λmax = 410 and 413 nm, respectively, which corresponds to
the π–π * transition of thiophene rings in P3TMA chains.[72,73] The optical π – π *
lowest transition energy or band gap energy (Eg) was determined by considering
the following expression:
𝐸𝐸𝑔𝑔 (𝑒𝑒𝑒𝑒) =

ℎ𝑐𝑐
1.6 × 10−19 λ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(5.4.2)

where h (Plank’s constant) = 6.626 × 10-34 J· s, c (speed of light) = 3.0 × 108 m/s and
λonset (m) is the cut oﬀ wavelength for the absorption spectra.
Eg obtained for P3TMA and TPU:P3TMA ITO supported nanomembranes
deposited from THF solutions (Table 5.4.1) is 2.35 and 2.32 eV, respectively. Eg of
P3TMA supported nanomembranes deposited onto ITO from a CHCl3 solution (5
mg/mL) was determined to be 2.17 eV (λmax = 419 nm),[33] indicating a
hypsochromic eﬀect when the solvent changes from CHCl3 to THF. The shift
observed suggests a slightly diﬀerent polymer chain conformation induced by the
solvent. When chloroform is used a more planar conformation is obtained. The
energy required for the π–π* transition decreases since the π-conjugation length
increases.
UV-vis spectra of P3TMA and TPU:P3TMA in dilute (0.01 and 0.05 mg/mL) and
concentrated (0.5 and 5 mg·/mL) THF solutions are compared in Figure 5.4.1b and
c, respectively. Dilute solutions (0.01 mg/mL) showed absorbance peaks at λmax =
383 and 399 nm (Figure 5.4.1b) and band gap energy values of 2.62 and 2.59 eV for
P3TMA and TPU:P3TMA solutions, respectively. On the other hand, solutions with
a concentration of 0.05 mg/mL presented a maximum absorbance peak at 401 nm
for both P3TMA and TPU:P3TMA solutions, with Eg values of 2.46 eV for P3TMA
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Figure 5.4.1. UV-vis absorption spectra for TPU (dotted line), P3TMA (gray line) and
40:60 TPU:P3TMA (black line): (a) ITO-supported nanomembranes; (b) dilute solutions
with 0.01 and 0.05 mg/mL (dashed and solid lines, respectively); and (c) concentrated
solutions with 0.5 and 5 mg/mL (dashed and solid lines, respectively).

and 2.53 eV for TPU:P3TMA (Table 5.4.1). The Eg values for dilute P3TMA solutions
are similar to those obtained in our previous work despite having changed the
solvent.[33] These results indicate that the eﬀect of the solvent in the π–π* transition
band is almost negligible for dilute solutions, and thus, the influence in the πelectron delocalization is very small (Table 5.4.1).
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Table 5.4.1. Values of λmax (nm), λonset (nm) and Eg (eV) derived from UV-vis absorption
spectra (Figure 5.4.1.) for P3TMA and 40:60 TPU:P3TMA in different conditions.

Conditions
P3TMA nanomembrane spin-coating (5 mg/mL)
40:60 TPU:P3TMA nanomembrane spin-coating
(5 mg/mL
P3TMA dilute solution (0.01 mg/mL)
P3TMA dilute solution (0.05 mg/mL)
P3TMA concentrated solution (0.5 mg/mL)
P3TMA concentrated solution (5 mg/mL)
40:60 TPU:P3TMA dilute solution (0.01 mg/mL)
40:60 TPU:P3TMA dilute solution (0.05 mg/mL
40:60 TPU:P3TMA concentrated solution (0.5 mg/mL)
40:60 TPU:P3TMA concentrated solution (5 mg/mL)

λmax
410

λonset
535

Eg
2.32

413

528

2.35

383
401
464
584
399
401
464
503

475
505
524
657
480
492
505
546

2.62
2.46
2.37
1.89
2.59
2.53
2.46
2.28

When increasing the concentration, the π–π* transition exhibits a red shift with
respect to the spectra recorded for dilute solutions, indicating that the energy
required for such transition decreases since the π -conjugation length increases
(Figure 5.4.1c). Concretely, λmax increases from 401 nm (0.05 mg/mL) to 464 nm (0.5
mg/mL) for both P3TMA and TPU:P3TMA solutions, while for the solution at 5
mg/mL the maximum absorbance peak shifts up to 584 and 503 nm for P3TMA and
TPU:P3TMA, respectively. Accordingly, Eg decreases to 1.89 and 2.28 eV for P3TMA
and TPU:P3TMA solutions at 5 mg/mL, respectively (Table 5.4.1). Although they
appear as shoulder peaks, bands observed at wavelengths of 600 nm in
concentrated solutions may be associated with the polaron to π* band transition in
polymer chains evidencing the influence of the dopant agent (FeCl3) during the
chemical oxidative polymerization. In particular, these shoulders can be observed in
the spectra of P3TMA (0.5 and 5 mg/mL) and TPU:P3TMA (5 mg/mL) THF
solutions (Figure 5.4.1c).
As a general trend, the Eg values obtained in solution are higher for TPU:P3TMA
than for P3TMA solutions regardless of the concentration (except for the most dilute
solution, 0.01 mg/mL). These results indicate that the intermolecular interactions
among polymer molecules and solute–solvent or solute–solute interactions aﬀect the
energy required for the π–π* transition. The similarity between Eg values for the
most dilute P3TMA and TPU:P3TMA solutions (0.01 mg/mL) evidences the low
eﬀect of solute–solute interactions on the π–π* transition energy at that
concentration level, as the P3TMA/solvent interactions prevail.
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However, this consideration does not apply to the supported nanomembranes
since the Eg values for both P3TMA and TPU:P3TMA ITO-supported
nanomembranes are similar and, in fact, slightly higher than those determined for
the solution used in the spin-coating process (5 mg/mL). This can be possibly
ascribed to the spin-coating process in which alterations in the polymer chains take
place. Polymer molecules are not able to adopt their equilibrium conformation since
the solvent is completely evaporated and, therefore, conformational eﬀects in the
molecular π-conjugation length and the packing of the π-conjugated backbone
influence negatively the Eg values.
According to the Eg results obtained from UV-vis spectra, TPU:P3TMA
nanomembranes still exhibit a partial semiconductor behaviour (i.e. Eg < 3 eV).
Therefore, a current response is expected when voltage is applied.

P3TMA distribution and electrical response by C-AFM
C-AFM was chosen as an interesting tool to assess the interfacial electrical
characterization because of the possibility of taking simultaneously topographical
and current images for the same scanned region, allowing the correlation between
topographic features and the electrical response. Besides, this relationship could
also be evaluated by performing I/V curves at specific points throughout the
sample.
C-AFM: conductivity determination. Figure 5.4.2 presents typical height and
current images simultaneously obtained by C-AFM for the surface of the
TPU:P3TMA ITO-supported nanofilm. The topography of the TPU:P3TMA surface
is similar to the one shown in the previous section. It was described as the
combination of the topographies of the two individual components, resulting in a
homogeneous distribution of granules throughout the surface.
As is depicted in Figure 5.4.2, the application of a voltage between the tip and
the ITO substrate in the TPU:P3TMA supported nanomembrane results in a current
response: bright (high current-flowing) regions which essentially correspond to the
P3TMA-rich regions (i.e. granules) and dark (low current-flowing) regions that
correspond to the insulating TPU-rich areas. Still, some of the P3TMA-rich regions
show lower current values indicating that either the conducting path is somehow
interrupted by the insulating TPU in those zones or the electrical conductivity is
reduced by the conformation adopted by the P3TMA polymer chains.
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Figure 5.4.2. Simultaneous 5 µm × 5 µm topographical image (left) and C-AFM current
image (right) for 40:60 TPU:P3TMA. (b) Dual cross-section proﬁle of the above images
indicating variations in height (solid line) and current (dashed line).

These results evidence that the electron conduction across the nanomembrane is
not homogeneous since localized areas of varying extension were found to show a
diﬀerent intensity response while being embedded in an insulating matrix of TPU.
Accordingly, conductivity is not totally dependent on the topography or roughness
parameters. It is worth noting that although P3TMA is not completely doped, it
exhibits conductive spots (bright regions). A closer look reveals that some P3TMA
granules do not conduct at all, as it can be observed in the 1 µm × 1 µm region of the
TPU:P3TMA ITO-supported nanomembrane displayed in Figure 5.4.3 (see also
Figures 5.4.4-5.4.6). Dual cross-section profiles confirm this remark since almost no
current is detected when measuring granules of 70 nm height (cross-section H1).
These results suggest that these localized spots have the electron path between ITO
and tip blocked by the presence of TPU. Furthermore, in order to assess
quantitatively the conductivity of the supported nanomembranes, the minimum
and maximum current values obtained after averaging 256 points taken from the
current profiles shown below each current image are 1.85 ± 1.32 pA for profile V in
Figure 5.4.3 and 0.43 ± 0.21 pA for profile H in Figure 5.4.4., respectively. The line
and total area average current values for diﬀerent zones (imaged areas) are
summarized in Table 5.4.2.

168

TPU:P3TMA BIOACTIVE NANOMEMBRANES
V

101.6 nm

5 pA

H1

H2

0 pA

0 nm

V 80

6
5
4
3
2
1
0

60
40
20
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
4
3
2
1
0

100

H1 80

60
40
20
0
0

H2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
3

80
60
40
20
0

nm 0

2
1
0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pA

µm
Figure 5.4.3. Top: simultaneous 1 µm × 1 µm topographical image (left) and C-AFM
current image (right) for 40:60 TPU:P3TMA. Middle: super-imposition of both images.
Bottom: dual cross-section proﬁle of the above images indicating variations in height
(solid line) and current (dashed line) for the vertical line (top, V) and horizontal lines
(bottom, H1 and H2).

169

CHAPTER 5
Table 5.4.2. Data for 40:60 TPU:P3TMA regions shown in Figures 5.4.2 – 5.4.6:
RMS roughness, average current and average conductivity obtained from
topography and current images and calculated as described in the text.

40:60
TPU:P3TMA
Figure 5.4.2 D
Figure 5.4.3 V
Figure 5.4.3 H1
Figure 5.4.3 H2
Figure 5.4.4 D
Figure 5.4.4 H
Figure 5.4.5 D
Figure 5.4.5 H
Figure 5.4.6 H

Roughness
(nm)
22.2
21.6
19.1
17.4
17.4

Av. Current
(pA)
1.44 ± 1.03
1.85±1.32
0.59±0.49
0.63±0.47
0.66±0.46
0.66±0.44
0.54±0.27
0.43±0.21
1.18±0.97

Av. Conductivity
(S/cm)
1.74×10-5 ± 1.24×10-5
2.23×10-5 ± 1.59×10-5
7.12×10-6 ± 5.91×10-6
7.60×10-6 ± 5.67×10-6
7.97×10-6 ± 5.55×10-6
7.97×10-6 ± 5.31×10-6
6.52×10-6 ± 3.26×10-6
5.19×10-6 ± 2.53×10-6
1.42×10-5 ± 1.17×10-5

It is worth noting that the values exhibit a slight variation over the sample
surface. These large fluctuations in the film conductivity were also previously
described for fully doped CPs, which presented an inhomogeneity of the
conductivity values across the polymer surface even under perfectly controlled
conditions.[74] This was attributed to the irregular distribution of the doping level
over the surface. Accordingly, the variation in the current response of our system
may come from the presence of the insulating TPU since there are regions with no
intensity signal at all.
The vertical conductivity between the tip and the substrate electrode for
TPU:P3TMA nanomembranes has been determined by applying a simple set of
equations.[75] Calculations take into account both the contact area of the tip and the
CP considering the Hertz theory and the average conductance values obtained from
cross-sectional analyses of the current images at diﬀerent regions (Table 5.4.2).[76,77]
Thus, as a first step towards the evaluation of the vertical conductivity, the contact
area between the tip and the film (A) should be determined according to the
modified Hertz theory, which states that the contact area between two elastic and
perfectly smooth solids (i.e. a sphere and a plain) in the presence of adhesive
forces[78] can be approximated by the following relationship:
2

3 𝑅𝑅∗ (𝐹𝐹𝑁𝑁 + 𝐹𝐹𝑎𝑎𝑎𝑎ℎ ) 3
𝐴𝐴 = 𝜋𝜋 �
�
4
𝐸𝐸 ∗

(5.4.3)

where FN corresponds to the external loading force (7 nN in this case) and Fadh is the
adhesion force between the AFM tip and the sample surface.
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Figure 5.4.4. (a) Simultaneous 1.75 µm x 1.75 µm topographical image (left) and C-AFM
current image (right) for the same 40:60 TPU:P3TMA
sample. (b) 3D image
superimposing height and current. (c) Dual cross-section profile of above images
indicating variations in height (solid line) and current (dashed line) for the horizontal (H)
and diagonal (D) lines.
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Figure 5.4.5. (a) Simultaneous 2 µm x 2 µm topographical image (left) and C-AFM current
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Figure 5.4.6. (a) Simultaneous 1 µm x 1 µm topographical image (left) and C-AFM current
image (right) for 40:60 TPU:P3TMA sample. (b) Dual cross-section profile of above
images indicating variations in height (solid line) and current (dashed line).

In our previous work, we found that the adhesion force between the tip and the
TPU:P3TMA surface depends on the phase distribution, even though homogeneous
values were determined for the whole surface of individual TPU and P3TMA films
(i.e. average values: 7.2 and 5.0 nN, respectively).[26] For that reason, an average
value of 6 nN has been considered for Fadh in the conductivity calculations. R* is the
eﬀective radius of curvature of the tip and the sample surface contact, which is
expressed as:
1
1
1
=
+
∗
𝑅𝑅
𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(5.4.4)

where Rsample is the radius of the sample. Thus, the resulting R* ≈ Rtip was found to be
between 5 and 10 nm. Hence, the value of R* used for the calculations is 8 nm. E* is
the eﬀective Young’s Modulus determined by:
(1 − 𝜎𝜎𝑡𝑡2 ) (1 − 𝜎𝜎𝑠𝑠2 )
1
=
+
∗
𝐸𝐸
𝐸𝐸𝑡𝑡
𝐸𝐸𝑠𝑠

(5.4.5)

where Et and Es correspond to the Young’s Modulus of the tip (168 GPa) and the
sample, respectively. The nanomembrane modulus depends on the thickness of the
film, values of 0.9 and 1.7 GPa being found for the thicker (80–140 nm) and the
thinner (10–40 nm) regions.[26] Accordingly, the average value, Es = 1.3 GPa, has
been assigned for the calculations. The values of the Poisson’s ratio for the tip and
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the sample are σt = 0.39 and σs = 0.38, respectively.[79] Therefore, the contact area
obtained between the tip and the sample calculated by applying 5.4.3 is 43.1 nm2.
Finally, the average conductivity has been calculated using the following equation,
𝜎𝜎 =

𝐼𝐼𝑎𝑎𝑎𝑎 𝑙𝑙
𝑉𝑉 𝐴𝐴

(5.4.6)

where Iav is the average current, V the bias voltage applied (1.0 V), l the thickness of
the film and A the contact area.
The average conductivity values were obtained by taking into account the
thickness of the TPU:P3TMA films reported in our previous work (i.e. 52 nm),[26]
and are displayed in Table 5.4.2. for the scanned lines from Figures 5.4.2–5.4.6. The
obtained values, which range from 2.23 × 10-5 to 5.19 × 10-6 S/cm, represent an
approximation of the global electrical behaviour of the sample. Furthermore, these
values are fully consistent with a semiconductor behaviour.
I/V curve measurement. In order to assess the electrical properties of the
supported nanomembrane, I/V curves were recorded at 65 random spots
throughout the TPU:P3TMA surface. As previously occurred for the current image
measurements, not all the spots analyzed gave an I/V response. Specifically, 41 out
of 65 evaluated points showed an I/V response curve (i.e. 63%). Typical I/V curves
obtained for the semiconductive points, together with their corresponding dI/dV
signals, are displayed in Figure 5.4.7a. For the measurement of I/V curves solid Pt
AFM probes were used to improve current sensing. Amplifiers were then changed
to 1 nA per div (higher current detected: 10 nA) for TPU and some regions of the
TPU:P3TMA nanomembranes and 100 nA per div (higher current detected: 1000
nA) for P3TMA and TPU:P3TMA nanomembranes.
Curves were obtained by scanning the voltage in the range from -3.0 to +3.0 V
and a typical semiconductor behaviour was observed. Diﬀerences among the I/V
curves may arise from the polymer film inhomogeneity[80] and the spikes near -1
and +1 V may be attributed to the irregular distribution of P3TMA across the
nanomembrane.[81] The I/V curves that showed no current in the applied potential
range have been ascribed to TPU-rich region domains. These results are in complete
agreement with the conductivity results previously discussed.
In eﬀorts to confirm these observations, I/V curves were also obtained at 30
random points throughout the surface of a P3TMA supported nanomembrane.
Results were similar to those obtained for the blend ultra-thin nanofilm, even
though in this case all of the spots analyzed gave an I/V curve response since the
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Figure 5.4.7. Typical current–voltage (I/V) curves (100 nA per div ampliﬁer; max top
current: 1 mA) and their corresponding dI/dV signals for: (a) TPU:P3TMA
nanomembrane; (b) P3TMA nanomembrane; and (c) I/V curves for TPU (1) and ITO (2) in
a scan range from -3 to +3 V using a more sensitive ampliﬁer.
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current path between the tip and the ITO was not blocked by an insulating polymer.
Figure 5.4.7b shows four typical curves for P3TMA scanning from -3.0 to +3.0 V
using the 100 nA per div amplifier. TPU nanomembrane I/V curves were also
assessed as reference, showing no response (Figure 5.4.7c).

Band gap calculations: correlation between C-AFM and UV-vis results
The correlation of the band gap energy values obtained from the electrical and
optical measurements has been examined. It is possible to assign the band gap
energy values from the I/V curves obtained by C-AFM by measuring the distance
between the first two points showing response.[82,83] Figure 5.4.7a depicts a total of
three dI/dV curves obtained from the I/V curves for TPU:P3TMA nanomembranes
registered by C-AFM. By these means, the obtained Eg values ranged from 0.72 to
1.98 eV, depending on the spot analyzed since the P3TMA distribution among the
granules varies from spot to spot. Besides, polymer chains are not equally organized
at all the spots and the insulating eﬀect of TPU varies along the film surface.
Applying the same procedure, Eg values obtained from four I/V curves for P3TMA
(Figure 5.4.7b) were found to vary between 1.12 and 2.06 eV.
Eg values for the supported nanomembranes are higher when evaluated by UVvis spectroscopy than by C-AFM. The Eg value determined by UV-vis spectroscopy
corresponds to the average over the entire area of the supported nanomembrane
reached by the beam. Therefore, while UV-vis spectroscopy results expose the bulk
properties of the sample considering the influence of both P3TMA and TPU, C-AFM
allows the direct evaluation of those points that exhibit a semiconducting response.
As it was stated by Han et al.,[77] it has to be taken into account that the Eg value
resulting from I/V curves measured at a specific spot on the sample surface may not
represent all the electrical characteristics of the sample.
The combination of both techniques becomes essential. Although both
techniques are appropriate to measure electrical properties and evaluate doping
levels of CPs, UV-vis measurements provide an average value that corresponds to a
more macroscopic description,[76,78] giving the general semiconductive
characteristics of the whole film, while C-AFM gives the information corresponding
to the distribution of the semiconducting properties at the nanoscale over the
nanomembrane surface, that may be of relevance when processes at this scale, like
cell adhesion and migration, are to be considered.
Overall results for the TPU:P3TMA system are very promising, even though the
conformation of polymer chains, the formation of molecular aggregates, and the
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discontinuities in the P3TMA path between the tip and the electrode aﬀect the
nanomembrane conductivity. For example, TPU:P3TMA electrical response can be
useful when electrically active interfaces are needed to electrostimulate living
tissues for regenerating purposes.

Electrochemical properties
An electrochemical study was conducted on the TPU, P3TMA and TPU:P3TMA
nanomembranes to understand their response to oxidation–reduction chemical
processes since they are frequently involved in cellular applications when electrical
stimulation is applied. Hence, the electrochemical response of 20:80, 40:60, and 60:40
TPU:P3TMA nanomembranes supported on steel was studied in diﬀerent
electrolytic media by cyclic voltammetry (CV), and compared with that obtained for
individual P3TMA and TPU. Figure 5.4.8a shows the ﬁrst and 10th control
voltammograms (20 mV/s) recorded in acetonitrile, while those obtained in PBS are
displayed in Figure 5.4.8b.
In acetonitrile, P3TMA shows an oxidation process that begins at 0.796 V and a
second oxidation process seen as a shoulder at 0.926 V, which indicates the
formation of polarons and bipolarons in the P3TMA chains. The cathodic scan in
acetonitrile shows a single reduction peak at 0.766 V, indicating that polarons and
bipolarons reduce at the same potential. After 10 oxidation-reduction cycles, the
oxidation peaks shift to lower potentials (0.77 and 0.87 V, respectively), and the
shoulder becomes more pronounced. The voltammogram of the blank (steel)
reflects that the oxidation and reduction peaks are not aﬀected by the organic
solvent.
The voltammograms recorded for TPU:P3TMA nanomembranes share the
characteristics of those obtained for P3TMA: the oxidation processes, as well as the
reduction of polarons and bipolarons, are clearly identiﬁed in the three TPU:P3TMA
compositions. Specifically, TPU:P3TMA 40:60 shows an oxidation peak with an
anodic peak potential of 0.813, the corresponding reduction peak being detected in
the cathodic scan at 0.758 V. Furthermore, an oxidation shoulder is identified at
0.936 V, which corresponds to the oxidation of P3TMA chains in the blend.
Moreover, voltammograms indicate that the electroactivity decreases with the
concentration of P3TMA for the three TPU:P3TMA compositions. However, the
inﬂuence of P3TMA is very remarkable in all cases, as the electroactivity of the
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Figure 5.4.8. First (left) and 10th (right) control voltammograms for P3TMA (solid black
line), TPU (dotted black line), 20:80 TPU:P3TMA (red line), 40:60 TPU:P3TMA (blue
line), 60:40 TPU:P3TMA (slashed black line) and uncoated steel (cyan) in (a) acetonitrile
and (b) PBS. Scan rate: 20 mV/s. Initial and final potential: -0.4 V; reversal potential: 1.0
V.

20:80, 40:60, and 60:40 TPU:P3TMA nanomembranes is lower than that of individual
P3TMA by only 9%, 15%, and 24%, respectively. After 10 oxidation−reduction
cycles, the 20:80, 40:60, and 60:40 TPU:P3TMA nanomembranes show similar LEA
values (38%, 31%, and 35%, respectively), lower than that for P3TMA, which is 48%
after 10 cycles.
In opposition, voltammograms recorded for TPU in acetonitrile do not show
well-deﬁned oxidation or reduction processes in the potential range from -0.40 to
1.00 V. However, comparison of the voltammograms recorded for bare steel and
TPU indicates that the former substrate is completely inactive from an
electrochemical point of view within the scanned interval of potentials, whereas the
latter shows some electrochemical activity. Thus, the voltammograms recorded for
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TPU are consistent with the formation of charged species at unspeciﬁc positions,
representing a signiﬁcant diﬀerence with respect to P3TMA in which polarons and
bipolarons are formed at preferred positions. Inspection of the anodic and cathodic
areas indicates that the electroactivity of TPU is 65% lower than that of P3TMA in
the ﬁrst control voltammogram, this value decreasing to 58% after 10 redox cycles.
These results indicate that the formation of charged species in TPU through
oxidation and reduction processes does not occur at the preferred position, as it is
observed for P3TMA.
On the other hand, in PBS the anodic scan of P3TMA presents an anodic
shoulder at 0.858 V, while the cathodic scan shows a weak reduction shoulder at
0.095 V. Comparison of the current densities reached in acetonitrile and PBS
indicates that the amount of oxidized molecules is significantly higher in the former
than in the latter environment. In addition, the ability to store charge is 30% higher
in PBS than in acetonitrile. Similarly, the electrochemical stability of TPU:P3TMA
nanomembranes is signiﬁcantly high, as it is evidenced by the estimated LEA
values: 21%, 24%, and 23% for the 20:80, 40:60, and 60:40 compositions, respectively.
Thus, the LEA for the blends is around 15% lower in PBS than in acetonitrile.
Finally, the LEA is only 23% after 10 redox cycles in PBS, about half of the value
observed in acetonitrile. The voltammogram of TPU in PBS is relatively similar to
that recorded for P3TMA, showing oxidation and reduction processes at 0.780 and
0.100 V, respectively. The former has been attributed to the irreversible oxidation of
polymer chains, while the latter corresponds to the reduction of PBS.

5.4.3. Conclusions
The electronic, electric and electrochemical properties of TPU:P3TMA supported
nanomembranes have been examined. Results indicate that the two components of
the blend are essential for obtaining nanofilms with suitable properties. TPU plays a
crucial role in the film forming step during the spin-coating procedure, providing
mechanical integrity to the nanomembranes.
In solution, the band gap is higher for the TPU:P3TMA mixture than for the
individual P3TMA, independently of the concentration. In THF, the Eg value of the
mixture and P3TMA decreases from 2.59 to 2.28 eV and from 2.62 to 1.89 eV,
respectively, when the concentration increases from 0.01 mg/mL to 5 mg/mL. In
contrast, the Eg values of the nanomembranes are similar: 2.32 and 2.35 eV for
TPU:P3TMA and P3TMA, respectively. This feature has been attributed to the
conformational distortions undergone by the P3TMA molecules during the spin179
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coating process, which aﬀect not only the packing of the π-conjugated backbone but
also the π-conjugation length. Despite this, TPU:P3TMA nanomembranes exhibit
semiconductor behaviour similar to that reported for many polythiophene
derivatives, which is consistent with the current response observed upon
application of a voltage.
C-AFM measurements have been used to characterize the distribution of P3TMA
regions in the nanomembranes. The current response across the nanomembrane
reflects that the two components are not homogeneously distributed. Furthermore,
the electron conduction decreases in some P3TMA-rich regions, which has been
attributed to the conformational distortions mentioned above and/or the presence
of insulating TPU chains. The average current and conductivity of TPU:P3TMA
nanomembranes have been found to range from 0.43 to 1.85 pA and from 2.23 × 10-5
to 5.19 × 10-6 S/cm, respectively. These wide intervals of variation are not only due
to an irregular distribution of the doped chains, as typically occurs in CPs, but also
due to the inhomogeneous presence of the insulating TPU. Inhomogeneity is also
fully consistent with the I/V curves associated with the P3TMA-rich domains.
The voltammetric response of TPU:P3TMA nanomembranes is similar to that of
P3TMA, the electroactivity of both systems being higher in PBS than in acetonitrile.
Consecutive oxidation–reduction cycles produce electrochemical degradation,
which is reflected by the loss of electroactivity. This eﬀect is more pronounced in
acetonitrile than in PBS in all cases. However, in the former medium the loss of
electroactivity is lower for the TPU:P3TMA nanomembrane than for the P3TMA
one, while the electrochemical stability of the two systems is similar in the latter
medium.
In summary, the results obtained in this work indicate that TPU:P3TMA
nanomembranes are excellent candidates for the fabrication of active substrates able
to promote cell regeneration through electrical or electrochemical stimuli, which is
very useful for diﬀerent advanced biomedical applications. This represents a
significant advance with respect to their recently described application as simple
bioactive matrix for cellular adhesion and proliferation.
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5.5.

Biomedical and Biotechnological Applications

The design of electrically conducting devices for biomedical and
biotechnological applications has become a topic of growing interest.[84] For tissue
engineering purposes, conducting scaﬀolds are intended to display similar features
(chemical, mechanical, and topological) to those characteristic of the extracellular
matrix (ECM) in native tissues, thus performing as an adequate substrate onto
which cells are able to attach and communicate. Furthermore, their electrical
properties can regulate cellular functions such as adhesion, migration, proliferation,
and diﬀerentiation via electrical stimulation.[67]
Therefore, this last section summarizes the results obtained from studies
conducted to further explore TPU:P3TMA nanomembranes behaviour as
biointerfaces. In particular, properties associated with potential biomedical
applications (i.e. swelling, degradation, biocompatibility, and ability to adsorb extra
cellular matrix proteins) have been examined. In an eﬀort to relate the inﬂuence of
the composition for tailoring purposes, 20:80, 40:60, and 60:40 weight ratios have
been compared.

Type I collagen fibers

TPU:P3TMA nanomembrane
Graphical abstract
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5.5.1. Experimental Section
Materials
Lipase F-AP15 (from Rhizopus oryzae) was purchased from Sigma (U.S.A.) and
used in the enzymatic degradation experiments. For cell culture experiments, Vero
and Cos-7 cells were purchased from ATCC (U.S.A.). Dulbecco’s phosphate
buﬀered saline solution (PBS) without calcium chloride and magnesium chloride,
Dulbecco’s modiﬁed Eagle’s medium (DMEM, with 4500 mg/L of glucose, 110
mg/L of sodium pyruvate, and (2 mM) L-glutamine), penicillin-streptomycin, 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 97.5%), and
trypsin-EDTA solution (0.05% trypsin, 0.02% EDTA) were all purchased from
Sigma-Aldrich (USA). Fetal bovine serum (FBS) and trypan blue stain (0.4%) were
purchased from Gibco, U.K. Dimethyl sulfoxide (99.0%) was purchased from
Panreac Quimica S.A.U. (Spain) and sodium azide (NaN3, ≥99.5%) from SigmaAldrich (U.S.A.).
For the protein adsorption assessment, Type I collagen solution from calf skin
(0.1% solution in 0.1 M acetic acid) and Lowry reagent were purchased from SigmaAldrich.

Uptake of water
For the swelling experiments, TPU and TPU:P3TMA ﬁlms were solvent-cast
from THF solutions onto Teﬂon® sheets and slowly dried under vacuum for 3 days.
The resulting ﬁlms were easily separated from the Teﬂon® sheets and cut into 1 cm
× 1 cm pieces. The thickness, which was assessed by proﬁlometry, was ∼3 μm in the
inner region and ∼6 μm on the edges. P3TMA ﬁlms could not be prepared due to
poor ﬁlm forming characteristics.
Swelling was evaluated by recording the weight increase of the samples placed
in vessels ﬁlled with 5 mL of PBS solution at 37 °C (four samples for each system).
Vessels were closed and sealed with paraﬁlm to prevent water loss by evaporation.
Measurements were run over 6 days. At each immersion time, samples were taken
out from the oven, carefully dried with delicate task wipers in order to remove
water from the surface, and ﬁnally weighed on an analytical balance. The
percentage of water uptake (WU) was obtained by the ratio between the weight of
the samples before and after immersion:
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𝑊𝑊𝑊𝑊 (%) =

𝑚𝑚𝑤𝑤 − 𝑚𝑚𝐷𝐷
× 100
𝑚𝑚𝐷𝐷

(5.5.1)

where mD is the dried sample mass and mw the wet sample mass.

Hydrolytic and enzymatic degradation
Degradation studies were carried out on TPU and TPU:P3TMA ﬁlms prepared
by solvent casting onto Teﬂon® sheets and cut to approximately 1 cm × 1 cm. Films
were placed in vials containing 10 mL of phosphate buﬀered saline solution (PBS)
supplemented with 0.1 mg/mL of sodium azide (to prevent contamination) with
and without 4 mg/mL of Lipase F-AP15 to evaluate enzymatic and hydrolytic
degradation, respectively. Incubation at 37 °C in a shaking incubator set at 100 rpm
lasted for a total of 12 weeks. Vials were closed and sealed with paraﬁlm to avoid
loss of solution by evaporation, even though the PBS solution was replaced every 48
h. Samples were analyzed after 1, 2, 4, 6, 8, 10, and 12 weeks.
After each immersion time, samples were removed from the solution and gently
washed with distillated water. After drying under vacuum for several days at room
temperature, ﬁlms were weighed. Degradation was quantitatively monitored as
weight loss (WL, in %) of the ﬁlms by applying the following formula:
𝑊𝑊𝑊𝑊 =

𝑚𝑚0 − 𝑚𝑚𝑡𝑡
× 100
𝑚𝑚0

(5.5.2)

where m0 is the weight of the ﬁlm before the degradation assay and mt is the weight
of the ﬁlm after exposure to the degradation medium.

Cellular adhesion and viability
All cellular assays were performed using Vero and Cos-7 cells, which are
epithelial- and ﬁbroblast-like, respectively, from African green monkey kidney
tissue. These carcinogenic cells were selected because they can be cultured easily in
the presence of serum. Cells were cultured in DMEM high glucose supplemented
with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL). The
cultures were maintained in a humidiﬁed incubator with an atmosphere of 5% CO2
and 95% O2 at 37 °C. Culture media were changed every 2 days. When the cells
reached 80 − 90% conﬂuence, they were detached using 1−2 mL of trypsin (0.25%
trypsin/EDTA) for 5 min at 37 °C. Finally, cells were re-suspended in 5 mL of fresh
medium, and their concentration was determined by counting with a Neubauer
camera using 0.4% trypan blue as a vital dye.
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TPU, P3TMA, and TPU:P3TMA (20:80, 40:60, and 60:40 compositions)
nanomembranes were prepared by spin-coating on steel AISI 316 pieces of 1 cm2,
and then they were placed in plates of 24 wells and sterilized using UV light for 15
min in a laminar ﬂux cabinet. Controls were simultaneously performed by culturing
cells on the surface of the tissue culture polystyrene (TCPS) plates and steel plates.
For adhesion assays, an aliquot of 50 μL containing 5 × 104 cells was deposited on
the nanomembrane of each well. Then, cell attachment to the nanomembrane
surface was promoted by incubating under culture conditions for 30 min. Finally,
500 μL of the culture medium were added to each well. After 24 h, nonattached cells
were washed out, while attached cells were quantiﬁed. For viability assays, the 50
μL aliquots deposited on each well contained 2 × 104 cells. Quantiﬁcation of viable
cells was performed after 7 days of culture.
Cell adhesion and viability were evaluated by the colorimetric MTT [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, which determines
the cell viability.[46] Speciﬁcally, 50 µL of MTT solution (5 mg/mL in PBS) was
added to each well. After 3 h of incubation, samples were washed twice with PBS
and stored in clean wells. In order to dissolve formazan crystals, 1 mL of
DMSO/methanol/water (70/20/10% v/v) was added. Finally, the absorbance at
540 mm was measured using a UV−vis spectrophotomether (UV-3600, Shimadzu).
The resulting viability results were normalized to TCPS control as relative
percentages. Results were derived from the average of four replicates (n = 4) for
each independent experiment.

Type I collagen adsorption: sample preparation and quantitative test
ITO (0.5×1.0 cm2) and glass (square pieces of 1.3 cm2 area) supported
nanomembranes were incubated with type I collagen following the next procedure,
which is based on the producer recommendations. A water drop (100 μL) was
deposited onto the substrate to hydrate its surface and allow uniform protein
dispersion. Then, 10 μL of as-received 1 g/L type I collagen weak acid solution was
added, thus diluting the solution 10-fold as recommended by the producer (0.1 g/L)
in situ on the nanomembrane surface. The low concentration collagen solution was
not used directly because by following our procedure we could hydrate the
nanomembrane surface before the protein binding step and expect to get a more
uniform collagen dispersion throughout the sample.
Collagen adsorption was allowed to take place for 1 h at room temperature.
After, 400 μL of water were added to prevent evaporation during the prolonged
incubation step, and nanomembranes were incubated in the collagen solution
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overnight at room temperature. Then, the samples were thoroughly washed with
distilled water to remove any not adsorbed collagen. Type I collagen adsorption
was quantitatively determined by the Lowry microassay. Samples were prepared in
triplicate.

Contact angle
Contact angle measurements were obtained using the water drop method.
Images of 0.4 μL distillated water drops on the nanomembrane surfaces were
recorded after stabilization with the equipment OCA 15EC (DataPhysics
Instruments GmbH, Filderstadt), six times for each sample. The software SCA20
was used to analyze the images and acquire the contact angle value.
ANOVA and Tukey tests were performed to determine the statistical
signiﬁcance of contact angle, cell viability, and collagen adsorption results. A
conﬁdence level of 95% (p < 0.05) was considered.

Scanning electron microscopy (SEM)
Cells and collagen ﬁbrils adsorption were observed using a Focused Ion Beam
Zeiss Neon40 scanning electron microscope equipped with an energy dispersive Xray (EDX) spectroscopy system and operating at 5 kV. All samples were previously
coated with a carbon layer of 6 − 10 nm thickness using a K950X Turbo Evaporator
to prevent sample charging problems. Before the carbon coating, samples covered
with cells were ﬁxed in a 2.5% glutaraldehyde PBS solution (pH = 7.2) overnight at
4 °C. Then, they were dehydrated by washing in an alcohol battery (30°, 50°, 70°,
90°, 95°, and 100°) at 4 °C for 30 min per wash. Finally, samples were air-dried and
sputter-coated with carbon.

5.5.2. Results and Discussion
Swelling
Generally, transfer processes can occur at the material−tissue interface when
materials contact biological systems. For instance, ﬂuid can move into the
biomaterial device thus leading to an increase of volume, a process known as
swelling. The study of this phenomenon is of high importance since water is the
most important and primary driver for biointeractions, and the scaﬀold water
absorption capacity is crucial in cell regeneration applications. Besides, swelling can
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aﬀect profoundly the behaviour of the biomaterial, causing large and continual
deformations and deterioration of its mechanical properties. Therefore, the water
uptake test has been used to evaluate the TPU:P3TMA ﬁlms swelling properties
from a quantitative point of view, special attention being paid to the inﬂuence of the
composition.
Figure 5.5.1 displays the variation of the water uptake values against the
immersion time for TPU and TPU:P3TMA solvent-casted ﬁlms. Films with the
higher content of P3TMA, that is, 20:80 and 40:60 TPU:P3TMA, displayed a swelling
rate that increased almost linearly for the ﬁrst 24 h, reaching values that are slightly
constant for the rest of the swelling period (i.e. 24% ± 2% and 18% ± 2%,
respectively). During the ﬁrst 24 h, the water uptake curve for 60:40 TPU:P3TMA
ﬁlms rises up to a swelling ratio of 9% ± 2%, and from that point onward, the water
uptake occurs at a much slower pace. It is important to remark that the speed at
which the saturation is reached depends mostly on the thickness of the sample, the
kinetics of diﬀusion, and the temperature. Interestingly, TPU ﬁlms show the highest
swelling ratio during the ﬁrst 3 h, with a maximum at 11% ± 2%. However, the
value decreases to 7% ± 1% after 16 h and remains practically constant and similar
to the water uptake displayed by 60:40 TPU:P3TMA ﬁlms.
A linear relationship between the water uptake value and the immersion time is
linked to the diﬀusion of water in the amorphous zones of the polymer. As
calorimetric results evidenced, all TPU:P3TMA blends samples exhibited the
formation of two amorphous phases with diﬀerent compositions. In addition to
that, water molecules penetrate to void spaces left at the boundaries of the phases.
TPU ﬁlms undertake severe water absorption at the earlier stages of the swelling
process, which induces rupture of intramolecular hydrogen bonds, leading to
relaxation movements within TPU polymeric chains. Before reaching the ﬁnal
equilibrium plateau, these movements resulted in a structural rearrangement of the
polymeric chains during a transition step in which water can be ejected.
It can be noted that for all samples the equilibrium plateau is well established
after 36 h. In general, swelling increases with P3TMA content. Indeed, at the end of
the swelling period, water absorption is approximately twice for 40:60 and 20:80
TPU:P3TMA (21% ± 1% and 24% ± 1%, respectively) than for TPU and 60:40
TPU:P3TMA (9% ± 2% and 13% ± 1%, respectively). These results suggest that, in
general, the swelling ability of TPU:P3TMA blends is suitable for their use as
biomaterials. Accordingly, the three investigated compositions show a water uptake
ability that is expected to aﬀect favourably cellular regeneration through the
formation of biointeractions in which water plays a crucial role. Furthermore,
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Figure 5.5.1.Variation of the water uptake (in %) against the immersion time (in
hours) for TPU and TPU:P3TMA films. Inset shows the swelling during the first 10
hours of immersion. Dashed lines were added manually to help following data
progression.

measured water absorption capacities indicate that the all blends will undergo
hydrolytic degradation, even though this is expected to be higher for the 20:80 and
40:60 blends than for the 60:40 and pure TPU compositions (as it has been
corroborated in the next section). The process of swelling and its mechanism are
decisive to design biomaterial devices with a proper subsequent degradation which
relies on the molecular processes involved, that is, penetration of water molecules to
void spaces and relaxation of the polymeric matrix segments. By tailoring the
TPU:P3TMA composition, several degradation rates can be expected according to
the water uptake ratio.

Hydrolytic and enzymatic degradation
Eﬀective mimicking of the extracellular matrix (ECM) requires CP-based tissue
scaﬀolds to be both biodegradable and biocompatible to minimize the inﬂammatory
reaction in a tissue that hosts the biomaterial device. TPU:P3TMA ﬁlms have been
subjected to degradation processes, which can provoke scissions at the backbone of
the polymer chains, to assess their suitability for clinical applications as tissue
scaﬀolds.
Figure 5.5.2a represents the temporal evolution of the weight loss (WL)
measured for TPU and TPU:P3TMA ﬁlms during 12 weeks of immersion in PBS
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Figure 5.5.2. Weight loss of pure TPU and TPU:P3TMA films immersed in (a) PBS
solution and (b) Lipase-containing PBS solution. Dashed lines were added manually to
help following data progression.

solution. The hydrolytic degradation of TPU:P3TMA samples proceeds at a higher
rate than that of TPU samples and depends on the P3TMA content. Thus,
degradation of the 20:80 blend, which exhibits WL=9% ± 2% after 12 weeks of
immersion in PBS, occurs signiﬁcantly faster than that of the 40:60 and 60:40 ﬁlms,
both with a WL=6% ± 1% after 12 weeks. This behaviour is fully consistent with the
water uptake results discussed in the previous subsection (Figure 5.5.1.) and should
be attributed to the relatively partial miscibility between TPU and P3TMA.
On the contrary, the weight of TPU ﬁlms decreases slowly during the ﬁrst 6
weeks of immersion, remaining practically unaltered at WL ≈ 4% after such a period
of time. The hydrolytic stability of TPU indicates that penetration of water into ﬁlms
is very limited and the weight loss displayed in Figure 5.5.2a corresponds to the ﬁrst
stages of surface degradation rather than to the bulk degradation processes.
Moreover, the hydrolytic resistance shown by the commercial TPU used in this
work is fully consistent with that recently observed for other thermoplastic
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polyurethanes tuned by incorporating higher concentration of biodegradable soft
segments.[85,86] Thus, the hydrolytic degradation of TPU is known to take place
through the hydrolysis of the ester groups of the polyester soft segment.[87] Figure
5.5.2b displays the temporal evolution of the weight loss measured for TPU and
TPU:P3TMA ﬁlms during 12 weeks of immersion in the Lipase-containing solution.
As it can be seen, the enzyme clearly enhances signiﬁcantly the degradation process
for all the compositions. Again, the P3TMA content inﬂuences the enzymatic
degradation rate.
The 20:80 TPU:P3TMA blend exhibits the higher weight loss during the
degradation period, escalating from WL=8% ± 4% at week 2 to WL=47% ± 2% after
12 weeks of immersion in PBS solution with Lipase. Interestingly, the weight loss
evolution for 20:80 TPU:P3TMA ﬁlms is similar to that shown by TPU ﬁlms during
the ﬁrst quarter of the immersion period. However, the blend starts a severe
fragmentation process after only 3 weeks, which leads to a dramatic increase in the
weight loss value that is ascribed to a critical loss of mechanical properties.
Although TPU ﬁlms also evidence a rising trend, this is much steadier since ﬁlms
are able to retain their mechanical properties. The ﬁnal WL value for TPU is 20% ±
1% after 12 weeks of immersion.
Within this context, it should be emphasized that 40:60 and 60:40 blends present
a similar weight loss behaviour during the ﬁrst half of the immersion period by
showing practically equal WL values, even though this is slightly lower than those
reported for TPU and 20:80 TPU:P3TMA ﬁlms. Similarly, at week 6 there is a
considerable increase in the weight loss for 40:60 and 60:40 TPU:P3TMA ﬁlms,
which rise from 4% ± 1% each to 28% ± 3% and 16% ± 2%, respectively.
TPU ﬁlms behaviour is consistent with the surface mechanism reported for TPUs
when exposed to lipase,[88] typical of enzymatic attack,[89] whereas for TPU:P3TMA
ﬁlms it depends on the amount of P3TMA. Speciﬁcally, the presence of P3TMA
hinders the degradation processes for 40:60 and 60:40 blends by possibly preventing
the access to cleavage points in the TPU molecular chains during the enzymatic
attack, until a point is reached at which the loss of mechanical properties prevails.
On the other hand, the degradation process is fully controlled by the loss of
mechanical features in the case of the 20:80 TPU:P3TMA ﬁlms.
Therefore, biodegradation results reveal that the TPU matrix is essential to
provide mechanical integrity to CP-based tissue scaﬀolds, while speciﬁc
compositions of TPU:P3TMA ﬁlms behave not only as a semiconductor but also as a
biodegradable material.
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Biocompatibility
A key factor when developing CP-based devices to be attractive candidates as
tissue scaﬀolds is their biocompatibility and immunogenity. Bearing that
requirement in mind, the biocompatibility of TPU:P3TMA nanomembranes has
been assessed by cell adhesion and viability tests. Moreover, the response of 20:80,
40:60, and 60:40 TPU:P3TMA towards Vero and Cos-7 cellular lines has been
compared with those of TPU and P3TMA. Two substrates, TCPS and steel, were
used as control in all adhesion and viability assays.
Quantitative results for cell adhesion assays are displayed in Figure 5.5.3a. The
number of Vero and Cos-7 cells adhered to the surface of the TPU:P3TMA
nanomembranes is higher than that of P3TMA thin ﬁlms. Indeed, cellular adhesion
onto TPU:P3TMA increases with decreasing content of P3TMA. This tendency is
more evident in the case of Vero cells. The adhesion of both Vero and Cos-7 on the
surface of TPU nanomembranes is the most favoured, comparable to the TCPS
control result, whereas steel shows the worst behaviour as supportive matrix for
cellular adhesion.
After 7 days of culture, the cellular activity on the materials was re-evaluated.
Cellular viability results, which are included in Figure 5.5.3b, show an appreciable
increment in the cellular colonization for all the TPU:P3TMA compositions.
Evaluation of this increment with respect to the viability of the adhered cells
indicates that the preference of Vero and Cos-7 cells is higher for the 20:80 and 60:40
compositions, respectively, even though in absolute terms the biocompatibility
exhibited by TPU:P3TMA blends increases with the concentration of TPU. In
contrast, P3TMA inhibits cell viability, which may be attributed to the presence of
FeCl3 in the polymeric matrix. This oxidizing agent, which is in excess during the
polymerization process, has been reported to provoke cytotoxicity in MCF-7 cells[63]
and to induce lipid peroxidation in cell membranes.[64] Finally, the viability of Vero
and Cos-7 cells in TPU increases slightly, while that of steel remains practically
unaltered (Cos-7 cells) or increases (Vero cells). In order to corroborate the
cytotoxicity of FeCl3, viability assays were performed using TPU ﬁlms previously
immersed in an aqueous solution containing 20 μg/mL FeCl3. Results showed that
viability of Vero and Cos-7 cells decreases by 23% ± 3% and 31% ± 6%, respectively,
in relation with the values obtained for TPU without FeCl3.
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Figure 5.5.3. Relative cellular (a) adhesion and (b) viability of Vero (blue bars) and
Cos-7 (purple bars) cell lines on TPU, P3TMA and TPU:P3TMA (20:80, 40:60 and
60:40) nanomembranes. Greek letters on the columns refer to significant differences
(p < 0.05) using the ANOVA and Tukey’s test: α vs. TCPS; β vs. steel.

