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Electroactive polymer-peptide conjugates for adhesive 
biointerfaces  
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Laurent,d,e Denis Jacquemin,d,e Francesc Estrany,b,f Ana I. Jiménez,c David Zanuy,a Carlos Cativielac,* 
and Carlos Alemána,b,* 

 

Electroactive polymer-peptide conjugates have been synthesized by combining poly(3,4-ethylenedioxythiophene), a 
polythiophene derivative with outstanding properties, and an Arg-Gly-Asp (RGD)-based peptide in which Gly has been 
replaced by an exotic amino acid bearing a 3,4-ethylenedioxythiophene ring in the side chain. The incorporation of the 
peptide at the end of preformed PEDOT chains has been corroborated by both FTIR and X-ray photoelectron 
spectroscopies. Although the morphology and topology are not influenced by the incorporation of the peptide to the end 
of PEDOT chains, this process largely affects other surface properties. Thus, the wettability of the conjugates is 
considerably higher than that of PEDOT, independently of the synthetic strategy, whereas the surface roughness only 
increases when the conjugate is obtained using a competing strategy (i.e. growth of the polymer chains against 
termination by end capping). The electrochemical activity of the conjugates has been found to be higher than that of 
PEDOT, evidencing the success of the polymer-peptide links designed by chemical similarity. Density Functional Theory 
calculations have been used not only to ascertain the conformational preferences of the peptide but also to interpret the 
electronic transitions detected by UV-vis spectroscopy. Electroactive surfaces prepared using the conjugates displayed the 
higher bioactivies in terms of cell adhesion, with the relative viabilities being dependent on the roughness, wettability and 
electrochemical activity of the conjugate. In addition to the influence of the peptide fragment in the initial cell attachment 
and subsequent cell spreading and survival, results indicate that PEDOT promotes the exchange of ions at the conjugate–
cell interface. 

Introduction 
The RGD (Arg-Gly-Asp) amino acid sequence is the unit of a cell 
adhesive activity domain in adherent proteins (e.g. fibronectin, 
fibrin and vitronectin).1-3 This cell adhesion motif has been 
widely used in the development of synthetic materials for 
bioengineering, different approaches being applied for such 
purpose (e.g. integration in larger peptide sequences,4-7 

surface functionalized substrates8-12 and polymer-peptide 
conjugates12-15). In all cases RGD-containing biomaterials 
increased the cellular adhesion with respect to the control 
when the adhesion motif was immobilized maintaining its 
biological activity.  
 Among advanced organic biomaterials, polymer-peptide 
conjugates, which result from the covalent integration of a 
peptide with a synthetic polymer block, are especially 
attractive because this kind of hybrid macromolecules 
combines unique properties that come from the precise 
chemical structure and functionality of peptides and the 
stability, functions and processability of synthetic polymers.16-

19 In order to take advantage of the electrochemical properties 
of electroactive conducting polymers (ECPs), different ECP-
peptide conjugates have been prepared during the last 
decade. For example, the first oligothiophene directly 
conjugated to a β-sheet pentapeptide was reported in 2004,20 
while the modification of the β-position on polypyrrole (PPy) 
to create strong disulfide bonds with the Cys of the RGDS 
sequence (Arg–Gly–Asp–Cys) was described in earlier 
works.21,22 Within this context, we have recently reported a 
new strategy for the preparation of ECP-peptide conjugates 
that is based on the chemical similarity of their two 
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components.23,24 This approach is based on the design of 
exotic synthetic amino acids bearing the main chemical groups 
of the polymer to facilitate the covalent conjugation between 
the components. Such methodology avoids the presence of 
long aliphatic linkers, which are typically used to join the two 
components of the polymer-peptide conjugate. The absence of 
linkers is expected to promote the extension of the polymer 
properties towards the peptide surface region, which is an 
important limitation typically found in ECP-peptide conjugates.  
 In this work we have used a strategy based on chemical 
similarity to design an electroactive RGD-based ECP-peptide 
conjugate. The polymer selected for this purpose is poly(3,4-
ethylenedioxythiophene), hereafter abbreviated PEDOT, which 
is among the most successful ECPs due to its excellent 
electrochemical and thermal properties, high conductivity, 
good environmental stability in its doped state, mechanical 
flexibility, relative ease of preparation, and fast doping-
undoping process.25-27 Regarding to the peptide, the Gly 
residue of the RGD sequence has been replaced by GlE, which 
consists of an amino acid bearing a 3,4-
ethylenedioxythiophene as side group attached to an 
additional methylene group. The resulting sequence, hereafter 
denoted RGED, has been attached to end of PEDOT chains 
forming the PEDOT-RGED conjugate (Scheme 1). After chemical 
characterization, the physical properties of the conjugate have 
been investigated at different length scales. Finally, benefits 
induced by conjugation in tissue regeneration have been 
investigated by comparing the behavior of PEDOT and PEDOT-
RGED as soft bioelectroactive supports for cell attachment.  

 

 

 

 

 

 

 

 
Scheme 1. Chemical structure of the PEDOT-RGED conjugate 

Results and discussion 
Synthesis of the protected RGED peptide 

The synthetic route used to obtain the RGED sequence, which 
was protected at the reactive positions by tert-butyl ester 
groups (tBu-COO) to avoid interferences during the coupling to 
PEDOT chains, is provided in Figure 1.  
 Preparation and chemical characterization of the 1-5 
intermediates is reported in the Electronic Supporting 
Information (ESI). The procedure used to prepare the 
protected RGED peptide was as follows: To a solution of Boc-L-
Arg(Boc)2-OH (500 mg, 1.05 mmol) in dichloromethane (60 mL) 
cooled to 0 ºC in an ice bath, was added 1-
hydroxybenzotriazole hydrate (HOBt) (161 mg, 1.05 mmol) and 
N-[3-(dimethylamino)-propyl]-N’-ethylcarbodiimide 

hydrochloride (EDC·HCl) (201 mg, 1.05 mmol) followed by a 
solution of H-D,L-GlE-Asp(OtBu)-OtBu (1 mmol) [obtained by 
deprotection of 5 (678 mg, 1 mmol) with diethylamine (DEA; 5 
mL, 50 mmol)] in dichloromethane (10 mL) and finally N-
methylmorpholine (NMM; 0.11 mL, 1 mmol). The reaction 
mixture was stirred at room temperature for 24 h. Then, the 
solution was washed with 5% NaHCO3 (3×30 mL) followed by 
5% KHSO4 (3×30 mL). The organic phase was dried over 
magnesium sulfate and evaporated to dryness. The crude 
product was purified by column chromatography (eluent: 
hexane/ethyl acetate 6/4) to provide protected RGED (mixture 
of diastereoisomers) as a white solid (822 mg, 0.90 mmol, 90% 
yield).  
 
 

 
 
 

 

 

 

 

 

 
Figure 1. Reagents and conditions for the synthesis of protected RGED: (a) KOH 
2N/MeOH, rt 2h, 99%; (b) HCl (3N)/AcOEt, rt 30 min, 100%; (c) FmocOsu, K2CO3, 
CH3CN/H2O 3/1, 80%; (d) HOBt, EDC·HCl, NMM, H-L-Asp(OtBu)-OtBu, CH2Cl2, 0ºC 
30 min, rt 24h, 95%; (e) DEA, CH2Cl2, rt 4h, 100%; (f) HOBt, EDC·HCl, NMM, Boc-L-
Arg(Boc)2-OH, CH2Cl2, 0ºC 30 min, rt 24h, 90%. 

IR (KBr) ν: 3381, 1715, 1610 cm–1.1H NMR (CDCl3, 400 MHz): δ 
1.37−1.85 (m, 4H), 1.43, 1.50, 1.51 (3s, 45H), 2.59−2.72 (m, 
1H), 2.73−2.87 (m, 1H), 3.02−3.22 (m, 2H), 3.72−3.89 (m, 2H), 
4.08−4.27 (m, 5H), 4.55−4.71 (m, 2H), 5.49−5.66 (m, 1H), 6.11, 
6.12 (2s, 1H), 6.83−7.13 (m, 2H), 9.08−9.52 (m, 2H). 13C NMR 
(CDCl3, 125 MHz): δ 24.8, 24.9, 28.0, 28.18, 28.21, 28.4, 28.5, 
28.8, 29.0, 29.8, 37.56, 37.59, 44.25, 44.29, 49.3, 49.5, 53.9, 
54.0, 54.5, 54.7, 64.70, 64.72, 64.9, 79.1, 79.2, 81.5, 81.6, 
82.29, 82.33, 84.0, 84.1, 97.3, 97.4, 111.26, 11.32, 139.3, 
141.52, 141.54, 155.05, 155.08, 155.9, 160.7, 160.8, 163.71, 
163.73, 169.4, 169.5, 169.92, 169.98, 170.1, 171.97, 172.22. 
HRMS (ESI) C42H69N6O14S [M+H]+: calcd. 913.4587, found 
913.4609. 
 

Synthesis of the PEDOT-RGED conjugate 

The PEDOT-RGED conjugate was prepared using two 
alternative strategies (A and B) of three steps each one, which 
are known to provide materials with different surface 
properties.28 In the first step, which is the same for the two 
strategies (Figure 2), PEDOT films were deposited onto steel 
sheets by chronoamperometry (CA) under a constant potential 
of 1.40 V and using a 10 mM 3,4-ethylenedioxythiophene 
(EDOT) solution in acetonitrile containing 100 mM LiClO4 as 
supporting electrolyte. The polymerization time (θ1) was only 
10 s. After eliminating the excess of monomer and dopant 
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from the prepared PEDOT films and washing with acetonitrile, 
the second step of each strategy was addressed (Figure 2).  
 In strategy A, the electrode coated with the PEDOT was 
introduced in a cell containing an acetonitrile solution with 1 
mM of protected RGED and 0.1 M LiClO4, a constant potential 
of 1.37 V being applied during a time θ2 = 30 s. In strategy B, 
the PEDOT film was introduced in a cell filled with a 1 mM 
RGED, 0.5 mM EDOT and 0.1 M LiClO4 acetonitrile solution. In 
this case, a constant potential of 1.37 V was applied during θ2 
= 10 s only. Accordingly, the main differences between 
strategies A and B can be summarized as follow: (i) the 
generation medium used in B for the preparation of the 
conjugate contains both peptide and monomer in the second 
step, while that employed in A only contains peptide; and (ii) 
the polymerization time, θ2, is significantly larger in A than in 
B. These modifications are expected to affect considerably the 
roughness and wettability of the surface.28 Finally, in the last 
step, which was identical for strategies A and B (Figure 2), 
desired PEDOT-RGED conjugates were obtained by immersing 
electrodes coated with the PEDOT-(protected RGED) systems 
into a 1:1 trifluoacetic acid:dichloromethane mixture 
(TFA:DCM) by 2 hours and, subsequently, washing with DCM. 
Thus, this step was exclusively focused on the deprotection of 
the peptide fragments once they have been attached to the 
ECP chains. Hereafter, conjugates derived from strategies A 
and B have been labelled as PEDOT-RGED/A and PEDOT-
RGED/B, respectively.  
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2. Scheme displaying the two synthetic strategies (A and B) used to 
prepare PEDOT-RGED. Each strategy involved a three-step process, even though 
A and B only differ in the conditions used for the intermediate step. RE, WE and 
CE refer to reference electrode, working electrode and counter electrode, 
respectively. 