Viability results obtained for TPU:P3TMA blends can be related with the surface
structure of the nanomembranes through two key features. The ﬁrst refers to the
roughness, in general cell viability after 24 h and 7 days increases with the surface
roughness. Thus, the formation of connection sites between the cells and the surface
of TPU:P3TMA nanomembrane becomes easier on nanomembranes with higher
roughness. Second, cell viability increases with the miscibility of the two
components in the nanomembranes. Thus, results indicate that the partial
miscibility is higher for the 60:40 and 40:60 compositions than for the 20:80, which is
fully consistent with quantitative results obtained for cell adhesion and viability
assays. Overall, TPU:P3TMA interfaces can be considered as eﬀective bioactive
platforms.
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Figure 5.5.4. SEM micrographs of Vero cells cultured on the surface of TPU (a and b),
P3TMA (c and d), 20:80 TPU:P3TMA (e and f), 40:60 TPU:P3TMA (g and h) and 60:40
TPU:P3TMA (i and j) substrates. Left images show adhesion results (inset: interactions
between cells and the substrate surface) and right images show colonization results
after 7 days. Surface without cells is indicated with a star ().

SEM micrographs displayed in Figure 5.5.4 show the characteristics of Vero cells
cultured onto the surface of TPU, P3TMA, and TPU:P3TMA nanomembranes.
Inspection of the SEM micrographs for TPU:P3TMA nanomembranes (Figure
5.5.4e−j) indicates that the receptivity of the surface to colonization through cellular
viability of adhered cells increases with the content of TPU. Although large
microdomains without cells are identiﬁed on the surface of 20:80 TPU:P3TMA thin
ﬁlms, cells are widely spread on the surface of 40:60 and, especially, on 60:40
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TPU:P3TMA nanomembranes. In addition, the connection sites between the cells
and the surface of TPU:P3TMA are clearly identiﬁed in Figure 5.5.4h and j. These
consist of actin ﬁlaments, which are known as ﬁlopodia, oriented toward the ﬁlm
surface for local adhesion. It is worth noting their similarities with the formation of
cellular monolayers on the surface of TPU (Figure 5.5.4a-b). In general, there is a
broad spreading of cells on TPU, even though very small domains without cells are
occasionally detected (Figure 5.5.4a, inset). In contrast, bare P3TMA frequently
shows micrometric surface areas without cells (Figure 5.5.4c,d), which is consistent
with the relatively low cell viability found for this P3TMA as compared to that of
TPU and TPU:P3TMA nanomembranes. Indeed, the biological behaviour of P3TMA
is considerably worse than that observed for other biocompatible polythiophene
derivatives, as, for example, PEDOT.[90] SEM micrographs of Cos-7 adhered to the
surface of the diﬀerent substrates (not shown) were fully consistent with these
trends. In all, these results indicate that TPU:P3TMA nanomembranes are not only
biocompatible but also stimulate the cellular viability.
At this stage, a close examination of the results described so far designate the
40:60 TPU:P3TMA composition the most adequate composition for further assays
since it achieved a balance between good electrochemical properties and suitable
swelling, biodegradation, and biocompatible features. Besides, it presents good
mechanical and conducting properties, exhaustively studied at the nanometric scale
(previous sections). Concretely, the next subsection discusses the behaviour of 40:60
TPU:P3TMA nanomembranes as bioactive platforms by analyzing their protein
adsorption response.

Type I collagen adsorption
Protein adsorption onto surfaces is the ﬁrst stage that takes place in cell adhesion
and viability processes when biomaterials contact living cells in the appropriated
media. Type I collagen is the most common collagen isotype. In addition, type I
collagen is one of the most abundant extra cellular matrix (ECM) proteins, which is
known to bind ﬁbronectin, another important ECM protein, for early adhesion.[91]
Various types of interactions may inﬂuence the adsorption of collagen, which
depend both on the protein and the surface of the sample. Surface properties like
wettability, linked to topography, roughness, and chemistry, have been shown to
alter protein adsorption and conformation, inﬂuencing the cellular response of a
material.[92,93]
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Figure 5.5.5. Type I collagen adsorption quantitative data (%/cm2). Ultrathin
nanomembranes spin-coated onto ITO (red bars) and glass coverslips (blue bars). (†)
Tukey’s test, p < 0.05 vs respective glass support.

Quantitative data on type I collagen adsorption onto ITO and glass supported
TPU, P3TMA, and 40:60 TPU:P3TMA nanomembranes are displayed in Figure 5.5.5.
Protein adsorption onto bare ITO, glass coverslips, and TCPS were used as control.
As depicted, no signiﬁcant diﬀerence on the collagen adsorption (79−81 %/cm2) was
obtained regardless of the sample surface when ITO was employed as substrate.
Surprisingly, the adsorption of collagen on the bare glass coverslip, which was also
used as the control substrate, is 36% ± 2%/cm2, less than the half of the value
obtained for ITO substrate. This value is similar to that obtained for TCPS, 29% ±
1%/cm2 (not included in Figure 5.5.5). In order to further understand this
diﬀerence, contact angle measurements were carried out. The contact angles
determined for the bare substrates are 75° ± 3° and 68° ± 2° for ITO and glass,
respectively, showing a diﬀerence of 7°.
Following these observations, the protein adsorption test was repeated for
nanomembranes spin-coated onto glass coverslips to determine the inﬂuence of the
substrate. Again, values of adsorbed collagen showed no signiﬁcant diﬀerence
regardless of the nanomebmrane composition, but all were almost half the values
obtained for ITO-supported nanomembranes (37 – 39 %/cm2). This behaviour could
be attributed to the diﬀerences in the surface wettability of the diﬀerent substrates.
Contact angle values determined for TPU, P3TMA, and 40:60 TPU:P3TMA
nanomembranes spin-coated onto ITO are 81°± 1°, 82°± 1°, and 81°± 2°, respectively;
whereas when spin-coated onto glass, values slightly decrease to 78°± 2°, 79° ± 2°,
and 79° ± 1°, respectively. All these values are higher than the corresponding bare
substrate contact angle value, regardless the nanomembrane.
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Figure 5.5.6. SEM-AFM images of type I collagen adsorbed onto 40:60 TPU:P3TMA
nanomembrane: (a) height image 5×5 µm2; (b) cross-sectional data from (a); (c) height
image 1×1 µm2; (d) phase image 1×1 µm2 of (c); (e ) and (f) SEM images (14 kX and 150
kX, respectively).

Therefore, TPU, P3TMA, and TPU:P3TMA supported nanomembranes exhibit
the same degree of wettability when spin-coated onto the same substrate. Once type
I collagen was adsorbed onto a glass substrate, the contact angle test was repeated
and the value dropped from 68° ± 2° to 36° ± 2°. The same decreasing tendency was
observed for the nanomembranes, although in a lower extent for the TPU (69° ± 4°),
and in a greater extent for P3TMA and 40:60 TPU:P3TMA (50° ± 2° for both
materials). Finally, it is important to highlight that TPU, P3TMA, and 40:60
TPU:P3TMA nanomembranes behave as active surfaces for the adsorption of
collagen.
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Figure 5.5.7. AFM images of type I collagen adsorbed onto TPU: (a) height image 5×5
μm2; (b) height image 1 μm2; (c) height image ×1 μm2; and (d) cross-sectional data
from (b).

In general, factors that monitor the ECM protein adsorption mechanism, such as
the substrate wettability, are not understood completely yet.[94-97] Inspection of the
bare substrates (ITO and glass) response indicates that the amount of adsorbed
protein decreases with the contact angle value (i.e. hydrophobicity promotes
adsorption of type I collagen). Nevertheless, analysis of the TPU, P3TMA, and 40:60
TPU:P3TMA responses evidence that such simple and direct correlation cannot be
applied. It becomes evident that other factors apart from wettability can aﬀect the
protein adsorption mechanism.
SEM and AFM images were recorded for type I collagen adsorbed onto ITO
supported nanomembranes (TPU, P3TMA, and 40:60 TPU:P3TMA) and bare ITO
substrate to evaluate the inﬂuence of the topography on the adsorbed collagen
structures. Type I collagen adsorbed onto 40:60 TPU:P3TMA nanomembranes
surface forms at least two layers (Figure 5.5.6). More speciﬁcally, the top layer
exhibits a pseudoregular honeycomb 2D network (Figure 5.5.6a) that shows cavities
with diﬀerent sizes. The larger pits present diameters of 1.2 ± 0.7 μm, while the
smaller ones, which are uniformly distributed throughout the surface, exhibit a
diameter of 194 ± 55 nm. Besides, cross-section proﬁle data (Figure 5.5.6b) indicate
depths of about 73 nm. A careful inspection of a smaller area of the surface (Figure
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Figure 5.5.8. AFM images of type I collagen adsorbed onto P3TMA: (a) height image
5×5 μm2; (b) cross-sectional data from (c); (c) height image 1×1 μm2; and (d) phase
image 1×1 μm2 of (c).

5.5.6c,d) reveals a ﬁbril structure on the top layer. The bottom layer is similar to the
top one although collagen adopts a much more compact conﬁguration.
Type I collagen topography adsorbed onto 40:60 TPU:P3TMA nanomembranes
shares some similarities with that adsorbed on TPU and P3TMA nanomembranes
surfaces (Figure 5.5.7 and 5.5.8, respectively). Speciﬁcally, it also adopts a two layer
arrangement. However, type I collagen adsorbed onto TPU results in a matrix with
a regular distribution of pits on the top layer (Figure 5.5.7a-b), whereas the bottom
layer is more uniform and adsorbed collagen is closely packed together (Figure
5.5.7c). Cross-section proﬁle data show that the depth of such pits ranges from 5 to 8
nm (Figure 5.5.7d). On the contrary, for the P3TMA nanomembrane, the collagen
adsorbed top layer is more dense and with smaller cavities, which display height
steps of 46.4 nm in some regions, and diameters of 227 ± 46 nm and are distributed
throughout the surface (Figure 5.5.8a-b). Moreover, the ﬁbrous collagen matrix on
the top layer (Figure 5.5.8c-d) resembles that for 40:60 TPU:P3TMA, while the
bottom layer is comparable in all three samples, regardless of the nanomembrane
composition.
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Figure 5.5.9. AFM images of type I collagen adsorbed onto ITO: (a) height image 5×5
μm2; (b) height image 1×1 μm2; (c) height image 3×3 μm2; and (d) phase image 3×3
μm2 of (c).

Finally, Figure 5.5.9 displays images for type I collagen deposited onto bare ITO.
In this case, type I collagen topography diﬀers from the one observed for the
TPU:P3TMA supported nanomembranes. Particularly, ﬁbrils appear to be arranged
on branching structures and the collagen matrix does not cover the entire surface
since ITO substrate is detected (dark regions in phase images, Figure 5.5.9d).
Moreover, these ﬁbrils result in a porous collagen matrix with several high density
regions, in which collagen shows a more compacted structure and ﬁbrils are not
distinguished. Cross-section proﬁles reveal that the diameter and height of the
ﬁbrils varied from 40 to 140 nm and from 1 to 4 nm, respectively.
Furthermore, SEM images (Figure 5.5.10) allowed us to identify the type I collagen
ﬁbrous structures adsorbed onto the several surfaces.
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Figure 5.5.10. SEM images of type I collagen adsorbed onto (a) TPU, (b) P3TMA
nanomembranes and (c) bare ITO. For TPU: (a1) and (a2) images at 30 kX. For
P3TMA: images at (b1) 14 kX and (b2) 80 kX. For bare ITO: (c1) image at 152 kX
and (c2) cross-sectional data from Figure 5.5.9c.

Results are in good agreement with the previous AFM observations. As a general
consideration, morphological observations by SEM and AFM showed that the
sample surface aﬀects the adsorbed type I collagen structure and distribution. Type
I collagen adsorbed onto the nanomembranes hides the original surface by entirely
covering it. The ﬁnal adsorption topography varies slightly depending on the
nanomembrane ﬁlm, which may be inﬂuenced by both the chemical composition
and also the roughness of the nanomembranes.[98] In general terms, collagen matrix
presents a 2D honeycomb-like morphology when adsorbed onto TPU, P3TMA, and
40:60 TPU:P3TMA nanomembranes, in opposition to the results obtained for the
bare ITO substrate. As it has been stated elsewhere,[99,100] honeycombed collagen
matrixes are suitable scaﬀolds for biological and biomedical purposes.
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5.5.3. Conclusions
The inﬂuence of the composition on the properties, especially those oriented
toward biomedical applications, of TPU:P3TMA nanomembranes has been
examined. The water uptake observed for TPU:P3TMA ﬁlms decreases with the
concentration of TPU, even though it is relatively high in all cases. Consistently,
hydrolytic and enzymatic degradation increase with the P3TMA content. This
behaviour should be attributed to the phase separation between TPU and P3TMA
regions, which facilitates the access of water molecules to the bulk. The response of
TPU:P3TMA to lipase-containing PBS solutions is that expected from biodegradable
materials. Furthermore, viability assays show that TPU:P3TMA are biocompatible
blends, the viability of cells increasing with the concentration of TPU in the
composition.
Studies on type I collagen reveal that the amount of adsorbed protein does not
depend on the chemical composition of the organic nanomembranes, but on the
substrate used as support. However, the surface that contacts the protein aﬀects the
morphology of adsorbed collagen matrices. Collagen onto bare ITO forms ﬁbrils,
while honeycomb-like structures are observed when the protein is in contact with
organic nanomembranes, the dimension and regularity of such organization
depending on the chemical nature of the nanomembrane.
The behaviour of TPU:P3TMA nanomembranes, especially the 40:60, as
electroactive substrates for biomedical applications is very good. Thus, these
hydrophilic blend nanomembranes are biodegradable and promote cell growth. In
addition, adsorption of collagen results in the formation of honeycomb protein
matrices with potential applications. Current research is oriented toward cell
regeneration onto 40:60 TPU:P3TMA bioactive substrates through electrical
stimulation for diﬀerent advanced biomedical applications.
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SENSITIVE THERMAL TRANSITIONS OF
P3TMA NANOINTERFACE USING THE
BIMETALLIC EFFECT

SENSITIVE THERMAL TRANSITIONS OF P3TMA NANOINTERFACE

Summary
The phase separation observed in both P3TMA:PE44 and TPU:P3TMA systems
has been attributed to the conventional parameters typically found in thin films (e.g.
polymer–polymer interactions, solubility of the polymers in the solvent and,
especially, the spin-coating process) and also to the crucial role played by the
substrate–film–air interfaces due to the ultra-thin nature of the membranes.
Inspired by this fact, the present chapter explains the studies carried out to
provide understanding and rationalize the thermal results described in the previous
chapters.
For that, a sensitive nanocalorimetric technology based on microcantilever sensors
has been used to determine the glass transition of P3TMA interfaces. These thermal
measurements were performed at Mecwins S.L. 1 In addition, the study has been
completed with atomistic molecular dynamics simulations on models that represent
the bulk powder and the ultra-thin ﬁlms, which were implemented by Dr. D.
Curcó 2.

T < Tg

T > Tg

Graphical abstract

Publication derived from this work:
O. Ahumada, M. M. Pérez-Madrigal, J. Ramirez, D. Curcó, C. Esteves, A. SalvadorMatas, G. Luongo, E. Armelin, J. Puiggalí, C. Alemán, Rev. Sci. Instrum. 2013, 84, 053904.

1Parque

Cientíﬁco de Madrid PTM, Tres Cantos, Madrid.
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6.1.

Introduction

Miniaturized calorimeters (i.e. nanocalorimeters), which are predominantly
based on silicon chips, are designed to perform nanoscale thermal analysis with
high sensitivity on extremely small amounts of sample (nanograms, picoliters)
under very fast operating rates.[1–3] Reduced sample size means reduced sample
consumption, which demands higher resolution and better thermal isolation.
Temperature can be measured using integrated thermocouples or by determining
changes in the temperature coefﬁcient of resistance of the heater element.[4] An
optical technique has been recently developed to calibrate the thermal response of
the chips, avoiding errors in the extrapolation from low to high temperatures.[5]
Although the use of nanocalorimetry started in the 1970s by determining the heat
capacity of very thin ﬁlms,[6] essential progress in both development and
applications has been made in the last decade. Therefore, nanocalorimetry is still
considered as an emerging ﬁeld. Recently, nanocalorimetry has been applied to a
variety of materials including metal, ceramics, polymers, and biomolecules.[4,7,8]
Thus, nanocalorimeters have been adapted to carry out unusual small-scale
measures, for example, interfacial reactions,[9,10] phase transitions,[7] nanoscale
biologial reactions,[2] folding-unfolding processes in proteins,[11] and absorption
phenomena in ultra-thin ﬁlms.[12]
Sensitive calorimeters based on the cantilever technology represent an
alternative to the chip-based nanocalorimeters. Thus, the cantilever deﬂection
resulting from the absorption of heat, either at a localized spot on the cantilever or
along its entire length, can be modeled to determine thermal transitions. The small
size and heat capacity of microcantilevers make them remarkable nanocalorimeters
with picojoule sensitivities and milliseconds time resolution.[13] This represents a
signiﬁcant improvement with respect to conventional differential scanning
calorimeters (DSCs) and infrared detection techniques, which typically show
sensitivities of 0.2 mJ and 6 nJ, respectively, and time resolutions on the order of the
second.[14] For example, cantilever-based nanocalorimetry has been used to measure
enthalpy changes in picoliter volumes of solid samples during phase transitions of
n-alkanes,[13] to detect molecules adsorbed on the layer coating of the cantilever
when it is catalytically active,[15] and to determine the thermo-mechanical properties
of polymeric samples in the vicinity of their glass transition temperature (Tg).[16]
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Regarding the latter, Jung et al.[16] used the variations in the resonance frequency
and deﬂection of the cantilever with the temperature to determine the change in the
effective modulus and volume of polystyrene when the temperature was close to
the Tg.
In this work, we present a technology developed to determine thermal
transitions, in particular the Tg of ultra-thin polymeric samples with a mass scale
lower than the picogram. This promising technology named SCALA CAL, which
opens the door to measure thermal transitions at the molecular level, represents a
signiﬁcant improvement in relation to currently available nanocalorimetric
techniques. The work has been organized as follows. In section 6.2, the technology is
described after providing a brief theoretical background. After this, the technology
is evaluated at the proof concept level using nylon 6 (section 6.3). Finally, in section
6.4 the new technology has been used to evaluate the Tg of P3TMA, a soluble
semiconducting polymer with important applications in nanotechnology.
Speciﬁcally, section 6.4 has been distributed in three parts. The ﬁrst provides a
description of the experimental methods, the second compares the glass transition
determined in samples with a mass of ∼10−13 g with that obtained from samples
with ∼10−3 g, and the last part shows a comprehensive Molecular Dynamics (MD)
simulation study to rationalize the experimental observations at the molecular level.

6.2.

Theoretical Background and Technology

Cantilever-based sensing technologies are emerging platforms with the
advantage of being relatively cheap to mass-produce. Micro-fabrication
technologies have facilitated not only the design of microcantilevers optimized for
various types of sensing applications but also the manufacturing of large arrays of
cantilevers, making it possible to use various sensors in parallel. These cantileverbased sensors have been proved to be quite competitive with current sensing
technologies because of their high sensitivity, fast response time, and small size (i.e.
from μm to nm).[17–20]
SCALA is the acronym for “Scanning Laser Analyzer,” a recently developed
technology for the optical read-out of cantilevers.[21,22] The aim of this work consists
of the application of this technique, which allows the user to readout the proﬁles of
microcantilever arrays using a picometric mass-scale and a processing speed of
about ten cantilevers per second, on the analysis of the thermal properties of ultrathin polymeric samples. The application has ended up with a new technology based
on SCALA named SCALA CAL. The improvement in the scanning laser analyzer
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S
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Δz

500 µm

Figure 6.2.1. Schematic representation of the experimental setup used to
determine thermal properties, and optical image of a microcantilever chip.

consists in the implementation of a calorimetric chamber containing a
thermoelectric cooler and a cartridge heater. These elements are capable of
sweeping the chamber’s temperature from −50 up to 220 °C by ﬂowing
thermostatized N2 to the sample. A holder, with multiple thermometer probes, is
placed inside the chamber for a better mapping of the temperature. All the
measurements are performed in nitrogen environment to avoid the oxidation of the
sample. The temperature control is regulated by software realized in a LabVIEW
environment, which allows to acquire data and to send commands to hardware.
The readout technique combines the optical beam deﬂection method and the
automated two-dimensional scanning of a single laser beam by voice-coil actuators.
Figure 6.2.1 shows a schematic representation of the experimental setup. A 1 mW
laser diode is mounted on two perpendicular linear voice coil actuators, which
allow two-dimensional non-hysteretic displacement over a range of several
millimeters at speeds up to 10 mm/s and with an accuracy of 100 nm. One of the
scanning axes is oriented parallel to the cantilever longitudinal axis. The cantilever
array is illuminated by the laser beam and a two-dimensional linear position
detector (PSD) is arranged to collect the reﬂected beams. A convergent lens is used
to decrease the spot size of the laser on the cantilevers to 5–10 μm, approximately.
Location and characterization of cantilever sensors is carried out using
TRACKER, an algorithm based on the recognition of reﬂected intensity patterns.
This capability of SCALA allows the user to characterize a single sensor or an array
of them in a fully automated process. Moreover, the algorithm is able to recognize
both commercial and self-made mechanical sensors.

210

SENSITIVE THERMAL TRANSITIONS OF P3TMA NANOINTERFACE
A change in the local slope at the cantilever surface results into a displacement
of the reﬂected laser spot on the PSD, which is denoted S (Figure 6.2.1). Thus, the
displacement recorded by the PSD during the scan of the cantilever is described by
𝑆𝑆(𝑥𝑥) ≅ 2𝐷𝐷

𝑑𝑑𝑑𝑑
(𝑥𝑥) + 𝑥𝑥 cos 𝛽𝛽
𝑑𝑑𝑑𝑑

(6.2.1)

where z(x) is the cantilever proﬁle along its longitudinal axis, D is the distance
between the cantilever and the PSD, and β is the angle between the incident laser
beam and the cantilever normal at its rest position. The second summand in
equation (6.2.1) accounts for the effect of the laser beam displacement, which is
generally small compared to the ﬁrst summand associated to the slope variations.
The cantilever proﬁles are obtained by integrating equation (6.2.1):
𝑥𝑥

1
1 𝑥𝑥 2
� 𝑆𝑆(𝑥𝑥′)𝑑𝑑𝑑𝑑′ −
𝑧𝑧(𝑥𝑥) =
cos 𝛽𝛽
2𝐷𝐷
4 𝐷𝐷

(6.2.2)

0

This technology is attracting a growing interest due to their capabilities for high
sensitivity, label-free detection, and small sample consumption.[23,24] These
properties are inherent in the nature of the nanomechanical response and the tiny
size of the microcantilevers, with areas of ∼1000 μm2. In addition, these sensors are
scalable as the microfabrication techniques admit routine fabrication of arrays with
tenths of cantilevers, which is very convenient for platforms devoted to complex
chemical and biological analyses.
Cantilevers can be used as precise thermometers or calorimeters by exploiting
the bimetallic effect.[25] This phenomenon refers to the measurable bending produced
by temperature changes in bimaterial systems, like a substrate covered on one side
by another material coating.[26,27] Similarly, coated microcantilevers undergo a
deﬂection (i.e. differential stress) as a result of temperature changes due to the
thermal expansion coefﬁcient difference between the coating material of the
cantilever and the cantilever itself.[28] The deﬂection of a rectangular cantilever, Δz,
produced by a change in temperature, ΔT, is expressed as[29]
∆𝑧𝑧 =

3
(𝛼𝛼 − 𝛼𝛼𝑐𝑐 )(𝑡𝑡𝑏𝑏 + 𝑡𝑡𝑐𝑐 )𝑙𝑙 2 ∆𝑇𝑇
𝑡𝑡𝑐𝑐2 𝐾𝐾 𝑏𝑏

(6.2.3)

where 𝑙𝑙 is the rectangular cantilever’s length, 𝛼𝛼𝑏𝑏 /𝛼𝛼𝑐𝑐 and tb/tc are the thermal
expansion coefﬁcient and the thicknesses of the cantilever beam/cantilever’s
coating, respectively.
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K is expressed as:
𝑡𝑡𝑏𝑏
𝑡𝑡𝑏𝑏 2 𝐸𝐸𝑏𝑏 𝑡𝑡𝑏𝑏 3 𝐸𝐸𝑐𝑐 𝑡𝑡𝑐𝑐
𝐾𝐾 = 4 + 6 � � + 4 � � + � � + � �
𝑡𝑡𝑐𝑐
𝑡𝑡𝑐𝑐
𝐸𝐸𝑐𝑐 𝑡𝑡𝑐𝑐
𝐸𝐸𝑏𝑏 𝑡𝑡𝑏𝑏

(6.2.4)

where Eb and Ec are the Young’s modulus of the cantilever and of the coating,
respectively.
The application of micromechanical sensors to thermal phase transition analyses
of phase transitions is based on its compact size combined with very high sensitivity
and short response times. The sensitivity of a bimaterial micromechanical sensor is
∼1 pJ, while the response time is ∼1 ms.[30] Accordingly, the limit of this application
corresponds to enthalpy changes within attomolar quantities of material.
When a polymeric coating is heated around a thermodynamic transition (i.e. the
temperature of the ﬁlm is close to the Tg or the melting temperature, Tm),
parameters such as the Young’s modulus and the thermal expansion coefﬁcients
undergo abrupt changes. The effects produced by such changes on the mechanical
deﬂection of the cantilever are recognized as the thermodynamic transitions
ﬁngerprints using equations 6.2.3 and 6.2.4.

6.3.

Proof of Concept: Nylon 6

The effect of changes in the Young’s modulus and the thermal expansion
coefﬁcient on the deﬂection of the cantilever has been evaluated using equation
(6.2.3). Figure 6.3.1 represents the deﬂection curve calculated using the technical
data sheet of commercial nylon 6 from DSM Engineering Plastics (PA6, Aukulon F9183). The Tg and Tm of nylon 6 are visualized as changes in the slope at 57 °C and
217 °C, respectively. In region I of the curve, the cantilever bends linearly due to the
fact that the thermal expansion coefﬁcient of the polymer and the silicon are
different.
The slope of the deﬂection curve changes at the glass transition temperature
(region II), which combines pronounced jump of the thermal expansion coefﬁcient
and a decay of the Young’s modulus. Finally, the Young’s modulus practically
vanishes at the melting temperature (region III), producing another drastic change
in the deﬂection. The Tg and Tm values obtained from the deﬂection curve are in
good agreement with those reported in the technical data sheet of Aukulon F-9183
(67 and 207 °C, respectively), which were determined from the bulk using
conventional DSC methods.
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Figure 6.3.1. Calculation of the deflection curve against the temperature (Eq. 6.2.3)
for commercial nylon 6.

6.4.

Application to P3TMA

The technology described above has been applied to poly(3-thiophene methyl
acetate) (P3TMA), a soluble polythiophene derivative. The choice of this
semiconducting material is based on its already described nanotechnological
application as bioactive platforms for tissue engineering when combined with PE44
and TPU polymers (Chapters 4 and 5, respectively). Furthermore, P3TMA dispersed
as nanoparticles was found to be a powerful anticorrosive additive of organic
coating, showing better protecting abilities than zinc phosphate compounds.[31] As a
result, this material was patented for its application as anticorrosive pigment to low
volatile organic compounds solvent-based epoxy and alkyd formulations.[32,33]
Accordingly, comparison of the thermal properties between bulk P3TMA powder
and samples in which the P3TMA chains are organized in nanometric length-scales
deserves consideration.

6.4.1. Experimental and Computational Methods
P3TMA was synthesized by oxidative coupling following the procedure
described by Kim et al.[34] After removal of residual oxidant and oligomers, P3TMA
was a power soluble in different organic and polar solvents at room (25 °C) and
high temperature (60 °C).[35]
Conventional DSC measurements were obtained using a TA Instruments Q100
series equipped with a refrigerated cooling system (RCS) operating at temperatures
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between −90 °C and 600 °C. Experiments were conducted under a ﬂow of dry
nitrogen with a sample weight of approximately 5 mg, calibration being performed
with indium. Heating runs were performed at different temperatures, ranging from
1 to 20 °C/min, with samples previously quenched from the melt state by cooling at
the maximum rate allowed by the equipment. Determination of the Tg was carried
out with the TA-Universal Analysis software furnished with the instrument.
Samples for nanocalorimetric measurements were prepared by spin-coating a
solution of P3TMA in THF onto previously cleaned microcantilevers. In order to
achieve the maximum afﬁnity between the polymer and the surface of the substrate,
different cleaning procedures and spinning conditions (i.e. concentration of the
solution, spin-coater speed and time, and temperature) were tested using silicon
squares obtained from silicon wafer as substrate. The main characteristics of this
silicon substrate, which is cheaper than cantilevers, are similar to those of the chips
(i.e. 99.9% Si), resulting very appropriate for all trials. Four different cleaning
procedures were tested: (i) immersion in a piranha solution (i.e. a mixture of sulfuric
acid and hydrogen peroxide) for 30 min; (ii) immersion in water mixed with
detergent from Procter & Gamble for 30 min; (iii) exposure to UV ozone cleaner
from Novascan; and (iv) immersion in acetone, a heavy duty degreaser, and then
into isopropanol, 15 min in each solvent. Optimal microscopy analysis indicated
that (ii) produced the most homogeneous and continuous ﬁlms. The cleaning action
of the detergent, which acts as surfactant in conjunction with water, should be
attributed to the micelles that surround grease particles causing them to disperse in
water. Regarding the spinning conditions, they were optimized to get a thickness
lower than 100 nm at both the center and border regions of the microcantilevers.
After trial experiments, cantilevers for calorimetric measurements were coated at
room temperature applying a spin-coater speed of 1200 rpm for 60 s to a 5 mg/mL
P3TMA solution. Accordingly, SCALA CAL has been used for thermal
characterization of P3TMA, which was deposited using such spinning conditions on
commercial arrays of 8 cantilevers from Concentris GmbH cleaned with a mixture
of water and detergent. Nine chips, which represent a total of 72 different sensors,
were measured. The rate of heating was 1 °C/min. Together with every
functionalized sensor, a control (i.e. a cantilever where no polymer has been
deposited) was measured.
Optical microscopy observations were performed using a Zeiss Axioskop 40 Pol
light polarizing microscope equipped with a Linkam temperature control system
conﬁgured by a THMS 60. Micrographs were taken with a Zeiss Axios MRC digital
camera. Scanning electron microscopy (SEM) studies were carried out using a
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Focused Ion Beam Zeiss Neon40 scanning electron microscope equipped with an
energy dispersive X-ray (EDX) spectroscopy system operating at 3.0 kV. Samples
were mounted on a double-sided adhesive carbon disc and sputter-coated with a
thin layer of carbon to prevent sample charging problems. Atomic force microscopy
(AFM) images were obtained in tapping mode with a Molecular Imaging PicoSPM
using a NanoScope IV controller under ambient conditions. RMS roughness was
determined using the statistics application and tools of the NanoScope Analysis
software version 1.20. The scan window size was 5×5 μm2 and the row scanning
frequency was set to 1 Hz.
MD simulations were carried out with the NAMD program[36] using a molecular
system constituted by 40 identical chains, each one involving 15 repeating units
with head-to-tail polymer linkages and an alternated disposition (i.e. anticonformation). Periodic boundary conditions using the nearest image convention
were applied in the three (i.e. x-, y-, and z-edges of the simulation box) and two
directions (i.e. x- and y-edges of the simulation box) to represent the bulk powder
(BP model) and the ultra-thin coating (UTC model) samples, respectively. The
potential energy was computed using the AMBER force-ﬁeld,[37] all the bonding and
van der Waals parameters required for the DPs under study being taken from
Generalized AMBER force-ﬁeld (GAFF).[38] Atomic charges were adjusted using the
Restrained Electro-Static Potential (RESP) strategy.[39] Atom-pair distance cutoffs
were applied at 12 Å to compute van der Waals and electrostatic interactions. Bond
lengths involving hydrogen atoms were constrained using the SHAKE algorithm
with a numerical integration step of 2 fs.[40]
Initial microstructures for the BP and UTC models were constructed using a
recently developed computational tool to represent the packing of polythiophene
derivatives.[41] In order to identify the changes induced by the glass transition at the
microscopic level, each system was simulated at three temperatures, T=20 °C, 40 °C,
and 80 °C. Before running the production trajectories at such temperatures, the
starting microstructures were equilibrated using the following strategy: 1×104 steps
of steepest descent energy minimization were performed in order to relax
conformational and structural tensions. Next, different consecutive rounds of MD
runs were performed in order to equilibrate the density, temperature, and pressure.
Speciﬁcally, all atoms of the system were submitted to 2 ns of steady heating until
the target temperature was reached (i.e. 20 °C, 40 °C, or 80 °C), 4 ns of NVT-MD at
the desired temperature (thermal equilibration) followed by 10 ns of density
relaxation (NPT-MD). Both temperature and pressure were controlled by the weak
coupling method of the Berendsen thermobarostat,[42] using a time constant for the
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heat bath coupling and a pressure relaxation time of 1 ps. After this, each NPT-MD
production run at the desired temperature and 1 atm was 10 ns long. The numerical
integration step was set to 1 fs, while the coordinates of the production run were
saved every 2000 steps (2 ps interval).

6.4.2. Determination of the Glass Transition
Figure 6.4.1a displays the heating trace of P3TMA samples (5 mg) at a heating
rate of 1 °C/min. Before DSC measurement, samples were quenched from the melt
state in order to increase the amorphous content and the glass transition signal. This
is critical due to the low heating rate and the semicrystalline character of the
material directly obtained from synthesis (melting point: 111.3 °C; X-ray diffraction
peak at 1.17 nm). The DSC heating trace shows a clear change on the base line
allowing us to unambiguously determine the glass transition temperature at Tg =
61.8 °C.
On the other hand, P3TMA was solubilized in THF and deposited by spincoating onto the surface of cantilever sensors for measurements. The thickness of
the coating, which was determined by scratch AFM, was found to be 47 nm. The
densities measured for the bulk powder and the nanoﬁlm samples, which were
determined by the ﬂotation method from water+ethanol mixtures, were 0.976 and
1.000 g/cm3, respectively. Thus, the change from three mesoscopic dimensions to
one nano-dimension combined with two macroscopic dimensional produces an
increment of 2.5% in the density of P3TMA. This effect, which is expected to
increase with the reduction of the nanomembrane thickness, should be attributed to
the inﬂuence of the ﬁlm-air interface in the molecular chains. Finally, the surface of
the sensor covered by P3TMA was estimated to be around ∼10 000 μm2 in average
(Figure 6.4.2a). According to these parameters, the mass of polymer deposited on
each cantilever sensor is ∼10−13 g, which represents a mass reduction of ten orders of
magnitude with respect to conventional DSC measurements.
Figure 6.4.1b displays the deﬂection curves recorded using three different
microcantilever sensors. As it can be seen, the three show a change in the slope at
approximately the same temperature reﬂecting the reproducibility of the technique.
Moreover, Figure 6.4.1b displays the second run recorded for two of the sensors,
which evidence a variation in the slope of the proﬁle just at the same position. A
control sensor has been also included in Figure 6.4.1b to show the behaviour of a
non-functionalized cantilever. Figure 6.4.1c shows the ramp during the heating
process (i.e. 1 °C/min).
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Figure 6.4.1. (a) DSC heating trace (1 ºC/min) showing the glass transition
associated with P3TMA bulk powder samples. (b) Deflection curve measured using
microcantilever sensors for ultra-thin P3TMA samples. The graphic includes the
first run for tree sensors, the second run for two sensors, the average profile and a
control sensor where no functionalization has been performed (c) ramp of
temperature.

The value of the glass transition of P3TMA at the nanometric scale, Tg=67 °C, has
been determined using the average curve (Figure 6.4.1b). This represents an
increment of 5.2 °C with respect to the bulk samples used for conventional DSC
measurements at the same heating rate.

217

CHAPTER 6

(a)

500 nm

(b)
86 nm

(c)
0.0 nm

0.0

5.0 µm

Figure 6.4.2. (a) Optical image showing the surface of the microcantilever covered by
P3TMA. P3TMA ultra-thin coating: SEM (b) and AFM (c) images.

The effect of cantilever-polymer ﬁlm interface on measurements of surface stress
values has not been considered in this work. This is because such interface has been
considered to behave ideally. More speciﬁcally, the molecular weight of P3TMA is
high enough to transmit the stress along the contact points between the substrate
and the polymer chains (i.e. formed crystals or entanglements), generating the force
to bend of the cantilever. Above the percolation threshold, this behaviour will be
maintained even with few contact points. Indeed, the bending of the cantilevers
with the temperature through biomaterial effect indicates by itself a good afﬁnity
between the polymer and the substrate. Accordingly, despite neglecting the
interface effects, the stress transmitted by the cantilever allows to distinguish two
regimes, below and above the Tg. Moreover, it should be mentioned that the surface
stress versus temperature trend displayed in Figure 6.4.1b has been tested in more
than 70 sensors, a very similar shape being obtained in all cases.
Powder sample used for DSC experiments and ultra-thin ﬁlm deposited in the
cantilever sensors present very different morphologies. Figure 6.4.3 displays optical
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Figure 6.4.3. Optical image (20 X, bottom left) and SEM micrographs (15 kX top left; 60
kX top right; and 220 kX (bottom right) of P3TMA bulk powder samples.

and SEM images of powder samples, which present a granular morphology made of
spherical particles with diameters ranging from ∼0.5 to ∼2.0 µm. On the other hand,
SEM micrographs (Figure 6.4.2b) and AFM images (Figure 6.4.2c) of the ultra-thin
ﬁlms evidence spherical nanoaggregates of small (40–70 nm) and medium (250–340
nm) size, bigger particles detaching from the polymer surface. The RMS roughness
measured for the P3TMA ﬁlm is 47 nm. These morphological differences suggest
that the 5.2 °C increment in the Tg produced by the reduction of the mass scale from
∼10−3 g to∼10−13 g is due to a change in the microscopic organization of the polymer
molecules. In order to investigate this feature at the atomistic level, MD simulations
on model systems mimicking both the bulk and the ultra-thin coating have been
carried out.

6.4.3. Molecular Dynamics Simulations
Analysis of the density (Table 6.4.1) reveals signiﬁcant differences between the
BP and UTC models. The density predicted for the BP model varies less than 3%
with the temperature, remaining within the 0.989–0.963 g/cm3 interval. These
densities are fully consistent with the value obtained by ﬂotation at room
temperature for bulk powder samples (i.e. 0.976 g/cm3). In contrast, the densities
calculated for the UTC model at T < Tg were ∼1.22 g/cm3, this value being
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signiﬁcantly higher than that determined for the BP model. This feature is in
qualitative agreement with experimental observations (i.e. the density of bulk
samples was found to be lower than that of nanometric ﬁlm), even though the
theoretical value is overestimated because of the nanodimensional simplicity of the
model used for the simulations. Thus, the contribution of the interface effects in the
UTC model is over-valued with respect to the nanoﬁlm because the nanodimension
is signiﬁcantly smaller in the former than in the latter. Furthermore, the density
predicted for the UTC model decreases ∼10% at T=80 °C (i.e. 1.148 g/cm3). These
results suggest not only some structural differences between the BP and UTC
models, but also some temperature-induced changes in the latter when T > Tg.
Differences between the two models are also reﬂected by the averaged atomic
mean square displacement, 〈𝑥𝑥̅𝑎𝑎2 〉, which is represented in Figure 6.4.4 for the 10 ns of
the production simulations at T=20 °C and 80 °C. For the BP model, the values 〈𝑥𝑥̅𝑎𝑎2 〉
are smaller and similar at the two temperatures. In contrast, this property is one
order of magnitude higher for the UTC model at T=20 °C, increasing signiﬁcantly at
T=80 °C.

Table 6.4.1. Average density and end-to-end distance for the BP and
UTC models obtained from MD simulations at T=20 ºC, 40 ºC and 80 ºC.

Bulk powder
Density
(g/cm3)
End-to-end
distance
(Å)

20 ºC
40ºC
80ºC
20ºC
40ºC
80ºC

0.989 ± 0.005
0.982 ± 0.007
0.963 ± 0.005
27.86 ± 0.09
27.80 ± 0.10
26.78 ± 0.10

Ultra-thin
coating
1.275 ± 0.243
1.281 ± 0.029
1.169 ± 0.027
27.90 ± 0.11
27.84 ± 0.13
25.34 ± 0.13

Analysis of the inter-ring S–Cα–Cα–S (χ1) and side group Cβ–C(H2)–C(=O)–O (χ2)
dihedral angles reveals that the differences between the BP and UTC models
essentially refer to χ1. This is reﬂected in Table 6.4.2, which summarizes the
distribution of χ1 and χ2 at T=20 °C and 80 °C. As expected, the most populated
conformation at T=20 °C for χ1 is the anti-one, independent of the model (i.e. 84.9%
and 85.1% for BP and UTC, respectively), even though the population of the synarrangement is relatively high (i.e. 10.9% and 9.0% for BP and UTC, respectively).
These results are fully consistent with the rotational proﬁle predicted by quantum
mechanical methods for the inter-ring dihedral angle,[43–47] which indicated that the
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Figure 6.4.4. Temporal evolution of the averaged atomic mean square displacement,
〈𝑥𝑥�2𝑎𝑎 〉, for the BP (solid lines) and UTC (dashed lines) models at T= 0 ºC and 80 ºC
(black and red, respectively).

syn- conformation is severely destabilized when adjacent substituted thiophene
rings show a head-head linkage, but energetically accessible for head-tail and tailtail linkages. From an electronic point of view, the distortion of the inter-ring
dihedral angle from anti- to syn- destroys the extent of the π-conjugation along the
polymer chain. Results obtained from the simulations at T=40 °C (not shown) were
practically the same than those at T=20 °C. The population of the anti and synconformations decreases and increases, respectively, upon heating to T=80 °C, even
though this change is signiﬁcantly more important for the UTC model than for the
BP one (i.e. the population of syn- at T=80 °C is 34.2% and 17.8% for the BP and UTC
model, respectively).

Table 6.4.2. Distribution of the dihedral angles χ1 and χ2 for the BP and UTC models as
obtained from MD simulations at T= 20 ºC and 80 ºC.

Bulk powder

30º / 90º
90º / 150º
150º / -150º
-150º / -90º
-90º / -30º
-30º / 30º

T= 20 ºC
χ1
χ2
0.5
13.0
1.4
23.3
84.9 25.1
1.5
25.3
0.8
12.4
10.9
0.9

T= 80 ºC
χ1
χ2
0.9
11.0
1.3
24.3
76.9 26.6
2.2
28.2
0.9
8.8
17.8
1.1

Ultra-thin coating
T= 20 ºC
χ1
χ2
1.0
14.7
1.8
23.3
85.1 24.1
2.3
22.6
0.8
14.1
9.0
1.2

T= 80 ºC
χ1
χ2
0.9
7.6
1.6
30.4
61.1
40.7
1.7
22.9
0.5
8.3
34.2
1.1
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Despite such conformational change, the inﬂuence of the temperature in the
average end-to-end distance, which was calculated using the backbone atoms of the
thiophene rings, is relatively small (Table 6.4.1). Thus, the value obtained for the BP
and UTC models decreases 1.08 and 2.56 Å, respectively, when the temperature
increases from 20 °C to 80 °C.
Independently of the model, the dihedral angle χ2 is able to adopt a wide range
of values at T=20 °C and 40 °C, as it is indicated in Table 6.4.2. Thus, populations
are higher than 12% for all the intervals with exception of that comprised between
−30° and 30°, which is sterically precluded. The conformational behaviour of the
two models at T=80 °C is different (Table 6.4.2). For the BP model, the populations
of the intervals comprised between 90° and −90° increase slightly with respect to
T=20 °C (i.e. from 23.3%–25.3% to 24.3%–28.2% when the temperature increases
from 20 °C to 80 °C). In contrast, for the UTC model the population of the interval
comprised between 150° and −150° increases to 40.7% at T=80 °C, evidencing that
the conformational variability of the latter model is higher than that of the BP one.
MD results indicate that the ﬁlm-air interface, which has been induced in the
UTC model by eliminating the periodic boundary conditions along the z-axis,
affects the packing and distribution of the polymer chains. This interface breaks the
isotropy of the BP model, in which periodic boundary conditions were applied in
the three axes. The phase rupture imposed in the UTC model affects the density and
the conformation of the molecular chains.

6.5.