The average thickness, as determined by contact profilometry, 
of PEDOT-RGED/A and PEDOT-RGED/B films was 296±21 and 
472±15 nm, respectively. On the other hand, PEDOT films used 
as a control during the whole work were prepared by 
immersing the films achieved in the first step into a cell 
containing an acetonitrile solution with 0.1 M LiClO4 (i.e. 
without peptide and monomer) and applying a constant 
potential of 1.37 V during θ2 = 10 s. This methodology allowed 
us to obtain ECP films with doping levels similar to that 
achieved for PEDOT-RGED/B. The average thickness of films 
derived from this process was 280±44 nm.  
 Comparison of the FTIR spectra of PEDOT, PEDOT-RGED/A 
and PEDOT-RGED/B (Figure 3) corroborates the incorporation 
of the RGED peptide. Thus, the amide II and amide III bands, 

which arise from the coupling between the N−H in-plane 
bending and C−N stretching modes, are clearly recognizable at 
approximately 1520 and 1320 cm-1, respectively, for the two 
conjugates. Unfortunately, the Arg and Asp side chain bands at 
around 1620 and 1708 cm-1,29 respectively, are not identified 
because of the overlapping with the associated to the 
thiophene ring (C=C and C–C stretching) of PEDOT.23,30 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. FTIR spectra of PEDOT, PEDOT-RGED/A and PEDOT-RGED/B. 

 
 The chemical structure of PEDOT-RGED films was further 
characterized by X-ray photoelectron spectroscopy (XPS). 
Table 1 compares the surface atomic compositions. The 
penetration of X-ray radiation using the conditions described 
in Methods section is expected to be ∼10 nm, even though in 
this case the penetration is unknown because of both the 
nanometric thickness and porosity (next sub-section) of the 
films. This feature explains the detection of a small percentage 
of nitrogen in PEDOT samples, which cannot be attributed to 
traces of acetonitrile since samples were stored for almost two 
weeks before XPS analyses. Thus, detailed interpretation of 
the N1s (see below) allowed us to conclude that the 
nitrogen detected in the composition of PEDOT comes from 
the AISI 316 steel substrate. However, the N1s increases from 
0.43% in PEDOT to 0.81% and 1.58% in PEDOT-RGED/A and 
PEDOT-RGED/B, respectively, supporting the successful 
incorporation of the peptide. For PEDOT the C/S ratio, 6.22, is 
close to the theoretical value of 6.00, while such ratio 
increases to 6.90 and 7.20 for PEDOT-RGED/A and PEDOT-
RGED/B, respectively. This observation is consistent with the 
fact that the increment of the content of C in the two 
conjugates is due to the incorporation of the RGED peptide. 

Table 1. Atomic percent composition (C1s, O1s, N1s, S2p and Cl2p) obtained by XPS for 
PEDOT, PEDOT-RGED/A and PEDOT-RGED/B samples. 

 C1s N1s O1s S2p Cl2p 
PEDOT 50.56 0.43 36.90 8.12 3.99 

PEDOT+TFA 57.74 0.47 31.62 8.80 1.17 
PEDOT-RGED/A 62.01 0.81 27.85 8.98 0.35 
PEDOT-RGED/B 61.54 1.58 27.78 8.55 0.55 
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Figure 4. High-resolution XPS spectra for PEDOT-RGED/B: C1s (a), N1s (b), O1s (c) 
and S2p (d) regions. Peaks from deconvolution are also displayed. The red line 
corresponds to the experimental profile while the black line is the sum of the 
deconvoluted peaks.  

Figures 4a-4d displays the high-resolution XPS spectrum in the 
C1s, N1s, O1s and S2p regions for PEDOT-RGED/B, the spectra 
for PEDOT-RGED/A being reported in the Figure S1. Before 
discussing the analysis, it should be mentioned that the peaks 
of the peptide may be influenced by those of PEDOT and vice 
versa, explaining the small deviations found in some peaks 
with respect to the values reported in the literature.  

 Deconvolution of the C1s peak led to five Gaussian curves 
that has been attributed to saturated and conjugated C–C 
(284.5 eV) and C=C–O (286.4 eV) bonds of PEDOT chains,30,31 
the C=O of amide (288.3 eV),32,33 the C–N bonds of 
guanidinium group in Arg (289.6 eV)33 and the C–F bonds of 
residual TFA molecules (292.2 eV)33 arising from the 
deprotection step in the synthesis (Figure 2). The high 
resolution N1s spectrum shows a peak centered at 400.3 eV, 
which seems to include both the guanidinium (400.1 eV) and 
the backbone amide (400.6 eV) signals identified for the RGD 
peptide sequence.33 The peak at 402.0 eV, which was also 
detected in PEDOT samples, has been attributed to impurities 
of the substrate.23  

 The O1s signal consists of three components, with the 
most intense one at 533.3 eV corresponding to the C–O–C 
bond in the ethylene bridge of PEDOT.30 The component at 
531.4 eV is assigned to the carboxylate groups in the 
conjugated RGED peptide33 while the peak at 535.2 eV 
corresponds to the C=O of contamination products (e.g. CO2 
adsorbed from the atmosphere).23,34 The latter is typically 
found in PEDOT produced by anodic polymerization and doped 
with lithium perchlorate.23,34 The high resolution XPS of the 
S2p region of the conjugate shows the spin-split sulfur 
coupling S2p3/2 and S2p1/2, with a separation of 1.2 eV, for the 
C–S–C bond of the thiophene ring (163.9 and 165.1 eV, 
respectively) in PEDOT, its homologous with positively charged 
sulfur (i.e. C–S+–C 165.5 and 166.7 eV, respectively), and the 
C–S–C bond of the side chain of the GlE residue in the peptide 
(at 167.8 and 169.0 eV, respectively).35,36 

 Spectra in the Cl2p regions for PEDOT-RGED/B and PEDOT-
RGED/A show peaks at 207.6 and 209.2 eV (Figure S2), which 
correspond to the spin-split chloride coupling Cl2p3/2 and 
Cl2p1/2, with a separation of 1.6 eV, for the Cl–O bond of the 
perchlorate dopant agent. The Cl/S ratios obtained using the 
atomic percent compositions displayed in Table 1 have been 
directly associated to the doping level (DL), which corresponds 
to the number of positive charges per thiophene ring. The DL is 
very high for PEDOT, DL= +0.49, indicating that the formula of 
the ECP is: [(EDOT0.49+)n ( −

4ClO )0.49·n]solid. Very similar results 
(DL= +0.54) have been obtained by determining the amount of 
chloride with standard ion chromatography. In contrast, the DL 
of the two conjugates decreases to ∼ +0.05, indicating a 
notable reduction of the salt structure behavior. In order to 
ascertain, one of the possible reasons of such drastic 
reduction, PEDOT films were immersed into a 1:1 TFA:DCM by 
2 hours and, subsequently, washed with DCM, emulating the 
step used to eliminate the protection of peptide fragments in 
PEDOT-(protected RGED) systems. XPS analyses of the resulting 
films (PEDOT+TFA in Table 1) indicate that the DL of PEDOT 
decreases by from +0.49 to +0.13 upon treatment with TFA.  
 
Surface characterization 

The surface morphology and topography of PEDOT-RGED 
conjugates were investigated using scanning electron 
microscopy (SEM) and atomic force microscopy (AFM), 
respectively. SEM micrographs of PEDOT-RGED/B (Figure 5a) 
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indicate a structure formed by the aggregation of sticks with a 
fiber-like morphology, which facilitate the formation of narrow 
and tortuous pores. Comparison with micrographs obtained 
for PEDOT-RGED/A, as prepared PEDOT, and PEDOT treated 
with 1:1 TFA:DCM by 2 hours (Figure S3) indicates that the 
impact in the surface morphology of both end capping 
peptides and the applied deprotection treatment is practically 
negligible. Similarly, the surface topography of PEDOT-RGED/B 
(Figure 5b), that can be described as a dense and 
homogeneous distribution of sharp peaks grouped in clusters, 
is apparently indistinguishable from those of PEDOT and 
PEDOT-RGED/A (Figure S4). This topology, which is 
consequence of the linear growing of polymer chains (i.e. 
molecules are exclusively formed by α-α linkages because the 
β-positions of the thiophene ring are occupied by the dioxane 
ring),37 is not altered by the incorporation of the RGED peptide 
at the ends. Despite this similarity, the surface roughness of 
the conjugates has been found to depend on the approach 
used in the intermediate step of the synthetic process. Thus, 
the root-mean-square roughness (Rq) of PEDOT and PEDOT-
RGED/A (Rq= 117±28 and 114±14 nm, respectively) are ∼25% 
lower than that of PEDOT-RGED/B (Rq= 149±22 nm). This 
effect has been attributed to the coexistence and competition 
of two chemical processes in the intermediate step of strategy 
B: growth of polymer chains by incorporating EDOT monomers 
and termination of polymer chains by incorporating RGED. In 
contrast, the termination was the only process present in 
strategy A. On the other, the thickness determined by AFM 
scratching tests using the tip in contact mode (Figure S5) was 
350±10, 361±15 and 443±7 nm for PEDOT, PEDOT-RGED/A and 
PEDOT-RGED/B, respectively, these values being fully 
consistent with those obtained by contact profilometry. 
   