Conclusions

A sensing technology based on microcantilevers has been developed to study
the thermal transitions of polymers. The technology has been used to investigate the
glass transition of a polythiophene, P3TMA, with different applications in
nanotechnology. The Tg determined for ultra-thin samples of ∼10−13 g is 5.2 °C
higher than that obtained for 5 mg of bulk powder using conventional differential
scanning calorimetry. SEM images reﬂect important morphological differences
between the bulk powder and ultra-thin samples, suggesting a different microscopic
organization of the polymer molecules. Atomistic MD simulations on models with
periodic boundary conditions applied along three and two directions have been
used to examine such differences. Calculations indicate that the ﬁlm-air interface
affects not only the density, which is in agreement with experimental observations,
but also the conformation of the polymer molecules. The overall of these results
222

SENSITIVE THERMAL TRANSITIONS OF P3TMA NANOINTERFACE
reﬂect how important is the development of new technologies to investigate the
thermal transitions in samples similar to those used in nanotechnology.
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CHAPTER 7

FIBROUS BIOINTERFACES BASED ON
POLYTHIOPHENE DERIVATIVE AND
BIODEGRADABLE POLYLACTIDE

PLA:P3TMA FIBROUS BIOINTERFACE

Summary
The second part of this Thesis approaches the fabrication of CP-based
biointerfaces as fibrous mats by blending P3TMA with biodegradable polymers by
applying the electrospinning technique.
Specifically, chapter 7 describes the fabrication of a hybrid scaffold using
polylactide (PLA). Both polymers were soluble in a common organic solvent, and
thus easily electrospun. The optimization of the electrospinning parameters, and the
morphological, thermal and compositional characterization of PLA:P3TMA fibrous
biointerfaces was performed by Dr. E. Llorens.
Hence, the assessment of the electroactivity and electrostability of the samples,
and their suitability for biotechnological applications (i.e. tissue engineering
scaffolds) is presented in section 7.1.
Later, the PLA:P3TMA system was further applied to perform as drug carrier
platforms (section 7.2). In this case, four different drugs were tested and
successfully entrapped in the fibre matrix. Hence, biocompatible PLA:P3TMA
scaffolds combine an excellent response towards cellular adhesion and proliferation,
while behaving as drug delivery systems.
PLA was kindly supplied by Nupik International (Polinyà, Spain). Thermal
measurements were run by Dr. L. Franco 1. Biological assays were done in
collaborative working with Dr. L. J. del Valle1. Dr. Elena Bailo2 assisted in the
Raman spectroscopy characterization.

Publications derived from this work:

E. Llorens, M. M. Pérez-Madrigal, E. Armelin, L. J. del Valle, J. Puiggalí, C. Alemán,
RSC Adv. 2014, 4, 15245.
M. M. Pérez-Madrigal, E. Llorens, L. J. del Valle, J. Puiggalí, E. Armelin, C. Alemán,
Submitted work to J. Mater. Chem. B
1Departament
2Area

d’Enginyeria Química, E.T.S. d’Enginyers Industrials de Barcelona, UPC.
Manager España & Portugal; WITec GmbH.
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7.1.

PLA:P3TMA Electrospun Nanofibers as Tissue
Engineering Scaffolds

7.1.1. Introduction
Polymeric materials with both biodegradable and electrically conducting
properties have growing interest in biomedical applications because of both the lack
of long-term health risk and their good behaviour as the supportive matrix for
tissue regeneration. The electrochemical response of conducting polymers makes
feasible the local stimulation of desired tissue and the enhancement of either the
proliferation or diﬀerentiation of various cell types.[1–4] Nevertheless, it remains a
considerable challenge to synthesize an ideal electroactive polymer that meets the
biocompatibility and biodegradability requirements to minimize the inflammatory
reaction in the host tissue that could be raised by the use of non-degradable
materials. An alternative strategy is the use of conducting polymer/biopolymer
blends since unique properties that justify their potential technological applications
in biomedical devices can be achieved.
In addition to biocompatibility and biodegradability, the architecture of the
biomaterial used in tissue engineering applications is also very important and,
specifically, scaﬀolds constituted by electrospun nanofibers have promising
features, such as big surface area for absorbing proteins and abundance of binding
sites for cell membrane receptors.
As it is addressed in Chapter 2 in more detail (section 2.2), ultrathin fibers from a
wide range of polymer materials can be easily prepared by electrospinning.[5–11]
Diﬀerent approaches can be followed to develop scaﬀolds constituted by
conducting and biodegradable polymers. The one used in this work is based on the
direct electrospinning of a conducting/biodegradable polymer mixture, which is
easy to perform, but requires a good solubility of the conducting polymer in the
electrospinning solution. In opposition, it can give rise to scaﬀolds with low
conductivity.
First works providing novel conductive materials well suited as biocompatible
scaﬀolds for tissue engineering involved PAni–gelatin blend nanofibers.[12] Picciani
et al.[13] considered the use of poly(L-lactide) as the support polymeric matrix for the
preparation of PAni-based conducting nanofibers and evaluated the influence of
operational parameters on the morphology of electrospun fibers. Several PAni and
poly(D,L-lactide) mixtures at diﬀerent weight percent were also successfully
electrospun from 1,1,1,3,3,3-hexafluoroisopropanol solutions and their conductivity
228

PLA:P3TMA FIBROUS BIOINTERFACE
and biocompatibility evaluated.[14] Nanofibrous blends of HCl-doped poly(anilineco-3-aminobenzoic acid) copolymer and polylactide (PLA) were fabricated by
electrospinning solutions of the polymers in a DMSO-THF mixture.[15]
Scarce works concern the electrospinning of mixtures based on PPy, and those
reported basically deal with scaﬀolds constituted by PPy/PCL/gelatin
nanofibers.[16] Specifically, conductive nanofibers containing 15% PPy exhibited the
most suitable balance of electrical conductivity, mechanical properties and
biodegradability, matching the requirements for the regeneration of cardiac tissue.
Furthermore, such scaﬀold promoted cell attachment and proliferation as well as
the interaction and expression of cardiac-specific proteins.
Polythiophenes constitute a group of conducting polymers with high
technological potential due to their optical, electroluminescents, electronic and,
specially, electrochemical properties.[17,18] Diﬀerent derivatives can be considered
and, specifically, several works were focused on the preparation of nanofibers from
mixtures of poly(3-hexylthiophene) (P3HT) and PCL or poly(lactic-co-glycolic acid)
(PLGA) as biodegradable polymers.[19,20]
On the one hand, polylactide (PLA) is a 100% biodegradable biopolymer
extensively investigated and used in different applications, such as automotive
parts, clothing and carpet fibers, food packaging, among others. Regarding the
biomedical field, PLA and its copolymers are chosen due to their excellent
properties (i.e. good mechanical integrity, biodegradability and biocompatibility)
and its wide use in the biomedical field. On the other, the good solubility of P3TMA
in organic solvents like chloroform makes it a suitable candidate for being
processed by electrospinning.

Graphical abstract
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Therefore, the main goal of the present section is to establish the electrospun
conditions required to get continuous micro/nanofibers from mixtures of P3TMA
and PLA, as well as to perform a basic characterization of the morphology and
properties (e.g. ability to store charge and biocompatibility) of the derived scaﬀolds.

7.1.2. Experimental Section
Materials
3-Thiophene acetic acid (3TAA) (98.0%) was purchased from Fluka (SigmaAldrich). Iron chloride anhydrous (97.0%), dry methanol (99.5%), chloroform
(99.9%) were purchased from Panreac Quimica S.A.U. (Spain) and used as received
without further purification. PLA, a product of Natureworks (polymer 2002D), was
kindly supplied by Nupik International (Polinyà, Spain). According to the
manufacturer, this PLA has a D content of 4.25%, a residual monomer content of
0.3%, a density of 1.24 g/cm3, a glass transition temperature (Tg) of 58 °C and a
melting point of 153 °C. Kidney epithelial cells derived from African green monkey
(Vero) were purchased from ATCC (USA).

Synthesis of P3TMA
3-thiophene methyl acetate (3TMA) monomer was obtained with a 74% yield by
refluxing 3TAA in dry methanol for 24 hours at a temperature of 90 °C.[21] The
polythiophene derivative, P3TMA, was subsequently prepared by a chemical
oxidative coupling in dry chloroform following the procedure described by Kim et
al.[21] Anhydrous ferric chloride (FeCl3) was used as oxidant and dopant. The
polymerization yield was ca. 61% after removing the residual oxidant and
oligomers.
Molecular weights and polydispersity index (PDI) were estimated by size
exclusion chromatography (SEC) using a liquid chromatograph (Shimadzu, model
LC-8A) equipped with an Empower computer program (Waters). A PL HFIP gel
column (Polymer Lab) and a refractive index detector (Shimadzu RID- 10A) were
employed. Polymers were dissolved and eluted in 1,1,1,3,3,3-hexafluoroisopropanol
at a flow rate of 0.5 mL/min (injected volume 100 mL, sample concentration 1.5
mg/mL). The number and weight average molecular weights were calculated using
poly(methyl methacrylate) standards, and were [Mn=59 300 g/mol and Mw=117 500
g/mol] and [Mn=10 700 g/mol and Mw=22 500 g/mol] for PLA and P3TMA,
respectively.
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Electrospinning
Mixtures of PLA and P3TMA were electrospun from diﬀerent solvents such as
chloroform, acetone and chloroform–acetone mixtures at polymer concentrations of
5 w/v% and 1–5 w/v% for PLA and P3TMA, respectively. Samples will be named
indicating only the PLA weight percentage (e.g. PLA:P3TMA-100 and PLA:P3TMA67 correspond to PLA alone and a mixture with 67%PLA and 33% P3TMA,
respectively).
The electrospun fibers were collected on a target, which was placed at diﬀerent
distances (10–20 cm) from the syringe tip (inside diameter of 0.84 mm). The voltage
was varied between 10 and 30 kV, and applied to the collecting target using a highvoltage supply (Gamma High Voltage Research, ES30-5W). The polymer solutions
were delivered via a KDS100 infusion syringe pump (KD Scientific) to control the
mass-flow rate (from 0.5 to 10 mL/h). All electrospinning experiments were carried
out at room temperature.

Composition, morphology and properties of electrospun PLA:P3TMA
1H-NMR

spectra were acquired with a Bruker AMX-300 spectrometer operating
at 300.1 MHz. Chemical shifts were calibrated using tetramethylsilane as an internal
standard. Deuterated chloroform was used as the solvent.
Infrared absorption spectra were recorded with a Fourier Transform FTIR 4100
Jasco spectrometer in the 4000–600 cm-1 range. A Specac model MKII Golden Gate
attenuated total reflection (ATR) with a heated Diamond ATR Top-Plate was
used.Optical morphologic observations were performed using a Zeiss Axioskop 40
microscope. Micrographs were taken with a Zeiss AxiosCam MRC5 digital camera.
Inspection of the morphology of electrospun samples was conducted by
scanning electron microscopy using a Focus Ion Beam Zeiss Neon 40 instrument
(Carl Zeiss, Germany). Carbon coating was accomplished by using a Mitec K950
Sputter Coater fitted with a film thickness monitor k150x. Samples were visualized
at an accelerating voltage of 5 kV. Diameter of electrospun fibers was measured
with the SmartTiﬀ software (Carl Zeiss SMT Ltd.).
Calorimetric data were obtained by DSC with a TA Instruments Q100 series
equipped with a refrigeration cooling system (RCS). Experiments were conducted
under a flow of dry nitrogen with a sample weight of approximately 5 mg and
calibration was performed with indium. Heating runs were carried out at a rate of
20 °C/min with both electrospun and samples slowly cooled (10 °C/min) from the
melt state. Thermal degradation was studied at a heating rate of 20 °C/min with
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around 5 mg samples in a Q50 thermogravimetric analyzer of TA Instruments and
under a flow of dry nitrogen. Test temperatures ranged from 50 to 600 °C.
X-ray powder diﬀraction patterns were obtained with a PANalytical X'Pert
diﬀractometer with CuKα radiation (λ=0.1542 nm) and a silicium monocrystal
sample holder.

Electrochemical characterization
In order to assess the electrochemical behaviour of the PLA:P3TMA scaﬀolds,
cyclic voltammetry (CV) studies were conducted with an Autolab PGSTAT302N
galvanostat equipped with the ECD module (Ecochimie, The Netherlands).
Measurements were performed on fiber mats, which were deposited by
electrospinning on both sides of steel AISI 316 sheets of 1x1cm2. All electrochemical
assays were performed using a three-electrode one compartment cell under
nitrogen atmosphere and at room temperature.
The cell was filled with 50 mL of phosphate buﬀered saline (PBS, pH = 7.4) with
0.1 M LiClO4 as supporting electrolyte. Steel sheets were used as working electrode,
while an Ag|AgCl electrode containing KCl saturated aqueous solution was the
reference electrode (oﬀset potential versus the standard hydrogen electrode,
E0=0.222 V at 25 °C). Steel AISI 316 sheets of 1x1cm2 were used as counter electrode.
Electrochemical measurements were carried out from -0.4 V to 1.1 V, at scan rate of
50 mV/s. Five consecutive oxidation–reduction cycles were conducted to assess the
loss of electrochemical activity, which was determined as:
𝐿𝐿𝐿𝐿𝐿𝐿 (%) =

∆𝑄𝑄
× 100
𝑄𝑄1

(7.1.1)

where ΔQ is the diﬀerence of anodic voltammetric charge between the first cycle
and the last cycle and Q1 is the anodic voltammetric charge corresponding to the
first cycle.

Wettability
Contact angle measurements were performed using the water drop method at
room temperature. Images of 0.5 µL distilled water drops were recorded after
stabilization (30 s) using a OCA 15EC (DataPhysics Instruments GmbH,
Filderstadt). The contact angle values were obtained as the average of eight
independent measures for each sample. The software SCA 20 was used to analyze
the images and acquire the contact angle values.
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Cellular adhesion and proliferation assays
Vero cells were cultured in Dulbecco's modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 1%penicillin/streptomycin and 2 mM
L-glutamine at 37 °C in a humidified atmosphere with 5% CO2 and 95% air. The
culture medium was changed every two days and, for sub-culture, the cell
monolayers were rinsed with phosphate buﬀered saline (PBS) and detached by
incubation with trypsin–EDTA (0.25%) for 2–5 min at 37 °C. Cell concentration was
established by counting with the Neubauer camera using 4% trypan-blue as dye
vital. The detached cells with viability ≥ 95% were used for cultures following the
conditions for biocompatibility assays.

PLA:P3TMA electrospun nanofibers were collected on circular coverslips
(diameter 1.5 cm). These samples were placed into the wells of a multiwell culture
plate and then sterilized by UV-radiation for 15 min in a laminar flux cabinet. For
fixing the samples on the well, a small drop of silicone (Silbione® MED ADH 4300
RTV, Bluestar Silicones France SAS, Lyon, France) was used as adhesive. Samples
were incubated with 1 mL of culture medium during 30 min under culture
conditions to equilibrate the material. Finally, the medium was aspired, and the
material was evaluated for cell adhesion and proliferation by exposing cells to direct
contact with the material surface.

For the cellular adhesion assay, aliquots of 50–100 µL containing 5x104 cells were
seeded onto the electrospun samples placed in each well. The plate was incubated
under culture conditions for 30 min to allow cellular attachment onto the material
surface. Then, 1 mL of the culture medium was added to each well, and the plate
was incubated during 24 h. Finally, the cell viability was determined by the MTT
assay. The controls were realized considering TCPS surfaces.
For the cellular proliferation assay, the procedure was similar to the adhesion
assay, but the aliquot of 50–100 µL contained 2x104 cells. Cultures were maintained
during 7 days to allow the cellular growth and an adequate cellular confluence in
the well. The media were renewed each two days; and finally, the viability was
determined by the MTT assay.
Each sample was evaluated using five replicates, results being averaged and
graphically represented. The statistical analysis was performed by one-way
ANOVA test to compare the means of all groups. The t-test was applied to
determine a statistically significant diﬀerence between diﬀerent groups. The tests
were performed with a confidence level of 95% (p < 0.05).
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Scheme 7.1.1. Chemical structures of PLA and P3TMA.

7.1.3. Results and Discussion
Electrospinning of PLA:P3TMA mixtures
In order to select the most appropriate conditions to obtain continuous
PLA:P3TMA microfibers, several solvents and binary mixtures were tested at
diﬀerent voltages, flows, polymer concentrations and needle tip-collector distances.
Although the chemical structure (Scheme 7.1.1) of both polymers was quite
diﬀerent, their solubility characteristics were similar and, consequently, a common
solvent could be selected for the electrospinning process. In fact, solvent plays a
fundamental role for the continuous micro/nanofiber production[22,23] and, in
general, a relatively high polymer concentration is required to avoid the formation
of droplets and electrospun beads when a good solvent is selected.[24] Both PLA and
P3TMA are highly soluble in chloroform and, therefore, this solvent was selected as
a starting point in the optimization of the processing conditions. However, quality
of fibers improved over a wide range of polymer compositions when chloroform–
acetone mixtures were employed. Although chloroform seems more appropriate for
PLA considering the reported Hildebrand solubility parameters[25] (i.e. 18.83 MPa0.5,
19.98 MPa0.5 and 17.64 MPa0.5 for chloroform, acetone and PLA, respectively), the
best results were achieved when a small percentage of acetone was added. In fact,
Hansen parameters[26] determined for dispersion, polar and hydrogen-bonding
components suggests that the addition of acetone improves polar interactions (Table
7.1.1). Thus, a chloroform–acetone (70:30 v/v) mixture had closer parameters to PLA
than the individual solvents and gave good electrospun fibers for all assayed
PLA:P3TMA polymer blends. In fact, this solvent mixture was also previously
selected as the best solution for electrospinning other PLA/polymer mixtures.[27]
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Table 7.1.1. Hansen parameters of PLA and selected electrospinning solvents.

Chloroform
Acetone
Chloroform/Acetone
70:30 v/v
PLA

δd
(MPa0.5)
17.8
15.0

δp
(MPa0.5)
3.1
10.4

δh
(MPa0.5)
7.0
5.5

δT
(MPa0.5)
18.9
19.9

17.0

5.3

6.5

19.2

17.6

5.3

5.8

19.3

The low molecular weight of P3TMA precluded its processability into
micro/nanofibers since chain entanglements were insuﬃcient to stabilize the jet.
Therefore spraying of droplets that coalesced into ill-defined shapes was observed
(data not shown). PLA was essential to both render a scaﬀold with biodegradable
properties and improve processability by increasing the average molecular weight
of the polymer mixture. In fact, a PLA content higher than 50% was necessary even
in the most favourable electrospinning conditions to completely avoid the formation
of droplets. Figure 7.1.1 illustrates the optimization process when a deposition
distance of 12 cm was chosen according to a first screening. It can be observed that
big drops corresponding to the CP were obtained when a relatively high flow (i.e. 10
mL/h) and low voltage (i.e. 15 kV) were employed. At an intermediate voltage (25
kV) the drop size decreased and at a high voltage (30kV) beads were characteristic.
The decrease of the flow up to 4 mL/h improved considerably the morphology
and, specifically, a low voltage led to small beads, whereas continuous and
homogeneous size fibers could be attained at an intermediate voltage. The selected
electrospinning conditions for the diﬀerent conducting/biodegradable polymer
mixtures are summarized in Table 7.1.2.
Table 7.1.2. Optimal electrospinning conditions for the different studied samples.a

Sample
PLA:P3TMA-100
PLA:P3TMA-83
PLA:P3TMA-67
PLA:P3TMA-50

Voltage
(kV)
15-20
20-25
20-25
20-25

Flow Rate
(mL/h)
4-10
4-10
4
4

aThe

applied parameter is indicated in bold characters when a range of spinnability is
given. In all cases, the optimal distance between syringe tip and collector was 12 cm.
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50 µm
50 µm
50 µm

12 cm 4 mL/h
20 kV

12 cm 4 mL/h
15 kV

12 cm 10 mL/h
30 kV
12 cm 10 mL/h
25 kV
50 µm

50 µm

12 cm 10 mL/h
15 kV

ELECTROSPINNING PARAMETER’S OPTIMIZATION

Figure 7.1.1. Optical micrographs showing typical morphologies obtained by
electrospinning a PLA:P3TMA-67 mixture from a chloroform/acetone (70:30 v/v)
solution and a deposition distance of 12 cm.

100

5 µm

83

PLA:P3TMA
67

5 µm

50

5 µm

5 µm

Figure 7.1.2. SEM micrographs taken at low (top) and high (bottom) magnification of
electrospun
nanofibers
of
PLA:P3TMA-x
samples
obtained
from
a
chloroform/acetone (70:30 v/v) solution using optimized concentration, voltage,
needle-collector distance and flow.

236

PLA:P3TMA FIBROUS BIOINTERFACE

Morphology of PLA:P3TMA nanofibers
Figure 7.1.2 shows representative SEM micrographs of electrospun samples with
diﬀerent compositions. In general, long micro/nanofibers with a cylindrical
morphology and randomly distributed in the fibrous mats could be attained. Fibers
were adhered to each other forming a dense but porous structure. Diameter
distribution was relatively wide. This feature was particularly remarkable for the
PLA:P3TMA-50 sample, in which significant amounts of fibers with diameters so
diﬀerent as 250 nm and 2 mm were clearly distinguished. However, in all cases the
most predominant size was in the 600–900 nm range. Figure 7.1.3 shows the
monomodal distributions observed for the samples prepared under the optimized
conditions. It is interesting to note that the increase on the P3TMA ratio in the
electrospinning mixture led to a slight decrease on the average diameter (i.e. values
progressively decreased from 864 to 633 when P3TMA content increased from 0 to
50 wt%).
Surface texture of fibers changed also gradually with composition as depicted in
the high magnification images of Figure 7.1.2. It is clear that the typical
rough/porous surface of PLA fibers progressively became smooth as the P3TMA
content increased (e.g. an almost completely smoother texture was observed for
PLA:P3TMA-50).
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Figure 7.1.3. Diameter distribution of electrospun nanofibers of PLA:P3TMA-x
samples obtained from a chloroform/acetone (70:30 v/v) solution using optimized
concentration, voltage, needle-collector distance and flow: a) -100; b) -83, c) -67 and
d) -50.
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400 nm

400 nm

Figure 7.1.4. High magnification SEM micrographs showing the cross section of
electrospun PLA (left) and PLA:P3TMA-50 (right) nanofibers. The inset shows the
corresponding cross section after being exposed to a water jet.

Nanofibers were cut with the focused ion beam in order to evaluate their
homogeneity through the visualization of the generated cross sections. Figure 7.1.4
clearly shows that PLA nanofibers had an irregular shape as expected from their
rough surface texture and also that the section was relatively homogeneous.
However, the cross sections of fibers prepared from polymer mixtures (i.e.
PLA:P3TMA 50 shown in Figure 7.1.4) were completely diﬀerent since in some cases
a relative thick and bright outer part could be clearly distinguished. It is possible
that the inner part was constituted by some clusters richer in a conductive P3TMA
phase, giving place to the observed contrast. In order to verify that fibers were not
hollow, a water jet was headed towards their cross section center. The inset of
Figure 7.1.4 illustrated the apparition of a small hole caused by the impact of the jet
and consequently demonstrated a compact fiber structure. It should be pointed out
that cross sections taken at diﬀerent places of the microfibers were rather variable
since homogeneous and heterogeneous distributions were detected, suggesting that
the indicated aggregates are randomly distributed along the micro/nanofibers.

Characterization of PLA:P3TMA fibers
1H-NMR

and FTIR spectroscopies were used to assess the composition of the
electrospun hybrid scaﬀolds. Thus, 1H-NMR spectra revealed the presence of
characteristic signals of each homopolymer (Figure 7.1.5), the corresponding areas
being in agreement with the theoretical composition of the sample. Spectra always
showed the characteristic quadruplet at 5.21, 5.19, 5.17 and 5.15 ppm associated to
the proton of the PLA methine group and the doublet at 1.60 and 1.58 ppm
associated to the protons of the PLA methyl group. In addition, complex signals,
which reflect sequence sensitivity, were also observed and attributed to P3TMA.
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Figure 7.1.5. 1H-NMR spectra of a representative electrospun PLA:P3TMA-83 sample.

Thus, thiophene protons gave rise to an isolated multiplet (7.18–7.15 ppm),
whereas signals of methylene and methyl lateral groups appeared overlapped as a
double duplet (3.82–3.80 ppm and 3.62–3.60 ppm) and a duplet (3.77 and 3.72 ppm),
respectively. Splitting of the CH3 signal reflects the head-to-head (HH) and head-totail (HT) dyads produced during the chemical polymerization, as it has been
previously reported.[21] Areas of dyad signals were practically identical,
demonstrating a non-regioregular structure with a statistical disposition of the
monomer units. HT and HH dyads corresponding to the methylene protons were
splitted again demonstrating triad sensitivity (e.g. splitting of HH dyad gave rise to
HHT and THH triads, whereas THT and HHT triads were derived for the HT
dyad). The complex signal associated to the CH group can be interpreted in a
similar way, the highest chemical shifts corresponding to the TH dyad.
FTIR spectra of P3TMA samples coming directly from synthesis and from
electrospinning were identical and showed a single C=O signal at 1732 cm-1 (Figure
7.1.6). Therefore, ester groups were not cleaved during processing, supporting the
interpretation of the complex 1H-NMR spectra on the basis of sequence sensitivity.
Furthermore, a broad band associated to OH groups could not be detected in the
3300–2500 cm-1 FTIR region (not shown).
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Figure 7.1.6. FTIR (1850-650 cm-1) spectra of electrospun PLA (a), PLA:P3TMA-67
(b), PLA:P3TMA-50 (c) and P3TMA (d). For comparison purposes, the spectrum of
a blend containing 50 wt.% of each homopolymer is shown in (e).

The spectra of P3TMA (Figure 7.1.6d) showed also typical signals at 1435 cm-1
(thiophene ring stretching), 1322 cm-1 (methyl deformation), 1198 and 1167 cm-1
(asymmetric and symmetric C–O stretching), 1012 cm-1, 839 cm-1 (aromatic CH out
of plane deformation) and 741 cm-1 (methyl rocking). On the other hand, the spectra
of the scaﬀold samples were highly similar to that corresponding to neat PLA
(Figure 7.1.6a), the C=O streching vibration at 1759 cm-1 and the asymmetric and
symmetric C–O stretching at 1183 and 1082 cm-1, respectively, being the most
intense bands. The intensity of the characteristic signals of P3TMA decreased with
its ratio in the scaﬀold (e.g. bands at 1322 and 839 cm-1). It should be pointed out that
the strong P3TMA band at 1167 cm-1 could not be observed in the spectra of
scaﬀolds even for the highest P3TMA content. This suggests a change in the
environment of the ester groups when the P3TMA was processed together with
PLA. However, it is also significant that the transmittance measured at 1167 cm-1
was clearly lower for the hybrid scaﬀold than for the neat PLA (see blue arrows in
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Figure 7.1.6), even though this wavenumber still corresponded to a transmittance
maximum.
For the sake of completeness, Figure 7.1.6e shows the spectrum of a powder
mixture composed by 50 wt% of each polymer where the two strong PLA bands at
1183 and 1082 cm-1 can be clearly observed together with the strongest P3TMA
band. However, the latter appears slightly shifted due to its overlapping with a
medium intensity PLA band at 1129 cm-1. Diﬀerences between the spectra of
electrospun samples and polymer mixtures are evident and suggest the occurrence
of some specific interactions in the processed samples.
Table 7.1.3 contains the main calorimetric data (i.e. glass transition, cold
crystallization and melting temperatures as well as crystallization and melting
enthalpies) obtained from the heating run of all electrospun scaﬀolds, whereas
heating traces of representative samples can be seen in Figure 7.1.7.

Table 7.1.3. Selected calorimetric data from the heating scan performed with the different
PLA:P3TMA-x electrospun samples.

PLAb
PLA:P3TMA-100
PLA:P3TMA-83
PLA:P3TMA-67
PLA:P3TMA-50
P3TMA

Tg
(ºC)
60.0
61.7
59.5
59.4
60.4
67.2

Tc
(ºC)
96.6
96.4
96.5
94.1
-

∆Hc
(J/g)
17.4
14.0
14.3
12.0
-

Tm
(ºC)
149.8
146.2
147.2
147.5
145.7
111.3

∆Hm
(J/g)
33.4
22.0
17.5
17.8
16.2
11.6

∆Hm - ∆Hc
(J/g)
33.4
4.6
3.5
3.5
4.2
11.6

Χca
31.5
4.3, 20.7
4.0, 19.9
4.9, 25.1
7.9, 30.6
-

aDegree

of crystallinity referred to the PLA content (heat of fusion=106 J/g for a 100% crystalline
sample)[28] for electrospun samples (left) and attained during the heating scan (right).

Several features deserve attention: (a) A broad exothermic peak (70–130 °C)
corresponding to the cold crystallization of PLA is always observed. The high
molecular orientation attained in the electrospinning process facilitated the PLA
crystallization, as previously reported.[28] On the contrary, amorphous samples
(Figure 7.1.7c) were always attained when samples were slowly cooled from the
melt due to the lack of orientation and the diﬃculty of PLA to crystallize. (b) The
degree of crystallinity referred to the PLA content tends to increase when
nanofibers are obtained from mixtures with a higher P3TMA content, which is
probably due to the higher orientation attained when the fiber diameter decreased.
This trend was observed in both samples from direct electrospun (i.e. calculated
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Tm = 146.2 ºC
ΔHm = 22.0 J·g-1

Tg = 61.7 ºC

a)

Tc = 96.6 ºC
ΔHc = 17.4 J·g-1

b)
Tg = 59.3 ºC

Tm = 147.5 ºC
ΔHm = 17.8 J·g-1

c)
Tc = 96.5 ºC
ΔHc = 14.3 J·g-1

d) T = 67.2 ºC
g

Tm = 111.3 ºC
ΔHm = 11.6 J·g-1

Figure 7.1.7. DSC heating (a,c) and cooling (b) scans performed with electrospun
PLA:P3TMA-100 (a,b) and PLA:P3TMA-67 (c) samples obtained under the
corresponding optimized processing conditions. For comparison purposes the
heating scan of a P3TMA powder sample is shown in (d).

through the diﬀerence between melting and crystallization enthalpies) and samples
obtained after cold crystallization (i.e. considering only the melting enthalpy). (c) All
samples show a clear glass transition, as could be presumed for amorphous
samples, and a typical relaxation endothermic peak, which indicates that metastable
PLA glassy material achieves equilibrium thermodynamic conditions with a lower
specific volume, enthalpy and entropy.[29] (d) Incorporation of P3TMA has a scarce
influence on the characteristic glass transition, crystallization and melting
temperatures of the final scaﬀold. In fact, neither the glass transition nor the melting
peak of P3TMA (Figure 7.1.7d) were detected in the heating runs of the resulting
scaﬀolds.
It is interesting to note that P3TMA obtained from chemical polymerization was
semicrystalline despite the random disposition of its repeating unit. The X-ray
diﬀraction profile (Figure 7.1.8) is characterized by a strong and well defined peak
at 1.17 nm that is related to the interchain distance (inset of Figure 7.1.8). Profiles of
electrospun samples showed only amorphous halos without Bragg reflections
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Figure 7.1.8. a) X-ray power difractograms of a P3TMA powder sample and an
electrospun PLA:P3TMA-50 scaffold before and after being heated up to 130 ºC. b)
Scheme of the molecular arrangement where for the sake of simplicity only a heat-toheat distribution has been represented.

assigned to any of the two homopolymers. However, crystallization took place
when the sample was heated up to 130 °C and the diﬀraction profile clearly showed
the two strongest reflections of the 𝛼𝛼-form of PLA (i.e. those appearing at 0.542 and
0.472 nm that correspond to the (200) + (110) and (203) indices, respectively).[30,31]
Therefore, crystallization involved only PLA since the main reflection of P3TMA
can only be guessed.
Scaﬀolds were thermally stable up to more than 200 °C, as deduced from TGA and
DTGA curves (Figure 7.1.9). Incorporation of P3TMA slightly modified the
degradation process, leading to a regular increase of both the char yield at 600 °C
and the onset degradation temperature. Thermal degradation of PLA has
previously been explained according to a complex reaction process with the
participation of at least two diﬀerent mechanisms.[32] The DTGA curve of PLA is
clearly asymmetric showing a shoulder in the low temperature region, which is
associated with a minor degradation process. This shoulder disappears in the
DTGA curves of scaﬀolds suggesting that the first degradation step is hindered by
the presence of P3TMA. It is also clear that the DTGA maximum is slightly shifted
to a lower temperature, which coincides with one of the two degradation processes
observed also for P3TMA.
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Figure 7.1.9. TGA degradation curves of the different electrospun PLA:P3TMA-x
samples. Inset compares DTGA curves of PLA (dashed), PLA:P3TMA-50 (dotted)
and P3TMA (solid).

In addition, the scaﬀold has a hardly observed minor decomposition process that
corresponds to the higher temperature degradation step of P3TMA.

Electrochemical characterization of PLA:P3TMA fibers
The low molecular weight of P3TMA makes unfeasible to get electrospun mats
and to carry out the corresponding CV measurements from the neat CP.
Processability into fibers has been demonstrated to be possible only when a high
molecular weight polymer (in our case, PLA) is incorporated.
The control voltammogram recorded for PLA fibers (Figure 7.1.10a) shows an
oxidation shoulder with anodic potential 𝐸𝐸𝑝𝑝𝑎𝑎 (O1) of 0.86 V and an oxidation peak
with 𝐸𝐸𝑝𝑝𝑎𝑎 (O2) higher than 1.1 V. Both peaks have been assigned to the formation of
irreversible polarons and bipolarons. Besides, the cathodic scan shows a weak
reduction shoulder R1 with a cathodic peak potential 𝐸𝐸𝑝𝑝𝑐𝑐 (R1) of -0.08 V. The
voltammogram recorded for the PLA:P3TMA-83 hybrid was highly similar to that
obtained for PLA (Figure 7.1.10a, curves 3 and 4), but interestingly the hybrids with
a lower PLA content (i.e. PLA:P3TMA-50 and 67 samples) showed clearly improved
electrochemical properties (Figure 7.1.10a, curves 1 and 2). Thus, 𝐸𝐸𝑝𝑝𝑎𝑎 (O1) and 𝐸𝐸𝑝𝑝𝑎𝑎 (O2)
anodic potentials shifted to 0.75 and 1.40 V for the 67 wt% sample, and to 0.82 and
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Figure 7.1.10. a) Control voltammograms collected using scan rates of 50 mV/s for
electrospun mats of PLA (curve 4, red) and PLA:P3TMA-50 (curve 1, solid black), -67
(curve 2, dashed black) and -83 (curve 3, brown) in a PBS solution containing 0.1M
LiClO4. Curve 5 (pointed black) corresponds to a steel sheet used as control. b) Cyclic
voltammograms of the same species after 5 consecutive oxidation–reduction cycles.

1.08 V for the 50 wt% sample, respectively, and pointed out an increased
irreversibility for the oxidation process. Furthermore, the weak R1 reduction
shoulder was always observed (i.e. cathodic peak potentials of -0.04 V and -0.05 V
for the PLA:P3TMA-50 and 67, respectively). Current densities (j) determined at
1.10 V were 0.152 mA/cm2 and 0.394 mA/cm2 for PLA:P3TMA-83 and 50 samples,
respectively.
The electroactivity, which refers to the ability to store charge, was evaluated by
integrating the cathodic and anodic areas of the voltammograms displayed in
Figure 7.1.10. Specifically, the electroactivity increases with the similarity between
such areas. Results indicate that the electroactivity increases significantly upon the
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incorporation of P3TMA, especially when the concentration of the CP is higher than
30% wt. Thus, the electroactivity measured for PLA:P3TMA-83, 67 and 50 is 17%,
190% and 289%higher than that of PLA. In order to investigate the electrochemical
stability of the samples, five consecutive cycles were applied by varying the
potential in the interval defined by -0.4 V (initial and final potential) and 1.1 V
(reversal potential) at 50 mV/s. The electroactivity decreases with the oxidation and
reduction areas of consecutive voltammograms. The voltammograms recorded after
such five cycles, which are shown in Figure 7.1.10b, indicate that the oxidation–
reduction peak distributions are highly similar. As it can be seen, the reduction of
the cathodic and anodic areas, which reflects a loss of electroactivity, depends on
the P3TMA content. More specifically, the LEA determined for PLA:P3TMA-50 and
PLA:P3TMA-83 samples is 27% and 38%, respectively, evidencing that the
electrostability increases with the P3TMA content.
Table 7.1.4 summarizes the electrochemical behaviour for all samples including
the values of the current densities measured at 1.10 V for the first and fifth cycles.
Major diﬀerences in the electrochemical behaviour were found when the integrated
area and the current density were considered. Thus, independently of the number
of cycle, charge and current density increased when the P3TMA content did. Results
indicate that the incorporation of P3TMA into the PLA matrix provided fibers with
interesting electrochemical features since an increase in both the electroactivity and
electrostability were clearly observed.

Table 7.1.4. Electrochemical behaviour of PLA and PLA:P3TMA-83, -67, and
-50 samples: current density at 1.1 V and charge for the 1st cycle and the 5th
oxidation-reduction cycles, and electrostability after 5 consecutive cycles.

j at 1.1 V

Q (mC)

2

(mA/cm )
st
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th

st

LEA
(%)

th

1 cycle

5 cycle

1 cycle

5 cycle

PLA

0.138

0.102

2.9

2.0

31

PLA:P3TMA-83

0.152

0.098

3.1

1.9

38

PLA:P3TMA-67

0.355

0.223

8.4

5.5

34

PLA:P3TMA-50

0.394

0.290

11.3

8.3
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Figure 7.1.11. Graphical representation of the contact angles measured for PLA, P3TMA
and PLA:P3TMA mixtures with 83 wt%, 67 wt% and 50 wt%. Tukey’s test, p < 0.05; a, b
vs. other materials.

Wettability of PLA:P3TMA fibers
Figure 7.1.11 compares the contact angle measured for the diﬀerent systems
studied in this work. The average value of the contact angle determined for PLA
(133.4° ± 1.5°) and P3TMA (88.6° ± 2.6°) reflects the hydrophobic character of the
polyester and the slightly hydrophilic nature of the polythiophene derivative. It
should be noted that the contact angle found for PLA is similar to that recently
reported by Liu et al. for PLA nanofibers prepared using a similar technique.[33] The
very low wetting ability of electrospun PLA nanofibers should be attributed to the
combined eﬀect of the surface roughness and morphology for these particular
nanostructures. The addition of P3TMA to PLA does not produce relevant changes
in the contact angle of the latter, values obtained for PLA:P3TMA-83, -67 and -50
mixtures being 134.5° ± 2.4°, 135.1° ± 1.6° and 128.7° ± 0.8°, respectively. The
similarity between the contact angles of PLA and PLA:P3TMA combined with the
electrochemical results displayed in the previous subsection suggest that the
behaviour of the mixtures as supportive matrix for the cell growth should be better
than that of the homopolymer. Thus, the incorporation of P3TMA to the PLA matrix
is expected to mainly aﬀect the hydrophilicity of the surface, which in fact remains
practically unaltered, and the ability of exchange ions across cell membranes, which
was shown to be enhanced.
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Figure 7.1.12. SEM images of Vero cells adhering (a and c) and growing (b and d) on
electrospun fibers of PLA (a and b) and PLA:P3TMA-50 (c and d). The arrows indicate
morphological details of the cellular extensions. Quantitative data of the relative
adhesion (e) and proliferation (f) of cells onto the fibers mats. * p < 0.05 vs others fibers
mats and control (tissue culture plate), Tukey’s test for n = 4 replicates.

Cell adhesion and growth in PLA:P3TMA hybrid scaﬀolds
SEM images of Vero cells adhered and grown on the PLA (control) and
PLA:P3TMA matrices were qualitatively very similar (Figure 7.1.12). Vero cells
cultured during 24 h on the 3D surfaces led always to a homogeneous distribution
and rounded morphologies (Figure 7.1.12a and c), which should correspond to
individual cells or small groups of a few cells (insets of Figure 7.1.12a and c). Cells
appeared also adhered to the fibers by small filopodia. Cells cultured during 7 days
on the mats surface were able to form monolayers (Figure 7.1.12b and d), a typical
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indicator of cell viability and proliferation. The surface colonization progressed
through a suitable cellular extension, which apparently was facilitated and guided
by the fiber array (inset in the Figure 7.1.12b and d).
In quantitative terms, the P3TMA content in the fibers did not aﬀect the cell
adhesion (Figure 7.1.12e) but interestingly the cellular proliferation was slightly
improved in the scaﬀolds with a higher P3TMA content (Figure 7.1.12f). In this way,
the new electrospun micro/nanofibers constituted by the hybrid materials may
improve the electrochemical properties and the cellular response (frequently
mediated by ionic channels) to several physiological processes, such as membrane
depolarization during cell division.[34]
In conclusion, PLA:P3TMA micro/nanofibers were well suited to provide a
good substrate for cell adhesion and cell proliferation and oﬀered an appropriate 3D
environment. Furthermore, cells developed in the PLA:P3TMA matrices showed
always a healthy morphology.

7.1.4. Conclusions
Mixtures of PLA and P3TMA can be eﬀectively electrospun to render hybrid
micro/nanofibers that combine the biocompatibility and electrochemical properties
of each homopolymer. Processing conditions (solvent, concentration, flow, voltage,
collector distance) were optimized to allow incorporating up to 50 wt% of P3TMA
and keeping continuous fiber morphology. Increasing contents of the conducting
polymer gave rise to smoother fiber surfaces, smaller diameters, higher orientation
of PLA chains and the sporadic formation of cluster aggregates inside the fibers.
Incorporation of P3TMA into the PLA matrix provided an increase of the
electroactivity and electrostability, both charge and current intensity clearly
increasing with the P3TMA content. Current density determined at 1.10 V was so
high as 0.394 mA/cm2 for fiber mats containing 50 wt% of P3TMA, while the
electroactivity of such hybrid was 289% higher than that of PLA. The electrostability
of samples was probed since the average charge loss was less than 27% after
performing five consecutive oxidation–reduction cycles. New hybrid scaﬀolds were
good substrates for cell adhesion and cell proliferation, and even the last was clearly
enhanced respect to the parent PLA scaﬀolds. Cellular response to physiological
processes seemed to be improved by the incorporation of P3TMA.
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7.2.

PLA:P3TMA Electrospun Nanofibers as Drug
Delivery Systems

7.2.1. Introduction
Polylactide (PLA), which is the biodegradable polymer chosen to be blended
with P3TMA to render fibrous biointerfaces (section 7.1), has been also widely
studied for its drug loading and release behaviour, and it has already been
commercialized in surgical sutures and microspheres for drug delivery.[35-38] Also, it
has been used to fabricate scaffolds for nerve regeneration.[39] In addition, PLA
displays good resistance to degradation, and thus researchers have used PLA
microfilaments as structural support for long lesion nerve gap regeneration.[40]
On the other hand, electrically conducting polymers (CPs) represent another
important family of organic materials with proved biocompatibility. Specifically,
CPs have attracted the attention of biomedical engineers in the last few years
because many cell types (e.g. neurons, osteoblasts and fibroblasts) respond to
external electrical and/or electrochemical stimuli in vitro and in vivo when in contact
with CPs.[41,42] Several researchers have demonstrated that cellular adhesion,
proliferation and stimulation are promoted upon the application of external
potentials.[43] One of the pioneers in the study of the effect of electrical stimulation
(ES) on cell growth and cell regeneration employing CPs was Schmidt’s group.[44]
Schmidt and co-workers proved that PC-12 cells cultured on polypyrrol (PPy) films
and subjected to ES through the film showed a significant increase in neurite
lengths compared to those PPy films that were not electrically stimulated or tissue
culture polystyrene controls.
Moreover, Albertsson and co-workers have vastly studied the combination of
biodegradable polymers with CPs for bioengineering applications. Recently, they
studied the degradability and cytotoxicity of blends made of caprolactone and
hyperbranched degradable CPs as good candidates for neural tissue engineering
applications.[45] In another example, the same group developed PLA films with an
hydrophilic and electroactive surface for future biomedical uses.[46] Comparatively,
interesting reviews focusing on several kinds of biomaterials and blended systems
have been published in the field of tissue engineering.[47-49] Nevertheless, most of the
investigations on nanofiber PLA:CPs are related to the use of biodegradable
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polymers combined with electroactive oligomer units as for example,
oligothiophene,[50] or oligoaniline,[51,52] and mainly polyaniline (PAni) and PPy
derivatives.[48,53-55]
Hence, rationally designed nanofibers with conducting and electroactive
features could play an important role as tissue engineering scaffolds and efficient
systems for drug targeting and delivery.[56-58] Inspired by this consideration,
nanofibers composed by mixing different ratios of polylactide (PLA) and poly(3thiophene methyl acetate) (P3TMA) for tissue engineering applications were
fabricated (section 7.1).[59] Scaffolds containing P3TMA exhibited enhanced cellular
proliferation and adhesion in comparison to pristine PLA. The improvement was
attributed to the electrochemical and wettability properties provided by the CP.
The overall of the results was a remarkable stimulus to continue investigating
the synergistic combination of PLA and P3TMA as a fibrous biointerface. Thus, the
aim of the work summarized in this section is to combine the cellular response of
PLA:P3TMA biocompatible scaffolds with essential properties as drug carrier and
delivery platform. For this purpose, the encapsulation and release of different drugs
(i.e. ciprofloxacin, chlorhexidine, triclosan and ibuprofen) in PLA:P3TMA systems
have been investigated by controlling the nanofiber morphology and CP content
inside the PLA polymer matrix. Regarding drug delivery systems fabricated with
biodegradable polymers and CP nanofibers, antecedents are very scarce. Martin and
co-workers[60]
developed
electrospun
poly(lactide-co-glycolide)-poly(3,4ethylenedioxythiophene) conductive core-sheath nanofibers (PLGA-PEDOT)
capable of modulating dexamethasone mass release upon electrical stimulation of 1
V. Dexamethasone is an anti-inflammatory drug which reduces inflammation in the
central nervous system. After electrical excitation, a significant increase in the
amount of released dexamethasone was observed.
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7.2.2. Experimental Section
Materials
3-Thiophene acetic acid (3TAA) (98.0%) was purchased from Fluka (SigmaAldrich). Iron chloride anhydrous (97.0%), dry methanol (99.5%) and chloroform
(99.9%) were purchased from Panreac Quimica S.A.U. (Spain) and used as received
without further purification. PLA, a product of Natureworks (polymer 2002D), was
kindly supplied by Nupik International (Polinyà, Spain). According to the
manufacturer, this PLA has a D-lactide content of 4.25%, a residual monomer
content of 0.3%, a density of 1.24 g/cm3, a glass transition temperature (Tg) of 58 °C
and a melting point of 153 °C. The number-average molecular weight (Mn) and
weight-average molecular weight (Mw) were measured by gel permeation
chromatography (GPC) at 25 °C with a Waters 1525 chromatograph equipped with
a Waters 2414 refractive index detector. GPC measurements were carried out using
tetrahydrofuran (THF) as eluent with a flow rate of 1 mL/min, respectively.
Polystyrene standards were used for calibration. For PLA, Mn = 59300 g/mol and
Mw = 117500 g/mol. Ciprofloxacin (CIP) (≥ 98% HPLC), chlorhexidine
dihydrochloride (CHX) (≥ 98%), triclosan (TCS) (≥ 97% HPLC), and ibuprofen
sodium salt (IBU) (≥ 98% GC) were purchased from Sigma-Aldrich. Escherichia coli
CECT 101 and Staphylococcus epidermidis CECT 231 bacterial strains were obtained
from the Spanish Collection of Type Culture (Valencia, Spain), and culture media
were purchased from Difco (Detroit, MI, USA).

Synthesis of poly(3-thiophene methyl acetate)
The monomer 3-thiophene methyl acetate (3TMA) was obtained with a 74%
yield by refluxing 3TAA in dry methanol for 24 hours at a temperature of 90 °C.[61]
Polythiophene derivative, P3TMA, was subsequently prepared by a chemical
oxidative coupling polymerization in dry chloroform following the procedure
described by Kim et al.[21] Anhydrous ferric chloride (FeCl3) was used as oxidant and
dopant. The polymerization yield was ca. 61% after removing the residual oxidant
and oligomers. Molecular weights were estimated by GPC using 1,1,1,3,3,3hexafluoroisopropanol as eluent. The number and weight average molecular
weights found were Mn = 10700 g/mol and Mw = 22500 g/mol for P3TMA. 1H-NMR
(400MHz, CDCl3) δ = 7.28-7.07 (m, 1H, Ar-H), 3.68(s, 2H, -CH2-), 3.63 (s, 3H, O-CH3);
13C-NMR (100MHz, CDCl ) δ = 170.8 (C=O), 136-124 (Ar-C), 52.1 (O-CH ), 34.3
3
3
-1
(CH2); FTIR-ATR (cm ): 3095-3010 (=C-H β, thiophene ring), 2998 (C-H aliphatic),
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1735 (C=O, ester), 1436 (-CH2-), 1375 (-O-CH3, ester), 1255-1160 (C-O-CH3, ester), 840
(C-H β, thiophene ring). Data are in good agreement with previous results.[59,61,62]

Preparation of PLA:P3TMA nanofibers
For the nanofiber preparation, mixtures of PLA and P3TMA were electrospun
from chloroform/acetone (70:30 v/v) at polymer concentrations of 5 w/v-% and 0-5
w/v-% for PLA and P3TMA, respectively. Samples will be identified indicating the
PLA and P3TMA weigth ratio. According to our previous optimization of
processing conditions,[59] PLA electrospun fibers were collected on a target with a
deposition distance of 12 cm, applying a voltage of 15 kV (Gamma High Voltage
Research, ES30-5W ) and a flow rate of 4 mL/h, whereas blends of PLA:P3TMA
were prepared using 20-25 kV of voltage and flow rate of 4-10 mL/h. Polymer
solutions were delivered via a KDS100 infusion syringe pump (KD Scientific) to
control the mass-flow rate, and the tip used had an inside diameter of 0.84 mm
(syringe needle, 18G). All electrospinning experiments were carried out at room
temperature. Fiber diameters varied from 600 to 800 nm under such conditions.

PLA:P3TMA nanofibers drug-loading
PLA (0.5 g) was dissolved in 5 mL of chloroform-acetone mixture (2:1 v/v) and
P3TMA (0.25 g) in 4 mL of the same solvent mixture. Then, 1 mL of
dimethylsulfoxide (DMSO) containing the drug (0.1 g) was added, and the mixture
was homogenized by vortexing to obtain an electrospinable solution of 5 w/v-%
PLA, 2.5 w/v-% P3TMA and 1 w/v-% drug. The drugs loaded in the electrospun
nanofibers were ciprofloxacin (CIP), chlorhexidine dihydrochloride (CHX), triclosan
(TCS) and ibuprofen sodium salt (IBU) (Scheme 7.2.1) The electrospinning process
was conducted at room temperature. Electrospun fibers were collected at a distance
of 12 cm from the needle (18G, inside diameter of 0.84 mm). The applied voltage
was of 25 kV, and the solution was moved with a flow rate of 4 mL/h.

Characterization
1H

and 13C-NMR spectra were acquired with a Bruker AMX-300 spectrometer
operating at 300.1 MHz. Chemical shifts were calibrated using tetramethylsilane as
internal standard. Deuterated chloroform was used as the solvent. Infrared
absorption spectra were recorded with a Fourier Transform FTIR 4100 Jasco
spectrometer in the 4000-600 cm-1 range. A Specac model MKII Golden Gate
attenuated total reflection (ATR) with a heated Diamond ATR Top-Plate was used.
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Triclosan
(TCS)
Ibuprofen sodium salt (IBU)

Ciprofloxacin
(CIP)

Chlorhexidine dihydrochloride (CHX)

Scheme 7.2.1. Chemical strcuture of the drugs loaded in PLA:P3TMA electrospun
nanofibers: ibuprofen sodium salt (IBU), triclosan (TCS), ciprofloxacin (CIP) and
chlorhexidine dihydrochloride (CHX).

Atomic force miscroscopy (AFM) images were obtained for all the samples in
tapping mode with an AFM Dimension 3100 microscope and a NanoScope IV
controller (Veeco) under ambient conditions. A silicon probe Tap150-G (Budget
Sensors) with a resonant frequency and spring constant of 150 kHz and 5 N/m,
respectively, was used. The row scanning frequency was set at 0.8 Hz and the scan
window size varied from 1×1 µm2 to 20×20 µm2. Data were acquired using the
Reasearch NanoScope software (v. 7.30) and, afterwards, they were analyzed using
the NanoScope Analysis software (v. 1.20).
Confocal Raman-AFM microscope a300R+ from WITec (GmbH, Germany) was
used to collect single Raman spectra from the homopolymers (i.e. PLA and P3TMA),
PLA:P3TMA fibrous blends and drug loaded samples. For excitation, a laser with
wavelength of 785 nm was used. The integration time was between 0.3 and 2.1
seconds depending on the scan, and high resolution Raman images were obtained
by collecting complete Raman spectra at less than 3 cm-1 per pixel. Nanofibers were
analyzed as obtained after the electrospining process, without any additional
preparation, at room temperature and after the exposure time necessary to decay
the fluorescence.
Optical morphologic observations were performed using a Zeiss Axioskop 40
microscope. Micrographs were taken with a Zeiss AxiosCam MRC5 digital camera.
Morphological characterization of the electrospun samples was conducted by
scanning electron microscopy (SEM) using a Focus Ion Beam Zeiss Neon 40
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instrument (Carl Zeiss, Germany). Prior sample observation, carbon coating was
accomplished by using a Mitec K950 Sputter Coater. Samples were visualized at an
accelerating voltage of 5 kV. Diameter of electrospun fibers was measured with the
SmartTiff software from Carl Zeiss SMT Ltd.
Contact angle measurements were performed with an OCA 15EC (DataPhysics
Instruments GmbH, Filderstadt) equipment and using the droplet sessile method at
room temperature. Three different polar solvents were tested: ultrapure water,
formamide and ethylene glycol (Table 7.2.1). For the static contact angle (sCA)
measurements, solvent droplets of volume 0.5 μL were dispensed on the respective
surfaces. Images were recorded after drop stabilization (30 s) using the SCA 20
software. Contact angle values were obtained as the average of fourteen
independent measures for each sample.

Table 7.2.1. Surface energy components of the liquids used in sCA measurements.

Liquid

𝜸𝜸𝒅𝒅𝑳𝑳

𝒑𝒑

𝜸𝜸𝑳𝑳

𝜸𝜸𝑳𝑳

Water

29.1

43.7

72.8

Formamide

35.1

23.1

58.2

Ethylene Glycol

29.3

18.9

48.2

The surface energy (SE) of PLA:P3TMA samples was calculated based on the
sCA data by applying several mathematical approaches: Equation-of-State (EoS),[63]
Fowkes,[64] Owens-Wendt-Rabel-Kaelble (OWRK)[65,66] and Wu[67] models, which will
be described in detail below. Surface phenomena (wetting, adsorption and
adhesion) are controlled by the SE of materials. Generally, organic polymers show
low SE values.[68,69] SE can be related to the contact angle via Young’s equation:[70]
𝛾𝛾𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝐿𝐿 × cos 𝜃𝜃

(7.2.1)

where θ is the contact angle, 𝛾𝛾𝑆𝑆 the SE of the solid-gas interface, 𝛾𝛾𝑆𝑆𝑆𝑆 the SE of the
solid-liquid interface and 𝛾𝛾𝐿𝐿 the SE of the liquid-gas interface. Each model defines an
expression for 𝛾𝛾SL , which is combined with the Young’s equation (Table 7.2.2).
Therefore, the solid’s SE (𝛾𝛾𝑆𝑆 ) can be obtained from this relation since the contact
angle and the liquid’s surface tension (𝛾𝛾𝐿𝐿 ) can be easily measured.[71] Table 7.2.1
contains the SE components of the liquids used. Researchers neglect the influence of
𝛾𝛾𝑆𝑆𝑆𝑆 (value still unknown) in systems containing a solid polymer and a measuring
liquid because it is insignificant.[72] M. Żenkiewicz analyzed the most commonly
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applied methods for the calculation of the surface energy of solids, utilizing the
results of the contact angle measurements.[72]
The main difference between the models mentioned above is the component
composition of the SE (𝛾𝛾𝑆𝑆 ). The simplest model is the EoS model because it is based
on an empirical approach, which only uses the total surface tension of the test
liquid. Therefore, this approach does not consider any interface component, namely
polar or disperse, and it is practically less accurate than others, being only
applicable to mainly disperse systems.[63,71] For instance, Fowkes considers the SE of
a solid or a liquid as the sum of independent components, each one of them related
to specific interactions.[64] Therefore, the SE of a solid (𝛾𝛾𝑆𝑆 ) is broken into its
components:
𝑝𝑝

𝑝𝑝

𝛾𝛾𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑑𝑑 + 𝛾𝛾𝑆𝑆 + 𝛾𝛾𝑆𝑆ℎ + 𝛾𝛾𝑆𝑆𝑖𝑖 + 𝛾𝛾𝑆𝑆𝑎𝑎𝑎𝑎 + 𝛾𝛾𝑆𝑆0

(7.2.2)

where 𝛾𝛾𝑆𝑆𝑑𝑑 , 𝛾𝛾𝑆𝑆 , 𝛾𝛾𝑆𝑆ℎ , 𝛾𝛾𝑆𝑆𝑖𝑖 and 𝛾𝛾𝑆𝑆𝑎𝑎𝑎𝑎 are the dispersion, polar, hydrogen (related to
hydrogen bonds), induction, and acid-base components, respectively, while 𝛾𝛾𝑆𝑆0
refers to all remaining interactions. In spite of this, Fowkes’ model uses an
expression for 𝛾𝛾𝑆𝑆 which only takes into account the dispersive component. Other
interaction components are neglected. Thus, from the Fowkes method only the
dispersive contribution to the SE can be extracted (i.e. especially convenient when
applied to nonpolar polymers and polymeric materials)[72]. Nevertheless, since this
method is based on the independence and additivity of the dispersion and polar
𝑝𝑝
interactions, 𝛾𝛾𝑆𝑆 can be calculated from Eq. 7.2.9 knowing the Fowkes’ 𝛾𝛾𝑆𝑆𝑑𝑑 value and
the θp values obtained using a liquid with a strong polar component (i.e. water).
On the contrary, an important modification to Fowkes’ model was done by
Owens and Wendt (OWRK) who considered that all the interface components in Eq.
7.2.2, except the dispersive component of the SE, can be associated to the polar
component.[65,66] Therefore, the SE of a solid (𝛾𝛾𝑆𝑆 ) is broken into its components, the
𝑝𝑝
dispersive (𝛾𝛾𝑆𝑆𝑑𝑑 ) and the polar component (𝛾𝛾𝑆𝑆 ). Both components are independent
and additive in nature. Thus, the polar component includes all the remaining
interactions. Consequently, a distinction between the polar and the dispersive
component of the SE is obtained from the OWRK approach. Besides, the 𝛾𝛾𝑆𝑆
expression includes a geometric mean of these components. Because of the
difference when defining the polar interaction in the Fowkes and OWRK models,
𝑝𝑝
𝑝𝑝
𝛾𝛾𝐿𝐿 and 𝛾𝛾𝑆𝑆 in Eq. 7.2.2 are not comparable with those in Eq. 7.2.10. When applying
the OWRK method, at least two measuring liquids have to be used to determine the
contact angle, and thus yield two set of equations in the form of Eq. 7.2.11 from
𝑝𝑝
which calculate 𝛾𝛾𝑆𝑆 and 𝛾𝛾𝑆𝑆𝑑𝑑 . Generally, water, glycerol, formamide, diiodomethane or
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𝛼𝛼-bromonaphthalene are chosen for this purpose. Lastly, the Wu model also
discerns between the polar and the dispersive component of the SE as the OWRK
model does, but it substitutes the geometric mean used in the 𝛾𝛾S expression by a
harmonic mean.[67]

To sum up, the SE components of a solid surface can be related to its sCA value
𝑝𝑝
(θ) determined with a liquid which surface energy components (𝛾𝛾𝐿𝐿𝑑𝑑 and 𝛾𝛾𝐿𝐿 ) are
known. In addition, the work of adhesion (WA) was determined to quantify the
wettability of a liquid droplet on the sample.[69] As defined in [73], WA is the work
required to separate the drop from the solid surface, while leaving behind on that
solid surface the adlayer adsorbed from equilibration with the vapour of the liquid
at saturation pressure, and it is defined as:
(7.2.3)

𝑊𝑊𝐴𝐴 = 𝛾𝛾𝐿𝐿 (1 + cos 𝜃𝜃)

Based on the OWRK model, WA was calculated according to the following
equation:
𝑝𝑝 𝑝𝑝

(7.2.4)

𝑊𝑊𝐴𝐴 = 2 ��𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑 + �𝛾𝛾𝑆𝑆 𝛾𝛾𝐿𝐿 �
Table 7.2.2. Main mathematical models used to obtain the surface energy (
PLA:P3TMA nanofibers.

Model
Equation of
State (EoS)

γ)
S

of

Equations
(7.2.5)

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝑓𝑓(𝛾𝛾𝑆𝑆 , 𝛾𝛾𝐿𝐿 )

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆 + 𝛾𝛾𝐿𝐿 − 2(𝛾𝛾𝐿𝐿 𝛾𝛾𝑆𝑆 )0.5 [𝛽𝛽2 (𝛾𝛾𝐿𝐿 − 𝛾𝛾𝑆𝑆 )2 ]

(7.2.6)

𝛽𝛽2 = 1.057× 10-4 Determined experimentally for several
standard solids and various measuring liquids.[72]

Fowkes

𝑝𝑝

OWRK

Wu

𝛾𝛾𝑆𝑆 =

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆 + 𝛾𝛾𝐿𝐿 − 2(𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑 )0.5
𝛾𝛾𝐿𝐿2 (1 + cos 𝜃𝜃)2
𝛾𝛾𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑑𝑑 =
4𝛾𝛾𝐿𝐿𝑑𝑑
2
�0.5𝛾𝛾𝐿𝐿 �1 + cos 𝜃𝜃𝑝𝑝 � − (𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑 )0.5 �
𝑝𝑝

𝛾𝛾𝐿𝐿

𝑝𝑝 𝑝𝑝 0.5

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆 + 𝛾𝛾𝐿𝐿 − 2(𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑 )0.5 − 2�𝛾𝛾𝑆𝑆 𝛾𝛾𝐿𝐿 �
𝑝𝑝 𝑝𝑝 0.5
�𝛾𝛾𝑆𝑆 𝛾𝛾𝐿𝐿 �

+

(𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑 )0.5

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆 + 𝛾𝛾𝐿𝐿 − 4 �

= 0.5𝛾𝛾𝐿𝐿 (1 + cos 𝜃𝜃)
𝑝𝑝 𝑝𝑝

𝛾𝛾𝑆𝑆𝑑𝑑 𝛾𝛾𝐿𝐿𝑑𝑑
𝛾𝛾 𝛾𝛾
+ 𝑆𝑆 𝐿𝐿 �
𝛾𝛾𝑆𝑆𝑑𝑑 + 𝛾𝛾𝐿𝐿𝑑𝑑 𝛾𝛾𝑆𝑆𝑝𝑝 + 𝛾𝛾𝐿𝐿𝑝𝑝

(7.2.7)
(7.2.8)
(7.2.9)
(7.2.10)
(7.2.11)
(7.2.12)
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Electrochemical impedance spectroscopy (EIS)
EIS measurements were performed using an AUTOLAB PGSTAT302N in the 10
kHz to the 10 mHz frequency range with an sinusoidal voltage amplitude of 10 mV.
All experiments were carried at room temperature. Fiber mats were cut in a disc
shape (1.766 cm2) and were sandwiched between two stainless steel electrodes
assembled into an isolating resin holder.[74] The cell was tightened with screws to
ensure constant pressure fastening. The thickness of the films, which was
determined by a micrometer, varied between 18.9 and 26.0 μm. Prior cell closing,
samples were immersed in phosphate buffer saline (PBS, pH 7.4) at room
temperature for 24h, and the water excess wiped out with a tissue. After data
collection, EIS results were then processed and fitted to an electrical equivalent
circuit (EEC).

Drug-release experiments
Drug-loaded mats were cut into small square pieces (20×20×0.1 mm3) which
were weighed and placed into polypropylene tubes. PBS and PBS supplemented
with 70 v/v-% of ethanol (PBS-EtOH) were considered as release media. PBS was
considered as a hydrophilic medium in comparison to the PBS-EtOH medium,
which is less hydrophilic than PBS. Hence, the PBS-EtOH medium was considered
appropriate to simulate the usual release medium supplemented with serum.[28]
Drug-release assays were carried out by immersing the sample mats in 50 mL of the
release medium at 25 °C for 1 week. Aliquots (1 mL) were drawn from the release
medium at predetermined intervals, and an equal volume of fresh medium was
added to the release vessel. The drug concentration in the release medium was
evaluated by UV-vis spectroscopy using a UV-3600 (Shimadzu, Japan). Finally, the
mats were dissolved in chloroform and the residual drug was extracted in ethanol
for quantification. Calibration curves were obtained by plotting the absorbance
measured at the corresponding wavelengths (i.e 322, 254, 281 and 260 nm for CIP,
CHX, TCS and IBU, respectively) against drug concentration. All tests were
performed in triplicate to control the homogeneity of the release, and the results
were averaged.

Agar diffusion test
Escherichia coli and Staphylococcus epidermidis were cultured aerobically overnight
in 15 mL of brain–heart infusion (BHI) broth at 37 °C. The bacterial suspension was
spread on Plate Count Agar (PCA) (Difco, MI, USA) using a nylon swab. Uniform
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disks of 1 mm thick and 5 mm in diameter were prepared by perforating the drugloaded PLA:P3TMA electrospun mats. Then, samples were placed on the surface of
the agar plates and incubated at 37 °C. After 24h, the inhibition zone around each
specimen was observed to determine the activity of the drug.

7.2.3. Results and Discussion
Topography and RAMAN analyses of PLA:P3TMA nanofibers
In our previous work (section 7.1),[59] a first approach was carried out to
characterize and optimize the electrospinning conditions and morphology of
PLA:P3TMA nanofiber mats. The presence of P3TMA in the electrospinning
solution induced a slightly decrease in the PLA fiber diameter, led to smoother fiber
surfaces and gave rise to some heterogeneous clusters inside the fibers, which
corresponded to P3TMA aggregates. Furthermore, both the electroactivity and the
bioactivity of the fibers increased with the content of P3TMA. In particular,
incorporation of the CP provoked a significant enhancement of the cellular
proliferation, which increased around 50% with respect to PLA.
AFM analyses of electrospun fibers provided more precise information about the
roughness of PLA and nanofiber blends (Figure 7.2.1). The average roughness of
PLA nanofibers, which exhibit remarkable irregularities on its surface (Figure
7.2.1a), is 41.4 nm ± 3.8 nm. The addition of P3TMA decreases the surface roughness
to 34.8 nm ± 2.5 nm, 39.9 nm ± 3.0 nm and 35.6 nm ± 4.5 nm for 5:1, 2:1 and 1:1
PLA:P3TMA ratios, respectively (Figures 7.2.1b-d). On the other hand, the thickness
of the fibers also decreases upon the addition of P3TMA. Moreover, AFM phase
images allow us to distinguish a phase contrast for those samples containing
P3TMA, which is not observed for PLA fibers. Although this is a strong indication
of the P3TMA presence in the fibers, it is not possible to associate each region (i.e.
dark or bright areas) to a specific polymer-rich phase, or detect P3TMA aggregation.
Further studies were carried out to understand P3TMA compositional
distribution on PLA:P3TMA fibers by means of Raman spectroscopy. Figures 7.2.2a
and b depict optical images taken with the Raman confocal microscope of PLA
fibers and its Raman spectrum. As it can be seen, the PLA spectrum presents
identifiable peaks at well-known positions.[75] However, as it is highlighted in
Figure 7.2.2b, the most intense line is located at ca. 874 cm-1, which corresponds to
the vC-COO stretching. Optical images of PLA:P3TMA nanofibers are displayed in
Figure 7.2.2c and e. P3TMA powder was analyzed by Raman spectroscopy and the
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Height
a)

2.8×2.8 µm2
b)

3.1x3.1 µm2
c)

Phase
43.3 deg

0 nm

0 deg

1.7 µm

100 deg

0 nm

0 deg

1.3 µm

76 deg

0 nm

0 deg

1 µm

60 deg

0 nm

0 deg

3.0x3.0 µm2
d)

3.0x3.0 µm2

3D

1.1 µm

Figure 7.2.1. AFM micrographs from PLA and PLA:P3TMA nanofibers scaffolds: a) PLA,
b) PLA:P3TMA 5:1, c) PLA:P3TMA 2:1 and d) PLA:P3TMA 1:1.

resulting spectrum is depicted in Figure 7.2.2d (dotted line). It has to be mentioned
that P3TMA showed a great amount of fluorescence when using the laser at 532 nm,
which was the one used with PLA fibers. Therefore, P3TMA-containing samples
were analyzed using the laser at 785 nm instead, leading to less fluorescence
overlapping but also to a lower peak resolution. In this case, the most intense line
for the P3TMA spectra is found at ca. 1480 cm-1, which corresponds to the totally
symmetric in–phase vibration of the bulk thiophene rings spread over the whole
polymeric chains linkages.[76] Raman spectra were taken at three different spots of
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Figure 7.2.2. (a) PLA fiber optical image. (b) PLA Raman spectra at the cross point in (a).
(c) PLA:P3TMA 2:1 fiber optical image. (d) Raman spectra at the cross points in (c). The
solid black line corresponds to the white cross in (c) and the pointed line to P3TMA
powder. (e) PLA:P3TMA 2:1 fiber optical image. Inset: scanned area (red box). (f)
Raman spectra associated to the inset in (e).

the PLA:P3TMA fibers (Figures 7.2.2c) as well as in P3TMA particles, which are
clearly visible as dark spots inside the fibers (Figures 7.2.2c and e). These results
corroborate the homogenous distribution of P3TMA among the PLA fibers, even
though some P3TMA agglomerations are also detected. Moreover, PLA:P3TMA
(2:1) fibers loaded with drugs were also evaluated by Raman spectroscopy
(discussed later).
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Cross

Scheme 7.2.2. Expected wetting behaviour of PLA:P3TMA scaffolds where air pockets
avoid the liquid infiltration. SE can be related to the contact angle (θ) via Young’s
equation (Eq. 7.2.1)

Wettability and surface energy determination
Understanding wetting of hydrophobic and rough surfaces relies on the
question if there is a complete liquid penetration into the roughness grooves
(homogeneous wetting regime) versus the entrapment of air bubbles inside the
grooves underneath the liquid, and preventing penetration (heterogeneous wetting
regime) (Scheme 7.2.2). These two states are referred as Wenzel and Cassie-Baxter
cases, respectively.[77] A composite surface (i.e. air and solid) is considered to follow
the Cassie-Baxter equations. For drug-delivery applications, the entrapped air in the
3D fibrous scaffolds acts as a barrier avoiding water penetration, and thus affecting
the drug-release. Nevertheless, a wetting transition from the Cassie-Baxter state to
the Wenzel state occur whenever the air regions are no longer thermodynamically
stable, and liquid starts to infiltrate the surface. Generally, the chemical, physical
and mechanical features of the drug-loaded systems are controlled to better tune the
drug-release rate.[78]
Table 7.2.3 gives the sCA values for the PLA and PLA:P3TMA scaffold samples
for the three different liquids evaluated (i.e. water, formamide and ethylene glycol).
These results have been contrasted with the same PLA:P3TMA blend films
prepared by solvent casting, and using CHCl3 as solvent. Results indicate that
samples exhibit a different wetting behaviour depending on the microscopic film
morphology. Scaffolds with fiber diameters varying from 600 to 800 nm increase
and stabilize the PLA sCA values, being more hydrophobic than samples prepared
by solvent evaporation. Hence, it is considered that the nanofiber matrix, which
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presents a rougher surface and air pockets, is able to stop and retain the liquid
phase, and results in a more hydrophobic surface (Scheme 7.2.2). However, the
exact final frontier of the three-phase contact line is unclear since the liquid may
penetrate the porous matrix through the space left between adjacent fibers.
Therefore, it is not possible to affirm which set of state equations (Wenzel, CassieBaxter or transition) can be applied to adjust the wetting behaviour of the porous
scaffold samples.
In addition to this observation, the incorporation of P3TMA in PLA nanofibers
does not alter the hydrophobicity of the later to a great extent, as proved by sCA
measurements (Table 7.2.3). On the other hand, the wettability of PLA:P3TMA 2:1 is
the most similar to PLA nanofiber films (PLA:P3TMA 1:0), except for ethylene
glycol.
Table 7.2.3. Contact angle values (in degrees) for PLA:P3TMA samples prepared by
electrospinning (fibrous scaffold, FS) and by solvent castingb) (SC).

Watera)

Formamide

Ethylene Glycol

PLA:P3TMA

FS

SC

FS

SC

FS

SC

1:0

132.0±2.2

76.1±3.1

121.8±5.4

55.3±2.2

110.5±2.7

50.0±2.4

5:1

130.5±2.1

90.5±3.4

118.7±3.2

56.0±2.3

123.8±3.8

55.8±2.1

2:1

135.3±1.5

86.9±5.2

121.6±4.7

55.4±3.2

130.1±2.0

55.0±3.4

1:1

134.6±2.4

87.7±3.8

127.4±2.4

68.6±5.6

126.7±2.0

54.9±1.6

a) Previously

reported.[59] b) PLA and PLA:P3TMA films were solvent casted from a solution of 16
mg/mL of polymer in CHCl3 solvent. The mean values are the average of at least 14 droplets.

Overall, this is a very attractive response for drug-release applications since little
wetting and, in turn, slow release, can be achieved by the nanofiber scaffold in
contact with these solvents. Our results are in good accordance with other works
which apply sCA to determine the wettability of PLA-based samples. For instance,
Kaplan et al. studied the superhydrophobicity of biodegradable poly(lactide-coglycolide) electrospun meshes,[78] while Singh et al. characterized the modification of
the surface properties of poly(lactic acid)-perfluoropolyether block copolymeric
films.[69]
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Surface phenomena, like wetting, adsorption and adhesion, are controlled by the
SE of the materials used for deposition. Therefore, an exhaustive surface tension
study using the sCA data obtained for ultrapure water, formamide and ethylene
glycol (Table 7.2.3), have been performed using the theoretical models previously
described (Table 7.2.2). As each model considers different physical assumptions and
interactions for the calculation of the SE components, comparison among such
approaches is not recommended. However, as it is observed in Table 7.2.4, a general
behaviour can be extracted from the results. Values for 𝛾𝛾𝑆𝑆 and its components,
𝑝𝑝
𝛾𝛾𝑆𝑆𝑑𝑑 and 𝛾𝛾𝑆𝑆 , which refer to dispersive and polar interactions, respectively, decrease
with increasing P3TMA content. Samples with high SE, like PLA:P3TMA (1:0)
nanofibers, are more readily to interact with liquids because of their bonding
potential. Results allow us to conclude that a small percentage of P3TMA
adequately dispersed in the electrospinning process is able to reduce the SE
parameters, helping the system to avoid rapid drug release in polar solvents.

Table 7.2.4. Surface energy parameters (mJ/m2) for PLA:P3TMA fibrous scaffolds.

EoS

Fowkes

1:0

𝜸𝜸𝑺𝑺

7.07±0.26

𝜸𝜸𝒅𝒅𝑺𝑺

7.00±0.23

𝜸𝜸𝒅𝒅𝑺𝑺

10.99±0.00

𝜸𝜸𝑺𝑺

0.62±0.00

11.61±0.00

5:1

6.53±0.36

5.05±0.21

3.95±0.00

0.11±0.00

4.06±0.00

2:1

5.02±0.38

3.51±0.28

3.61±0.00

0.00±0.00

3.62±0.00

1:1

4.43±0.18

3.61±0.14

2.52±0.00

0.13±0.00

2.65±0.00

PLA:P3TMA

OWRK
𝒑𝒑

𝜸𝜸𝑺𝑺

Moreover, the effect of PLA:P3TMA fibrous morphology on the SE values was
also compared with the same blend films prepared by solvent casting from CHCl3
solutions (Table 7.2.5). Results demonstrated that γS values obtained from the latter
are one order of magnitude higher than those from samples prepared by
electrospinning. In the literature, γS values for PLA films have been determined to
𝑝𝑝
be between 35.1-40.2 mJ/m2 (up to 50 mJ/m2), with 𝛾𝛾𝑆𝑆𝑑𝑑 ca. 26.9-29.7 mJ/m2, and 𝛾𝛾𝑆𝑆 ca.
8.2-10.5 mJ/m2, which are in good agreement with our results for solvent casted
films. Hence, the SE values of fibrous PLA:P3TMA interfaces, and thus their wetting
response, are influenced by the morphology displayed.
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Table 7.2.5. Surface energy parameters (mJ/m2) for PLA:P3TMA solvent casted films.

EoS

Fowkes

1:0

𝜸𝜸𝑺𝑺

37.65±0.24

𝜸𝜸𝒅𝒅𝑺𝑺

35.99±0.02

𝜸𝜸𝒅𝒅𝑺𝑺

33.99±0.03

𝜸𝜸𝑺𝑺

4.42±0.01

38.41±0.03

5:1

33.79±0.77

53.67±0.10

73.08±0.00

2.31±0.01

75.39±0.00

2:1

34.75±0.69

54.6±0.10

58.2±0.02

0.10±0.00

58.31±0.02

1:1

32.04±0.38

47.93±0.10

37.66±0.02

0.95±0.00

39.62±0.02

PLA:P3TMA

OWRK
𝒑𝒑

𝜸𝜸𝑺𝑺

Finally, the highest work of adhesion (WA) was obtained for PLA scaffolds,
which was attributed to the fact that PLA exhibits the highest SE calculated using
the OWRK model (Table 7.2.6). Accordingly, this surface is less repellent to liquid
than the systems with P3TMA. In conclusion, the surface energy and adhesion work
of PLA:P3TMA scaffolds prepared by electrospinning are substantially lower than
those obtained for solvent-casted blends, thus the surface of the fibrous mats are
more repellent to polar liquids.
Table 7.2.6. WA values (mJ/m2) for PLA:P3TMA scaffolds based on the data obtained
applying the OWRK model (Eq. 7.2.4).

PLA:P3TMA

Water

Formamide

1:0
5:1
2:1
1:1

49.08
34.68
33.72
30.37

49.02
33.18
33.13
28.45

Ethylene
Glycol
44.72
30.23
29.26
25.91
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Nanofiber characterization by EIS analysis
The presence of the CP moiety in the PLA nanofiber mat accomplishes two
purposes. Firstly, as it has been discussed previously, a small percentage of P3TMA
adequately dispersed is able to reduce the SE parameters, thus decreasing the
wetting behaviour and slowing down the rapid drug release in polar solvents.
Secondly, it is expected that cells will respond to an external electrical or
electrochemical stimuli when in contact with the CP. Therefore, before the drugloading step, the bulk conductivity of PLA:P3TMA nanofiber mats was evaluated
by EIS. Samples were prepared by electrospinning and cut in disc-shaped formats
for adaptation to the capacitor cell (Figure 7.2.3).[74]

PLA:P3TMA

Solvent casted

1:0

PLA:P3TMA

Fibrous Scaffolds

1:0

PLA:P3TMA
5:1

PLA:P3TMA
2:1

PLA:P3TMA
1:1

Figure 7.2.3. Photographs of PLA:P3TMA nanofiber scaffolds and PLA:P3TMA 1:0
solvent casted film, which were prepared for EIS analyses.

The Nyquist and Bode plots provided information about the homogenous
distribution or, by contrary, the collapse of P3TMA in the biopolymeric matrix
when it is not well distributed. As it is reflected in Figure 7.2.3, scaffolds become
darker with increasing content of CP in comparison to the PLA pristine films.
Figure 7.2.4a indicates that PLA:P3TMA (1:0) scaffolds exhibit similar resistance and
capacitance than PLA:P3TMA (5:1), proving that the incorporation of a very low
concentration of CP does not alter the electrochemical response of PLA fibers.
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a)

b)

Figure 7.2.4. a) Nyquist plots of PLA (red square) and 5:1, 2:1 and 1:1 PLA:P3TMA (black
diamond, green circle and blue triangle, respectively) fiber matrices. The inset shows the
impedance plot with magnified scale axes. Continuous lines correspond to the fitting of
experimental data using the EEC in Figure 7.2.5c. b) Bode diagram from Nyquist plot.
Filled figures refer to the angle phase axis, while empty figures refer to the log|Z| axis.

267

CHAPTER 7
Results for the three replicated samples of each system were alike and, therefore,
only one curve has been represented. As it can be seen, each spectrum shows a very
compressed and small beginning of a semicircle in the high frequency range, and an
inclined straight line in the low frequency range. It is well known that the high
frequency semicircle is associated to the bulk relaxation of the film and its irregular
thickness and morphology, while the straight line refers to the migration of ions and
the surface inhomogeneity of the electrodes.[79]
On the other hand, the spectrum for the PLA:P3TMA 1:1 scaffolds, which
contains the highest P3TMA concentration, shows a slightly different behaviour as
it is observed in the Bode plot (Figure 7.2.4b). The phase angle for these samples is
very low in the high frequency region, which only can be explained by the presence
of defects caused by an irregular distribution of P3TMA aggregates inside the
nanofibers, thus provoking the rapid penetration and conduction of the electrolyte
across the scaffold. In contrast, P3TMA seems to be homogenously distributed in
PLA:P3TMA 2:1 nanofibers, thus showing a Nyquist plot (Figure 7.2.4a) with the
lowest resistance and capacitance values (Table 7.2.7), whereas the Bode plot
(Figure 7.2.4b) presents the highest phase angle (32.1º) and the lowest log |Z|
(1.15) at the high frequency zone (105 Hz), in comparison to nanofibers made of
PLA:P3TMA (1:0) or the other ratios.
Quantitative analyses of these results required fitting with an adequate electrical
equivalent circuit (EEC), which provides a simple understanding of each nanofiber
system. In our experiment, PLA:P3TMA samples were placed between two stainless
steel electrodes forming a through-plane cell geometry for bulk resistance and
capacitance measurements across the film (i.e. forming a capacitor cell).[74] Basically,
it means that under polarization, an electrical double layer will be formed at the
electrodes interface. This charged ion monolayer includes the electrolyte ions
arranged in a monolayer at the electrode surface since they cannot trespass the
electrode, and the layer of opposite ionic charge at the electrode surface.[79]
As it is carefully explained by Soboleva et. al.,[80] the idealized circuit for such a
system has several elements and can be represented by the EEC displayed in Figure
7.2.5a. Briefly, each film/blocking electrode interface is represented by the parallel
combination of a capacitance, which models the capacitance of the double layer (C1
and C2), and the resistance of the blocking electrode (R1 and R2). Besides, the bulk
properties of the polymer film are represented by means of a bulk membrane
capacitance (Cb) and a bulk resistance (Rb). However, after taking into account
several considerations (i.e. the electrode/electrolyte interface is merely capacitive,
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Figure 7.2.5. EEC for a film sample between two blocking electrodes: (a) Ideal circuit, (b)
simplified circuit and (c) EEC adjusted to PLA:P3TMA scaffolds. HF stands for high
frequency range and LF for low frequency range.

therefore resistances R1 and R2 can be omitted, and also that the dominant process at
the proton conducting electrode can be considered as a double layer capacitance[80]),
the above circuit can be simplified into the one shown in Figure 7.2.5b. The elements
of this equivalent electric circuit are Cdl, which models the interfacial capacitance
that arises from the double layer capacitance at the film/electrode interface, and Rb
and Cb, associated in parallel, which represent the bulk resistance and the
geometrical capacitance of the film/electrode interface, respectively.
However, as the real system is much more complicated and the capacitance
at solid electrodes does not show an ideal behaviour, two constant phase elements
substitute Cdl and Cb, thus considering the heterogeneity of the system and the
roughness and irregularities of the electrode surface.[81,82] The impedance of a CPE
(ZCPE), which models the behaviour of a double layer, that is an imperfect capacitor,
can be expressed as:
𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 =

1 −𝜋𝜋𝑛𝑛𝑛𝑛
𝑒𝑒 2
𝐶𝐶𝜔𝜔 𝑛𝑛

𝛼𝛼 = (1 − 𝑛𝑛)

𝜋𝜋
2

(7.2.13)
(7.2.14)
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where ω is the frequency and n is related to 𝛼𝛼, which is the deviation from the
vertical of the line in the Nyquist plot. Both C and n are frequency independent.
Thus, n = 1 equals an ideal capacitance, lower n values reflect the roughness of the
electrode employed, and n = 0 a pure resistor.[79]
After fitting the experimental data to an EEC, it was found that PLA and
PLA:P3TMA 5:1 and 2:1 wt.% ratio adjust to the circuit depicted in Figure 7.2.5c,
while the fitting of the EEC for PLA:P3TMA 1:1 was more difficult to achieve. It is
thought that the increasing concentration of P3TMA in the 1:1 sample results in a
complex interface distribution caused by the formation of P3TMA agglomerates
inside the polymer matrix. Only the experimental data of one tested sample was
properly fitted with the previous circuit. Therefore, in terms of the EEC elements
analysis, data shown for the PLA:P3TMA 1:1 system are not the averaged values.
The EEC satisfactorily used for fitting the EIS data for PLA and PLA:P3TMA blends
was Rsoln(RbCPE1)CPE2. It only differs from the general circuit described before
(Figure 7.2.5b) in that it includes Rsoln, which models the PBS electrolyte resistance.
The parallel combination of Rb and CPE1 results in the high frequency semicircle,
while the CPE2 represents the double layer capacitance. Averaged data is
summarized in Table 7.2.7.

Table 7.2.7. EEC values obtained after fitting EIS data to the circuit displayed in Figure
7.2.5c for PLA:P3TMA systems. a) Only one sample (Sample 1) properly fitted to EEC
proposed in Figure 7.2.5c.

PLA:P3TMA

Rsoln
(Ω)

CPE1
(F)

n1

Rb
(kΩ)

CPE2
(F)

n2

1:0

8.24
± 3.34

5.00×10-5
± 1.71×10-5

0.50
± 0.08

2.47
± 0.09

2.27×10-5
± 1.82×10-5

0.73
± 0.13

5:1

11.73
± 3.91

1.55×10-4
± 3.02×10-5

0.51
± 0.02

2.74
± 0.54

4.21×10-5
± 1.90×10-6

0.87
± 0.03

2:1

11.62
± 5.58

1.47×10-4
± 5.76×10-5

0.50
± 0.03

1.75
± 0.82

1.51×10-5
±8.83×10-6

0.73
± 0.05

1:1a)

939

1.32×10-5

0.66

1.456

4.88×10-6

0.80
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EIS results showed that when increasing the P3TMA content in the scaffold
matrices, the density of the charge carriers and the mobility of the fiber matrix are
also enhanced, improving the bulk conductivity. Concretely, the bulk conductivity
of the fiber matrix films can be calculated by applying the following equation:
𝜎𝜎 =

1 𝑡𝑡
𝑅𝑅𝑏𝑏 𝐴𝐴

(7.2.15)

where σ is the bulk conductivity, t is the thickness of the fiber film, A is the area of
the polymer discs and Rb is the bulk resistance.
The good dispersion of P3TMA particles in the polymeric matrix, under
electrospinning conditions, is critical to obtain good electrical properties in the
insulating nanofiber blends. The bulk conductivity determined for PLA and the 2:1
PLA:P3TMA were 4.33×10-7 and 8.26×10-7 S/cm, respectively. Thus, the addition of
33 wt.% of P3TMA in the PLA nanofiber (PLA:P3TMA 2:1) results in an increment
in the bulk conductivity of 91%. EIS analyses demonstrated that PLA:P3TMA 2:1
exhibits the highest bulk conductivity and the best dispersion of the CP in the PLA
matrix. Table 7.2.8 summarizes the bulk conductivity values for all systems, while
Figure 7.2.6 shows the behaviour of all tested samples. Therefore, PLA:P3TMA 2:1
nanofiber mats were chosen for drug-loading and release assays since they
accomplish the two-fold purpose described before: suitable wettability properties
and good bulk conductivity features.

Table 7.2.8. Thickness and bulk conductivity values for PLA:P3TMA nanofiber scaffolds
obtained by EIS measurements. a) Only one sample fitted properly to the EEC proposed.

PLA:P3TMA
1:0
5:1
2:1
1:1a)

Thickness
σ
(µm)
(×10-7 S/cm)
18.9 ± 4.2 4.33± 0.91
26.0 ± 5.9 5.39 ± 0.72
25.2 ± 10.6 8.26 ± 0.59
24.8 ± 5.8
8.16

Similarly, bulk conductivities were recently reported for other CP-biodegrable
polymer systems. For example, PLA was blended with undoped polyaniline (PAni)
or doped with camphorsulfonic acid (PAni-CSA) by electrospinning.[83] The
conductivity determined by EIS of PLA:PAni and PLA:PAni-CSA was reported to
be 1.5 × 10-5 S/cm and 8.4 × 10-2 S/cm, respectively.[83]
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Figure 7.2.6. Bulk conductivity of PLA:P3TMA samples obtained after fitting the EEC to
the experimental EIS data. For PLA:P3TMA 1:1, only data from Sample 1 fitted to the
EEC proposed in Figure 7.2.5c. It was not possible to fit any EEC for Sample 2, and
although data from Sample 3 fitted to an EEC, it was not equivalent to the one proposed
for the rest of systems.

The system PLA:PAni was also satisfactorily studied in previous works.[84,14] For
instance, McKeon et al. electrospun several polyaniline and poly(D,L-lactide)
(PDLA:PANi) mixtures at different weight percent values. Only the 25:75
electrospun scaffold was able to conduct a current of 5 mA. The calculated electrical
conductivity for this scaffold was 4.37 × 10-2 S/cm.[14]. In another work, PAni-CSA
was blended with poly(L-lactide-co-ε-caprolactone) (PLCL) to obtain uniform
nanofibers with good electrical properties.[85] Recently, incorporation of PAni into
PCL fibers significantly increased the electrical conductivity from a non-detectable
level for PCL fibers to 63.6 × 10-3 ± 6.6 × 10-3 S/cm for the fibers containing 3 wt.% of
PAni.[86] Forciniti et al. prepared another biomaterial by blending poly(lactic-coglycolic acid) (PLGA) and chloride-doped polypyrrole (PPy-Cl).[87] Results
suggested that PPy-Cl synthesized on the PLGA films inherited the same electrical
properties as the homopolymer PPy-Cl film. Conductive polyamide 6 nanofibers
were prepared by polymerizing Py molecules directly on the fiber surface (i.e. PPy
coating of the PA6 fibers).[88] The electrical conductivity of iodine doped poly(3hexylthiophene-2,5-diyl) (P3HT) electrospun fibers, which was determined using
the four-point probe measurement, ranged from 30 S/cm to 60 S/cm.[89]
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Figure 7.2.7. SEM images of PLA:P3TMA 2:1 samples loaded with: (a) IBU, (b) CIP, (c)
CHX and (d) TCS. Left images correspond to low magnification and right images to high
magnification.

Topography and RAMAN analyses of PLA:P3TMA 2:1 nanofibers
loaded with drugs
Once the PLA:P3TMA:drug (2:1:0.4 w/w) samples were prepared considering
CIP (antibiotic), CHX and TCS (both biocides), and IBU (anti-inflammatory) as
drugs, SEM micrographs were taken to identify the morphological changes induced
by the drug-loading. The surface of the loaded fibers was not as smooth and
homogeneous as that of the unloaded fiber samples. More specifically, Figure 7.2.7a
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and b reflect the lack of uniformity for IBU- and CIP-loaded PLA:P3TMA 2:1 fibers,
respectively. These fibers exhibit high flexibility and their diameters are not
homogeneous, varying from 1.58 to 5.09 µm. Besides, fibers tend to agglomerate
forming disorganized branches without directional preference with diameters
between 11 and 40 µm, which in turn are composed of several individual fibers.
Figure 7.2.7a (right) shows the interior of a broken IBU-loaded fiber. As it can be
seen, the fiber morphology is highly porous, either in the outer or inner side. Figure
7.2.7b (right), which displays a CIP-loaded fiber, allow us to distinguish drug
particles embedded into the PLA:P3TMA 2:1 matrix.
Morphological changes are less severe for CHX-loaded samples in comparison
to fibrous mats containing IBU and CIP. Particularly, a well formed and
homogeneous scaffold made of fibers with similar structure, diameter and surface
roughness is obtained (Figure 7.2.7c). Finally, TCS-containing samples provide the
most homogenous fibers, exhibiting a highly smooth surface that largely resembles
the one obtained for unloaded PLA:P3TMA 2:1 fibers (Figure 7.2.7d).
AFM analyses are in good agreement with SEM observations indicating that, in
general, fibers show a great range of diameters and structures. In addition to slight
variations in the surface roughness, drug-loading alters the entire fiber distribution
in the matrix. For instance, PLA:P3TMA:TCS fibers formed the most compact and
regular matrix (Figure 7.2.8). Nevertheless, the incorporation of TCS into
PLA:P3TMA 2:1 resulted in “ribbon”-like structures more than in fibers. In contrast,
PLA:P3TMA:CHX, PLA:P3TMA:CIP and PLA:P3TMA:IBU fiber matrices were
radically different. In these cases, both the random distribution of the fibers and the
large spaces between them made AFM observation more difficult (Figure 7.2.9).