 
 
 

 
 

 

 

 

 

 

 

 

 

 
Figure 5. (a) SEM micrographs, high and low (inset) magnifications, and (b) 2D 
and 3D topographic images of PEDOT-RGED/B. (c) Contact angles of water 
(average and standard deviation of 14 independent measures) for as prepared 
PEDOT, PEDOT treated with 1:1 TFA:DCM by 2 hours and, subsequently, washed 
with DCM (PEDOT+TFA), emulating the step used to eliminate the protection of 
peptide fragments in PEDOT-(protected RGED) systems, and the two prepared 
conjugates.  

 

The contact angles (Θ) measured in water (Figure 5c) indicate 
that PEDOT is a hydrophilic material (i.e. Θ < 90º), which 
should be attributed to the oxygen atoms of the fused dioxane 
ring. The wettability increases significantly upon the 
incorporation of RGED to the end of polymer chains, 
independently of the strategy used in the synthetic process 
(i.e. ∆Θ > 40º in all cases). However, the effect of the synthetic 
strategy is not negligible, the contact angle of PEDOT-RGED/B 
being 18º lower than that of PEDOT-RGED/A. The increment of 
both wettability and Rq suggest that the conjugate derived 
from synthetic strategy B is more appropriated for tissue 
engineering applications than that produced using A. On the 
other hand, the contact angle determined for PEDOT treated 
with 1:1 TFA:DCM by 2 hours (Figure 5c) indicates that the end 
capping peptide is responsible of the remarkable wettability of 
two conjugates, the impact of the changes produced by the 
acid treatment being practically null (∆Θ≈ 4º).  
 
Electroactivity and electrostability 

Cyclic voltammetry (CV) studies were conducted to determine 
the influence of the end capping peptide in the 
electrochemical properties of the ECP. Control 
voltammograms recorded in phosphate buffered saline 
solution (PBS), which represents a physiological medium, are 
displayed in Figure 6a. The ability to exchange charge 
reversibly, hereafter denoted electroactivity, increases with 
the similarity between the anodic and cathodic areas of the 
control voltammogram. The electroactivity of PEDOT-RGED/A 
and PEDOT-RGED/B is, respectively, 57% and 75% higher than 
that of PEDOT. This feature points out the remarkable success 
of the strategy based on the design of ECP-peptide conjugates 
by chemical similarity. Thus, conjugation between the two 
components through a synthetic amino acid bearing the 
repeat unit of PEDOT as side chain rather than using long and 
flexible linkers, as is frequently done, facilitates the movement 
of charge from the bulk to the film-solution interface during 
the oxidation process (or from the interface to the bulk in the 
reduction process). Furthermore, charges located at ionized 
Arg and Asp residues, which are placed at the surface of film, 
also contribute to facilitate the access or escape of dopant ions 
during the redox processes. Consequently, the flow of ions is 
higher for PEDOT-RGED than for PEDOT. On the other hand, 
the ability to store charge is 11% higher for PEDOT-RGED/B 
than for PEDOT-RGED/A. This has been attributed to the 
accessibility of both PEDOT fragments and RGED peptides at 
the surface of films, which is promoted by synthetic strategy B 
(Figure 6b). These surface characteristics affect not only to the 
electroactivity, roughness and wettability but also to the 
electrochemical stability (electrostability).  
 The electrostability was evaluated by applying ten 
consecutive oxidation-reduction cycles in PBS. Figure 6c 
represents the loss of electroactivity (LEA) relative to the first 
cycle against the number of cycles. For PEDOT, the LEA 
stabilizes at 17% in the fourth cycle, reaching a plateau that 
reflects the high electrochemical stability of this ECP. In 
contrast, the LEA grows progressively with the number of 
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cycles for PEDOT-RGED/A, the observed value after 10 cycles 
being LEA= 29%. PEDOT-RGED/B exhibits an intermediate 
behavior. Thus, the LEA slowly increases with the number of 
redox cycles (i.e. LEA= 22% after 10 cycles) and, 
simultaneously, tends to stabilize around a slightly higher 
value. According to these results, the conjugation of RGED has 
a negative effect in the electrochemical stability of PEDOT, 
which should be attributed to the degradation of the peptide 
during the oxidation and reduction processes. This undesirable 
effect is partially mitigated by the synthetic strategy B, which 
takes advantage of the excellent electrochemical properties of 
PEDOT (Figure 6b). Thus, negative effects on the 
electrostability caused by the peptide deterioration decrease 
with increasing surface reachability of PEDOT chains. 
 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. (a) Control voltammograms of PEDOT, PEDOT-RGED/A and PEDOT-
RGED/B in PBS. Initial and final potentials, −0.40 V; reversal potential, 0.80 V; 
scan rate, 50 mV s−1. (b) Scheme reflecting surface structural differences 
between PEDOT-RGED/A and PEDOT-RGED/B conjugates. (c) Loss of 
electroactivity (LEA) against the number of consecutive oxidation and reduction 
cycles in 0.1 M PBS for PEDOT, PEDOT-RGED/A and PEDOT-RGED/B.  