3.5 µm

10x10 µm2

0 nm

10x10 µm2

4 µm

Figure 7.2.8. AFM micrographs from PLA:P3TMA:TCS nanofibers: (a) 2D height image,
(b) 3D image (10×10 µm2) and (c) SEM micrograph (scale bar: 4 µm).
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Figure 7.2.9. AFM micrographs from PLA:P3TMA 2:1 loaded with CHX (top), IBU
(middle) and CIP (bottom): 2D height image, 3D images and SEM micrograph.

Confocal Raman spectroscopy was also used to examine the drug-loading into
PLA:P3TMA samples. Unfortunately, the amount of drug loaded, which was very
small (12 wt. %), was difficult to identify in some cases. Figure 7.2.10, which shows
the spectrum for the PLA:P3TMA:CIP samples, reflects the presence of several
peaks (brown-shadowed) coming from the drug and the main absorption band
from P3TMA at about 1480 cm-1. Moreover, the corresponding optical image allows
us to observe a white shine along the fiber that was attributed to the drug.
However, identification of the presence of the drug in the spectra of the other three
drug-loaded samples (Figure 7.2.11) was not clear, which was attributed to the very
small amount of loaded drug (12 wt.%). In spite of this, it should be noted that
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morphology changes observed by SEM and optical microscopy of
PLA:P3TMA:drug nanofibers suggested the presence of the drug inside the fibers.

(a)

(b)
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Figure 7.2.10. (a) Optical image of PLA:P3TMA:CIP fiber. The red line shows the spot in
which the Raman spectrum was taken. (b) Raman spectra: the dotted line corresponds to
P3TMA powder, the blue line to CIP powder and the red line to the PLA:P3TMA:CIP
sample.
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Figure 7.2.11. Raman spectra of: (a) PLA:P3TMA:CHX, (b) PLA:P3TMA:IBU and (c)
PLA:P3TMA:TCS. The dotted line corresponds to P3TMA powder spectrum, the blue
line to the drug powder spectrum and the red line to the PLA:P3TMA:drug spectrum.

Drug release study
Drug release from electrospun fibers in a given medium is intimately related to
the morphology and crystallinity of such fibers and also to the intermolecular
interactions that can be established between drugs and the polymeric matrix.
Quantitative release studies were performed considering PLA:P3TMA matrices
loaded with CIP, CHX, TCS and IBU (Scheme 7.2.1). Both PBS and PBS-EtOH were
used as release media. According to previous studies,[28] the ethanol supplement
facilitates the release of highly hydrophobic molecules, such as TCS and IBU,
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Figure 7.2.12. Drug release profile from PLA:P3TMA:drug scaffolds in (a) PBS (a) and (b)
PBS-EtOH medium.

avoiding the establishment of early equilibrium conditions that typically limit their
release in PBS. Figure 7.2.12a shows the release profiles of all four drugs loaded in
PLA:P3TMA matrices in the PBS medium. The lower values were obtained for TCS
(30%) and IBU (25%) indicating that these drugs were better retained into the
polymer crystalline domains. However, the release of TCS and IBU increases to 90%
and 80%, respectively, when the release was performed in a more hydrophobic
medium (i.e. in PBS-EtOH medium) (Figure 7.2.12b).
Comparing the release of CIP and CHX from loaded matrices with that
displayed by TCS and IBU drugs, higher release percentages are attained for
PLA:P3TMA scaffolds loaded with the formers (i.e. 90% and 70%, respectively) in
the PBS medium. Moreover, the initial release of CHX in the PBS-EtOH medium
was very fast and reached values of 70% after only seven hours of exposure (Figure
7.2.12b). Previous studies[90-92] indicated that the release kinetics of these drugs
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loaded into polymer matrices can be explained by the Higuchi and first-order
models, which are usually combined to describe the first (0-60%) and second (40100%) parts of the release,[93] respectively. In both cases, the release process is
explained by the diffusion of the drug through the polymer matrix, which is
facilitated by the ethanol-induced swelling of PLA.[28]
Thus, from the drug-release profiles of CIP, CHX, TCS and IBU from
PLA:P3TMA fibrous interfaces, some important conclusions can be drawn: a) the
electrospun hybrid fibers of PLA and P3TMA can be successfully used to load either
hydrophilic and hydrophobic drugs, b) the release profiles for PLA:P3TMA 2:1
scaffolds depend on the release environment (i.e. less hydrophilic medium, higher
velocity of drug release).

Evaluation of bactericide activity of drug-loaded PLA:P3TMA 2:1
scaffolds
Agar diffusion tests were conducted to demonstrate qualitatively the biological
activity of the antimicrobial drugs (CIP, CHX and TCS) loaded into PLA:P3TMA 2:1
fibrous scaffolds. E. coli and S. epidermidis bacteria were chosen as representative
Gram negative and Gram positive bacteria groups, respectively. There was no
inhibition halo in the growth plate of E. coli and S. epidermidis (Figures 7.2.13a and b,
respectively) around the tested samples for unloaded and IBU loaded PLA:P3TMA
matrices. The obtained result was expected because no bactericidal activity has been
described for PLA, P3TMA and IBU.
In contrast, halos of inhibition were observed for PLA:P3TMA electrospun
matrices loaded with TCS, CHX and CIP according to their antimicrobial
activity.[28,87,94] The formation of halos corresponds to the drug released from the
scaffold and, subsequently, diffused through the agar. The diameters of the three
halos are similar (Figure 7.2.13b) suggesting that the susceptibility of S. epidermidis
towards TCS, CHX and CIP is similar. However, the response of E. coli towards the
drugs is completely different, as it is reflected by the different size of the halos.
Although the agar diffusion test can also be used as a quantitative method, the
diameter of the halos is only indicative of bacterial susceptibility towards the drug.
In summary, these results clearly prove that the biological activity of the drugs is
not affected by the electrospinning process or by the interactions established
between the drugs and the PLA:P3TMA matrix, and thus they are feasible to be
released from the fibrous biointerface by electrical stimulation.
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Figure 7.2.13. Growth inhibition of (a) Escherichia coli and (b) Staphylococcus epidermidis.
Unloaded PLA:P3TMA 2:1 scaffold were used as control disk. TCS, CHX, CIP and IBU
disks refer to PLA:P3TMA:drug fibers loaded with the corresponding drug. Red lines
indicate the areas of the plates occupied by each sample. Inhibition zones are circled
with dashed lines.

7.2.4. Conclusions
PLA:P3TMA fibrous interfaces have been obtained to perform as scaffold
platforms and drug-delivery systems. For this purpose, after optimization of the
electrospinning parameters, PLA:P3TMA samples with different ratios were
obtained and further characterized by AFM and SEM microscopies, RAMAN
spectroscopy, contact angle measurements, and electrochemical impedance
spectroscopy. The overall of the results indicate that the presence of P3TMA in the
PLA scaffold matrices induces changes in the fiber surface morphology, although
maintaining the fiber integrity, and decreases its bulk resistance. Wettability studies
have demonstrated that a small percentage of P3TMA adequately dispersed in the
electrospinning process is able to reduce the surface energy parameters, helping the
system to avoid rapid drug release in polar solvents.
PLA:P3TMA 2:1 is the most appropriate system for drug-loading since it
combines a suitable wetting behaviour with a good electrochemical response (i.e. an
increment in the bulk conductivity compared to PLA scaffolds). Therefore, in the
future, the electrical stimulated response of drug delivery would be explored for
this optimized ratio. In this way, drug release experiments proved that the release
kinetics depends on the hydrophilicity of the release medium, being faster for a less
polar medium (i.e. in the PBS-EtOH medium). On the other hand, CHX showed a
stable release behaviour in PBS, combined with a good fiber formation by
electrospinning. As expected, neither IBU loaded fibers, PLA nor P3TMA
homopolymers show antibacterial activity against E. coli and S. epidermidis bacteria.
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On the contrary, PLA:P3TMA electrospun matrices loaded with TCS, CHX or
CIP showed normal antibacterial activity, proving that these bioactive molecules
have not been destroyed by the electrospinning process, and also demonstrating
that they are well mixed in the PLA:P3TMA scaffold matrices.
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FIBROUS BIOINTERFACES BASED ON
POLYTHIOPHENE DERIVATIVE
AND BIODEGRADABLE
POLY(ESTER UREA)-CO-POLY(ESTER
AMIDE)

PEU-CO-PEA:P3TMA FIBROUS BIOINTERFACE

Summary
Following the approach described in chapter 7, a copolymer derived from Lleucine, which bears ester, urea and amide groups, poly(ester urea)-co-poly(ester
amide) (PEU-co-PEA), has been used to prepare P3TMA-based fibrous scaffolds,
and appears to be an ideal carrier for the CP.
The resulting scaﬀolds are practically amorphous and thermally stable, and
present a pronounced electrochemical activity. Thus, the formation of polarons and
bipolarons at speciﬁc positions, the ability to exchange charge reversibly and the
electrical stability of hybrid PEU-co-PEA:P3TMA electrospun scaﬀolds are
practically the same as those displayed by P3TMA alone.
PEU-co-PEA was synthesized by Dr. S. Kobauri and Dr. R. Katsarava 1. Dr. M.
Planellas optimized the preparation of the hybrid scaffolds. Thermal measurements
were run by Dr. L. Franco 2.
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Publication derived from this work:

M. Planellas, M. M. Pérez-Madrigal, L. J. del Valle, S. Kobauri, R. Katsarava, C.
Alemán, J. Puiggalí, Polym. Chem. 2015, 6, 925.
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Institute of Chemistry and Molecular Engineering, Agricultural University of Georgia, Tblisi,
Georgia.
2Departament d’Enginyeria Química, E.T.S. d’Enginyers Industrials de Barcelona, UPC.
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8.1.

Introduction

Materials able to combine biodegradable and conducting properties have highly
promising applications in biomedicine. Among conducting materials, conducting
polymers (CPs) are potential candidates for the preparation of scaﬀolds because the
intrinsic electrical and electrochemical (i.e. electroactivity) properties of these
organic materials enhance cell proliferation at the polymer–tissue interface through
electrochemical stimulation and an ion-exchange mechanism, respectively.[1–3]
As CPs are non-degradable materials, diﬀerent strategies have been explored to
ensure their biodegradability when used in CP-containing scaﬀolds. For example,
some eﬀort has been focused on the synthesis of hybrid polymers that combine
conducting and degradable units.[4,5] Other alternatives are based on the use of
degradable polymers as templates for a subsequent deposition of CPs[6–8] or the
development of nanostructured blends of conducting and biodegradable
polymers.[9,10]
Electrospinning is a versatile technique that oﬀers great potential for the
fabrication of hybrid scaﬀolds with the porosity required for eﬀective tissue
regeneration applications.[11] Unfortunately, the preparation of conductive
micro/nanofibers by direct electrospinning of CPs is not an easy task due to their
low solubility, fast crystallization and low molecular weight. As a result, fiber
morphology usually becomes discontinuous showing many beads[12] that, in some
cases, can be minimized using a coaxial setup to prevent crystallization at the nozzle
tip.[13]
These morphological problems can be overcome by blending the CP with
another electrospinnable polymer (used as a carrier). The detriment of the electronic
properties is the major inconvenience of this strategy, while the specific properties
contributed by the carrier (e.g. biodegradability and biocompatibility) represent the
new advantages for the development of biomedical materials.
Poly(3-thiophene methyl acetate) (P3TMA) is an electroactive polythiophene
derivative with good solubility in some organic solvents such as CHCl3, THF or
DMSO. This characteristic has been exploited to prepare a common solution with
high molecular weight biodegradable polymers, for example poly(tetramethylene
succinate) (Chapter 4) and polylactide (Chapter 7), and fabricate stable FsNM and
nanofiber scaffolds.[14–17] The bioactivity of such P3TMA-containing scaﬀolds as well
as of individual P3TMA interfaces was repeatedly proved through cellular adhesion
and proliferation assays.
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Scheme 8.1.1. a) Synthesis of the biodegradable 1L693-8L67 PEU-co-PEA. b) Chemical
structure of the conducting polymer P3TMA.

𝛼𝛼-Amino acid-based polymers (AABPs) have been receiving great attention as
new biodegradable materials for biomedical applications due to their favourable
combination of properties. Among AABPs poly(ester amide)s,[18–23] (PEAs) are the
most studied. A relatively new and less investigated class of AABPs is the one that
includes poly(ester urea)s (PEUs) obtained for the first time by Katsarava and coworkers via solution active polycondensation.[24] Later, this team showed that highmolecular weight PEUs with desirable material properties could be synthesized via
interfacial polycondensation using phosgene or triphosgene as starting
monomers.[25] In this way, a L-leucine based PEU was successfully used for
preparing nanofibers loaded with anti-bacterials drugs,[26] while L-phenylalanine
based PEUs were employed to develop high-strength materials as promising bone
substitutes.[27,28] In general, PEAs and PEUs are promising materials since strong
intermolecular hydrogen bond interactions can be established between amide or
urea groups, giving rise to good thermal and mechanical properties. Furthermore,
the degradability of these materials can also be guaranteed by the presence of
hydrolysable ester groups, whereas the selection of adequate constitutive units may
provide biocompatibility and nontoxic hydrolysis by-products. Hence, a
tremendous variety of materials with easily customized properties can be obtained
due to (i) the high versatility of natural 𝛼𝛼-amino acids with diﬀerent pendent
groups, and (ii) the possibility of using diols along with dicarboxylic acid units with
aliphatic segments of diﬀerent lengths.
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The PEU derived from carbonic acid, L-leucine and 1,6-hexanediol (named 1L6
in Scheme 8.1.1a) showed interesting properties and appeared suitable as
implantable surgical devices (e.g. vascular stents and hard tissue replacement
implants). Specifically, a tensile strength at yield, elongation at break and Young’s
modulus of 21 MPa, 114% and 622 MPa, respectively, were reported together with a
melting temperature of 114 °C and a glass transition temperature of 47 °C.[25]
Solubility in organic solvents and properties like molecular flexibility can be easily
improved by incorporating a small ratio of dicarboxylic acid units with high
methylene content (e.g. sebacic acid). In this case, copolymers contain both urea and
amide groups (PEU-co-PEA copolymers) in a proportion that can be easily tuned
following a simple two step procedure based on the interfacial polycondensation
method previously reported for PEUs (Scheme 8.1.1a).[25]
The goal of the present chapter is to develop hybrid scaﬀolds with the maximum
load of P3TMA using a new biodegradable PEU-co-PEA polymer as the
electrospinnable carrier. Intermolecular interactions between the polar moieties of
the two polymers are expected to play a crucial role and might achieve a high
concentration of the CP in the electrospinnable solution. P3TMA has been selected
not only because of its high biocompatibility, but also because of its electrochemical
activity, the latter being responsible for its excellent behaviour as a bioactive matrix
(i.e. cellular adhesion and proliferation are significantly enhanced by the ionexchange ability of this CP at the cell–polymer interface).[14–16,29]

8.2.

Experimental Section

8.2.1. Materials
All chemicals were of ACS grade and used without further purification. The dip-toluenesulfonic acid salt of bis-L-leucine-hexane-1,6-diester (L6) was prepared, as
reported previously,[30] by direct condensation of 26.24 g (0.2 mol) of L-leucine with
11.8 g (0.1 mol) of 1,6-hexanediol in refluxing benzene (500 mL) in the presence of a
slight excess of 39.95 g (0.21 mol) of p-toluenesulfonic acid monohydrate. The
reaction was prolonged for 16 h until 7.4 mL (0.41 mol) of water was collected in a
Dean–Stark trap. The reaction mixture was then cooled to room temperature and
filtered oﬀ. The obtained white solid was dried using benzene, washed with water
to remove excess p-toluenesulfonic acid, recrystallized from water and dried at
100 °C in an oven equipped with a fan. Yield 59.25 g (86%), m.p. 189–191 °C,
reported m.p. 190–192.30 °C.
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8.2.2. Polymer Synthesis
PEU-co-PEA copolymer
To a suspension of 13.78 g (0.02 mol) of L6 in 150 mL of water, 6.36 g of
anhydrous sodium carbonate (0.06 mol, 3.0 equiv.) was added and stirred at room
temperature for about 30–40 min (1st solution). In parallel, 5.52 g (0.0186/3 mol, 93.0
mol%) of triphosgene (purity 98.5%) and 0.335 g (0.0014 mol, 7.0 mol%) of sebacoyl
chloride (purity 98.5%) were dissolved in 65.0 mL of chloroform stabilized by
amylene (2nd solution). The 1st solution was placed in a reactor for interfacial
polycondensation and the 2nd solution was quickly added at one go at room
temperature (20 °C) and the water–organic mixture was stirred vigorously for about
15–20 min. The stirring was stopped, and then the mixture was transferred to a
separatory funnel and a two layered system was allowed to form. The lower layer,
that represents the polymer solution in chloroform, was collected and washed 3
times (3 x 0.6 L – the chloroform layer was separated after each portion of washing
water was added) with distilled water to remove the salts (i.e. sodium chloride,
sodium carbonate/bicarbonate, and sodium p-toluenesulfonate). After washing, the
chloroform layer was separated again, dried over anhydrous Na2SO4 (100.0 g) and
filtered oﬀ. The obtained chloroform solution was placed in a glass vessel and
chloroform (ca. 55–60 mL) was removed by distillation under atmospheric pressure.
Afterwards, 600 mL of hot water (ca. 70 °C) was added to the viscous polymer
solution and the rubbery mass formed was removed from the glass vessel and
placed onto the Teflon® plate and squeezed to remove and pour out the residual
water. The plate was then placed in an oven equipped with a fan and dried at
100 °C. Finally, the polymer was vacuum-dried at 100 °C up to constant weight, and
a yield of 95% was obtained with this procedure.
The copolymer PEU-co-PEA composed of 93 mol% of poly-(ester urea) 1L6 and 7
mol% of poly(ester amide) 8L6 is labelled as 1L693-8L67 (1 for carbonyl, 8 for
sebacoyl, L for L-leucine, and 6 for 1,6-hexanediol units).

P3TMA conducting polymer
The 3-thiophene methyl acetate (3TMA) monomer was obtained with a 74%
yield by refluxing 3TAA in dry methanol for 24 hours.[14] The polythiophene
derivative, P3TMA (Scheme 8.1.1b), was subsequently prepared by a chemical
oxidative coupling polymerization in dry chloroform following the procedure
described by Kim et al.[31] Anhydrous iron chloride (FeCl3) was used as oxidant and
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dopant agent. The polymerization yield was ca. 61% after removing the residual
oxidant and oligomers.
Molecular weight was estimated by gel permeation chromatography (GPC)
using a liquid chromatograph (Shimadzu, model LC-20AD) equipped with a LC
solution GPC software (Shimadzu). A PL HFIP gel 9 µm column (Polymer Lab 300 x
7.5 mm) at 40 °C and a refractive index detector (Shimadzu RID-10A) were
employed. The polymer was dissolved and eluted in 1,1,1,3,3,3hexafluoroisopropanol (HFIP) containing CF3COONa (0.05 M) at a flow rate of 1
mL/min (injected volume 20 μL, sample concentration 2–6 mg/mL). The number
and weight average molecular weights and molar-mass dispersities were calculated
using poly(methyl methacrylate) standards. Deconvolution of GPC curves was
performed with the PeakFit v4 program of the Jandel Scientific Software using an
asymmetric function known as “asymmetric double sigmoidal”.

8.2.3. Electrospinning
Electrospun fibers were collected on a target placed at diﬀerent distances (10–25
cm) from the needle tip (inside diameter of 0.84 mm). The voltage was varied
between 10 and 30 kV and applied to the target using a high-voltage supply
(Gamma High Voltage Research, ES30-5W). Polymer solutions were delivered via a
KDS100 infusion syringe pump (KD Scientific, USA) to control the mass-flow rate
(from 0.5 to 4 mL/h). All electrospinning experiments were carried out at room
temperature. Electrospun fiber scaﬀolds were prepared using optimized parameters
(i.e. needle tip–collector distance, voltage and flow rate) and solvent conditions (i.e.
solvent ratio and polymer concentrations).

8.2.4. Characterization Techniques
FTIR spectroscopy and thermal characterization
Infrared absorption spectra were recorded with a FTIR 4100 Fourier Transform
spectrometer from Jasco. A MKII Golden Gate attenuated total reflection (ATR)
accessory from Specac was employed. 1H-NMR spectra were acquired with a
Bruker AMX-300 spectrometer operating at 300.1 MHz. Chemical shifts were
calibrated using tetramethylsilane as an internal standard. Deuterated chloroform
(CDCl3) was used as the solvent at room temperature. X-Ray powder diﬀraction
patterns were obtained with a PANalytical X’Pert PRO MPD θ/θ powder
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diﬀractometer with CuKα radiation (λ = 1.5418 Å) and a silicon monocrystal sample
holder. Operating voltage and current were 40 kV and 50 mA, respectively. Thin
samples sandwiched between low absorbing films were used.
Calorimetric data were obtained by diﬀerential scanning calorimetry with a TA
Instruments Q100 series. Experiments were conducted at a heating rate of
10 °C/min under a flow of dry nitrogen with a sample weight of approximately 5
mg, while calibration was performed with indium. Thermal degradation was
studied at a heating rate of 10 °C/min with around 5 mg samples in a Q50
thermogravimetric analyzer of TA Instruments and under a flow of dry nitrogen.
Test temperatures ranged from 50 to 600 °C.

Morphology of electrospun scaﬀolds
Optical microscopy studies were performed with a Zeiss Axioskop 40
microscope. Micrographs were taken with a Zeiss AxiosCam MRC5 digital camera.
Detailed inspection of texture and morphology of electrospun samples was
conducted by SEM using a Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss,
Germany). Carbon coating was accomplished using a Mitec K950 Sputter Coater
fitted with a film thickness monitor k150x. Samples were visualized at an
accelerating voltage of 5 kV. Diameters of electrospun fibers were measured with
the SmartTiﬀ software (Carl Zeiss SMT Ltd.).

Determination of P3TMA doping level
The doping level (DL) of chemically synthesized P3TMA was determined
electrochemically by carrying out chronopotentiometry assays under a constant
cathodic current intensity that varied from −0.1 mA to −2 mA (current density:
−0.025 to −0.5 mA/cm2). This procedure aimed to reduce the P3TMA film
completely. Electrochemical experiments were conducted on a PGSTAT302N
AUTOLAB potentiostat using a three-electrode one-compartment cell under a
nitrogen atmosphere at room temperature. The cell was filled with 25 mL of
acetonitrile with 0.1 M LiClO4.
Steel sheets, which were used as working electrodes, were cleaned with acetone
and their edges were carefully protected with an epoxy resin. Thus, only controlled
areas (2 × 2 cm2) were covered with P3TMA and exposed to the electrochemical
medium. A P3TMA solution of 0.1 g/mL was obtained by dissolving P3TMA
powder in chloroform. As a pre-treatment, P3TMA underwent mild sonication for
10 minutes before (as a powder) and after its dissolution. Following the pre293
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treatment, the solution was filtered with cotton as a separation barrier. Then, the
resulting solution was used for solvent-casting deposition. Specifically, 35 µL of the
P3TMA solution were solvent cast onto each side of the steel substrate, which was
then allowed to dry under vacuum at room temperature for 24 h. The weight of
P3TMA deposited was determined as the diﬀerence between the masses of the
coated and the uncoated working electrodes using a CPA26P Sartorius analytical
micro-balance with a precision of 10−6 g. The exact amount of P3TMA covering the
steel sheet was 6.4 ± 0.4 mg. The reference electrode was an Ag|AgCl electrode
containing a KCl saturated aqueous solution (E0 = 0.222 V at 25 °C) and steel sheets
were also used as counter electrodes. For statistical purposes, samples were run in
triplicate for each current density tested.
FeCl3 was used as the oxidant and dopant agent in the P3TMA polymerization
reaction. Therefore, the counter-ions neutralizing the positive charges in the
polymer backbone are mostly Cl− or [FeCl4]− anions. The doping level (DL), which is
defined as the number of moles of anions per monomeric unit (MU) of CP, was
determined using the following expressions:
𝐷𝐷𝐷𝐷 =

𝑚𝑚𝑚𝑚𝑚𝑚 (𝐶𝐶𝐶𝐶 − ) =

𝑚𝑚𝑚𝑚𝑚𝑚 (𝐶𝐶𝐶𝐶 − )
𝑚𝑚𝑚𝑚𝑚𝑚 (𝑀𝑀𝑀𝑀)

(8.2.1)

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟 × 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
=
𝐹𝐹 × 𝑛𝑛
𝐹𝐹 × 𝑛𝑛

𝑚𝑚𝑚𝑚𝑚𝑚 (𝑀𝑀𝑀𝑀) ≈

𝑚𝑚𝑃𝑃3𝑇𝑇𝑇𝑇𝑇𝑇
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

(8.2.2)
(8.2.3)

where Qred is the reduction charge (C), ired (A) is the current intensity applied, tred (s)
is the reduction time, F is the Faraday constant (C/mol), n is the electron charge
involved in the electrochemical process (n = 1), mP3TMA (g) is the mass of P3TMA
deposited onto each working electrode, and MWMU is the molecular weight of the
monomeric unit of P3TMA (g/mol).

Electrochemical
scaﬀolds

characterization

of

PEU-co-PEA:P3TMA

hybrid

In order to assess the electrochemical behavior of the PEU-co-PEA:P3TMA
scaﬀolds, cyclic voltammetry (CV) studies were conducted with an Autolab
PGSTAT302N galvanostat equipped with the ECD module (Ecochimie, The
Netherlands). Measurements were performed on fiber mats, which were deposited
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by electrospinning on both sides of steel AISI 316 sheets of 1 cm2. All
electrochemical assays were performed using a three-electrode one compartment
cell under a nitrogen atmosphere and at room temperature.
The cell was filled with 50 mL of PBS solution containing 0.1 M LiClO4 as a
supporting electrolyte (pH = 7.4). Steel AISI 316 sheets of 1 × 1 cm2 were used as the
working and the counter electrodes, while an Ag|AgCl electrode containing KCl
saturated aqueous solution was the reference electrode (oﬀset potential versus the
standard hydrogen electrode, E0 = 0.222 V at 25 °C). Ten cyclic voltammograms
were registered in the potential range from −0.4 to +1.1 V at a scan rate of 50 mV/s.
The electroactivity, which indicates the ability to exchange charge reversibly,
was evaluated by examining the similarity between the anodic and cathodic areas of
the control voltammograms. The electrochemical stability (i.e. loss of electroactivity,
LEA) was determined using the following expression:
𝐿𝐿𝐿𝐿𝐿𝐿 (%) =

∆𝑄𝑄
× 100
𝑄𝑄1

(8.2.4)

where ΔQ is the diﬀerence in anodic voltammetric charge between the first cycle
and the last cycle, and Q1 is the anodic voltammetric charge corresponding to the
first cycle.

8.3.

Results and Discussion

8.3.1. Electrospinning of PEU-co-PEA
Several solvents and binary solvent mixtures were tested at diﬀerent voltages,
flow rates, polymer concentrations and needle tip–collector distances to obtain
continuous electrospun microfibers. PEU-co-PEA is soluble in most organic solvents
(e.g. chloroform, methanol, ethanol and dimethylformamide), the best solubility
being attained in a CHCl3–MeOH 10:1 v/v mixture. Usually the electrospinning
process requires a relatively high polymer concentration to avoid the formation of
droplets and electrospun beads.[32] In this case, the minimum value needed to obtain
continuous microfibers under a wide range of processing conditions was 18%
(w/v). In fact, the high molecular weight of the copolymer facilitated the
electrospinning process, and good fibers were obtained under most test conditions.
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Figure 8.3.1. Optical micrographs of 1L693-8L67 PEU-co-PEA electrospun microfibers
obtained at a flow rate of 1.5 mL/h, needle tip-collector distance of 24 cm and
applied voltages of 20 kV (a) and 25 kV (b).

Table 8.3.1. Optimization of the electrospinning conditions.a Both the voltage and rate
conditions are optimized to avoid the presence of broken fibers and beads.

Sampleb
PEU-co-PEA/P3TMA
100
PEU-co-PEA/P3TMA
10

aThe

Voltage
(kV)

Rate
(mL/h)

Morphological
characteristics

20

1.5

Fibers with beads

25

1.5

20

1.0

20

1.5

Homogeneous fibers
Highly broken fibers with
beads
Broken fibers with beads

25

1.5

Broken fibers with beads

15

2.5

Broken fibers with beads

20

2.5

20

3.5

25

3.5

Broken fibers with beads
Slightly broken fibers with
beads
Continuous fibers

concentration of PEU-co-PEA (1L693-8L67) was 18% (w/v). Solvent was a mixture of
CHCl3/MeOH (10:1 v/v). The optimal parameters are indicated in bold characters. In all
cases, the optimal distance between syringe tip and collector was 24 cm. b The number
after abbreviatures indicates the wt% of the PEU-co-PEA component in the mixture.
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a)

10 µm

b)
2629 ± 96 nm

Figure 8.3.2. (a) SEM micrograph of 1L693-8L67 PEU-co-PEA electrospun microfibers
obtained under optimized processing conditions. Striations are indicated by white
arrows. (b) Diameter distribution of the above indicated microfibers.

Nevertheless, the applied voltage was essential to minimize the dramatic eﬀect
of the bead formation. This eﬀect is illustrated in Figure 8.3.1, which compares fibers
obtained under voltages of 25 kV and 20 kV. Optimal processing conditions (i.e.
those that avoid the formation of broken fibers and beads) are indicated in Table
8.3.1, while a representative SEM micrograph is given in Figure 8.3.2. Fibers are
continuous and tortuous and, in general, have a smooth surface, although striations
(white arrow) and porous regions can also be detected. Analysis of the fibers’
diameters (Figure 8.3.2b) shows a unimodal distribution with an average value
close to 2.63 μm.

8.3.2. Phase Separation of PEU-co-PEA:P3TMA mixtures
PEU-co-PEA and P3TMA were independently dissolved in CHCl3–MeOH 10:1
v/v mixtures to reach a concentration of 36% (w/v). Equal volumes of the two
solutions were subsequently mixed in order to obtain a single solution with
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Figure 8.3.3. Image showing the spontaneous phase separation produced by mixing
equal volumes of 36% (w/v) solutions of 1L693-8L67 and P3TMA in CHCl3:MeOH
10:1 v/v and the resulting macroscopic textures obtained after the electrospinning of
each phase.

18%(w/v) concentration of each polymer. The complex system (two solvents and
two polymers) spontaneously evolved towards a phase separation with a dense and
brown colored P3TMA rich phase (60 v%) and a lighter and yellowish PEU-co-PEA
rich phase (Figure 8.3.3). This induced phase separation is expected to facilitate the
preparation of CP-enriched fibers.
The polymer composition of each phase was ascertained by means of 1H NMR
spectra (Figure 8.3.4). P3TMA signals are predominant in the spectrum of the dense
phase (Figure 8.3.4a). Specifically, signals of methylene and methyl lateral groups
appear overlapped as a double duplet (3.82–3.80 ppm and 3.62–3.60 ppm) and a
duplet (3.77 and 3.72 ppm), respectively. Splitting of these signals is interpreted as a
consequence of the diﬀerent arrangements of thiophene rings during chemical
polymerization and the corresponding triad and dyad (e.g. head-to-head and headto-tail) sensitivities.[17,31] In addition, the spectrum also shows multiple peaks that
can be easily assigned to the predominant PEU unit of the copolymer.
Composition was determined considering the area of the signal at 4.20–4.10 ppm
(O–CH2 protons of the hexanediol unit of both PEA and PEU moieties) and the area
of the above mentioned signals corresponding to the lateral groups of P3TMA:
𝐴𝐴4.20−4.10
� 𝐴𝐴3.82−3.60
4
PEU − 𝑐𝑐𝑐𝑐 − PEA mol% = 100 ×
+
𝐴𝐴
5
� 4.20−4.10 �
4
�
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Figure 8.3.4. 1H NMR spectra of the PEU-co-PEA:P3TMA mixture obtained from the
dense (P3TMA-enriched) brown phase (a) and the light yellowish phase (b). The
inset shows the 4.5-3.5 ppm region of the interphase.

The spectrum of the light phase (Figure 8.3.4b) clearly shows predominant
signals attributed to the biodegradable copolymer. In addition, the small peak at
2.62 ppm associated to the CO–CH2 protons of the sebacoyl unit of the PEA moiety
can also be appreciated. The spectrum recovered from the interphase shows an
intermediate composition, as deduced from the signals appearing in the 4.5–3.5
ppm region (inset of Figure 8.3.4b).
Molar percentages of PEU-co-PEA are 5.2, 33 and 61% for the dense, the
interphase and the light phase, respectively. These values correspond to 10, 50 and
76 wt% when the molecular weight of the corresponding repeat units is considered.
The global polymer concentration (i.e. PEU-co-PEA plus P3TMA) estimated from a
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a)

b)

c)

Figure 8.3.5. FTIR spectra of 1L693-8L67 PEU-co-PEA (a), the PEU-co-PEA:P3TMA
mixture from the dense phase (b) and P3TMA (c). The inset corresponds to a
magnification for signals corresponding to CH2 and CH3 stretching vibrations. Red
dashed lines point out common signal for the three samples, whereas black and blue
dashed lines indicate common signals between the mixture and PEU-co-PEA and
P3TMA, respectively.

simple mass balance is 24% and 54% (w/v) for the dense and light phases,
respectively. These percentages were experimentally corroborated by weighing the
residues recovered after solvent evaporation for each phase.
Figure 8.3.5 compares the FTIR spectra of the biodegradable PEU-co-PEA and
the conducting P3TMA samples. The spectrum of the polymer mixture coming from
the dense phase, which is also displayed, is practically identical to the P3TMA
spectrum (i.e. peaks do not shift as a consequence of new intermolecular
interactions). Specifically, bands at 2950–2840 cm−1 (CH stretching), 1732 cm−1
(C=O), 1435 cm−1 (thiophene ring stretching), 1322 cm−1 (methyl deformation), 1198
and 1167 cm−1 (asymmetric and symmetric C–O stretching), 1012 cm−1, 839 cm−1
(aromatic CH out of plane deformation) and 741 cm−1 (methyl rocking) are
characteristic of the P3TMA rich sample. The spectrum of PEA-co-PEU shows the
typical CH2 (2955 and 2871 cm−1), hydrogen bonded NH (3339 and 1558 cm−1), C=O
ester (1734 cm−1), C=O urea (1633 cm−1) and C–O ester (1243 and 1183 cm−1) groups.
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Figure 8.3.6. a) GPC chromatograms of 1L693-8L67 PEU-co-PEA (orange), P3TMA
(garnet) and polymer mixtures from dense (green) and light (blue) phases. b)
Deconvolution of the GPC curve of the dense phase (green) into typical curves of
P3TMA (red) and 1L693-8L67 PEU-co-PEA (orange). The addition of deconvoluted
profiles corresponds to the gray curve.

Note that the absorption of the C=O ester groups appeared at the same wavelength
in all samples.
Figure 8.3.6 compares the GPC curves of both the initial biodegradable polymer
and the CP and of those recovered from the dense and light phases. P3TMA
presents a narrow and unimodal distribution with a maximum at 14400 g/mol.
PEU-co-PEA shows a broader distribution and two peaks centered at 60200 and
1015 g/mol. Although the peak corresponding to the lower molecular weight
fraction is small, it has been used to evaluate the possible existence of fractionation
processes during phase separation. This feature may occur if strong interactions can
be established between P3TMA and the terminal groups of PEU-co-PEA. The
chromatogram of the polymer coming from the light phase presents a predominant
peak that corresponds to 60200 g/mol and a long tail that should include both the
P3TMA fraction and the low molecular weight copolymer fraction. The GPC curve
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of the polymer coming from the dense phase is very broad and corresponds to a low
molecular weight, as expected from a P3TMA rich fraction. Deconvolution of the
curve allowed us to observe two additional peaks associated with PEU-co-PEA
(Figure 8.3.6b). It is interesting to note that the low molecular fraction of the
copolymer is detected in both dense and light phases, allowing us to discard a
significant molecular weight fractionation.

8.3.3. P3TMA Doping Level
Electrochemical assays were performed to assess the doping level (DL) of assynthesized P3TMA, which in fact may also be useful to evaluate the capability to
form intermolecular interactions with charged low molecular weight oligomers.
Figure 8.3.7 displays a representative chronopotentiometry curve of P3TMA
submitted to a reduction process under a constant cathodic current intensity of −2
mA. Although other current intensities of growing values from −0.1 mA to −2 mA
were tested, only samples reduced at −2 mA resulted in a complete dedoping of the
CP.
The curve shows that the system’s potential gradually decreases to more
negative values, which is indicative of a dedoping process. The potential value
rapidly reduces before stabilizing abruptly at around 500 seconds. Interestingly, the
system’s potential starts to increase towards more positive values at tred=601.5
seconds (inset of Figure 8.3.7). Therefore, the reduction charge applied up to that
minimum equals −1.203 C. This response is interpreted as the completion of the
dedoping process. The electrochemical process has reduced completely the polymer
backbone, closing the polymer structure up to a point that results in the film break.
These fractured regions expose the steel support surface and open new paths for the
intensity to flow easily. Thus, the DL determination reveals that each monomeric
unit of P3TMA contains 0.27 ± 0.01 counter-ions (one positive hole per 3.7 thiophene
rings), which corresponds to 6.0 wt% ± 0.29 wt% of Cl− counter-ions in the assynthesized P3TMA samples. This DL is in good agreement with those determined
for other CPs.[33–35] Aradilla et al.[33] prepared poly[1-(2-cyanoethyl)pyrrole] in
acetonitrile using LiClO4 as a dopant agent, while Gök et al.[34] synthesized
polythiophene in chloroform using FeCl3 as an oxidant. In both cases, it was stated
that because of structural disorder in the CP chains and crosslinking, one positive
charge is generated per approximately three monomeric units, the measured DLs
being 0.35[33] and 0.33.[34] In an earlier work,[35] a reaction of 2,2-bithiophene with
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Figure 8.3.7. Chronopotenciometry curve for P3TMA submitted to
electrochemical reduction process at -2 mA. Inset: tred = 601.5 s; Qred = -1.203 C.

an

copper (II) perchlorate in acetonitrile was conducted and yielded polymers with a
DL of ∼0.17.

For CPs, such as PTh and its derivatives, the DL and the extension of the πconjugated system along the polymer backbone are closely related with their
electronic properties.[36] The conductivity increases with the amount of dopant until
a saturation limit is reached. Comparative studies of polyalkylthiophenes doped
with diﬀerent agents showed that materials doped with FeCl3 presented higher
stability in comparison with other dopants. However, even for the doping
saturation (i.e. one charge per thiophene monomeric unit), the conductivity of
substituted polythiophene derivatives is around 10−6 S/cm.[36]
In a previous work, the electronic and electric responses of nanomembranes
prepared using a spin-coated mixture of P3TMA and thermoplastic polyurethane
(TPU) were exhaustively examined by UV-vis spectroscopy, conductive AFM and
current/voltage measurements.[37] Both TPU:P3TMA and P3TMA nanomembranes
showed semiconductor behavior with very similar band gap energy values (2.35
and 2.32 eV, respectively). In addition, current and conductivity values determined
for the composite nanomembranes at P3TMA-rich domains ranged from 0.43 to 1.85
pA and from 2.23 × 10−5 to 5.19 × 10−6 S/cm, respectively.

8.3.4. Electrospinning of the Dense PEU-co-PEA:P3TMA Phase
The electrospinning process was optimized again for the dense phase since
polymer composition was modified and also the total polymer concentration varied
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b)

a)

100 µm

c)

100 µm

100 µm

20 KV, 1.0 mL/h, 24 cm 20 KV, 2.5 mL/h, 24 cm 25 KV, 3.5 mL/h, 24 cm
ELECTROSPINNING PARAMETER’S OPTIMIZATION

Figure 8.3.8.Optical micrographs showing the optimization sequence for the
electrospinning parameters and typical morphologies produced by electrospinning
the dense phase obtained from the spontaneous separation of 36% (w/v) solution of
1L693-8L67 PEU-co-PEA plus P3TMA in CHCl3:MeOH 10:1 v/v: a) highly broken
fibers, b) fibers with beads, and c) continuous fibers. The systematic optimization
procedure is described in Table 8.3.1.

considerably (i.e. from 36% w/v to 24% w/v). It should be pointed out that the
presence of a small fraction of PEU-co-PEA is essential since electrospinning of
P3TMA alone was unfeasible, even at such a high concentration, since its low
molecular weight leads to abundant bead formation.
Figure 8.3.8 is an example of the optimization process for a given tip–collector
distance followed by optical microscopy observation. Although beads and broken
fibers were attained under most test conditions (Table 8.3.1), the increase in the flow
rate up to 3.5 mL/h and the applied potential to 25 kV allowed us to obtain
homogeneous and continuous microfibers. SEM images (Figure 8.3.9a) reveal a
smooth surface texture, beads and broken fibers being relatively infrequent. The
average diameter (Figure 8.3.9b) is close to 1.47 μm but values extended over a
relatively wide range (from 500 nm to 2.50 μm). The hybrid fibers are clearly less
tortuous than those prepared from PEU-co-PEA and also have a significantly lower
diameter (1.47 μm with respect to 2.63 μm). Although the latter observation is
consistent with the decrease of the global polymer concentration in the
electrospinnable solution (i.e. from 36% w/v to 24% w/v), the increase in the flow
rate (i.e. from 1.5 mL/h to 3.5 mL/h) indicates the opposite behaviour.
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a)

b)
1471 ± 21 nm

Figure 8.3.9. (a) SEM micrograph of electrospun microfibers derived from the
P3TMA rich phase under optimized processing conditions. (b) Diameter distribution
of the above indicated microfibers.

8.3.5. Characterization
Scaﬀolds

of

PEU-co-PEA:P3TMA

Electrospun

Physicochemical characterization
Figure 8.3.10 compares the heating run of the electrospun hybrid scaﬀold, the
electrospun PEU-co-PEA scaﬀold and the P3TMA powder sample. P3TMA derived
from chemical polymerization is semicrystalline despite the random disposition of
its repeating unit, and consequently a small melting peak at 110.9 °C can be
observed. Nevertheless, the sample has a high amorphous content since a clear glass
transition is detected at 68.7 °C. The electrospun PEU-co-PEA scaﬀold is amorphous
and renders only a clear glass transition at a lower temperature (i.e. 41.9 °C) due to
the increased chain flexibility. The incorporation of a small percentage of PEA units
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a)

Tg: 41.9 ºC

Tg: 58.7 ºC

Tg: 70.1 ºC

b)
Tm : 110.9 ºC
ΔHm : 8.9 J/g
Tg: 68.7 ºC
5 J/g.min

c)

Figure 8.3.10. DSC 1st heating scans performed with 1L693-8L67 PEU-co-PEA electrospun
scaffold (a), PEU-co-PEA/P3TMA electrospun scaffold (b) and P3TMA powder sample
(c). Red arrows point out endothermic processes detected for 1L693-8L67:P3TMA
electrospun scaffold and the low temperature relaxation peak observed in 1L693-8L67
PEU-co-PEA and PEU-co-PEA:P3TMA electrospun scaffolds. The dashed black line
related the relaxation peaks associated with P3TMA.

aﬀects its crystallinity since the parent 1L6 PEU was reported to be
semicrystalline.[25] In addition, it should be pointed out that the applied electrical
potential tends to induce molecular orientation and probably favours
crystallization.[38,39] However, this eﬀect is clearly insuﬃcient for PEU-co-PEA, the
sample remaining amorphous after electrospinning.
Typical relaxation endothermic peaks are detected for both P3TMA and PEU-coPEA samples, indicating that metastable equilibrium thermodynamic conditions
with a lower specific volume, enthalpy and entropy are achieved in the glassy state.
The PEU-co-PEA:P3TMA electrospun scaﬀold shows a complex thermal behaviour
with diﬀerent endothermic peaks. Thus, two relaxation peaks at 58.7 and 70.1 °C can
be detected and, therefore, the presence of two amorphous phases is inferred. The
greatest change in the specific heat capacity corresponds to the transition that
occurred at a temperature intermediate between those observed for P3TMA and
PEU-co-PEA. Hence, this transition can be associated with a miscible phase where
both polymers were present. The second phase can only be associated with P3TMA
since the transition is detected at practically the same temperature found for the CP
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1L693-8L67

1L693-8L67:P3TMA
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0.39 nm
P3TMA
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Figure 8.3.11. X-Ray powder diffractograms of the 1L693-8L67 PEU-co-PEA powder
sample (top), PEU-co-PEA:P3TMA electrospun scaffold (middle) and P3TMA powder
sample (bottom). Blue and red dashed lines point out typical reflections of the
biodegradable copolymer and the CP, respectively.

sample. The composition of the miscible phase was determined by considering the
Tg value predicted by the Fox equation:[40]
1
𝑤𝑤1
𝑤𝑤2
=
+
𝑇𝑇𝑔𝑔 𝑇𝑇𝑔𝑔1 𝑇𝑇𝑔𝑔2

(8.3.6)

where wi and Tgi represent the weight fraction and the glass transition temperature
of each component, respectively, and Tg the glass transition temperature of the
miscible phase.
The miscible phase was composed of 35% of the copolymer and represented a
28.6% of the global sample as it can be deduced taking into account the global
composition determined by 1H-NMR, and assuming that the crystalline phase was
negligible.
The X-ray diﬀraction profile of the PEU-co-PEA:P3TMA electrospun scaﬀold
(Figure 8.3.11) reveals a practically amorphous character, although some minor
crystalline reflections could be detected. Note that the DSC heating run is complex
and that melting and recrystallization peaks can be assumed. Basically, the X-ray
diﬀraction profile shows the typical reflections of P3TMA (e.g. a strong and well
defined peak at 1.17 nm that is related to the interchain distance[17]), amorphous
halos and also some incipient signals that correspond to the reflections detected for
the PEU-co-PEA powder sample (see blue dashed lines in Figure 8.3.11).
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Figure 8.3.12. TGA degradation curves of 1L693-8L67 PEU-co-PEA electrospun
scaffold (solid line), PEU-co-PEA:P3TMA electrospun scaffold (dotted line) and
P3TMA powder sample (dashed line). Inset compares DTGA curves of the indicated
samples.

PEU-co-PEA:P3TMA scaﬀolds were thermally stable up to more than 200 °C, as
deduced from TGA and DTGA curves (Figure 8.3.12). The decomposition of this
hybrid sample is diﬀerent from those of the biodegradable and conducting
components, and specifically the degradation process is slightly enhanced. Thus, the
biodegradable PEU-co-PEA sample displays a two-step degradation process with
DTGA peaks at 310 and 360 °C, which reflects the complex constitution of the repeat
unit. The polymer is completely degraded at a temperature of 500 °C. In contrast,
P3TMA gives rise to a char yield of 60% at 550 °C and degrades also following a
two-step process with a predominant DTGA peak at 440 °C.
The hybrid scaﬀold gives rise to a remarkable char yield at 550 °C (i.e. 50%) that
is consistent with its high P3TMA content. Nevertheless, the decomposition shows
an unexpected behaviour since the first DTGA peak appears at 260 °C, which is
lower than the temperature observed for the first peak of the two components.
Thus, the presence of P3TMA has a slightly negative influence on the thermal
stability of the copolymer. Degradation of the hybrid scaﬀold finishes at a lower
temperature than that observed for the P3TMA sample (i.e. DTGA peaks at 360 °C
and 440 °C), due to the accelerated decomposition process caused by the previous
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decomposition of the PEU-co-PEA component. In summary, the incorporation of a
small amount of the copolymer sample has a negative influence on the thermal
stability of P3TMA, but this feature is not essential to discard the use of the new
scaﬀold at reasonably high temperatures.

Electrochemical Characterization
Figure 8.3.13a compares the first control voltammogram in PBS with 0.1 M
LiClO4 of PEU-co-PEA:P3TMA electrospun scaﬀolds having 90 and 24 wt% of the
CP, which were obtained from the dense and light phases, respectively. The
voltammogram of the hybrid with 90 wt% of P3TMA shows an oxidation process O1
that begins at 0.55 V and an oxidation peak O2, indicating the formation of both
polarons and bipolarons in the CP chains. The anodic peak potential of O1 is 𝐸𝐸𝑝𝑝𝑎𝑎 (O1)
= 0.81 V, while O2 is expected to reach an anodic peak potential at 𝐸𝐸𝑝𝑝𝑎𝑎 (O2) ≈ 1.3 V (i.e.
∼0.2 V above the reversal potential).

On the other hand, the cathodic scan shows a weak reduction peak, R1, with a
cathodic reduction potential 𝐸𝐸𝑝𝑝𝑐𝑐 (R1) = 0.21 V, which reflects the fact that the O1 and
O2 oxidation processes are highly irreversible. Similarly, the control voltammogram
recorded for the hybrid having 24 wt% of P3TMA presents two oxidation processes
with 𝐸𝐸𝑝𝑝𝑎𝑎 (O1) = 0.90 V and 𝐸𝐸𝑝𝑝𝑎𝑎 (O2) higher than 1.10 V. Moreover, the reduction peak is
identified at 𝐸𝐸𝑝𝑝𝑐𝑐 (R1) = 0.12 V. It is worth noting that the voltammograms recorded for
the two hybrid scaﬀolds resemble that recently recorded for individual P3TMA
using the same experimental conditions.[15] The voltammogram of the sample
without P3TMA, which is included in Figure 8.3.13a, shows a weak oxidation
shoulder O1 with an anodic peak potential 𝐸𝐸𝑝𝑝𝑎𝑎 (O1) = 0.91 V, while no reduction peak
is detected at a cathodic reduction potential. Accordingly, the electrochemical
activity of PEU-co-PEA electrospun scaﬀolds is consistent with the formation of
charged species at unspecified positions, representing a significant diﬀerence with
respect to PEU-co-PEA:P3TMA scaﬀolds in which polarons and bipolarons are
formed at preferred positions. Current densities ( j ) determined at 1.10 V were 0.11,
0.44 and 0.51 mA/cm2 for samples containing 0, 24 and 90 wt% of P3TMA,
respectively.
The electroactivity, which increases with the similarity between the anodic and
cathodic areas, was determined using the voltammograms displayed in Figure
8.3.13a. Results indicate that the ability to store charge increases upon the addition
of P3TMA.
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Figure 8.3.13. Cyclic voltammograms for 1L693-8L67 PEU-co-PEA (purple line) and PEUco-PEA:P3TMA electrospun scaffolds having 24 wt-% (blue line) and 90% wt-% (black
line) of P3TMA in PBS with 0.1 M LiClO4 (dotted line): (a) first control voltammogram;
and (b) voltammogram after 10 consecutive oxidation-reduction cycles. Initial and final
potential: -0.40 V; reversal potential: 1.10 V. Scan rate: 50 mV/s.

Specifically, the anodic charges of hybrid scaﬀolds having a 24 and 90 wt% of the
CP are 2.05 mC/cm2 and 3.08 mC/cm2, respectively, while that of PEU-co-PEA
scaﬀold decreases to 0.37 mC/cm2. Figure 8.3.13b represents the cyclic
voltammograms recorded for the two hybrids and PEU-co-PEA electrospun
scaﬀolds after 10 consecutive oxidation–reduction cycles. The reduction of the areas
associated with the cathodic and anodic scans with respect to the control
voltammograms displayed in Figure 8.3.13a indicates that the ability to exchange
charge reversibly decreases with the number of redox processes. This loss of
electroactivity is typically related with the structural changes provoked by the redox
processes in the CP.[41] Thus, the compactness of P3TMA increases with the number
of redox cycles, hindering the access and escape of dopant ions during the oxidation
and reduction processes, respectively. The LEA measured after 10 redox cycles for
the PEU-co-PEA scaﬀolds is 46%, decreasing to 39% and 24% for the hybrids with 24
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and 90 wt% of P3TMA. These values clearly indicate that electrochemical stability
increases with the P3TMA content.
The overall electrochemical results indicate that the electroactivity and
electrostability of electrospun microfibers made of P3TMA supported on
biodegradable PEU-co-PEA are similar to those reported for isolated P3TMA.[15] As
expected, the electrochemical responses of these hybrid scaﬀolds improve with the
P3TMA content. This feature combined with the fact that such CP behaves as a
bioactive matrix[14–17,29] support the view that PEU-co-PEA:P3TMA electrospun
microfibers are promising candidates for biotechnological and biomedical
applications.

8.4.

Conclusions

Electrospun scaﬀolds having a high content of P3TMA have been successfully
prepared using a novel poly(ester urea) as a carrier. This should contribute to
specific properties like biocompatibility and biodegradability, leading to a material
with clear advantages for the biomedical field. The designed poly(ester urea)
contains 𝛼𝛼-amino acid units (L-leucine) and a small ratio of amide groups in a
random disposition to improve solubility in organic solvents, which is an essential
requirement for the electrospinning technique.
The selected biodegradable polymer can be easily electrospun over a wide range
of conditions, giving rise to homogeneous and continuous microfibers. These good
properties guarantee the electrospinnability of the low molecular weight P3TMA by
the addition of a small percentage of PEU-co-PEA and specifically, the preparation
of electrospun scaﬀolds with a 90 wt% of CP.
Hybrid microfibers are continuous and show lower diameters than those
prepared from the degradable polymer, which has been attributed to the formation
of strong intermolecular interactions. In fact, as prepared P3TMA revealed
exceptional doping level characteristics since each monomeric unit was able to
interact with 0.27 counter-ions. Thermal analyses have indicated that microfibers
present a phase in which conducting and biodegradable polymers are well mixed.
Physicochemical characterization of the hybrid scaﬀolds has revealed low
crystallinity, high thermal stability and a remarkable electrochemical response. The
formation of charged species at specific positions and the electroactivity and
electrochemical stability of PEU-co-PEA:P3TMA hybrid scaﬀolds are very similar to
those of the as prepared P3TMA.
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Summary
The last part of this dissertation covers the design of CP-based biointerfaces with
nanometric thickness prepared by electropolymerization. Inspired by cell biology,
we immobilized a membrane protein in a synthetic polymeric matrix, being aware
that the structure and function of proteins are aﬀected by environmental conditions.
The work reported in this chapter includes the preparation of an operative
composite that regulates the diﬀusion of alkali ions by functionalizing a supporting
matrix made of poly(N-methylpyrrole) (PNMPy) with a β-barrel membrane protein
(Omp2a) that forms channels and pores. The protein has been identiﬁed in the
composite, and its structure has been shown to remain unaltered. The
PNMPy−Omp2a platform fulﬁlls properties typically associated with functional
biointerfaces for biomedical applications (e.g. biocompatibility, biodegradability,
and hydrophilicity). The functionality of the immobilized protein has been
examined by studying the passive ion transport response in the presence of
electrolytic solutions with Na+ and K+ concentrations close to those found in blood.
Expression, purification and refolding of the trimeric outer membrane protein
(Omp2a) from Brucella melitensis was performed by Dr. C. Michaux 1, Dr. G. Roussel1
and Dr. E. A. Perpète1. Biological assays were done in collaborative working with
Dr. L. J. del Valle2.

Graphical abstract

Publication derived from this work:

M.M. Pérez-Madrigal, L.J. del Valle, E. Armelin, C. Michaux, G. Roussel, E.A.
Perpète, C. Alemán, ACS Appl. Mater. Interfaces 2015, 7, 1632.
1Unité

de Chimie, Physique Théorique et Structurale (UCPTS) at the University of Namur,
Belgium.
2Departament d’Enginyeria Química, E.T.S. d’Enginyers Industrials de Barcelona, UPC.
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9.1.

Introduction

The development of hybrid surfaces made of synthetic polymers and
biomolecules for biomedical applications has the potential to revolutionize the
treatment of a wide variety of medical conditions. Due to their excellent
electrochemical, chemical, and optical properties,[1−3] conjugated conducting
polymers (CPs) are promising candidates for biomolecule immobilization and
subsequent formation of one- and two-dimensional composites for biomedical
devices (e.g. bio-sensors, electrochemical actuators, substrates for tissue engineering,
and nanowires).[4−10]
On the other hand, biological membranes (lipid bilayers) are unique natural
interfaces with exceptional solute transport selectivity and permeability properties,
which are mainly due to the embedded membrane proteins (MPs). MPs participate
in various cellular processes, such as signalling biochemical cascades, cell-to-cell
communication, membrane fusion, and ion transport.[11,12] MPs play a central role in
controlling a wide array of gradients such as chemical, electrical, and mechanical
gradients and are responsible for cell structure during key events such as cellular
division. Furthermore, many signal transduction processes between cells, such as
neurons and muscle tissue, rely on the gating of ion channels (passive transport)
and pumps (active transport), which allow the ﬂow of ions across the biomembrane.
In these processes, MPs act as channels that move speciﬁc molecules and ions into
and out of the membrane, and their function is triggered by ligand binding or
changes in the transmembrane potential.[13]
Considering that folding processes in MPs of lipid bilayers represent an
important challenge in structural biology,[14,15] it is not surprising that the proper
immobilization of puriﬁed MPs in platforms for biomedical applications, for
example, micro-and nanoarrays, results in a very diﬃcult task. Thus, drastic
changes in natural environmental conditions aﬀect MPs structure, inﬂuencing their
activity.[16] In addition, the complex nature of proteins, their insolubility in aqueous
solutions, and their instability in the presence of detergents strongly complicate the
fabrication of protein-integrated devices based on MPs. Despite these limitations
and following biomimicking approaches, some advances have been reported using
polymers as soft substrates,[17−25] even though only a few of them involved CPs.[24,25]
In a recent study, Arun and Narayan[24] anchored bacteriorhodopsin, a MP that
functions as a light-driven proton pump, onto conducting surfaces of poly(3,4ethylenedioxythio-phene) (PEDOT) and polyaniline (PAni). More recently, Della Pia
et al.[25] used electropolymerization and amphipatic polymers to functionalize micro318
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and nanosurfaces with MPs. Speciﬁcally, these authors used gold surfaces
selectively modiﬁed by electrogeneration of polypyrrole (PPy) in the presence of
biotin, and the strong aﬃnity of biotin for avidin was exploited to immobilize
streptavidin proteins.[25] These hybrid platforms were proposed to be particularly
suited to fabricate speciﬁc antibody bionanosensors. Because of these recent
advances, composites combining CPs and MPs are expected to be functional
materials with advanced properties and applications.
In this work, a CP−MP nanocomposite with regulated channeling activity has
been prepared and characterized. The trimeric outer MP Omp2a from Brucella
melitensis[26] has been selected for this purpose. This β-barrel protein forms pores
that allow the diﬀusion not only of ions but also of molecules as large as 667 Da (e.g.
nutrients and antibiotics). Indeed, pores are larger in Omp2a than in its homologue
Omp2b (85% sequence identity and both encoded in the same genetic locus).[27]
Although the function of Omp2a is still poorly understood at the structural level, as
the 3D structure of Brucella β-barrel MPs is not known yet, very recent refolding
studies suggested that Omp2a ﬁrst refolds under a monomeric form and then selfassociates into a trimeric state.[28,29] On the other hand, poly(N-methylpyrrole)
(PNMPy) is the CP chosen to act as the supporting matrix for Omp2a. This PPy
derivative displays a compact structure[30] and relatively infrequent formation of
chemical cross-links when prepared under controlled conditions.[31] PNMPy has
been successfully used in diﬀerent biomedical and biotechnological applications, as
for example the detection of glucose,[32] neurotransmitters,[6] and opioids.[33]
Herein, we describe the procedure to successfully prepare PNMPy-supported
MP composites, and the characterization of their surface, electrochemical, and
biomedical related properties. Subsequently, we demonstrate the potential of this
new material to be used as electroactive stable synthetic membranes with enhanced
ion permeability for biomedical applications by means of electrochemical
impedance spectroscopy (EIS), and using diﬀerent electrolytic solutions with K+ and
Na+ concentrations similar to those found in blood. The observed passive ion
transport properties indicate that PNMPy−Omp2a system is well suited for the
preparation of smart bioinspired interfaces. Speciﬁcally, the ionic transport exerted
by PNMPy−Omp2a has wide potential applications in nanoﬂuidics, energy
conversion, and biosensors.
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9.2.

Experimental Section

9.2.1. Materials
All chemicals used in this work were of analytical grade, purchased from
commercial suppliers (Sigma Aldrich) and used as received without any further
purification. Lipase F-AP15 (from Rhizopus oryzae) was purchased from Sigma
(USA) and used in the enzymatic degradation experiments.

9.2.2. Expression, Purification and Refolding of the Trimeric
Outer Membrane Protein (Omp2a) from Brucella
Melitensis
Cells of Escherichia coli BL21 (DE3) carrying pLysS and pET2a plasmids
(containing the gene Omp2a without peptide signal) were grown in Lysogeny broth
(LB) medium at 37 °C with constant shaking. Log cultures (OD 0.6) of 500 mL were
stimulated with isopropyl-beta-D-thiogalactopyranoside (IPTG) (0.2 mg/mL) for 3
h. Cells were then harvested by centrifugation at 4000 g for 30 min, and the
resulting bacterial pellets were stored at -20 °C.
The bacterial pellets were thawed and treated with 8 mL of TEN lysis buffer (50
mM Tris–HCl pH 8, 1 mM EDTA, 17 mM NaCl, 125 mM PMSF, 250 mg/mL
lysozyme) for 20 min at 25 °C. Harvested cells were further broken by addition of 10
mg of sodium deoxycholate for 60 min at 37 °C with constant shaking, and 2 mg of
DNase I for 60 min at 25 °C. The suspension was then centrifuged at 14000 g for 20
min at 4 °C. The resulting pellet underwent a washing buffer (2 M urea, 20 mM
Tris–HCl pH 8, 500 mM NaCl, 2% Triton X-100) and centrifuged at 14000 g for 20
min at 4 °C. The inclusion bodies were solubilized with 8 mL of TEN buffer (50 mM
Tris–HCl pH 8, 1 mM EDTA, 17 mM NaCl, 8 M urea). The solubilized proteins were
then applied onto an anion-exchange DEAE column previously equilibrated with 25
mL of buffer (50 mM Tris–HCl pH 8, 17 mM NaCl, 8 M urea). Omp2a was eluted
with a 50 mL linear gradient of NaCl from 17 to 500 mM, whereas the protein
profile was further analyzed using SDS–PAGE. Fractions containing 39 kDa
proteins were then pooled and stored at 4 °C.
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9.2.3. Refolding of the Trimeric Omp2a
To refold Omp2a, the protein solution (1 mg/mL protein, 250 mM NaCl, 50 mM
Tris–HCl pH 8 and 8 M urea) was eluted onto a PD-10 column to exchange the
buffer (150 mM NaCl, 50 mM Tris–HCl pH 8, and 120 mM sodium dodecyl sulfate
(SDS), which is 15 times the critical micellar concentration). SDS-unfolded samples
were then diluted 1:1 in a refolding solution (50 mM Tris–HCl pH 8, 150 mM NaCl,
3 M 2-methyl-2,4-pentanediol (MPD)). The protein solution was then incubated at
room temperature. The samples were stored at -20 °C to stop the refolding reaction.
Hereafter, Omp2a protein at this procedure stage is named as obtained Omp2a. The
protein sequence is:

Accepted sequence (triple letter code) of Omp2a protein (367 amino acids).

Met - Asn - Ile - Lys - Ser - Leu - Leu - Leu - Gly - Ser - Ala - Ala - Ala - Leu - Val Ala - Ala - Ser - Gly - Ala - Gln - Ala - Ala - Asp - Ala - Ile - Val - Ala - Pro - Glu Pro - Glu - Ala - Val - Glu - Tyr - Val - Arg - Val - Cys - Asp - Ala - Tyr - Gly - Ala Gly - Tyr - Phe - Tyr - Ile - Pro - Gly - Thr - Glu - Thr - Cys - Leu - Arg - Val - His Gly - Tyr - Val - Arg - Tyr - Asp - Val - Lys - Gly - Gly - Asp - Asp - Val - Tyr - Ser Gly - Thr - Asp - Arg - Asn - Gly - Trp - Asp - Lys - Gly - Ala - Arg - Phe - Ala - Leu
- Met - Phe - Asn - Thr - Asn - Ser - Glu - Thr - Glu - Leu - Gly - Thr - Leu - Gly Thr - Tyr - Thr - Gln - Leu - Arg - Phe - Asn - Tyr - Thr - Ser - Asn - Asn - Ser - Arg His - Asp - Gly - Gln - Tyr - Gly - Asp - Phe - Ser - Asp - Asp - Arg - Asp - Val - Ala
- Asp - Gly - Gly - Val - Ser - Thr - Gly - Thr - Asp - Leu - Gln - Phe - Ala - Tyr - Ile Thr - Leu - Gly - Gly - Phe - Lys - Val - Gly - Ile - Asp - Glu - Ser - Glu - Phe - His Thr - Phe - Thr - Gly - Tyr - Leu - Gly - Asp - Val - Ile - Asn - Asp - Asp - Val - Val Ala - Ala - Gly - Ser - Tyr - Arg - Thr - Gly - Lys - Ile - Ala - Tyr - Thr - Phe - Thr Gly - Gly - Asn - Gly - Phe - Ser - Ala - Val - Ile - Ala - Leu - Glu - Gln - Gly - Gly Glu - Asp - Val - Asp - Asn - Asp - Tyr - Thr - Ile - Asp - Gly - Tyr - Met - Pro - His Val - Val - Gly - Gly - Leu - Lys - Tyr - Ala - Gly - Gly - Trp - Gly - Ser - Ile - Ala Gly - Val - Val - Ala - Tyr - Asp - Ser - Val - Ile - Glu - Glu - Trp - Ala - Thr - Lys Val - Arg - Gly - Asp - Val - Asn - Ile - Thr - Asp - Arg - Phe - Ser - Val - Trp - Leu Gln - Gly - Ala - Tyr - Ser - Ser - Ala - Ala - Thr - Pro - Asn - Gln - Asn - Tyr - Gly Gln - Trp - Gly - Gly - Asp - Trp - Ala - Val - Trp - Gly - Gly - Ala - Lys - Phe - Ile Ala - Pro - Glu - Lys - Ala - Thr - Phe - Asn - Leu - Gln - Ala - Ala - His - Asp - Asp Trp - Gly - Lys - Thr - Ala - Val - Thr - Ala - Asn - Val - Ala - Tyr - Gln - Leu - Val Pro - Gly - Phe - Thr - Ile - Thr - Pro - Glu - Val - Ser - Tyr - Thr - Lys - Phe - Gly Gly - Glu - Trp - Lys - Asp - Thr - Val - Ala - Glu - Asp - Asn - Ala - Trp - Gly - Gly Ile - Val - Arg - Phe - Gln - Arg - Ser – Phe
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9.2.4. Synthesis of Poly(N-methylpyrrole)
PNMPy control films were prepared by chronoamperometry (CA) using an
Autolab PGSTAT302N equipped with the ECD module (Ecochimie, The
Netherlands). Polymerization was carried out in a standard three-electrode one
compartment cell at room temperature. The cell was filled with 10 mL of a 15 mM
NMPy solution in deionized water containing 10 mM of SDS (pH= 7.3-7.4). Steel
AISI 316 sheets of 1.0 ×1.0 cm2 were used as working and counter electrodes, while
the reference electrode was an Ag|AgCl electrode containing KCl saturated
aqueous solution (E0 = 0.222 at 25 ºC). PNMPy-Omp2a films were prepared
following the same procedure, although in that case the solution also contained
Omp2a protein (1 mg/mL). Prior its use, Omp2a was unfrozen and submitted to
dialysis, which resulted in the suspension of the protein in a solution that contained
only 10 mM SDS. Hereafter, Omp2a protein at this procedure stage is named
dialyzed Omp2a.
The cyclic voltammogram recorded in steel electrodes for the anodic oxidation of
the NMPy solution without MP (Figure 9.3.1) shows an anodic process with a peak
potential of 1.089 V (O1). This peak shifts to 1.119 V (O1’) upon the addition of 1
mg/mL Omp2a to the solution. In order to maximize the polymerization process
without damaging the resulting materials by overoxidation, both PNMPy and
PNMPy-Omp2a films were prepared under a constant potential of 1.10 V, which is
between O1 and O1’. In order to reach the desired thickness, the polymerization
time, θ, was adjusted to 20 s.

9.2.5. Methods
The thickness of the films was determined by optical profilometry using a
surface profilometer Dektak 150 (Veeco). Generally, scratches were intentionally
done in the surface of the films, and the step at several positions along the scratches
was measured by the computer software Dektatk (version 9.2, Veeco Instruments
Inc.). At least five samples were tested for each system.

Electrochemical properties
The electroactivity (charge storage
(electrostability) were determined by
consecutive oxidation-reduction cycles
containing 0.1 M of LiClO4. The initial
322

ability) and the electrochemical stability
cyclic voltammetry (CV) assays. Fifteen
were conducted in an aqueous solution
and final potential was -0.4 V, while the
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Figure 9.3.1. (a) Control voltammogram for the oxidation of a 15 mM NMPy solution in
deionized water with 10 mM SDS and with (dashed line) / without (solid line) Omp2a
(1 mg/mL). Initial and final potential: 0.0 V; reversal potential 1.2 V. Scan rate: 50
mV/s. The derivatives of the current for the voltammograms are displayed in (b). The
anodic peak potential of the anodic processes O1 (without Omp2a) and O1’ (with
Omp2a) is 1.089 and 1.119 V, respectively.

reversal potential was 1.1 V. All measurements were performed at 25 ºC using scan
rates of 25 and 50 mV/s. The electrostability was quantified by calculating the loss
of electroactivity (LEA; in %):
𝐿𝐿𝐿𝐿𝐿𝐿 =

∆𝑄𝑄
× 100
𝑄𝑄𝐼𝐼

(9.2.1)

where ΔQ is the difference between the oxidation charge (in C) of the first and the
last oxidation-reduction cycle, and QI is the oxidation charge corresponding to the
first cycle. Data was obtained as the average of three samples for each system.
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Spectroscopic characterization
Circular dichroism (CD) measurements in the far-UV region were measured
between 190 and 350 nm at 20 ºC, with a Jasco J-815 equipment, using a protein
concentration of approximately 50 µg/mL and a 0.1 cm cell path. Spectra were
acquired at a scan speed of 100 nm/min with a 0.2 nm data pitch using a 1 nm
bandwidth and a 4 second digital integration time. Spectra were averaged after two
accumulations and corrected by subtraction of the background spectrum. Several
PNMPy-Omp2a films were incubated in water overnight and carefully removed
from the steel substrate prior to their characterization.
X-ray photoelectron spectroscopy (XPS) analyses were performed in a SPECS
system equipped with a non-monochromated twin anode X-ray source XR50 of
Mg/Al (1253 eV/1487 eV). Specifically, the Al anode was used as X-ray source
operating at 150 W, and a Phoibos 150 MCD-9 XP as detector. The pass energy was
set to 25 and 0.1 eV for the survey and the narrow scans, respectively. The C 1s peak
was used as an internal reference with a binding energy of 284.5 eV. Highresolution XPS spectra were acquired by Gaussian–Lorentzian curve fitting after Sshape background subtraction.
UV-vis absorption spectra were obtained using a UV-vis-NIR Shimadzu 3600
spectrophotometer equipped with a tungsten halogen visible source, a deuterium
arc UV source, a photomultiplier tube UV-vis detector, and a InGaAs photodiode
and cooled PbS photocell NIR detectors. Protein solutions spectra were recorded in
the absorbance mode, whereas spectra of PNMPy and PNMPy-Omp2a films
deposited onto steel sheets were recorded in the reflectance mode and converted to
absorbance using the integrating sphere accessory (model ISR-3100). The
wavelength range was 200-750 nm in all cases. The interior of the integrating sphere
was coated with highly diffuse BaO reflectance standard. Measurements, data
collection and data evaluation were controlled by the computer software UVProbe
version 2.31.

Morphological and topographical properties
The morphology of PNMPy and PNMPy-Omp2a films was examined by
scanning electron microscopy (SEM) using a Focused Ion Beam Zeiss Neon40
scanning electron microscope equipped with an energy dispersive X-ray (EDX)
spectroscopy system and operating at 5 kV. Samples were sputter-coated with a thin
carbon layer of 6-10 nm using a K950X Turbo Evaporator to prevent electron
charging problems.
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Atomic force microscopy (AFM) was conducted in the tapping mode to obtain
topographic images of the films surface using a silicon TAP 150-G probe (Budget
Sensors, Bulgaria) with a frequency of 150 kHz and a force constant of 5 N/m.
Images were obtained with a AFM Dimension microscope using a NanoScope IV
controller under ambient conditions (Veeco). The row scanning frequency was set
between 0.8 and 1 Hz. The Root Mean Square (RMS) roughness, which is the
average height deviation taken from the mean data plane, was determined using the
statistical application of the NanoScope Analysis software (Veeco, v. 1.20).
The porosity was quantified through the parameter ∆ calculated as follows:[34]
∆=

𝑙𝑙0 − 𝑙𝑙15
× 100
𝑙𝑙0

(9.2.2)

where l0 and l15 refer to thickness before applying any redox cycles and after 15
consecutive oxidation-reduction cycles.

Wettability
Contact angle measurements were carried out using the water drop method.
Images of 0.5 μL distillated water drops were recorded after stabilization with the
equipment OCA 15EC (Data-Physics Instruments GmbH, Filderstadt). SCA20
software was used to analyze the images and determine the contact angle value,
which was obtained as the average of at least six independent measures for each
sample.

Enzymatic degradation
PNMPy−Omp2a ﬁlms were immersed in 1 mL of phosphate buﬀered saline
solution (PBS) supplemented with 0.1 mg/mL of sodium azide (which allowed us
to prevent contamination) and 50 μg/mL of Lipase F-AP15 to examine the
enzymatic degradation of the protein. Incubation took place at 37 °C in a shaking
incubator set at 100 rpm. Samples were analyzed after 1, 4, 8, 24, 48, and 72 h. After
each immersion time, samples were removed from the solution and gently washed
with distillated water. Then, samples were dried under vacuum for several days at
room temperature before being observed by SEM.

Cellular adhesion
Vero cells (African green monkey kidney epithelial cell line) and Cos-7 cells
(African green monkey kidney ﬁbroblast cell line) were cultured in Dulbecco’s
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modiﬁed Eagle medium (DMEM) supplemented with 10% fetal bovine serum,
1%penicillin/streptomycin, and 2 mM L-glutamine at 37 °C in a humidiﬁed
atmosphere of 5% CO2 in air. The cultured medium was changed every 2 days, and
for subculture, cell monolayers were rinsed with phosphate buﬀered saline (PBS)
and detached by incubation with 0.25% trysin/EDTA for 5 min at 37 °C. Cell
concentration was determined by counting at the Neubauer camera using 4%
trypan blue as dye vital. The detached cells with viability ≥95% were used for
cultures following the conditions for the adhesion assays.
PNMPy−Omp2a and PNMPy ﬁlms deposited onto steel AISI 316 sheets of 1 cm2
were placed in plates of 24 wells and sterilized using UV irradiation for 15 min in a
laminar ﬂux cabinet. Samples were incubated with 1 mL of culture medium during
30 min under culture conditions to equilibrate the material. Finally, the medium
was aspired, and the material was evaluated for cell adhesion by exposing cells to
direct contact with the material surface. An aliquot of 50 μL containing 5 × 104 cells
was deposited on the substrate of each well. The plate was incubated under culture
conditions for 60 min to promote the cell attachment to the ﬁlm surface. Finally, 1
mL of the culture medium was added to each well. Controls of adhesion were
simultaneously performed by culturing cells on the surface of the tissue culture
polystyrene (TCPS) plates and uncoated steel. Cell adhesion was evaluated after 24
h of culture using the MTT [3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium
bromide] assay, which determines the cell viability. The viability results were
normalized to TCPS control as relative percentages.
Results were derived from the average of four replicates (n = 4) for each
independent experiment. ANOVA and Tukey’s tests were performed to determine
the statistical signiﬁcance, which was considered at a conﬁdence level of 95% (p <
0.05).

Electrochemical impedance spectroscopy (EIS)
Spectra were taken at open circuit potential (OCP) over the frequency range of
10 kHz−10 mHz with a potential amplitude of 0.05 V using an AUTOLAB-302N
potentiostat/galvanostat. Typical potassium and sodium blood concentrations vary
from 3.5 to 5.2 mM and 135 to 145 mM, respectively. Besides, K+ is at a higher
concentration in intracellular regions than outside the membrane by 2 orders of
magnitude, whereas the opposite is true for Na+ or Cl− ions. Therefore, EIS spectra
were collected using diﬀerent aqueous electrolyte mediums at low and high ionic
concentrations for KCl (5 and 100 mM) and NaCl (5 and 140 mM).
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9.3.

Results and Discussion

9.3.1. Synthesis and Characterization of PNMPy−Omp2a
The Omp2a protein was expressed, puriﬁed, and refolded using the procedure
described in the section 9.2.2. The molecular weight and isoelectric point of trimeric
Omp2a (367 amino acids) are 113.4 kDa and 4.47, respectively. PNMPy−Omp2a
ﬁlms were prepared by the anodic polymerization of N-methylpyrrole (NMPy), and
introducing Omp2a (1 mg/mL) in the generation medium, which consisted of a 15
mM monomer solution in deionized water with 10 mM of sodium dodecyl sulfate
(SDS). Cyclic voltammograms recorded for the anodic oxidation of NMPy monomer
with and without the MP in the generation medium (Figure 9.3.1) reﬂected an
anodic process with anodic peak potentials of 1.119 and 1.089 V, respectively.
According to these results, PNMPy−Omp2a and PNMPy ﬁlms were deposited onto
steel AISI 316 sheets using a potential of 1.10 V and a polymerization time of 20 s.
The thickness of PNMPy−Omp2a and PNMPy ﬁlms, as determined by optical
proﬁlometry, is 219 ± 71 nm and 298 ± 72 nm, respectively. The chemical
composition of PNMPy−Omp2a composite was initially characterized by XPS, as
shown in Table 9.3.1 and Figure 9.3.2. Spectra associated with control PNMPy are
provided in Figure 9.3.3. As expected, the oxygen content in the atomic percent
composition is higher for PNMPy− Omp2a than for PNMPy due to the presence of
the MP. Deconvolution of the high-resolution XPS spectrum in the C 1s region for
the composite led to three Gaussian curves that have been attributed to the
saturated and conjugated C−C/C = C bonds[35,36] (284.5 eV) of NMPy units, the C =
O bond (287.5 eV) of oxidized NMPy units[35,37] (i.e. N-substituted PPy derivatives
typically undergo an oxidation process), and the C−N, C−NH3+ , and C = O from
peptide bonds (286.3 eV) in the protein.[38,39]

Table 9.3.1. Atomic and Mass Percent Composition of PNMPy and PNMPy-Omp2a.

PNMPy
PNMPy-Omp2a

C 1s

N 1s

O 1s

S 2p

Atomic composition

70.7

7.9

18.9

2.5

Mass composition

63.3

8.3

22.5

5.9

Atomic composition

53.9

3.6

39.4

3.1

Mass composition

45.4

3.5

44.2

6.9
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Figure 9.3.2. High-resolution C 1s, N 1s, O 1s and S 2p XPS spectra for PNMPyOmp2a. Peaks from deconvolution are also displayed (grey lines). Intensity is
displayed in arbitrary units.

The high-resolution N 1s spectrum of control PNMPy (Figure 9.3.3) shows two
peaks centered at 399.9 eV (6.9%) and 401.4 eV (1.0%), which have been assigned to
the C−N bonds of NMPy units involving neutral and charged nitrogen,
respectively.[35,40] The ratio 1.0/(6.9 + 1.0) = 0.13 (Table 9.3.2) represents the fraction
of charged nitrogen, which can be associated with the doping level of the
electropolymerized material. In contrast, PNMPy− Omp2a presents a single peak at
399.5 eV due to the overlapping of the binding energies associated with the C−N
bond of NMPy units and the N−C = O (amide) of the protein, the latter being also
around 400 eV.[38,41] The annihilation of the peak associated with the charged
nitrogen atom indicates that the doping level of the CP in the composite is lower
than that in the control, which is fully consistent with the low polymerization
charge registered for the composite during the electrogeneration process.
Furthermore, the absence of a peak at around 401.5 eV reﬂects that the amount of
positively charged residues in Omp2a is very low.[38,39] Thus, Arg and Lys are
essentially present in the composite as uncharged species, photoemitting at the
same region that amides in high-resolution N 1s spectra.
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Figure 9.3.3. High-resolution C 1s, N 1s, O 1s and S 2p XPS spectra for control
PNMPy samples. Peaks from deconvolution are also displayed (grey lines).
Intensity is displayed in arbitrary units.

The high-resolution O 1s spectra of both control PNMPy and PNMPy−Omp2a
samples show three peaks. Those of PNMPy have been attributed to the sulfate
groups of SDS (531.6 eV), the C = O of oxidized NMPy units (533.7 eV), and the
metallic oxides on the steel substrate (529.1 eV). The C/O531.6 and N/O531.6
composition ratios, where C and N refer to the total compositions displayed in
Table 9.3.1, and O531.6 corresponds to the relative contribution to the total atomic O
percent composition of the peak at 531.6 eV (Table 9.3.2), are 4.3 and 0.5,
respectively. For PNMPy−Omp2a, the peaks detected in the high-resolution O 1s
spectra appear at 531.3, 535.4, and 530.0 eV. The ﬁrst one involves not only the
sulfate groups of SDS but also the C = O from the peptide bond.[38,39] Accordingly,
the C/O531.3 and N/O531.3 ratios are 1.8 and 0.1, respectively, which are lower than in
control PNMPy. The peak at 535.4 eV has been attributed to the water oxygen from
moisture of the samples,[42,43] while the peak at 530.0 eV corresponds to metallic
oxides at the substrate surface.
Finally, the S 2p high resolution spectrum registered for PNMPy and
PNMPy−Omp2a samples are very similar. Both show the spin-split sulfur coupling
at 168.3 eV (S 2p3/2) and 169.5 eV (S 2p1/2), which is associated with the sulfate
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groups of the surfactant. Moreover, the S 2p spectrum for PNMPy also present
small peaks at 170.4 eV (S 2p3/2) and 171.5 eV (S 2p1/2), which correspond to metallic
sulfates at the steel surface.

Table 9.3.2. Assignment of the peaks obtained in the high-resolution XPS spectra recorded
for PNMPy and PNMPy-Omp2a, and atomic percent composition (C 1s, O 1s, N 1s and
S 2p).

Sample

#Atom

Position (eV)

%

C 1s

284.3

33.0

C–C / C=C

285.4

32.4

C=C–N

287.6

5.3

C=O (oxidized
NMPy units)

399.9

6.9

C–N

401.4

1.0

C–N+

529.1

0.3

Metal oxides

531.6

16.6

533.7

2.0

168.3 – 169.5

2.2

SO−4 from SDS

170.4 -171.5

0.3

284.5

46.3

C–C / C=C

286.3

1.6

Peptide bond

287.5

6.0

C=O (oxidized
NMPy units)

N 1s

399.5

3.6

O 1s

530.0

3.4

Metal oxides

531.3

29.9

535.4

6.1

SO−4 from SDS and
C=O from protein

168.3 – 169.5

3.1

N 1s
PNMPy
O 1s

S 2p3/2 – S 2p1/2

C 1s

PNMPyOmp2a

S 2p3/2 – S 2p1/2
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Figure 9.3.4. UV-vis spectra for as obtained Omp2a (black), dialyzed Omp2a (blue),
the Omp2a-containing polymerization medium (red) and a PNMPy-Omp2a
suspension (green).

UV−vis absorption spectra were registered in the 200−350 nm range to further
conﬁrm the presence of Omp2a in the PNMPy−Omp2a composite, which was
achieved by identifying the bands associated with the absorption of the peptide
group and side groups of aromatic amino acids. PNMPy−Omp2a ﬁlms were
removed from the steel substrate and suspended in water to conduct the UV−vis
measurements. Comparison of recorded spectra, which are displayed in Figure
9.3.4, indicate that the typical absorptions of the peptide group and the aromatic
side chains of tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues
were detected as shoulders in the spectrum of PNMPy−Omp2a suspensions when
compared to the spectra recorded for the control protein mediums (Figure 9.3.4).
Thus, peptide groups typically absorb between 180 and 230 nm, while the aromatic
side chains of Trp, Tyr, and Phe amino acids absorb in the 240−300 nm range.[44]
Accordingly, spectra of as obtained Omp2a, dialyzed Omp2a and the Omp2acontaining polymerization medium show absorption maxima at such regions. More
speciﬁcally, the shoulders detected at 289 and 260 nm come from the Trp (10
residues) and Phe (18 residues) residues, respectively.[44] The absorbance of the
disulﬁde bond formed by the two Cys residues at 260 nm also contributes to the
latter shoulder. All these peaks appear as shoulders in the spectrum of
PNMPy−Omp2a suspension. Protein absorbance was zero above 310 nm.
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Figure 9.3.5. CD spectra for (a) as-obtained Omp2a; (b) dialyzed Omp2a; (c)
Omp2a-containing polymerization medium; and (d) PNMPy-Omp2a composite.
Protein concentration is 0.05 mg/mL in all cases with the exception of PNMPyOmp2a composite.

Although XPS and UV−vis results conﬁrm the correct immobilization of Omp2a
into the PNMPy matrix during the electrogeneration process, the native structure of
the protein in the PNMPy−Omp2a composite was successfully corroborated by
circular dichroism (CD) spectroscopy. Figure 9.3.5 compares the CD spectra for the
expressed protein as obtained, after dialysis, and once incorporated into the NMPycontaining polymerization medium. In all cases, the proﬁle exhibits a band at ∼217
nm, which is typically found in β-stranded proteins.[45] This characteristic band is
preserved in the CD spectra of the composite (Figure 9.3.5d), evidencing that the
native β-sheet secondary structure is preserved when the pore-forming protein is
immobilized into the polymeric matrix. Therefore, the operative and functional state
of the PNMPy−Omp2a interface is ensured by having Omp2a in its folded and/or
assembled form.
On the other hand, the UV−vis absorption spectra of steel-supported control
PNMPy and PNMPy−Omp2a ﬁlms (Figure 9.3.6) indicate that the protein aﬀects the
oxidation process of the CP during the electrochemical polymerization, as it has
already been mentioned. The ﬁrst absorption band corresponds to the π−π*
transition of aromatic rings (λmax= 338 and 377 nm for PNMPy and PNMPy−Omp2a,
respectively). The band gap energy, which was determined from the onset
wavelength,[46] is 2.44 and 2.30 eV for PNMPy and PNMPy−Omp2a, respectively.
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Figure 9.3.6. UV-vis spectra for control PNMPy and PNMPy-Omp2a films deposited
onto steel sheets. The values of λmax are indicated.

The second absorption band is related to the ﬁrst stages of the oxidation process
and has been assigned to the formation of polarons. This band is clearly deﬁned for
PNMPy at λmax= 567 nm, whereas for PNMPy−Omp2a samples this oxidation
process is only identiﬁed as a weak shoulder at ∼565 nm in the UV−vis spectrum.
This feature is fully consistent with XPS results, which suggested that the doping
level of the composite was lower than that of PNMPy. Neither system displays an
absorption band in the range of 650−700 nm, which is typically assigned to very
high oxidation levels (bipolaric states).[37]

9.3.2. Surface Properties
To better understand the passive ion transport response of PNMPy−Omp2a
composite, its surface properties were evaluated. Surface morphology and
topography of PNMPy−Omp2a were deeply examined by SEM and AFM,
respectively. Control PNMPy ﬁlms (Figure 9.3.7) show a very compact and dense
globular structure that is consistent with a homogeneous distribution of the
polymer chains. RMS roughness of PNMPy (23 ± 9 nm) is similar to that of steel
substrate (18 ± 5 nm). These features indicate a multidirectional growing of
polymers that is only possible through the formation of some chemical couplings
involving the β- and β′-positions of the repeat units. Accordingly, the transport of
ions through this partially cross-linked polymeric matrix is expected to be hindered
by the densely packed structure.
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(b)
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(c)
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(f)

Figure 9.3.7. PNMPy surface characterization: SEM micrograph at (a) 100 kX and (b) 10
kX; (c) 5.0×5.0 and (d) 2.5×2.5 µm2 AFM height images; (e) 2.5×2.5 µm2 AFM phase
image corresponding to (d); and (f) cross-section profiles obtained from (d). In the cross
sectional profiles the black line corresponds to the diagonal drawn from the down left
corner to the up right corner, while the grey line corresponds to the diagonal drawn
from the up left corner to the down right corner.

Incorporation of the protein provokes signiﬁcant changes in the surface
morphology. SEM micrographs and AFM height images of PNMPy−Omp2 (Figure
9.3.8) show elements of both submicrometric and micrometric dimensions with a
very homogeneous and smooth texture and without the nodular outcrops typically
found in PNMPy aggregates. These particles correspond to folded protein
molecules, as evidenced by comparison with SEM micrographs derived from
dialyzed Omp2a solutions (Figure 9.3.9).
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Figure 9.3.8. PNMPy-Omp2a surface characterization: (a) Low and (b) high
magnification SEM micrographs; (c) 5.0×5.0 µm2 and (d) 1.0×1.0 µm2 AFM height
images; (e) 5×5 µm2 and (f) 1.0×1.0 µm2 AFM phase images corresponding to (c) and
(d), respectively; (g) 10.0×10.0 µm2 AFM height image; and (h) cross-section profiles
obtained from (c). Dashed circles in (b) illustrate the connection between PNMPy and
Omp2a particles. Squares in (c) and (e) indicate the regions displayed in (d) and (f),
respectively. Labels A and B in (f) indicate the Omp2a and PNMP phase, respectively.
In the cross sectional profiles the black line corresponds to the diagonal drawn from
the down left corner to the up right corner, while the grey line corresponds to the
diagonal drawn from the up left corner to the down right corner.
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Figure 9.3.9. Low and high magnification SEM micrographs of (a, b) SDS (10 mM)
and (c, d) Omp2a (1 mg/mL, 3.6 mM SDS) aqueous solutions solvent casted onto
steel.

Although PNMPy and Omp2a proteins are interconnected in the composite
(Figure 9.3.8b), well-deﬁned morphological and texture diﬀerences reveal a
complete phase separation. The latter fact is corroborated by the high contrasts
observed in AFM phase images, which enable us to distinguish between the two
phases in the composite. The smooth areas in Figure 9.3.8f (labeled A) correspond to
the Omp2a phase, whereas the rough and irregular areas (labeled B) represent the
PNMPy phase. The mean RMS roughness, which was measured considering several
5 × 5 μm windows, increases to 31 ± 5 nm upon the incorporation of the Omp2a
protein.
Overall, morphological and topographical observations reveal that Omp2a
proteins are well-distributed throughout the PNMPy-OMP2a composite surface,
thus establishing pore structures. Although the PNMPy phase is characterized by a
dense and compact matrix, MP functionality is expected to enhance the passive ion
transport across the artiﬁcial membrane creating permanent ion channels.
Furthermore, contact angle measurements indicate that the surface of both steel
(θ = 74° ± 7°) and PNMPy (θ = 67° ± 4°) shows some hydrophilicity, while
PNMPy−Omp2a water-wettability increases signiﬁcantly upon the incorporation of
the MP (θ = 32°± 8°). This eﬀect is noticeably more pronounced for PNMPy−Omp2a
than for composites prepared using PNMPy and other proteins (Figure 9.3.10), as
for example bovine serum albumin (BSA). This indicates that not only is Omp2a
immobilized on the CP matrix, but it retains its natural disposition where the
protein hydrophilic regions are positioned toward the outer region of the
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Figure 9.3.10. Contact angle values measured for steel, PNMPy, PNMPy-BSA and
PNMPy-Omp2a substrates. Average contact angle values are: 74º ± 7º (steel), 67º ± 4º
(PNMPy), 54º ± 7 º (PNMPy-BSA) and 32º ± 8º (PNMPy-Omp2a). The hydrophilicity
of PNMPy increases 19 % and 52 % upon the incorporation of bovine serum albumin
(BSA) and Omp2a, respectively.

membrane, just as in biological environments. Although the isoelectric point of BSA
(4.7) is very similar to that of Omp2a (4.5),[47] the contact angle value for
PNMPy−BSA ﬁlms prepared under similar experimental conditions (θ = 54° ± 7°)
represents a reduction of only 20% with respect to PNMPy.