 

Molecular conformation and optical properties 

The conformational potential energy surface of the RGED 
peptide was systematically explored using a procedure 
inspired in the build-up method early developed by Scheraga 

and coworkers38 (see ESI). This method uses the geometries of 
smaller peptide segments to build the structures of larger 
segments. Accordingly, 559 starting conformations were 
constructed by combining the most stable minima identified 
for each of the involved residues. The geometry of all these 
structures was optimized at the B3LYP/6-31+G(d,p) level of 
theory in aqueous solution, solvent effects being modeled by 
the Polarizable Continuum Model (PCM). The resulting 552 
minima were grouped in a list of 26 unique minimum energy 
conformations, which was constructed by assessing the 
similarities among the different structures (clustering of 
structures described in the Methods section). Figure 7a 
displays the distribution of such unique minima in the maps 
constructed using the backbone dihedral angles of Arg (ω,ψ), 
GlE (ϕ,ψ) and Asp (ω,ϕ) residues. As it can be seen, Arg and 
Asp tend to adopt an extended arrangement with ψ≈ 180º and 
ϕ≈ 180º, respectively, even though the latter also shows three 
minima with ϕ≈ 60º. Despite this apparent backbone 
homogeneity, both Arg and Asp present significant 
conformational variability at their side chains giving place to 
different networks of side chain···backbone interactions 
(Figure 7b). In contrast, the GlE residue exhibits remarkable 
conformational variability at the backone displaying minima in 
the αR (ϕ,ψ≈ -70º,-20º), C7eq (ϕ,ψ≈ -80º,80º) and β (ϕ,ψ≈ -
150º, 60º) regions of the ϕ,ψ-map. 
 Figure 7b depicts the five unique minimum energy 
conformations with relative energy (∆E) lower than 5 kcal/mol, 
which have labeled with letters A-E in increasing order of 
energy. The lowest energy minimum (A) is stabilized by a 
complex network of hydrogen bonds that include: (i) two 
backbone···backbone (b-b) interactions involving the ionized 
N- and C-terminal group and the C=O and N-H moieties of the 
adjacent amide groups (i.e. known as C5 interactions because 
atoms involved in such known define a five-membered ring); 
(ii) one side chain····backbone (sc-b) salt bridge between the 
carboxylate side group of Asp and the ionized N-terminus; and 
(iii) one side chain···side chain (sc-sc) interaction between the 
guanidium group of Arg and the dioxane ring of GlE. In 
addition, this structure is stabilized by a N–H···π interaction 
between the guanidium group of Arg and the thiophene ring of 
GlE. Such interaction has not been identified in any other 
unique minimum with ∆E≤ 5 kcal/mol. The next minimum (B), 
which is practically isoenergetic to A (∆E < 0.1 kcal/mol), 
exhibits the same b-b and sc-b interactions. Thus, the only 
difference between A and B refers to the sc-sc interaction that, 
in the latter, consists of a hydrogen bond between the 
guanidium group and the C=O of Arg.  
 The most characteristic interaction in the next minimum 
(C), with ∆E= 1.5 kcal/mol, corresponds to a double sc-sc salt 
bridge between the guanidium and carboxylate groups of Arg 
and Asp, respectively. As a consequence of such interaction, 
charged side groups are less exposed to the solvent in C than 
in A and B. This conformer also presents b-b interactions 
between the charged ammonium-end group and the amide of 
Arg as well as between the carboxylate-end group and the 
amide of Asp. In minimum D (∆E= 3.9 kcal/mol) the Arg side 
chain adopts a fully extended arrangement that precludes the 
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participation of the guanidium group in the formation of sc-sc 
and sc-b intramolecular interactions. Thus, interactions 
observed in D are similar to those described for A-C. Finally, 
minimum E, with ∆E= 4.7 kcal/mol, exhibits a double sc-sc salt 
bridge between Arg and Asp as well as two sc-b interactions 
involving the charged end groups. These are similar to the 
interactions identified for C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. (a) Conformational maps constructed considering the backbone 
dihedral angles of the maps Arg (ω,ψ), GlE (ϕ,ψ) and Asp (ω,ϕ) residues, using 
the 25 unique minimum energy conformations identified in the clustering 
analysis for RGED. (b) Representation of the five low-energy structures (labeled 
from A to E in increasing order of energy) found in the clustering analysis for 
RGED/B in PBS. Salt bridges and hydrogen bonds are indicated by red and violet 
dashed lines, respectively. The red circle in A indicates that the N–H group 
involved in the N–H···π interaction with the thiophene group. Distances and 
angles associated to each of these interactions are given in Å and degrees, 
respectively. (c) UV-vis spectrum recorded for acetonitrile dilute RGED solution 
(37 µM). (d) Electronic density difference (excited – ground) corresponding to 
the first electronic transition (λ(1)

max). Blue (red) regions indicate an increase 
(decrease) of electron density upon electronic transition. 