9.3.3. Electrochemical Properties
Cyclic voltammetry studies were run to determine the inﬂuence of these new
formed ion channels in the electrochemical properties of the PNMPy− Omp2a
composite. First, as occurred for the monomer (Figure 9.3.1), the anodic process at
around ∼1.1 V is less marked for PNMPy−Omp2a than for PNMPy (Figure 9.3.11).
The ability to exchange charge reversibly, hereafter denoted electroactivity,
increases with the similarity between the anodic and cathodic areas of the ﬁrst
control voltammogram. Thus, the electroactivity of PNMPy−Omp2a is 10% higher
than that of PNMPy. Besides, the electrochemically induced reduction of the
thickness has been used to evaluate the relative porosity (Por) of PNMPy−Omp2a
and PNMPy systems. Speciﬁcally, Por (in %) has been estimated as the diﬀerence
between the thicknesses of the ﬁlms as prepared and after 15 consecutive redox
cycles (193 nm ± 51 and 253 nm ± 93 nm for PNMPy− Omp2a and PNMPy,
respectively) relative to the thickness of the as-prepared ﬁlm. The values obtained
for Por are very similar for the two systems (i.e. 12 and 15%, respectively).
Therefore, the diﬀerence observed in electroactivity and LEA values between
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Figure 9.3.11. Cyclic voltammograms of PNMPy-Omp2a and PNMPy in aqueous
solution with 0.1M LiClO4. Initial and final potentials: -0.40 V; reversal potential: 1.10
V. Scan rate: 25 mV/s.

PNMPy and PNMPy−Omp2a systems are mainly due to the operative state of
Omp2a.
SEM micrographs recorded for PNMPy−Omp2a samples submitted to 15 redox
cycles (Figure 9.3.12) reveal signiﬁcant structural changes, which mainly aﬀect the
elements associated with the protein phase. Speciﬁcally, after a certain number of
cycles, the smooth homogeneous particles (Figure 9.3.12a,b) disaggregate into a
heterogeneous distribution of small spherical aggregates that have been associated
with unfolded protein molecules. Accordingly, AFM images suggest that the 3D
structure of the protein collapses, and only the space once occupied by the Omp2a
remains in the PNMPy surface. However, this aggressive electrochemically induced
degradation process is not expected to occur when assessing the ion transport
response of PNMPy−Omp2a by EIS because it is a nondestructive technique.
Consequently, the functionality of the biomolecule in the composite is assured for
passive ion transport applications.
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Figure 9.3.12. Surface characterization of PNMPy-Omp2a after 15 consecutive
oxidation-reduction cycles: (a) Low and (b) high magnification SEM micrographs;
(c) 5×5 µm2 and (d) 2.0×2.0 µm2 AFM height images; (e) 5×5 µm2 and (f) 2.0×2.0
µm2 AFM phase images corresponding to (c) and (d), respectively. Dashed circles
in (a) illustrate the regions with unfolded protein. Squares in (c) and (e) indicate
the regions displayed in (d) and (f), respectively.

9.3.4.

Biodegradability and Biocompatibility

CP-based platforms for biotechnological and biomedical applications typically
require biodegradability and/or biocompatibility to minimize their impact on the
environment and/or the adverse reaction of the body. Accordingly, bearing those
requirements in mind, and before performing EIS measurements, we conducted
both enzymatic degradation and cell viability tests to validate the integrated-protein
composite for biointerface applications.
In the particular case of PNMPy−Omp2a, excessively rapid enzymatic
degradation of the MP could greatly inﬂuence the applicability of the composite
when used in physiological mediums. Consequently, the enzymatic
biodegradability of Omp2a in the composite was investigated by monitoring the
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Figure 9.3.13. Low (a, c) and high (b, d) magnification SEM micrographs for PNMPyOmp2a composite after 8 h (a, b) and 24 h (c, d) of immersion in a Lipase F-AP15
solution.

protein morphology change induced during 72 h of continuous immersion in a
Lipase-containing solution. Samples extracted after 1, 4, 8, 24, and 72 h were
observed by SEM, and results indicated severe degradation of the protein, which
started after 24 h of immersion in the enzymatic solution (Figure 9.3.13). Thus, the
protein retained the initial aspect and texture in samples extracted after 1, 4, and 8 h.
This feature suggests that the CP matrix protects Omp2a aggregates from the action
of the enzyme at the earlier stages of degradation. Micrographs of samples extracted
after 72 h revealed that the degraded protein is mostly detached from the surface of
the ﬁlms (Figure 9.3.14), indicating that the beneﬁts provided by the protein to the
composite are expected to be null after this time of exposure to aggressive
bioconditions.
Quantitative results for cell adhesion assays are displayed in Figure 9.3.15a. The
number of Vero and Cos-7 cells adhered to the surface of the PNMPy−Omp2a is
signiﬁcantly higher than that of PNMPy. This tendency is more evident in the case
of Vero cells. On the other hand, the adhesion of both Vero and Cos-7 cells on the
surface of PNMPy and PNMPy−Omp2a is favoured with respect to the TCPS and
steel control substrates, which show similar relative viabilities.

340

PNMPY-OMP2A SUPPORTED INTERFACE: BIOINSPIRED CHANNELS

200 nm

200 nm

Figure 9.3.14. SEM micrographs for PNMPy-Omp2a composite after 72 h of
immersion in a Lipase F-AP15 solution.

On the other hand, SEM micrographs show the signiﬁcant spreading of Cos-7
cells, which form cellular monolayers on the surface of PNMPy−Omp2a (Figure
9.3.15b), whereas large domains without cells appear on the surface of PNMPy
(Figure 9.3.15c). The actin ﬁlaments emerging from the cells and with the barbed
ends oriented toward the surface of PNMPy−Omp2a (Figure 9.3.15d), which are
known as ﬁlopodia, are responsible for local adhesion. The grouping of these
ﬁlaments results in stress ﬁbers, denoted lamellipodia, that are used by cells to
move along the substrate. Figure 9.3.15e shows typical connections between two
Cos-7 cells to establish communication, which is a crucial step in the coordination of
diﬀerentiation processes in eukaryotic cells. Similar features are displayed in Figure
9.3.16 for cultured Vero cells. Overall, the results presented in this section indicate
that PNMPy−Omp2a is a potential candidate for biotechnological and biomedical
applications in which biocompatibility is a requisite.
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Figure 9.3.15. (a) Cellular adhesion onto PNMPy-Omp2a, PNMPy and steel
surfaces using Vero (epithelial-like) and Cos-7 (fibroblast-like) cells. The relative
viability was established in relation to the TCPS control (tissue culture
polystyrene). ANOVA-Tukey’s test, p<0.05. SEM micrographs of Cos-7 cells
seeded for 24 h onto (b) PNMPy-Omp2a and (c) PNMPy surfaces. The asterisk in
(c) indicates substrate surface, while arrows in (b) and (c) indicate the cells
adhered onto the surface. Micrographs showing cellular interactions (arrows) at
cultured PNMPy-Omp2a films: (d) connection sites (filopodia) between Cos-7 cells
and the substrate; and (e) intercellular junctions used for cell-cell communication
processes.
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Figure 9.3.16. SEM micrographs of Vero cells seeded for 24 h onto (a) PNMPy and (b)
PNMPy-Omp2a surfaces. The asterisks indicate substrate surface. Micrographs
showing cellular interactions (arrows) in PNMPy-Omp2a films covered by Vero cells:
(c) intercellular junctions used for cell-cell communication processes and (d)
connection sites (lamellipodia) between Vero cells and the substrate.

9.3.5. Ion Channels
EIS measurements have been carried out to evaluate the proper function of ion
channels and pores formed by the MP in the PNMPy−Omp2a composite.[48−52] This
methodology provides information not only of the ion transport, but also a
complete description of the investigated system, as was recently discussed in a
comparative study.[53]
Impedance was measured as a function of frequency for steel-supported PNMPy
and PNMPy−Omp2a ﬁlms. EIS spectra were registered using diﬀerent aqueous
electrolyte mediums: 5 and 100 mM KCl solutions and 5 and 140 mM NaCl
solutions. It should be noted that Na+ and K+ are two main blood electrolytes, their
normal blood levels being 135−145 and 3.5− 5.2 mM, respectively. Moreover, the
concentration of K+ is 2 orders of magnitude higher in intracellular regions than
outside the membrane, while the opposite occurs for Na+.
Figure 9.3.17a−e compares representative Nyquist plots obtained for PNMPy
and PNMPy−Omp2a in diﬀerent Na+- and/or K+-containing media. In all cases,
Nyquist spectra show a semicircle in the high-frequency range and a straight
ascending line in the low-frequency range.
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Figure 9.3.17. Nyquist plots for PNMPy (red) and PNMPy-Omp2a (blue and green) in an
aqueous solution containing: (a) 5 mM K+; (b) 100 mM K+; (c) 5mM Na+; (d) 140 mM Na+;
and (e) 5 mM K+ + 140 mM Na+. (f) Electrical equivalent circuit (EEC) used for fitting
experimental data for PNMPy and PNMPy-Omp2a. RS is the electrolyte resistance, CPEM
and RM are the membrane constant phase element and resistance, respectively, CPEST is
the steel constant phase element, and finally, W is the Warburg impedance.
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The electrical equivalent circuit (EEC) used to ﬁt the experimental data is shown
in Figure 9.3.17f, where RS corresponds to the electrolyte solution resistance and RM
represents the ability of the PNMPy−Omp2a system to impede ion transport at the
interface between the electrolyte and the membrane. The ECC also includes double
layer capacitances from both the membrane and steel (QM and QST, respectively) and
a Warburg impedance element (W), corresponding to the diﬀusion of water
molecules. Therefore, both RM and QM are associated with the overall contribution
of the protein-integrated interface. It should be noted that the incorporation of ion
channels through the immobilization of the MP is expected to alter the membrane
resistance value, RM. Accordingly, channel activity can be monitored by comparing
the membrane resistance of PNMPy and PNMPy−Omp2a in the diﬀerent media.
Table 9.3.3 lists the contribution of each element for PNMPy and
PNMPy−Omp2a. Both capacitances were replaced by a constant phase element
(CPE) that describes a nonideal capacitor when the phase angle is diﬀerent from
−90°. The CPE impedance is attributed to the surface reactivity, surface
heterogeneity and roughness, which in turn are related to the electrode geometry
and porosity. Also, the CPE impedance accounts for the nonuniform diﬀusion
among the ﬁlms adhered to the electrode surface. The CPE impedance, which has
been expressed as ZCPE =[Q (jω)n]−1, represents an ideal capacitor and a pure resistor
for n = 1 and n = 0, respectively, while it is associated with a diﬀusion process when
n = 0.5. The ﬁtting quality was judged based on the error percentage associated with
each circuit component, showing errors lower than 5% in most of the elements.
EIS results evidence that the pore-forming MP is properly immobilized in the
PNMPy matrix, retaining the functionality associated with the β-barrel structure.
More speciﬁcally, the response of PNMPy and PNMPy−Omp2 ﬁlms is very similar
for both the 5 mM K+ and the 5 mM Na+ electrolytic media (Figure 9.3.17a,c).
Accordingly, the RM values (Table 9.3.3), which indicate the facility to exchange
ions between the system and the electrolyte solution, are very similar for the control
PNMPy and the MP-containing composite. Similarly, the ability to store electrical
charge and the diﬀusion impedance of PNMPy, which are deﬁned by QM and W,
respectively, are not signiﬁcantly aﬀected by the incorporation of the protein when
the concentration of ions is low. In spite of this, the diﬀusion of hydrated Na+ is
slightly higher for the MP-composite than for the CP, suggesting that Omp2a is
more eﬃcient for the transport of Na+ than for K+.
In contrast, RM values are lower for PNMPy−Omp2a than for PNMPy in the 100
mM K+ and 140 mM Na+ solutions (Figure 9.3.17b,d). Accordingly, PNMPy−Omp2a
promotes the passive ion transport in solutions with high ionic concentrations, thus
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Table 9.3.3. Fitting parameters used to simulate the EIS spectra displayed in Figures 9.3.17a-d using the electrical equivalent circuit represented in
Figure 9.3.17f: RS (Ω cm2), RM (Ω cm2), QM (F cm-2 sn-1), n, QS (F cm-2 sn-1) and W (Ω cm2). For PNMPy-Omp2a, the first and second values provided for
each element correspond to the blue and green spectra, respectively. The error percentage associated to each circuit element is included in
parenthesis. Fitting parameters used to simulate the EIS spectra displayed in Figure 9.3.17e are listed in Table 9.3.4.

PNMPy

PNMPy-Omp2a

5 mM K+

100 mM K+

5 mM Na+

140 mM
Na+

5 mM K+

100 mM K+

5 mM Na+

RS

154 (0.2)

21.2 (1.0)

156 (0.4)

19.1 (1.0)

336 (0.4)
201 (0.4)

22.1 (0.6)
18.2 (1.3)

217 (0.3)
229 (0.2)

14.7 (0.7)
14.5 (0.6)

RM

1158 (0.7)

821 (2.5)

1553 (1.7)

1249 (3.6)

1005 (0.6)
1074 (1.4)

243 (2.1)
328 (4.3)

1096 (0.8)
1282 (0.6)

589 (1.7)
589 (1.3)

QM·105

3.749 (1.6)

5.158 (4.5)

4.732 (2.5)

5.137 (4.4)

4.941 (3.7)
3.788 (3.3)

3.683 (5.5)
5.906 (7.9)

3.964 (2.0)
5.006 (1.3)

4.853 (3.1)
2.886 (2.8)

n

0.8500 (0.3)

0.8254 (0.8)

0.8497 (0.5)

0.8597 (0.8)

QS·104

3.787 (0.6)

4.229 (2.7)

2.227 (1.3)

2.441 (4.0)

0.8291 (0.9)
0.8363 (0.7)
5.406 (1.2)
4.013 (1.4)

0.8884 (0.9)
0.8363 (0.7)
4.844 (0.7)
4.533 (1.4)

0.8460 (0.5)
0.8161 (0.3)
7.385 (0.9)
5.852 (0.6)

0.8494 (0.5)
0.8931 (0.4)
7.790 (3.4)
5.580 (2.5)

n

0.9787 (0.5)

0.9579 (2.2)

0.9740 (1.2)

0.9869 (3.3)

0.9017 (1.3)
0.8720 (1.1)

0.7626 (0.4)
0.7286 (0.8)

0.8921 (1.0)
0.9292 (0.7)

0.8169 (2.3)
0.8628 (1.7)

W·105

9.356 (2.6)

9.579 (12.5)

10.76 (2.9)

13.89 (7.2)

9.040 (8.9)
3.626 (17.2)

2.369 (.89)
1.630 (5.7)

12.16 (7.8)
17.39 (2.7)

10.37 (19.5)
13.77 (11.1)

346

140 mM
Na+

PNMPY-OMP2A SUPPORTED INTERFACE: BIOINSPIRED CHANNELS
the MP functionality is enhanced when the concentration of ions in the medium is
high. EIS spectra recorded in a solution containing 5 mM K+ + 140 mM Na+, which
correspond to the concentrations of such ions in blood, evidence a similar behaviour
(Figure 9.3.17e). Thus, the ion transport resistance of PNMPy (1037 Ω cm2) decreases
1 order of magnitude when the MP is immobilized in the PNMPy− Omp2a
composite (∼600 Ω cm2), which activates the transport of ions.
Inspection of the QM values obtained for the 5 mM K+ and 140 mM Na+ solutions
indicates that, as occurred for the solutions with lower concentrations of ions, the
MP does not alter signiﬁcantly the ability to store charge of the CP. Indeed,
inspection of results displayed in Table 9.3.4 evidence that such ability is intrinsic to
PNMPy because it is practically independent of the concentration and nature of the
ions as well as of the Omp2a presence. Comparison of the diﬀusional impedance
values obtained for more concentrated solutions also suggest that Omp2a favours
the diﬀusion of Na+ with respect to that of K+. Thus, results for PNMPy indicate that
the bulk ionic diﬀusion through the CP interface is practically independent of both
the concentration and nature of ions. Accordingly, although ions aﬀect the RM of
PNMPy, the diﬀusional activity of this material is not selective. In contrast, the
impedance behaviour observed for PNMPy−Omp2a evidence that RM is very
sensitive to the ionic concentration, while W is aﬀected by the nature of ions. These
features indicate that the MP brings not only ion transport capacity, but also
sensitivity and selectivity to the PNMPy-Omp2a biointerface.

Table 9.3.4. Fitting parameters used to simulate the EIS spectra displayed in
Figure 9.3.17e: RS (Ω cm2), RM (Ω cm2), QM (F cm-2 sn-1), n, QS (F cm-2 sn-1) and W
(Ω cm2). For PNMPy-Omp2a, the first and second values provided for each
element correspond to the blue and green spectra, respectively. The error
percentage associated to each circuit element is included in parenthesis.

cm2)

RS (Ω
RM (Ω cm2)
QM·104 (F cm-2 sn-1)
n
QS·104 (F cm-2 sn-1)
n
5
W·10 (Ω cm2)

PNMPy
26.6 (1.2)
1037 (8.5)
1.223 (6.6)
0.6880 (1.4)
1.972 (8.9)
0.8448 (5.0)
7.052 (22.4)

PNMPy-Omp2a
30.6 (0.9) / 24.5 (0.8)
622 (4.1) / 579 (2.8)
1.079 (5.3) / 1.223 (3.6)
0.7223 (1.1) / 0.7231 (0.7)
1.773 (3.8) / 3.822 (2.6)
0.9959 (1.9) / 0.9452 (1.4)
12.02 (4.5) / 242.9 (26.9)
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Overall, we have successfully produced a protein-integrated system that
preserves the native structure and functionality of the MP. The combination of
biological elements with synthetic materials is a challenging research ﬁeld that
requires further understanding of interactions and compatibility between materials.
However, as a ﬁrst step, PNMPy−Omp2a approach has resulted in a biointerface
with proven passive ion transport. Interestingly, as Omp2a allows the passive
transport of other molecules such as nutrients and antibiotics, PNMPy−Omp2a
composite can also be exploited to design bio-hybrid materials with multifunctional
artiﬁcial channels for bioapplications.

9.4.

Conclusions

In this work, novel CP−MP biocomposites have been prepared using PNMPy,
which shows a very compact structure, and Omp2a from Brucella melitensis, a βbarrel protein that forms trimeric pores. The MP has been successfully immobilized
onto the surface of PNMPy during the electrochemical polymerization, which has
been proven by XPS and UV−vis spectroscopy analyses. Furthermore, Omp2a
retained its native-state β-sheet structure, thus preserving its folded operative form.
SEM and AFM characterization techniques enabled us to identify the
PNMPy−Omp2a composite surface properties, which are related to the passive ion
transport. As a result, Omp2a pore-forming structures are distributed throughout
the compact PNMPy matrix. Additionally, PNMPy−Omp2a biocomposites are
hydrophilic, electroactive, and biocompatible biointerfaces.
Although the porosity of PNMPy and PNMPy−Omp2a are very similar, their
responses toward electrolyte solutions are completely diﬀerent. Thus, the behaviour
of PNMPy is independent of the electrolyte concentration, while PNMPy−Omp2a
promotes the exchange of ions between the systems and the electrolyte solution.
This passive transport ability, which is associated with the β-barrel structure of the
immobilized protein, is regulated by the concentration of ions in the electrolyte
solution.
PNMPy−Omp2a behaves as a smart bioinspired ion-channel, which has
potential applications in diﬀerent areas of the biomedical ﬁeld, such as nanoﬂuidics,
energy conversion and biosensoring. Furthermore, changing the concentration of
ions in the electrolyte solution regulates the activity of Omp2a nanochannels
integrated in the PNMPy−Omp2a composite. This has been proved by examining
the ion transport process using K+ and Na+ concentrations around those typically
found in blood. Furthermore, results suggest that Omp2a is more eﬃcient for the
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diﬀusion of Na+ than for the diﬀusion of K+. In addition to the above-mentioned
applications, Omp2a immobilized onto PNMPy can be used to simulate the process
of ions and small molecules transport in living organisms, enabling the
investigation of the chemistry, size, and conformational states of β-barrel
nanochannels.
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Summary
A new bis-thienyl type monomer (AzbT) was synthesized and polymerized
electrochemically with 2,2′:5′,2′′-terthiophene (Th3) mixtures - in different molar
ratios (i.e. 50:50, 60:40 and 80:20) - to render random copolymers, P(AzbT-co-Th3)s,
as ultra-thin films. Spectroscopic analyses confirmed that the content of AzbT
structural units in the copolymers increases with the increasing of AzbT:Th3 molar
ratio in the electropolymerization medium.
The morphology of the films evolved from a porous multi-level surface to a
more compact and flat globular structure with increasing AzbT content, which also
resulted in a reduction of the electrochemical activity and stability. Cytotoxicity and
cell adhesion and proliferation tests revealed that P(AzbT-co-Th3) matrices can be
potentially applied as bioactive substrates. The 80:20 copolymer biointerface, which
combines biocompatibility, optical and electrochemical properties in the range of
semiconducting PTh derivatives, results into a promising functional biomaterial.
The bis-thienyl monomer, AzbT, was synthesized and characterized by Dr. L.
Cianga 1 and Dr. I. Cianga1. Biological and biodegradation assays were done in
collaborative working with Dr. L. J. del Valle2.
P(AzbT-co -Th3)
AzbT

Schiff Base

Th3

Carboxyl

Electropolymerization
Electroactive

0.40

j (mA/cm2)

Biocompatible

Terthiophene
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0.00
-0.10
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E (V) vs. Ag|AgCl
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Publication derived from this work:
M.M. Pérez-Madrigal, L. Cianga, L.J. del Valle, I. Cianga, C. Alemán, Polym. Chem. 2015,
DOI: 10.1039/c5py00480b.
1

“Petru Poni” Institute of Macromolecular Chemistry, Iasi, Romania.
d’Enginyeria Química, E.T.S. d’Enginyers Industrials de Barcelona, UPC.
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10.1. Introduction
Compounds that contain the –C=N– functional linkage in their structure, which
are known as Schiff bases (imine or azomethine), are usually synthesized by the
condensation of primary amines with compounds bearing active carbonyl groups
(e.g. an aldehyde). Schiff bases have been applied in a great number of different
fields including reactants for organic synthesis,[1-2] inhibition of corrosion[3] and,
specifically, biological chemistry. Thus, the azomethine functional group exhibits
antibacterial and antifungal,[4,5] pesticidal,[6] antitubercular,[7,8] analgesic,[9]
antioxidant,[10]
anti-inflammatory,[9,10]
antidyslipidemic,[11,12]
antiviral,[13]
[14]
[15]
antiglycation, and antitumor activities.
In the field of polymers, poly(Schiff base)s or polyazomethines are considered
very important materials as long as all the above mentioned properties for Schiff
bases are preserved in the polymer counterpart.[16] Furthermore, the presence of
–C=N– conjugated double bonds in the main polymeric chain represents a highly
attractive alternative to vinylene linkages to display semiconducting properties.[17-18]
Thus, polyazomethine-based materials have been exploited for the fabrication of
solar cells,[19] fluorescent sensors for explosive or environmentally toxic metal
ions,[20,21] electrochromic devices,[22,23] organic field-effect transistors (OFET)s,[24] and
organic non-volatile memories (ONVM)s for the next generation of data storage
devices.[25]
Another important aspect concerning the azomethine bond is related to its
reversibility, a property which was efficiently exploited in the J. M. Lehn’s concept
of molecular dynamers.[26-28] In that context, dynamic covalent chemistry is a
powerful concept for the construction of adaptive and responsive molecular
systems. Conjugated polyazomethines can undergo constitutional exchange
resulting in materials with tuneable properties induced by external stimuli.[29,30]
Aromatic polyazomethines can be obtained by different chemical procedures:
classical polycondensation between aromatic/heterocyclic dialdehydes with
aromatic/heterocyclic diamines;[18-20,23-25] polymerization of monomers containing
preformed azomethine linkages;[22-36] and self-polycondensation of an automer.[32]
Among these synthetic approaches, the one employing monomers that contain
preformed azomethine bonds seems to be more versatile, provided that it permits
the introduction in the conjugated main chain of different moieties (e.g. thienyl,
pyrrolyl, naphtyl and aryl) or well-defined polymeric side chains in a controlled
manner, thus allowing for a fine tuning of the electrical and/or optical properties of
the final materials.
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In recent years, different research strategies have been followed to enhance the
behaviour of polythiophenes (PThs) as bioactive cellular matrices for tissue
engineering applications. For example, soluble PTh derivatives have been combined
with biodegradable and biocompatible insulating polymers to fabricate 2D (e.g. freestanding nanomembranes, Chapters 4 and 5)[37-41] and 3D (e.g. nanofibers, Chapters
7 and 8)[42-44] scaffolds. Other approaches are based on hydrophilic and
biocompatible poly(ethylene glycol) (PEG) chains which have been grafted to PTh
chains to fabricate amphiphilic PTh bottle-brush copolymers;[45-47] and biomolecules,
such as small peptides[48] or proteins,[49-51] which have been immobilized into PTh
matrices using in situ polymerization approaches.
In this chapter, the main aim is to fabricate a new functional synthetic
biointerface with optical properties similar to those displayed by semiconducting
PThs. For this purpose, an azomethine-containig bis-thienyl (AzbT) monomer has
been synthesized and electrochemically copolymerized with 2,2’:5’,2’’therthiophene (Th3). After investigation of the chemical and physical properties of
the resulting P(AzbT-co-Th3) copolymers, which were obtained using different
AzbT:Th3 molar ratios, their behaviour as cellular matrices for tissue engineering
applications has also been examined. The advantages and drawbacks provoked
with the incorporation of the Schiff base functionality have been determined by
comparing systematically the properties of P(AzbT-co-Th3) with those of
polyterthiophene (PTh3).

10.2. Experimental Section
10.2.1. Materials
2-Thiophenecarboxaldehyde (Aldrich,98%) was distilled under reduced pressure
before use. Benzene was dried over sodium wire and distilled before use.
p-Toluenesulfonic acid (99%), and 3,5-diaminobenzoic acid (98%), Th3 (99%),
tetrabutylammonium tetrafluoroborate (TBATFB) (99.0%,) were purchased from
Aldrich and used as received. The rest of the solvents were purchased from Panreac
Quimica S.A.U. (Spain), and used as received.
For cell culture experiments, human osteosarcoma (MG-63) and African green
monkey kidney epithelial (Vero) cell lines were purchased from ATCC (USA).
Dulbecco’s phosphate buffered saline solution (PBS) without calcium chloride and
magnesium chloride, Dulbecco’s modified Eagle’s medium (DMEM, with 4500 mg
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Scheme 10.2.1. Synthetic path followed to obtain the AzbT monomer.

of glucose/L, 110 mg of sodium pyruvate/L and 2 mM L-glutamine), penicillinstreptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
97.5%) and trypsin-EDTA solution (0.05% trypsin, 0.02% EDTA) were all purchased
from Sigma-Aldrich (USA). Fetal bovine serum (FBS) and trypan blue stain (0.4%)
were purchased from Gibco, UK. Dimethyl sulfoxide (99.0%) was purchased from
Panreac Quimica S.A.U. (Spain). Phalloidin-TRITC (for F-actin staining; 1:100 in
0.1% Bovine Serum Albumin (BSA)/PBS) and Hoechst 33342 (1:2000 in 0.1%
BSA/PBS) was purchased from Sigma Chemical.

10.2.2. Synthesis of the AzbT monomer
3,5-Bis([2-thienylmethylene]amino)benzoic acid (AzbT) was synthesized as
follows (Scheme 10.2.1): a 250 mL three necks round bottom flask equipped with a
condenser, a Dean-Stark trap, nitrogen inlet-outlet and magnetic stirrer was charged
with 2-thiophene-carboxaldehyde (5.68 mL; 0.062 mol), 3,5-diaminobenzoic acid
(4.56 g, 0.03 mol), p-toluenesulfonic acid (0.015 g) and benzene (150 mL). Nitrogen
was purged through the reaction mixture for 15 minutes. The mixture was heated to
reflux with stirring for 15 hours, continuously removing the benzene-water
azeotrope. After cooling the reaction mixture, the formed solid product was filtered,
dried, and purified by precipitation from acetone in toluene and filtration. Further
purification was achieved by using the column chromatography method (aluminum
oxide - Fluka Type 507c) and 1,2-dichloroethane as eluent. The solution was
concentrated by evaporation under reduced pressure, and the solid obtained after
cooling was filtrated and dried. An orange-brownish solid was obtained. Yield:
38%; m.p.: 176-178 °C.

10.2.3. Chemical Characterization of the AzbT monomer
1H-NMR

spectra were recorded at room temperature on a Bruker Avance DRX400 spectrometer (400 MHz), using DMSO-d6 as solvent. Chemical shifts are
reported in ppm and referenced to tetramethylsilane (TMS), the internal standard.
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The melting point of the synthesized monomer was determined by using MeltTemp II (USA Laboratory Devices). FTIR spectra of the synthesized monomer and
the starting chemicals were recorded on a Bruker Vertex 70 FTIR spectrometer
equipped with a diamond ATR device (Golden Gate, Bruker) in transmission mode,
by using KBr pellets. Measurements of UV-vis absorption and fluorescence
emission of the synthesized monomer dissolved in DMSO (1 x 10-3 M) were carried
out by using a Specord 200 Analytik Jena spectrophotometer and Perkin Elmer LS
55 apparatus, respectively.

10.2.4. Electropolymerization
P(AzbT-co-Th3) and PTh3 films were prepared by chronoamperometry (CA)
using an Autolab PGSTAT302N equipped with the ECD module (Ecochimie, The
Netherlands). Polymerization was carried out in a standard three-electrode onecompartment cell at room temperature. ITO substrates of approximately 1.0 x 0.5
cm2 were used as working electrodes, while Pt sheets of the same area were used as
counter electrode. The reference electrode was an Ag|AgCl electrode containing
KCl saturated aqueous solution (E0=0.222 V at 25 °C).
Stock solutions of Th3 and AzbT monomers (2 mM) were prepared in
acetronitrile containing 0.1 M TBATFB as dopant agent. For the preparation of PTh3
films, the cell was filled with 5 mL of the 2 mM Th3 solution. Polymerization was
carried out applying a constant potential of 1.0 V during a polymerization time of
θ=150 seconds. P(AzbT-co-Th3) films were prepared considering 50:50, 60:40 and
80:20 AzbT:Th3 molar ratios. For this purpose, the cell was filled with the
corresponding monomer solution prepared after mixing the appropriate amount of
each stock solution. The applied potential was varied with the copolymer
composition (1.05 V for PTh3, the 50:50 and 60:40 copolymers; and 1.15 V was used
for the 80:20 copolymer), while the polymerization time was 180 seconds in all
cases. It should be noted that films obtained using θ ≥ 300 s were extremely brittle
and peeled off easily from the ITO electrodes. As the behaviour of the 50:50 and
60:40 copolymers was found to be very similar, some of the results obtained for the
latter will be briefly addressed.

357

CHAPTER 10

10.3.5. Characterization Techniques
X-Ray photoelectron spectroscopy
XPS analyses were performed in a SPECS system equipped with a nonmonochromated twin anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV).
Specifically, the Al anode was operated at 150 W. The pass energy was set to 25 and
0.1 eV for the survey and the narrow scans, respectively. The C 1s peak was used as
an internal reference with a binding energy of 284.5 eV. High-resolution XPS spectra
were acquired by Gaussian–Lorentzian curve fitting after S-shape background
subtraction.

FTIR and UV-vis spectroscopy
Spectra of electropolymerized polymers were recorded on a FTIR Nicolet 6700
spectrophotometer equipped with the Smart SAGA accessory, which is designed for
the analysis of thin films on reflective substrates. As samples were adhered onto
ITO substrates, gold-coated glass was placed as reflective substrate on top. Thus,
background spectrum was collected using uncoated ITO. Samples were placed on
the plate using the 5 mm aperture, and 64 scans were performed between 4000 and
600 cm-1 with a resolution of 2 cm-1.
UV-vis absorption spectra were obtained using a UV-vis-NIR Shimadzu 3600
spectrophotometer equipped with a tungsten halogen visible source, a deuterium
arc UV source, a photomultiplier tube UV-vis detector, and a InGaAs photodiode
and cooled PbS photocell NIR detectors. Spectra of PTh3 and P(AzbT-co-Th3) films
deposited onto ITO were recorded between 300 and 800 nm in the absorbance mode
using the integrating sphere accessory (model ISR-3100). The interior of the
integrating sphere was coated with highly diffuse BaO reflectance standard.
Measurements, data collection and data evaluation were controlled by the computer
software UVProbe (version 2.31).

Optical profilometry
The thickness of the electropolymerized films was determined using a surface
profilometer Dektak 150 (Veeco). Several scratches (minimum 6) were intentionally
made throughout the surface of the polymer samples (n=4), and the step at several
positions along the scratches was measured by the computer software Dektatk
(Veeco Instruments Inc., version 9.2.) to allow statistical analysis of data.
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Scanning electron microscopy
The morphology of the prepared films was examined by SEM using a Focused
Ion Beam Zeiss Neon40 scanning electron microscope equipped with an energy
dispersive X-ray (EDX) spectroscopy system and operating at 5 kV. All samples
were sputter-coated with a thin carbon layer using a K950X Turbo Evaporator to
prevent electron charging problems. Prior to SEM observation, samples covered
with cells were fixed in a 2.5% glutaraldehyde PBS solution (pH= 7.2) overnight at 4
°C. Then, they were dehydrated by washing in an alcohol battery (30º, 50º, 70º, 90º,
95° and 100º) at 4 ºC for 30 min per wash and air-dried.

Atomic force microscopy
AFM was conducted to obtain topographic images of the films surface using a
silicon TAP 150-G probe (Budget Sensors, Bulgaria) with a frequency of 150 kHz
and a force constant of 5 N/m. Images were obtained with a AFM Dimension
microscope using a NanoScope IV controller under ambient conditions in tapping
mode. The row scanning frequency was set between 0.6 and 0.8 Hz. The Root Mean
Square roughness (RMS Rq), which is the average height deviation taken from the
mean data plane, was determined using the statistical application of the NanoScope
Analysis software (Veeco, version 1.20).
Similarly to the procedure adopted during the profilometry technique, a scratch
was intentionally made throughout the surface of the polymer. After scratching, a
topographic image was then obtained in tapping mode, and used to determine the
film thickness from the depth of the scratch.

Electrochemical properties
The electroactivity (charge storage ability) and electrostability (loss of
electroactivity with consecutive oxidation-reduction cycles) of PTh3 and P(AzbT-coTh3) films were determined by cyclic voltammetry (CV) assays. Ten consecutive
oxidation-reduction cycles were conducted in acetonitrile containing 0.1 M of
TBATFB from 0.0 to 1.2 V at scan rates of 25, 50 and 100 mV/s. The
electrostability (LEA, %) was evaluated as:
𝐿𝐿𝐿𝐿𝐿𝐿 (%) =

∆𝑄𝑄
× 100
𝑄𝑄𝐼𝐼

(10.3.1)

where ΔQ is the difference between the oxidation charge (in C) of the first and the
last cycle, and QI is the oxidation charge corresponding to the first cycle.
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Biological studies
MG-63 and Vero cells were cultured in DMEM high glucose supplemented with
10% FBS, penicillin (100 units/mL), and streptomycin (100 µg/mL). The cultures
were maintained in a humidified incubator with an atmosphere of 5% CO2 and 95%
O2 at 37 ºC. Culture media was changed every two days. When the cells reached 8090% of confluence, they were detached using 1-2 mL of trypsin (0.25%
trypsin/EDTA) for 5 min at 37 °C. Finally, cells were re-suspended in 5 mL of fresh
medium, and their concentration was determined by counting with a Neubauer
camera using 0.4% trypan blue as a vital dye.
PTh3 and P(AzbT-co-Th3) films deposited onto ITO were placed in plates of 24
wells and sterilized using UV-light for 15 min in a laminar flux cabinet. For
adhesion assays, an aliquot of 50 µL containing 5x104 cells was deposited onto each
polymer surface. Then, cell attachment was promoted by incubating under culture
conditions for 30 min. Finally, 500 µL of the culture medium were added to each
well. After 24 h, non-attached cells were washed out, while attached cells were
quantified. For proliferation assays, the 50 µL aliquots deposited on each well
contained 2x104 cells. Quantification of proliferated cells was performed after 7 days
of culture. Controls were simultaneously performed by culturing cells on the
surface of the tissue culture polystyrene (TCPS) plates and uncoated ITO sheets.
Cytotoxicity was also determined after 24 h and 7 days of culture. All viability
measures were relative to the TCPS control (i.e. 100%).
Viability for cytotoxicity, cellular adhesion and cellular proliferation were
evaluated by the colorimetric MTT assay. This assay measures the ability of the
mitochondrial dehydrogenase enzyme of viable cells to cleave the tetrazolium rings
of the MTT and form formazan crystals, which are impermeable to cell membranes
and, therefore, are accumulated in healthy cells. This process is detected by a color
change: the characteristic pale yellow of MTT transforms into the dark-blue of
formazan crystals. Specifically, 50 µL of MTT solution (5 mg/mL in PBS) were
added to each well. After 3 h of incubation, samples were washed twice with PBS
and stored in clean wells. In order to dissolve formazan crystals, 1 mL of
DMSO/methanol/water (70/20/10% v/v) was added. Finally, the absorbance at 540
mm was measured using a UV-vis spectrophotomether (UV-3600, Shimadzu). The
resulting viability results were normalized to TCPS control as relative percentages.
Results were derived from the average of four replicates (n=4) for each independent
experiment. ANOVA and Tukey’s tests were performed to determine statistical
significance, which was considered at a confidence level of 95% (p < 0.05).
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Fluorescence microscopy
The protocol for the immunofluorescence staining study was as follows: MG-63
and Vero cells cultured onto materials for 7 days were fixed in 2.5%
paraformaldehyde/PBS during 15 min. Then, samples were washed with PBS, and
a permeabilizing buffer (0.1% Triton X-100 in 1% BSA/PBS) was added for 5 min.
Next, samples were incubated for 5 min in 1% BSA/PBS and washed with 0.1%
BSA/PBS for other 5 min. After this, Phalloidin-Atto 488 (Sigma-Aldrich) was
sequentially added for 1 hour. Then, samples were washed twice in 0.1% BSA/PBS
for 5 min, and Hoechst 33342 (1:2000 in 0.1% BSA/PBS) (Sigma-Aldrich) was added
for 10 min to stain the nucleus of the cells Samples were washed one more time
before air-drying for 24 h. After that period of time, samples were ready for
epifluorescence microscopy observations. The entire fluorescent staining protocol
was performed at room temperature. Fluorescence microscope (BA410 Model,
Motic Spain S.L.) was used to examine the fluorescently-labelled cells onto the
material substrates. Hoechst and Phalloidin images were acquired sequentially
using an excitation/emission filters of 350/460 nm and 480/535 nm, respectively.
The final analysis of the images was performed using the Image-J software.

10.4. Results and Discussion
10.4.1. Synthesis and Characterization of AzbT Monomer
In the literature, both 2-thiophene carboxaldehyde and 3,5-diaminobenzoic acid
have been used to synthesize different Schiff bases in conjunction with naturally
occurring aminoacids,[52] 2-aminobenzoic acid,[53] or several aromatic
monoaldehydes.[54-56] These compounds show interesting properties like
antibacterial,[53,54] or anticancer activity,[55] and can also act as useful regents for
poisonous metal ions depollution.[56] Moreover, due to the presence of three
functional groups in its structure, 3,5-diaminobenzoic acid has been employed in
the synthesis of polyamides,[57] polyimides[58] and polyazometines[59] with carboxylic
pendant groups. Therefore, inspired by these previous results, we combined 2thiophene carboxaldehyde and 3,5-diaminobenzoic into a new structure (Scheme
10.2.1) that, to the best of our knowledge, has not been reported to date.
FTIR and 1H-NMR spectroscopy were complementarily used to confirm the
chemical structure of the new-formed AzbT monomer.
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Figure 10.4.1, which compares the FTIR spectrum of the synthesized monomer
with that of 3,5-diaminobenzoic acid confirms the presence of the thienyl rings in
the AzbT monomer by the following characteristic peaks: 3097 cm-1 (aromatic α-CH
stretching); 3073 cm-1 (aromatic β-CH stretching); 1450 cm-1 (symmetric C=C
stretching vibration); 836 cm-1 (ring β(C-H) out-of-plane bending vibration); 762
cm-1 (out-of-plane α(C-H) ring deformation); 710 cm-1 (ν C–S); 572 cm-1 (γ ring
deformation); and 473 cm-1 (C–S–C ring deformation). Moreover, absorption peaks
attributed to the vibration of NH2 functional groups, which are present in the IR
spectrum of starting 3,5-diaminobenzoic acid, disappear in the spectrum of the
AzbT monomer. Specifically, these peaks are observed at 3339 cm-1 (asymmetric ν
N–H), 3216 cm-1 (symmetric ν N–H) and 1352 cm-1(ν C–N). For the new-formed
azomethine bond, a shoulder at 1638 cm-1 is discernible. A shallow peak centred at
1910 cm-1 appeared in the spectrum of AzbT that could be attributable to the 1,3,5trisubstituted benezene ring.[60] In addition, the C=O stretching vibration of the
carboxylic function characteristic of dimerized benzoic acids appears at 1689 cm-1 in
both spectra.

Figure 10.4.1. FTIR spectra of azomethine-containing bis-thienyl (AzbT) monomer
and 3,5-diamonobenzoic acid (DABA).
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Figure 10.4.2. 1H-NMR spectrum of azomethine-containing bis-thienyl monomer
(AzbT).

Figure 10.4.3. UV-vis absorption (left) and fluorescence (right; λex = 298 nm) spectra
of azomethine-containing bis-thienyl monomer (AzbT).

363

CHAPTER 10
Finally, the presence of the thiophene (Th) rings as well as of the trisubstituted
benzene ring in the synthesized monomer was also confirmed by the multiplet in
the interval comprised between 6.8 and 7.8 ppm of the 1H-NMR spectrum (Figure
10.4.2). The two singlets at 8.75 ppm and at 8.9 ppm have been assigned to the synand anti-isomers of the azomethine group.[61,62]
UV-vis absorption and fluorescence emission (λex= 298 nm) spectra of the new
monomer dissolved in DMSO are presented in Figure 10.4.3. The UV-vis spectrum
shows one sharp absorption maximum centered at 289 nm and a shallow one
centered at 340 nm. The first peak has been assigned to the π-π* transition in the trisubstituted benzene ring, while the second one has been attributed to the π-π*
transition of the conjugated sequence formed between the thienyl moieties and the
benzene ring, which are connected by the –C=N–bond. On the other hand, AzbT
emits in both violet and blue regions with peaks at 360 nm and 490 nm, respectively

10.4.2. Synthesis of Random Copolymers P(AzbT-co-Th3)s
P(AzbT-co-Th3)s and PTh3 films were prepared by chronoamperometry (CA)
using acetonitrile and tetrabutylammonium tetrafluoroborate (TBATFB) as solvent
and dopant agent, respectively. Even though a number of different experimental
conditions were tested for the electropolymerization of AzbT alone (i.e. varying the
solvent, electrolyte, electrode and/or potential), no polymer was obtained. For this
behaviour of AzbT in the given conditions several explanations could be possible.
The first one is related to the presence of carboxyl as electron-withdrawing group
and, the second, the conjugated short chain-like structure that could hinder
electrochemical polymerization by a high oxidation potential.
Thus, radicals derived from monomers of high oxidation potentials undergo
rapid reactions with the solvent or anions to form soluble products rather than to
electropolymerize.[63] Moreover, the anodic polymerization of thiophenes with
reactive functional groups (e.g. -NH2, -OH and –COOH) has been reported to be
difficult due to their substantial nucleophilicity, which allows the functional groups
to attack on the radical cations formed during electropolymerization, hence
inhibiting the polymerization process.[64]
On the other hand, in acetonitrile–TBATFB mixture, during the
electropolymerization process, a protonation of this medium could take place most
probably by ionic dissociation of the carboxyl group.[65] In our case, the ionization
process could be favoured and enhanced by the presence in the medium of
TBATFB. Into an organic medium of higher acidity, the azomethine linkages can
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undergo a dynamical exchange
polymerization reaction.[29]

that

possibly

could

compete

with

the

In order to overcome this limitation, Th3 was added to the polymerization
medium, the presence of which allowed the incorporation of AzbT structural units
in the main chain of the copolymers, a strategy already known as a successful one
for the obtainment of polymeric materials with functional, reactive groups.[64]
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Figure 10.4.4. Control voltammograms for the oxidation of (a) Th3, (b) 50:50
AzbT:Th3 and (c) 80:20 AzbT:Th3 in acetonitrile containing 0.1 M TBATFB.
Voltammograms were recorded using 1.0×0.5 cm2 ITO substrates as working
electrodes. Initial and final potentials: 0.6 V; reversal potential: 2.1 V. Scan rate:
50 mV/s. The anodic processes (O) are indicated for each case.
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Figure 10.4.4 shows the cyclic voltammograms recorded for the anodic oxidation
of Th3 solution and for solutions of AzbT:Th3 mixtures (molar ratios 50:50 and 80:20)
in acetonitrile in the presence of 0.1 M TBATFB. Five anodic processes with anodic
peak potentials at 1.01 (O1), 1.14 (O2), 1.31 (O3), 1.70 (O4) and 1.82 V (O5) are detected
in the voltammogram of the Th3 solution, whereas two anodic processes appear at
1.15 / 1.40 (O1) and 1.76 / 1.82 V (O2) in the voltammograms of the 50:50/80:20
AzbT:Th3 solutions. The cyclic voltammogram obtained from the 60:40 AzbT:Th3
solution was practically identical to that of the 50:50 mixture. According to these
results, a potential of 1.00 V was considered for the anodic generation of PTh3 film.
The polymerization potential for film generation of P(AzbT-co-Th3)s was
established at 1.05 V when AzbT:Th3 molar ratios were 50:50 and 60:40, while 1.15 V
was appropriate for film generation at 80:20 molar ratio. These polymerization
potentials, which are very close to the oxidation potential O1 discussed above
(Figure 10.4.4), allowed us to (1) maximize the velocity of polymerization process
and (2) avoid the undesirable over-oxidation of the electrogenerated materials,
which were deposited onto ITO electrodes. The polymerization time used to
prepare the PTh3 and the three P(AzbT-co-Th3) copolymer films was set at θ =150
and 180 s, respectively. These values for the polymerization time were found to be
the most appropriate to obtain high quality films without compromising the optical
properties of the resulting systems.

Table 10.4.1. Optical properties of PTh3 and P(AzbT-co-Th3) copolymers
electropolymerized during θ = 50, 100, 200 and 400 seconds obtained from UV-vis
spectra displayed in Figure 10.4.5: onset wavelength (λonset, in nm) and lowest π-π*
transition energy (Eg, in eV).

P(AzbT-co-Th3)
θ
(seconds)
50
100
200
400
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PTh3
λonset
685
914
764
892

Eg
1.81
1.36
1.62
1.39

50:50
λonset
803
678
673
697

Eg
1.54
1.83
1.84
1.78

60:40
λonset
667
632
690
648

Eg
1.86
1.96
1.80
1.91

80:20
λonset
685
637
635
654

Eg
1.81
1.95
1.95
1.90

BIOINTERFACE: TERTHIOPHENE, CARBOXYL AND SCHIFF BASE FUNCTIONALITIES
50:50 P(AzbT-co-Th3)
50 s
100 s
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Figure 10.4.5. UV-vis spectra of PTh3 and P(AzbT-co-Th3) films prepared using
polymerization times of 50, 100, 200 and 400 seconds at their corresponding
polymerization potential.

By analyzing Figure 10.4.5, which compares the UV-vis spectra of copolymers
film obtained for different polymerization times (θ = 50, 100, 200 and 400 s) and at
their corresponding polymerization potential (i.e. 1.0, 1.05 or 1.15 V, depending on
the composition), it can be concluded that the estimated optical lowest π-π*
transition energy (Eg) values (Table 10.4.1) for P(AzbT-co-Th3) copolymers do not
vary considerable with the polymerization time.
On the contrary, Eg values for PTh3 films fluctuate, this phenomenon being an
indication that the polymerization time affects the π-conjugation length of the
polymeric chains in a greater extent for this system. However, P(AzbT-co-Th3) and
PTh3 films obtained using θ ≥ 300 s were extremely fragile and peeled off easily
from the ITO electrodes in comparison with those produced using θ comprised
between 150 and 200 s.

367

CHAPTER 10

10.4.3. XPS Spectroscopy
The films surface composition of P(AzbT-co-Th3) copolymers was evaluated by
XPS spectroscopy in an attempt to assess the proportion of the AzbT structural units
in the copolymers. Spectra in the B 1s and F 1s regions (not shown) for PTh3 and the
three compositions of P(AzbT-co-Th3) films show a sharp peak at 193.8 - 194.3 eV
and 685.8 - 686.2 eV, respectively, which correspond to the B–F bonds of the dopant
agent.[66,67] Table 10.4.2 summarizes the atomic percent composition of PTh3 and the
three copolymers as resulted by XPS. The B/S ratios obtained using such atomic
percent compositions were directly associated to the doping level (DL in Table
10.4.3), which corresponds to the number of positive charges per thiophene ring.
The doping level is relatively high for PTh3, DL= 0.71, indicating that the formula of
the oxidized polymer produced by CA is: {[(Th0.71+)3]n (BF4−)0.71·3n}solid. However, the
doping level decreases drastically upon the incorporation of AzbT in the
polymerization medium, as it is revealed by the very low value of DL (0.19)
obtained for the 50:50 copolymer. This effect is accompanied by a reduction in the
charge consumed during the polymerization process (Qpol in Table 10.4.3). Thus, the
value of Qpol determined for PTh3, which was directly obtained from the
chronoamperogram recorded during the polymerization process, decreases by ∼25%
for 50:50 AzbT:Th3 composition. Results obtained for the copolymer prepared using
60:40 AzbT:Th3 composition were fully coherent with the previous observations, as
it is reflected in Table 10.4.3.

Table 10.4.2. Atomic percent composition (B 1s, C 1s, N 1s, O 1s, F 1s and S 2p) of PTh3
and P(AzbT-co-Th3) copolymers based on XPS and copolymers composition obtained
from FTIR spectroscopy.

PTh3
50:50 P(AzbT-co-Th3)
60:40 P(AzbT-co-Th3)
80:20 P(AzbT-co-Th3)
aCopolymer

B 1s

C 1s

N 1s

O 1s

F 1s

S 2p

3.8
1.3
1.2
2.2

66.7
69.6
73.3
64.4

3.7
1.4
1.6
5.1

3.8
14.0
3.2
14.9

16.6
6.8
6.6
9.7

5.4
6.8
14.3
3.7

AzbT:Th3
(%)a
16/84
59/41
61/39

composition based on FTIR spectroscopy.

These phenomena could take place based on the following two possible
scenarios. First, AzbT hinders the electropolymerization of Th3 promoting the
formation of a closed cross-linked structure in which the presence of long linear Thchains seems to be unfavourable (i.e. α-β and β-β linkages are formed between the
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Th rings rather than α-α linkages). Consequently, the penetration of the dopant
agent ( 𝐵𝐵𝐵𝐵4− ) into such structure is hampered, thus explaining the low doping level.
Second, the ionized form of the AzbT (i.e. AzbT-COO–) present in the medium could
work as a doping agent in competition with BF4− . Moreover, while BF4− doping is a
conventional diffusion-controlled slow process, “rapid doping” could be achieved by
the release of protons from the ionizable carboxyl function of AzbT, resulting in socalled “self- or autodoping polymers”.[64] As a result, all of these trends, could have
induced the experimentally observed decrease in the DL value.

Table 10.4.3. Properties of PTh3 and
number of positive charges per Th
thickness determined by profilometry
ℓAFM, in nm), respectively), Root Mean
transition energy (Eg, in eV).

P(AzbT-co-Th3) copolymers: Doping level (DL, in
ring), polymerization charge (Qpol, in mC/cm2),
and AFM inspection of scratched regions (ℓprof and
Square roughness (RMS Rq, in nm) and lowest π-π*

DL

Qpol

ℓprofil

ℓAFM

RMS
Rq

Eg

PTh3

0.71

54.3 ± 8.1

2.26 ± 0.37 µm

-

380 ± 67

1.64

50:50
P(AzbT-co-Th3)

0.19

40.4 ± 10.9

415 ± 78 nm

254 ± 16

111 ± 10

1.83

60:40
P(AzbT-co-Th3)

0.08

38.4 ± 5.7

388 ± 86 nm

291 ± 23

78 ± 8

1.94

80:20
P(AzbT-co-Th3)

0.59

49.4 ± 10.3

451 ± 91 nm

253 ± 53

60 ± 11

2.03

The above described situation is changing when the AzbT:Th3 is increased. Thus,
the DL in relation with BF4− increases noticeably for the 80:20 copolymer (DL=0.59).
Consistently, the Qpol is only ∼9% lower than that of PTh3 (Table 10.4.3). These
features suggest that, although AzbT seems to preclude the incorporation of Th3
monomers, the molar ratio of the latter in the polymerization medium is low
enough to reduce significantly the formation of cross-links with respect to 50:50
P(AzbT-co-Th3). This results in an opened structure that facilitates the incorporation
of dopant anions and the oxidation of polyaromatic fragments.
On the other hand, if the existence and presence of AzbT-COO– in the reaction
medium are accepted in equilibrium with unionized AzbT, experimental results can
also be interpreted in another way: the amount of the more reactive Th3 in the
mixture affects and shifts the equilibrium between the two forms of AzbT. Hence, it
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seems that a higher AzbT:Th3 molar ratio would shift the equilibrium towards AzbT
polymerization into a linear chain, while a higher amount of Th3 in the reaction
medium displaces this equilibrium toward the AzbT-COO– form. As previously
assumed, this ionized form could work as a better dopant than BF4− for the PTh3
growing chains that are developing faster due to the higher reactivity of Th3.
For PTh3, the C/S and B/F ratios, 4.6 and 0.23, respectively, are very close to
those theoretically expected (i.e. 4.0 and 0.25, respectively). The detection of oxygen
in this homopolymer, with a C/O ratio of 17.5, was attributed to the oxidation of
some Th rings, which also explains the small difference between the observed and
theoretical C/S ratios. In the case of the 50:50 copolymer, the B/F ratio (0.19) and
C/O ratio (5.0) are smaller than expected, while the N/B ratio (1.1) is not consistent
with the incorporation of AzbT units into the copolymer chains. The same trends
were founded from the calculated B/F, N/B and C/O ratios for the 60:40 copolymer
(Table 10.4.2). These experimental data confirm the previous supposition about the
multiple processes that can take place in the polymerization mixture of the abovementioned copolymers. Generally, when a film is forming from solution the
moieties with the lower surface energy are naturally migrating toward the upper
layers of it. In our particular case, the use of acetonitrile (polar and hydrophilic) as
solvent could favour the migration toward these upper layers of the more
hydrophilic and polar groups such as COOH groups. When considering 50:50 and
60:40 polymerization mediums, if AzbT works as dopant, rather than as
comonomer, most of it will remain attached by electrostatic forces to the more
hydrophobic PTh3 chains in the deep layers of the film, fact that could explain the
low values of N/B and C/O calculated ratios for these copolymers.
Finally, 80:20 P(AzbT-co-Th3) presents a N/B ratio of 2.3, which reflects the
incorporation of AzbT units into the copolymer chains. This feature is consistent
with the C/N and C/O ratios (12.6 and 4.3, respectively), which indicates that the
sources of N and O on the surface films are not only the BF4− dopant and the
oxidation of Th rings, respectively, but also the incorporation of AzbT units.
Figure 10.4.6 depicts the characteristic XPS spectra in the C 1s, O 1s and N 1s
regions for PTh3 and both 50:50 and 80:20 P(AzbT-co-Th3). Deconvolution of the C 1s
peak led to two or three Gaussian curves, depending on the sample. The component
at ∼284.5 eV, which is present in all samples, corresponds to the C–C/C=C (284.8
eV) linkages of the Th3 and AzbT units.[68-70] The spectra recorded for PTh3 and 50:50
P(AzbT-co-Th3) (also for the 60:40 copolymer, Figure 10.4.7) show a component
centered at ∼286.4 eV, which has been attributed to the C–S bond of polarized Th
rings.[68-71] This component is apparently absent in the 80:20 copolymer.
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Figure 10.4.6. High-resolution XPS spectra (black line) for PTh3 and both 50:50 and
80:20 P(AzbT-co-Th3): C 1s (top), O 1s (middle) and N 1s (bottom) regions. Peaks from
deconvolution (grey lines) are also displayed.

Furthermore, the latter is the only composition that presents the component
associated to the aromatic C=C–N groups from the AzbT units at 285.6 eV.[72] These
features are fully consistent with the assumptions derived from the atomic
compositions, according to which the amount of AzbT units in the 50:50 and 60:40
copolymers is very low, while AzbT is the main constituent of the 80:20 copolymer.
The assignment of the components detected at 283.9 and 281.6 eV for PTh3 and 50:50
P(AzbT-co-Th3), respectively, is not so clear, even though they probably belong to
the tetrabutylammonium cations and the substrate. The values of N/B ratios
corroborated with the uniqueness of C–S bond of polarized Th rings in 50:50 and
60:40 copolymers and that of aromatic C=C–N groups in 80:20 copolymer sustain
the supposition that AzbT could work not only as a comonomer, but as the dopant
as well.
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Figure 10.4.7. High-resolution XPS spectra (black line) for the 60:40 P(AzbT-co-Th3)
copolymer: C 1s (top), O 1s (middle) and N 1s (bottom) regions. Peaks from
deconvolution (in grey) are also displayed.

Deconvolution of the O 1s peak obtained from PTh3 (Figure 10.4.6) led to three
Gaussian curves that have been attributed to the C=O arising from the oxidation of
the Th rings (531.0 eV) and the inorganic oxides of the ITO electrode (528.9 and
527.2 eV).[73-75] For the 50:50 copolymer, the component of highest energy changes to
532.1 eV, and has been associated to the O=C–O bonding,[45,76,77] while the other two
components correspond to the oxides of ITO electrodes. The spectrum of the 80:20
copolymer shows two components centered at 532.4 and 531.3 eV that correspond
to O=C–O and C=O bonds, respectively. The high resolution XPS spectrum of the
S 2p region for PTh3 and all P(AzbT-co-Th3) compositions (Figure 10.4.8) is very
similar to that recently reported for different PTh derivatives.[45,69,78] The main
observations refer to the spin-split sulphur coupling, S 2p3/2 (163.6 - 163.9 eV) and
S 2p1/2 (164.8 - 165.1eV), with a separation of 1.2 eV, and to the relatively high
energy broad tail produced by positively charged sulphur within the Th rings.
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Figure 10.4.8. High-resolution XPS spectra in the S 2p region for PTh3 and the three
different P(AzbT-co-Th3) compositions.

Finally, the high resolution N 1s spectrum of PTh3 in Figure 10.4.6 shows a single
peak centred at 402.2 eV, which has been attributed to the C–N+ bond of
tetrabutylammonium counterions.[79] The N 1s spectra recorded for the three
P(AzbT-co-Th3) compositions present two peaks centered at 402.1 - 402.6 and 399.3 399.8 eV. The former corresponds to the tetrabutylammonium counter-ion,[79] as it
was identified for PTh3, while the latter has been assigned to the C–N bond of AzbT
units.[80] Although the amount of AzbT units is relatively low in the 50:50 and 60:40
copolymers (atomic percent composition of N associated to AzbT units: 0.1% and
0.4%, respectively), it is significantly higher for the 80:20 copolymer (2.8%).
The overall of the XPS analyses reveals some difficulties in determining the
composition of the copolymer chains obtained using 50:50, 60:40 and 80:20
AzbT:Th3 ratios in the generation medium. However, the morphologies and
topographies of the three prepared copolymers are not only completely different
when compared among them, but also with regard to those of PTh3 (see next subsection), which is consistent with different chemical compositions. On the basis of
these results, we have concluded that the content of AzbT units in P(AzbT-co-Th3)
increases with the concentration of the corresponding monomer in the generation
medium, as it is clearly evidenced by the N 1s XPS spectra.
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10.4.4. FTIR Spectroscopy
Another attempt for assessing the composition of the synthesized copolymers
was done by using FTIR spectroscopy. Unlike XPS spectroscopy, which is a surface
sensitive quantitative technique, FTIR measurement is a “through the sample”
technique. By analysing all the spectra displayed Figure 10.4.9, it can be noticed that
they are approximately similar in their shape in the range from 400 to 1280 cm-1. The
most evident peaks in this range appeared as follows: the peak at around 568 cm-1
attributable to γ thiophene ring vibration[60]; that at 695 cm-1 ± 4 cm-1 due to C–S–C
ring deformation; and the peak at 793 cm-1 due to CH out-of-plane bending
vibration (δ C–H) of 2,5-substituted thiophene rings.[81,82] A strong doublet-like band
centred at 1260 cm-1 and at 1050 ± 10 cm-1 is also present in this range, which could
be due to the β C–H bending in doped PTh chains.[81]

Figure 10.4.9. FTIR spectra of PTh3 and 50:50, 60:40 and 80:20 P(AzbT-co-Th3) copolymers.
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An absorption band centered at 1660 cm-1 ± 20 cm-1 can be seen in the spectra of
all the investigated materials due to the conjugation between the thiophene rings
along the polymer chains.
Unlike PTh3, P(AzbT-co-Th3)s present in the range 1650-1800 cm-1 a discernible
peak centred at approximately 1730 cm-1 that was attributed to the vibration of
carbonyl (ν C=O) in carboxyl groups, which is shifted by 40 cm-1 toward higher
wavenumbers when compared to that observed in the FTIR spectrum of AzbT
monomer, in a similar manner as observed before.[83] It should be noted that
between this position and 1800 cm-1, in all spectra, there are several peaks that could
be due to the presence of other carbonyl moieties, as it was already revealed by XPS
analysis. There are several plausible explanations that would motivate the presence
of these peaks in the spectra: (i) Despite all the precautions taken during the
experiments, traces of moisture could be present in AzbT structural units due to its
inherent molecular association with carboxyl groups.[84] Thus, several works have
shown that the presence of water traces results in the incorporation of carbonyl
groups in the polymer chains when they are obtained by electropolymerization;[63]
(ii) During the handling of the sample, a photo-oxidation process could occur. There
are several possible mechanisms that could lead to the formation of carbonyl groups
within a PTh backbone due to photo-oxidation,[85] but formation of carboxylic acids
was ruled out by Holdcroft,[86] and recently it was reiterated for unsubstituted
PTh.[87]
Based on the IR spectra presented in Figure 10.4.9, the copolymers composition
was calculated by using the ratio of the integrated area of the peak at 1730 cm-1
(belonging only to the AzbT comonomer) and the integrated area of the peak at 793
cm-1 (belonging to both comonomers). The obtained results are presented in Table
10.4.2. The use for this calculation of one of the characteristic absorption peaks from
the 1,3,5-trisubstituted benzene ring was hindered by the overlapping of its
characteristic bands with those arising from the thiophene ring.
From the results showed in Table 10.4.2, it can be concluded that the results of
XPS analysis correlate well with those from IR investigation, reflecting that the
highest amount of the AzbT comonomer is present in the 80:20 copolymer.
Furthermore, the AzbT:Th3 ratio values obtained from IR spectra are almost the
same for the 60:40 and 80:20 copolymers. Unfortunately, from IR analysis, it was not
possible to further discriminate between enchained AzbT units and AzbT-COO–
present in copolymers as dopant, due to the fact that the asymmetrical and
symmetrical carbonyl stretching vibration in the ionized COO– at approximately
1550 and 1425 cm-1,[84] respectively, merged with those of asymmetric and
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symmetric stretching vibrations of the thiophene ring. However, taking into account
the XPS results and also the difference in shape of IR spectra it could be claimed that
the highest amount of the enchained AzbT units are found in 80:20 copolymer.

10.4.5. Thickness, Morphology and Topography
Micrometric PTh3 films were obtained using a polymerization time of 150 s. The
incorporation of AzbT monomer into the generation medium resulted in a drastic
reduction in the thickness of the electropolymerized films. Thus, the thickness of all
P(AzbT-co-Th3) copolymers determined by profilometry was around ∼400 nm
(Table 10.4.3). In addition to that, scratched regions were further scanned by AFM.
Although the thicknesses determined by analyzing the recorded AFM images
(Figure 10.4.10) were in good agreement with the profilometry estimations, the
values determined using the former technique were ∼100 - 200 nm lower. These
results are fully consistent with our previously discussed interpretations according
to which the presence of AzbT obstructs the polymerization of Th3 units and
favours the formation of compact cross-linked structures.

Figure 10.4.10. AFM steps of (a) 50:50, (b) 60:40 and (c) 80:20 P(AzbT-co-Th3) copolymers.
Stars indicate the ITO surface.
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Figure 10.4.11. SEM micrographs with different magnifications for PTh3 and P(AzbT-coTh3): (a) PTh3, (b) 50:50 P(AzbT-co-Th3), (c) 60:40 P(AzbT-co-Th3) and (d) 80:20 P(AzbT-coTh3).

Figure 10.4.11 shows low, medium and high magnification SEM micrographs of
all prepared materials, while AFM images are provided in Figures 10.4.12. PTh3
presents a porous structure made of sub-micrometric sheets that aggregate at
different levels. The topography derived from such multileveled surface consists on
a dense distribution of abundant peaks emerging from deep and narrow valleys.
This particular distribution results in a relatively rough surface with a root mean
square roughness (RMS Rq) value of 380 ± 67 nm.
The presence of AzbT in the polymerization medium drastically affects the
structure, as it is evidenced in Figures 10.4.11 and 10.4.12. Thus, the surface
morphology and topography of P(AzbT-co-Th3) copolymers vary progressively with
the content of AzbT in the polymerization medium. More specifically, the porous
multi-leveled morphology of 50:50 P(AzbT-co-Th3) largely reminds that of PTh3,
even though the surface of the former is significantly more flat than the one of the
latter. The sheets become smaller and show folds in 60:40 P(AzbT-co-Th3), resulting
into a more compact morphology and smooth topography. Finally, the 80:20
copolymer presents a dense globular morphology, in which the sheets completely
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disappear, and are organized in a plane surface. The progressive reduction in the
RMS roughness with the increasing content of AzbT in the polymerization medium
is displayed in Table 10.4.3. Thus, the RMS Rq value decreases from 111 ± 10 nm to
60 ± 11 nm when the AzbT content increases in the polymerization medium.
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Figure 10.4.12. 3D and 2D AFM height images for: (a) PTh3, (b) 50:50 P(AzbT-co-Th3), (c)
60:40 P(AzbT-co-Th3) and (d) 80:20 P(AzbT-co-Th3). Left column: 10 µm × 10 µm; right
column 2 µm × 2 µm. (e) Cross-section profiles of a diagonal line for 2D images (a) to (d):
PTh3 (blue), 50:50 P(AzbT-co-Th3) (red), 60:40 P(AzbT-co-Th3) (green) and 80:20 P(AzbTco-Th3) (pink).
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10.4.6. Electrochemical and Optical Properties
Cyclic voltammetry studies were run to assess the influence of the presence of
AzbT units on the electrochemical properties of P(AzbT-co-Th3) films. Hence, the
amount of exchanged charge reversibly (i.e. electroactivity) and the electrochemical
stability (i.e. electrostability) of the electropolymerized copolymers were evaluated
by submitting the samples to ten consecutive oxidation-reduction cycles in
acetonitrile (0.1 M TBATFB) from 0.0 to 1.2 V at different scan rates.
Figure 10.4.13a represents the first control voltammogram of PTh3 and P(AzbTco-Th3) copolymers recorded at a scan rate of 100 mV/s. As it can be seen, the
amount of exchanged charge (i.e. electroactivity) decreases with increasing the AzbT
content in the polymerization medium.
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Figure 10.4.13. (a) First control voltammogram for PTh3 (black) and P(AzbT-co-Th3)
50:50 (red), 60:40 (blue) and 80:20 (green) in acetonitrile with 0.1M TBATFB.
Initial and final potential: 0.0 V; reversal potential: 1.2 V. Scan rate: 100 mV/s. (b)
Variation of the LEA value for PTh3 and P(AzbT-co-Th3) as a function of the scan
rate.

379

CHAPTER 10

(a)

2.50

PTh3

PTh3
50:50 AzbT:Th3
50:50
P(AzbT-co-Th3)
60:40 AzbT:Th3
60:40
P(AzbT-co-Th3)
80:20 AzbT:Th3
80:20 P(AzbT-co-Th3)

2.00

j (mA/cm2)

1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.0

1.2

E (V) vs Ag|AgCl

(b)

2.50

PTh3

PTh3
50:50 AzbT:Th3
50:50
P(AzbT-co-Th3)
60:40 AzbT:Th3
60:40
P(AzbT-co-Th3)
80:20 AzbT:Th3
80:20 P(AzbT-co-Th3)

2.00

j (mA/cm2)

1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00
0.0

0.2

0.4

0.6

0.8

E (V) vs Ag|AgCl

Figure 10.4.14. First control voltammograms for PTh3 and P(AzbT-co-Th3) films in
acetonitrile with 0.1M TBATFB. Initial and final potential: 0.0 V; reversal potential: 1.2 V.
Scan rate: (a) 25 mV/s and (b) 50 mV/s.

More specifically, the electroactivity of 50:50, 60:40 and 80:20 copolymers, which
was determined by evaluating the oxidation and reduction charges from the
corresponding voltammograms, is smaller than that of PTh3 by 42%, 67% and 84%,
respectively. Differences between PTh3 and the three copolymers are independent
of the scan rate, as it is evidenced in the control voltammograms recorded at 25 and
50 mV/s (Figure 10.4.14).
Although consecutive oxidation and reduction cycles provoked a reduction of
electroactivity in all cases, the behaviour of the copolymers differs from that of PTh3
in terms of electrostability. Figure 10.4.15 compares the voltammogram recorded
after 10 redox processes with that of the as prepared material (scan rate 50 mV/s),
while Figure 10.4.13b depicts the variation of the electrostability (LEA in equation
10.3.1) with the scan rate for PTh3 and P(AzbT-co-Th3) samples.
The LEA value is lower than 7% for PTh3, independently of the scan rate. The
electrochemical stability decreases upon the incorporation of AzbT units, thus LEA
values increase systematically with the content of AzbT in the polymerization
medium. On the other hand, the low electrochemical stability of 80:20 P(AzbT-coTh3) is practically independent of the scan rate, whereas low scan rates affect
negatively the electrochemical behaviour of 50:50 and 60:40 copolymers.
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Figure 10.4.15. Voltammograms of PTh3 and P(AzbT-co-Th3) films recorded in acetonitrile
with 0.1M TBATFB for the as prepared materials and after 10 consecutive oxidationreduction cycles (1st cycle solid line; 10th cycle dashed line). Initial and final potential: 0.0 V;
reversal potential: 1.2 V. Scan rate: 50 mV/s.

Figure 10.4.16a represents the UV-vis spectra recorded for PTh3 and P(AzbT-coTh3) films prepared using the experimental conditions described in section 10.3.5.
For PTh3, the broad absorption band centered at 475 nm, which corresponds to the
π-π* transition, was used to approximate the optical lowest π-π* transition energy
(Eg=1.64 eV) by estimating the onset wavelength (λonset = 758 nm). The spectrum of
the 80:20 copolymer is very similar to that of PTh3, and also displays a broad band
centered at 447 nm (λonset = 677 nm). The resulting Eg value is 1.83 eV, which is
slightly higher than that obtained for PTh3. Accordingly, the extension of the πconjugation is lower for 80:20 P(AzbT-co-Th3) than for PTh3. However, this
reduction is more notable for the 50:50 and 60:40 copolymers, which show broad
absorption bands at 392 and 400 nm, respectively. The Eg estimated for 50:50 and
60:40 P(AzbT-co-Th3) are 1.94 (λonset = 634 nm) and 2.03 eV (λonset = 610 nm),
respectively. It should be noted that these results are in excellent agreement with
the doping level calculated from XPS interpretations.
Lastly, as polyazomethine-based materials have been reported to be used in
electrochromic devices,[22,23] electrochromism was also examined for P(AzbT-co-Th3)
materials.
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Figure 10.4.16. (a) UV-vis spectra and color of as prepared PTh3 and P(AzbT-co-Th3)
films. (b) Color of PTh3 and P(AzbT-co-Th3) films after applying a potential of 1.20 and
-0.40 V during 100 s (oxidized and reduced samples, respectively).

The colour of the as prepared films (Figure 10.4.16a) is dark blue for PTh3,
yellow-brownish for 50:50 and 60:40 copolymers, and earthy brown for 80:20
P(AzbT-co-Th3). After being submitted to potentials of -0.40 (reduction process) and
1.20 V (oxidation process) during 100 s, PTh3 and P(AzbT-co-films) exhibit a colour
change (Figure 10.4.16b). As it can be seen, the dark blue colour of as prepared
oxidized PTh3 changes to bright orange upon reduction. The contrast is less marked
for the three copolymers, which present brown and matt orange in the oxidized and
reduced states, respectively. This feature suggests that the applicability of P(AzbTco-Th3) for the fabrication of electrochromic devices is limited if compared with PTh3
and other PTh derivatives previously reported.[88-90]
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10.4.7. Biological Studies
Biocompatibility is a requisite when designing bioactive matrices for
biotechnological and biomedical applications. Consequently, the interface in contact
with cells is expected to guarantee no toxic or injurious effects on biological
systems. To ensure that, biological studies were firstly performed by culturing MG63 and Vero cells (human osteosarcoma and monkey kidney epithelial cell lines,
respectively) in wells that contained ITO electrodes coated with PTh3 and P(AzbTco-Th3) films. The 60:40 copolymer was not involved in such study since, as it was
evidenced in previous subsections, its properties were very similar to those
exhibited by 50:50 P(AzbT-co-Th3). By culturing cells in wells that contained
uncoated ITO electrodes or only tissue culture polystyrene (TCPS) (i.e. no ITO
electrode in the wells), controls were simultaneously performed.
The potential cytotoxicity of the systems was evaluated after 24 h and 7 days of
culturing by using the MTT assay. All viable cells in the wells were quantified,
which enabled us to consider the toxic effects associated not only to the polymeric
matrix, but also to small molecules (e.g. acetonitrile, TBATFB, Th3 and AzbT) or
oligomers that could be eventually released from the polymeric matrix. Figure
10.4.17 indicates that PTh3 and 50:50 copolymer reduce cell viability with respect to
TCPS control after 24 h of culturing, thus exhibiting some cytotoxic effect for both
MG-63 and Vero cell lines. In contrast, these negative effects are not observed for
the 80:20 copolymer that shows viabilities slightly higher than those of the control.
After 7 days, the cytotoxic effect of all studied systems on MG-63 cells disappears,
while PTh3 and 50:50 P(AzbT-co-Th3) samples remain toxic to Vero cells.
The cytotoxicity of PTh3 and 50:50 copolymer should be attributed to harmful
molecules, especially Th3 monomers entrapped into the polymeric matrix, which are
leaching out from the films. In a recent study, we found that Th3 reaches a
maximum of cytotoxicity when the concentration is ∼10-5 M becoming stable at
higher concentrations.[47] Although such observation is fully supported with the lack
of negative effects for the copolymer obtained using the lowest concentration of Th3
in the polymerization medium (Figure 10.4.17), the cytotoxicity of the AzbT
monomer cannot be completely discarded yet, and it should be specifically analysed
in future studies.
Figure 10.4.18 displays quantitative results for cell adhesion and proliferation
assays. In this case, cellular viability was exclusively determined onto the surface of
uncoated (control) or coated ITO electrodes. General inspection of the results clearly
evidence that Th3 inhibits cell viability, which is fully consistent with the cytotoxic
effect discussed above. The biocompatibility of the three examined organic
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Figure 10.4.17. Cytotoxicity of PTh3 and P(AzbT-co-Th3) films after 24 h and 7 days: (a)
MG-63 and (b) Vero cells. Four samples were analyzed for each group. Bars represent
the standard deviation. The relative viability of MG-63 and Vero cells was established
in relation to the TCPS control (tissue culture polystyrene). ITO was also considered as
a control substrate because PTh3 and P(AzbT-co-Th3) were deposited onto this
material. The asterisk (*) indicates a significant difference with the TCPS control,
Tukey’s test (p < 0.05).

materials clearly increases with the content of AzbT. Thus, the number of cells
adhered to the surface of the 80:20 copolymer is considerably higher than that of
PTh3 and 50:50 P(AzbT-co-Th3) films. Moreover, the adhesion and proliferation of
MG-63 cells on the surface of 80:20 P(AzbT-co-Th3) are also higher when compared
to the results obtained for the control substrates (i.e. TCPS and uncoated ITO).
In contrast, MG-63 cells activity on 50:50 P(AzbT-co-Th3) is comparable to that
observed for ITO, while PTh3 shows the worst behaviour as supportive matrix for
cellular adhesion and proliferation. Regarding Vero cells, the biocompatibility of
ITO, PTh3 and 50:50 P(AzbT-co-Th3) substrates is very poor, especially in terms of
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cell proliferation, whereas the cell response towards the 80:20 copolymer and
control TCPS substrates is comparable.
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Figure 10.4.18. Relative cellular adhesion (viability onto the material after 24 h) and
cellular proliferation (viability onto the material after 7 days) of PTh3 and P(AzbT-coTh3) films: (a) MG-63 and (b) Vero cells. Four samples were analyzed for each group.
Bars represent the standard deviation. The relative viability of MG-63 and Vero cells
was established in relation to the TCPS control (tissue culture polystyrene). ITO was
also considered as a control substrate because PTh3 and P(AzbT-co-Th3) were
deposited onto this material. The double asterisk (**) indicates a significant difference
with the PTh3 result, Tukey’s test (p < 0.05).
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Furthermore, the different ability exhibited by PTh3 and the two examined
P(AzbT-co-Th3) copolymers to behave as cellular matrices is clearly reflected in the
fluorescence microscopy images displayed in Figure 10.4.19. The densities of MG-63
and Vero cells adhered onto the substrate after 7 days of culturing, which are
relatively low for PTh3, increase considerably for the copolymers. In addition, the
spreading of cells onto the surface of PTh3 and 50:50 P(AzbT-co-Th3) matrices is
relatively inhomogeneous, becoming more uniform for the 80:20 copolymer. Details
about the actin organization of cultured cells onto the investigated substrates are
evidenced in the high magnification fluorescence images displayed in Figure
10.4.20.

Figure 10.4.19. Fluorescence images of MG-63 and Vero cells (left and right, respectively)
adhered onto: (a) ITO, (b) PTh3, (c) 50:50 P(AzbT-co-Th3) and (d) 80:20 P(AzbT-co-Th3).
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Figure 10.4.20. High magnification fluorescence images of MG-63 and Vero cells (left
and right, respectively) adhered onto: (a) ITO, (b) PTh3, (c) 50:50 P(AzbT-co-Th3) and (d)
80:20 P(AzbT-co-Th3). Networks of cell-to-cell connections are displayed in (c) and (d)
(dashed circles).

As it can be seen, cells tend to establish a large spreading of the cytoplasm in all
cases, actin filaments being visible within the cells. Besides, cell-to-cell contact tends
to be formed onto the copolymers surfaces, and thus the density of such connections
increases with the content of AzbT units in the substrate. Hence, dense and large
networks are obtained for both MG-63 and Vero cell lines adhered onto the 80:20
P(AzbT-co-Th3) film.
SEM micrographs show MG-63 and Vero cells adhered and proliferated onto the
surface of PTh3 and P(AzbT-co-Th3) films (Figure 10.4.21). Inspection of the images
indicates that, in general, the receptivity of the polymeric surfaces to be colonized
through cellular viability is higher for MG-63 cells than for Vero cells.
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Figure 10.4.21 SEM images for PTh3 and P(AzbT-co-Th3) covered with (a) MG-63 and (b)
Vero cells: (#1) PTh3, (#2) 50:50 P(AzbT-co-Th3) and (#3) 80:20 P(AzbT-co-Th3). From right
to left columns: adhesion (1 kX), adhesion details, proliferation (1 kX) and proliferation
details. Stars indicate the polymer surface.

Even though large microdomains without adhered Vero cells are identified on
the surface of polymeric films proliferated Vero cells are widely spread. In contrast,
the spreading of viable MG-63 cells indicates a homogeneous colonization for both
adhered and proliferated cells. These observations are fully consistent with the cell
viability results and the fluorescence images recorded. On the other hand, high
magnification SEM micrographs provide details on the connection sites established
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between cells and the polymeric surfaces. These consist on long and thin actin
filaments, which are known as filopodia, oriented towards the film surface for local
adhesion. Filopodial protrusions play an important role in sensing, thus act as
feelers of the substrate surface and participate in cell-cell interactions, which in turn
control the adhesion of cells to the substrate and their migration through the surface
(i.e. cellular motility). Overall, the good results obtained for 80:20 P(AzbT-co-Th3)
films ensures its applicability as scaffolds in the field of tissue engineering.

10.5. Conclusions
A novel azomethine-containig bis-thienyl monomer, AzbT, has been synthesized
by a simple chemical route. In spite of the easiness for its obtainment, the AzbT’s
structural peculiarities are responsible for both the impossibility of its
electrochemical homopolymerization and the concomitant and complex phenomena
that take place in the reaction medium when its copolymerization with Th3 was
applied.
XPS analyses as well as FTIR measurements of P(AzbT-co-Th3) films evidenced
that, near to copolymerization, other secondary processes are also developing in the
reaction medium depending on AzbT:Th3 molar ratios. The experimental results
clearly corroborated that the content of AzbT in the copolymer chains increase with
the content of AzbT in the electropolymerization medium and that, in the case of a
higher amount of Th3, AzbT works mostly as a dopant than as a comonomer.
Differences in the structural, electrochemical and optical properties of the
copolymers derived from the different AzbT:Th3 molar ratio support this feature.
From a structural point of view, the thickness and roughness of P(AzbT-co-Th3)
films decrease with the content of AzbT. Furthermore, the porous multi-level
surface morphology of the 50:50 copolymer, which is very similar to that of PTh3,
changes to a compact globular morphology in the 80:20 copolymer. On the other
hand, the electroactivity and electrostability values of P(AzbT-co-Th3)s decrease
with the content of AzbT, while the Eg depends on the molecular architecture of the
copolymer chains, which is also affected by the AzbT content. Thus, the Eg of the
80:20 copolymer and PTh3 are similar and lower than those of 50:50 and 60:40
P(AzbT-co-Th3), which has been attributed to the cross-linked structure of the
latters.
The potential application of P(AzbT-co-Th3) films as bioactive substrates has
been evaluated. Results obtained using human osteosarcoma and monkey kidney
epithelial cell lines (MG-63 and Vero, respectively) indicated that the cytotoxicity of
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the examined systems increases with the content of Th3, which has been attributed
to the release of harmful Th3 monomers entrapped into the polymeric matrix. The
same tendency was observed for the cellular adhesion and proliferation assays. The
80:20 copolymer showed the best behaviour as bioactive matrix. Indeed, cell
viability has been found to be higher than for the control TCPS substrate.
Furthermore, the spreading of cells cultured onto the surface of 80:20 P(AzbT-coTh3) is very homogeneous.
In summary, this new copolymer promotes cellular viability, most probably due
to the presence of the carboxyl groups. More specifically, we hypothesize that such
favourable response is essentially due to the recognition of fibronectin and integrins
(cell membrane-spanning receptor proteins) by the imine and carboxylate groups of
AzbT units. It should be noted that, in a very recent study, such recognition
mechanism was found to be responsible of the bioactive response of a
polythiophene:peptide composite.[48] Thus, the sequence of such short peptide, CysArg-Glu-Lys-Ala (CREKA), was reported to contain a similar spatial distribution of
the same functionalities.
On the other hand, if the antibacterial activity is a priori taken into account due to
the presence of the Schiff base functionalities in its structure, 80:20 P(AzbT-co-Th3)
should be considered as a suitable bioactive platform for advanced biomedical
applications in which optical properties similar to those displayed by
semiconducting PTh derivatives are required.
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GENERAL CONCLUSIONS

Conclusions
This chapter summarizes the main conclusions drawn from this Thesis.

Part A: P3TMA-Based FsNM
-

Very stable free-standing nanomembranes are obtained combining P3TMA, a
soluble polythiophene derivative, with a biodegradable polyester (PE44) or a
thermoplastic polyurethane (TPU) using the spin-coating technique. In both
cases, the optimization of experimental parameters resulted in robust and
ﬂexible nanofilms. Blending with a conventional polymer is crucial to provide
mechanical integrity to the CP.

-

P3TMA is entrapped as spherical nanoaggregates of small (40–70 nm) and
medium (250–340 nm) size in the polyester matrix, whereas the morphology of
TPU:P3TMA FsNM depends on the composition. Specifically, the surface of
TPU:P3TMA 40:60 consists of a homogeneous distribution of granules, which are
associated with the P3TMA-rich phase.

-

The phase separation observed is understood by considering both the
conventional parameters typically found in thin films (e.g. polymer–polymer
interactions, solubility of the polymers in the solvent and, especially, the spincoating process) and the crucial role of the substrate–film–air interfaces.

-

Although the thermal stability of the blends is highly dependent on the
composition, P3TMA:PE44 blends are very stable with degradation
temperatures ranging between 320 and 385 °C. For the TPU:P3TMA system,
thermal degradation is determined by the low energy processes associated with
each individual polymer, namely, P3TMA at the beginning and TPU at the end.

-

The irregular distribution of P3TMA doped chains and the presence of the
insulating polymer in P3TMA-based interfaces affect their electrical
conductivity, although it is found within the range typically for semiconductor
materials. As the concentration of P3TMA reduces, the conductivity value
decreases. Electrical conductivity values range from ~10-4 to ~10-5 S/cm and
from ~10-5 to ~10-6 S/cm, for P3TMA:PE44 80:20 and TPU:P3TMA 40:60,
respectively.

-

P3TMA-based interfaces retain the electrochemical features of P3TMA. The
oxidation and reduction processes found in the individual CP are also present in
P3TMA:PE44 and TPU:P3TMA systems. After consecutive oxidation–reduction
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cycles, samples experience a reduction of the electroactivity in both acetonitrile
and PBS mediums.
-

After blending, PE44 and TPU induce biodegradability to the P3TMA-based
interfaces, thus facilitating the detachment of the P3TMA domains. Hydrolytic
and enzymatic degradation increase with the P3TMA content.

-

The Youngs’ modulus (E) of the TPU:P3TMA 40:60, which depends on the
thickness of the diﬀerent regions examined, is half-way between those found for
the individual components. In contrast, the adhesion force depends on the
composition of the domains, being higher for the TPU-rich domains.

-

P3TMA:PE44 and TPU:P3TMA behave as potent cellular biointerfaces since
they are biocompatible, electrobioactive and adequate substrates for type I
collagen adsorption (honeycomb-like structures). In general, the viability of
cultured cells is signiﬁcantly higher for the blend than for the insulating matrix
and, especially, the CP, since the presence of FeCl3 (doping agent) inhibits cell
viability.

-

The morphological differences between bulk P3TMA powder and the ultra-thin
film induce a change in the microscopic organization of the polymer molecules
that affect the glass transition temperature of P3TMA: the Tg value for the ultrathin samples (∼10−13 g) is 5.2 °C higher than that obtained for the bulk powder (5
mg) using conventional DSC.

Part B: P3TMA-Based Fibrous Interfaces
-

Hybrid micro/nanofibers are prepared by blending P3TMA with PLA or PEUco-PEA using the electrospinning technique, without compromising the
characteristic properties of each homopolymer. In the case of PEU-co-PEA, only
a small percentage (10 wt%) was needed to produce homogeneous and
continuous hybrid microfibers with 90 wt% of P3TMA.

-

Some specific interactions occur in the processing of the samples. The presence
of P3TMA in the electrospinning solution influences the morphology of the
hybrid fibers. For PLA:P3TMA, increasing content of P3TMA produces
smoother fiber surfaces with smaller diameters, and a higher orientation of PLA
chains; while for PEU-co-PEA:P3TMA, fibers with lower diameters are obtained.

-

The P3TMA content does not affect the characteristic glass transition,
crystallization and melting temperatures of the final PLA:P3MTA hybrid
scaffolds, whereas it slightly modifies the degradation process. PEU-co-PEA

398

microfibers present low crystallinity, high thermal stability and a phase in which
the CP and the biodegradable copolymer are well mixed.
-

P3TMA displays a good doping level, and retains its electrochemical features in
the hybrid fibrous samples, which are electroactive and stable after performing
consecutive oxidation–reduction cycles. In particular, the electroactivity and
electrochemical stability of PEU-co-PEA:P3TMA interfaces are similar to those
displayed by P3TMA.

-

PLA:P3TMA 2:1 fibrous interface can perform as scaffold and drug-delivery
platform since it combines a suitable wetting behaviour, biocompatibility and
electrochemical features. Drug-loaded matrices with TCS, CHX or CIP are
antibacterial active, and the drug-release kinetics is faster for a more
hydrophobic medium (i.e. PBS-EtOH medium).

Part C: Electropolymerized CP-based Biointerfaces
-

Electropolymerization has been applied to prepare thin CP-based biointerfaces
with special functionalities. Both systems result in interfaces suitable for
bioapplications despite the fact that their electropolymerizing process differs
since each one follows a specific modification strategy to adapt their properties.
On the one hand, PNMPy-Omp2a has been designed adopting the entrapment
approach: Omp2a, a β-barrel protein that forms trimeric pores, was immobilized
into PNMPy, thus rendering a biocomposite. On the other, P(AzbT-co-Th3)s
interfaces, which contain terthiophene, carboxyl and Schiff base moieties, are
obtained as a combination of the doping and/or covalent linkage methods.

-

The native structure of the protein (β-sheet secondary structure) is preserved in
the PNMPy−Omp2a composite, which ensures its operative and functional state
in the PNMPy−Omp2a interface. In fact, as PNMPy and PNMPy-Omp2a show
similar porosity, the improved electrochemical behaviour of PNMPy-Omp2a
interfaces has been attributed to the protein operative state.

-

The entrapment of Omp2a aﬀects the oxidation process of PNMPy during
polymerization (i.e. the doping level of PNMPy in the composite decreases), and
alters the morphology and topography of the PNMPy matrix.

-

PNMPy−Omp2a behaves as a biocompatible interface: the number of adhered
Vero and Cos-7 cells on its surface is higher than for the control PNMPy.

-

The passive ion transport ability of PNMPy-Omp2a interfaces depends on the
electrolyte concentration, which regulates the activity of Omp2a channels
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integrated in the composite. Omp2a is more eﬃcient for the diﬀusion of Na+
than for the diﬀusion of K+.
-

The electrochemical homopolymerization of AzbT, which contains the
azometine functional group that induces particular features to the CP-based
biointerface, is not feasible due to its structural peculiarities. In addition, when it
is copolymerized with Th3, the complex phenomena that occur in the reaction
medium, which depend on the AzbT:Th3 molar ratio, also influence the
formation of P(AzbT-co-Th3)s and determine the content of AzbT in the
copolymer chains.

-

The AzbT monomer adopts a dual role when copolymerized with Th3
depending on the AzbT:Th3 molar ratio. Thus, AzbT acts mostly as a dopant
agent (i.e. doping approach), rather than as a comonomer (i.e. covalent linkage
method), when the amount of Th3 is high in the electropolymerization medium
(i.e. 50:50 or 60:40).

-

The AzbT:Th3 molar ratio in P(AzbT-co-Th3) thin films affects their structure (the
thickness and roughness decrease with the content of AzbT), electrochemical
response (the electroactivity and electrostability decrease with the content of
AzbT) and optical properties (the Eg value depends on the molecular
architecture of the copolymer chains, which is also affected by the AzbT
content).
- 80:20 P(AzbT-co-Th3) shows the best behaviour as bioactive platform with a
homogeneous spreading of cells onto its surface because of a the minor release
of harmful Th3 monomer entrapped into the polymeric matrix and the presence
of AzbT’s distinctive groups in its structure (i.e. carboxyl and Schiff base
moieties).
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