 Results displayed in Figure 7b indicate that, in general, the 
overall shape of the unique minimum energy conformations 
with ∆E < 5 kcal/mol is appropriate to form intermolecular 
interactions with the integrin receptor. Thus, the general 
shape adopted by these conformations can be simply 
described as a small and deformed hairpin with the charged 
groups pointing outwards. As PEDOT chains are connected to 
RGED through the side group of the GlE residue, all these 
conformations are not expected to be affected by the 
formation of the conjugate. Accordingly, the functionality of 
the RGD adhesive sequence is expected to the preserved in the 
peptide of PEDOT-RGED conjugates.  
 While EDOT absorption spectrum exhibits a broad peak 
characterized by a double hump (264 nm and 255 nm), the 
spectrum of RGED in similar conditions (diluted in acetonitrile 

solution) exhibits a clear transition maximum appears at 234 
nm with a small shoulder at 264 nm (see Figure 7c). In a 
previous work24 on EDOT, we showed the importance of 
accounting for several conformations of such flexible structure 
to reproduce the experimental data with computational 
means. In the same vein, optical properties were here 
simulated in acetonitrile for A-E conformations starting from 
the five above-mentioned structures. All conformations 
present similar spectra with two close maximum absorption 
wavelengths (λ(1)

max and λ(2)
max) at 234 nm and 232 nm 

(associated oscillator strengths > 0.1). No significant variation 
was observed when selecting one conformation or another. 
Looking at the electronic density difference of these 
transitions of A conformation, it is crystal clear that the 
electronic transition occurs on the GE moiety and is therefore 
not affected by Arg and Asp flexibility (Figure 7d, see Figure S6 
for similar plots for B-D). Comparing the computational results 
with experiment, the computed peak at 234 nm reproduces 
the experimental main peak while the observed experimental 
shoulder at 264 nm could not be resolved using such 
methodology. The shoulder is therefore not the result of 
conformational effects but is related to the fine structure of 
GE. 
 

Monitoring the influence of RGED in cell adhesion 

The effect of the peptide in cell adhesion was evaluated by 
considering two epithelial (Vero and Saos-2) and two fibroblast 
(Cos-7 and MRC-5) cell lines. Vero and Cos-7 are cell lines 
derived from monkey kidney, while the origin of Saos-2 and 
MRC-5 was human bone and human lung, respectively. 
Quantitative results for cell adhesion assays are displayed in 
Figure 8a. These are expressed per area of substrate material 
and relative to those of the tissue culture polystyrene (TCPS), 
which was used as a control material. The number of cells 
adhered to the surface of PEDOT-RGED is significantly higher 
than that of PEDOT and TCPS for all cell lines, evidencing cell-
specific adhesion promoted via RGED ligands conjugated to the 
PEDOT chains. The RGD peptide has been recognized as a 
molecular activator of the integrin cell surface receptor, which 
can induce intracellular signaling pathways.39-41 This ability is 
preserved in RGED, where the Gly of RGD has been replaced by 
GlE. Especially, the activation of the integrin receptor through 
the interactions with the RGED peptide in the initial cell 
attachment step seems to affect subsequent cell spreading 
and survival through cell signaling molecules, such as focal 
adhesion kinase (FAK), as proposed for RGD.40 Although this 
behavior is remarkable for the two conjugates, it is 
considerably more evident for PEDOT-RGED/B than for PEDOT-
RGED/A. This has been attributed to the benefits produced by 
the synthetic strategy B in the properties of the resulting 
conjugate (i.e. enhancement of the roughness, wettability and 
electroactivity). In general, the relative viability of Saos-2 and 
MRC-5 human cell lines are higher favored than that of Vero 
and Cos-7 monkey kidney cell lines, independently of the 
substrate surface. 
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 Figure 8b, which displays low magnification SEM 
micrographs of cells cultured onto both PEDOT-RGED/A and 
PEDOT-RGED/B, reveals not only the high density of adhered 
cells but also their homogeneous spreading onto the surface of 
the two conjugate films. Details about the adhesion of MRC-5 
and Saos-2 cells onto the surface of PEDOT-RGED/B are 
provided in Figure 8c. As it can be seen, the cellular 
mechanism operating for the adhesion of the cells onto the 
conjugate films is the connection to the surface with filopodia. 
Thus, spreading of the cells is achieved through an intimate 
contact between cells and the surface of the films.  
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. (a) Cellular adhesion on the surface of PEDOT, PEDOT-RGED/A and 
PEDOT-RGED/B. TCPS was used as a control substrate. Vero, Saos-2, Cos-7 and 
MRC-5 cells were cultured during 24 h. The experiments were performed using 
six samples for each substrate. (b) Adhesion of Vero, Saos-2, Cos-7 and MRC-5 
cells (b1-b4) onto PEDOT-RGED/B. SEM micrographs reflect the homogeneous 
cell spreading. (c) High and low (inset) magnification SEM micrographs of Saos-2 
and Cos-7 cells (c1 and c2, respectively) attached to PEDOT-RGED/B. (d) Control 
voltammograms in PBS of PEDOT-RGED/B uncoated and coated with Saos-2 and 
MRC-5 cells. 

On the other hand, the particular electrochemical properties 
of PEDOT, which exhibits higher cell viability than inert TCPS, 
also contribute to the superior cell attachment of PEDOT-
RGED. Thus, the ability of this ECP to exchange ions with the 
cell through the cellular membrane is known to favor the 
formation of cell-surface interactions.42 In order to evaluate 
the influence of cultured cells in the electrochemical activity of 
the conjugates, PEDOT-RGED/A and PEDOT-RGED/B films 
coated with cell monolayers were investigated by CV in PBS. 
Figure 8d compares the control voltammograms recorded for 
PEDOT-RGED/B coated with Saos-2 and MRC-5 cells with that 
obtained for the uncovered material (results obtained for 
PEDOT-RGED/A samples coated with are displayed in Figure 
S7). Cells do not affect the profile of the voltammograms, even 
though they provoke an enhancement of both the anodic 
current density at the reversal potential and of the 
electroactivity, which reflect the electrobioactivity of the 
prepared conjugates. Thus, cell monolayers increase the 

mobility of ions at the interfaces, the electroactivity increasing 
by about 10-25% with respect to the uncoated conjugates. 
According to these results, adhered cells promote the 
exchange of ions at the conjugate–cell interface rather than 
block the channels that allow the access and escape of ions.  

Conclusions 
The RGED peptide, which is an analogue of the adhesive RGD 
sequence, has been designed by chemical similarity with 
PEDOT and, subsequently, prepared through chemical 
synthesis. After this, PEDOT-RGED has been obtained by anodic 
polymerization, the EDOT side group of the GlE residue acting 
as a linker between the peptide and the polymer. Two 
different strategies have been used to produce materials with 
different surface roughness, wettability and electrochemical 
activity. Control onto these properties has been found to 
modulate the behavior of PEDOT-RGED conjugates as soft 
bioelectroactive supports for cell attachment.  
 Because the cell recognition abilities of the RGD motif 
remain in the RGED sequence, cell attachment and spreading 
on PEDOT-RGED have been significantly promoted with respect 
to PEDOT. Furthermore, the electrochemical activity of the ECP 
is preserved in the conjugate because both the small size of 
the peptide and the utilization of an EDOT ring as linker 
between the ECP and the peptide, do not affect the transport 
of charge. Indeed, the electrochemical activity of the 
conjugates increases upon the adhesion of cell monolayers. 
The successful design and controlled preparation of effective 
ECP-peptide conjugates open new and varied possibilities 
within the biomedical field. For example, the fabrication of 
multifunctional biomedical platforms for regenerative 
medicine, combining the presence the RGED adhesive 
sequence with other functional peptides in the same platform, 
and the development of artificial skin based on ECPs that, in 
addition, promote the regeneration of natural skin.43 

 

Experimental section 
Chemical characterization of RGED 

Melting points were determined on a Gallenkamp apparatus 
and are uncorrected. IR spectra were registered on a Nicolet 
Avatar 360 FTIR spectrophotometer; νmax is given for the main 
absorption bands. 1H and 13C NMR spectra were recorded on a 
Bruker AV-500, AV−400, ARX−300 or Varian Gemini 300 
instrument at room temperature unless otherwise indicated, 
using the residual solvent signal as the internal standard, 
chemical shifts (δ) are expressed in ppm and coupling 
constants (J) in Hertz. High-resolution mass spectra were 
obtained on a Bruker Microtof-Q spectrometer. 
 
Synthesis of PEDOT-RGED 

Steps 1 and 2 of the synthetic process described in the text 
were carried out in a standard three electrode cell of 50 mL 
using steel AISI 316 sheets of 4 cm2 area (surface roughness 
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determined by atomic force microscopy: 11.4 nm) as working 
and counter electrodes. The reference electrode was an 
Ag|AgCl electrode containing a KCl saturated aqueous solution 
(E0 = 0.222 V at 25ºC). The preparation of PEDOT and PEDOT-
(protected RGED) films was performed by CA using a constant 
potential of 1.40 and 1.37 V, respectively. In all cases cells 
were filled with 50 mL of the corresponding acetonitrile 
solution. All electropolymerizations and cyclic voltammetry 
assays were conducted on a PGSTAT302N AUTOLAB 
potenciostat–galvanostat (Ecochimie, The Netherlands) 
equipped with the ECD module, which was connected to a PC 
computer controlled through the NOVA 1.6 software.  
 

Characterization 

The ESI provides details of the equipment and conditions used 
for characterization by contact profilometry, FTIR 
spectroscopy, X-ray photoelectron spectroscopy (XPS), 
standard ion chromatography, scanning electron microscopy 
(SEM), atomic force microscopy (AFM), contact angle 
measurements, cyclic voltammetry and UV-vis spectroscopy.  
 
Conformation classification and clustering analysis 

The procedure used to explore the potential energy 
hypersurface of the RGED peptide is described in the ESI. The 
list of unique minimum energy conformations was generated 
by comparing each of the 552 minimized structures among 
themselves. First, the list of minimized conformations was 
organized by rank ordering all them in an increasing energy. 
Unique minimum energy conformations were identified based 
on ϕ and ψ dihedral angles, which characterize the peptide 
backbone conformation and on hydrogen-bond and salt-bridge 
interactions. Four dihedral angles were defined for the whole 
peptide: ψ for Arg, ϕ and ψ for GlE and ϕ for Asp. The 
existence of interactions was accepted on the basis of the 
following geometric criterion: (a) for salt bridges, the distance 
between the centers of the interacting groups is shorter than 
4.50 Å; (b) for hydrogen bonds, the H···O distance is shorter 
than 2.50 Å. Two structures were considered different when 
differing in at least one of their dihedral angles by more than 
60° or in at least one of the above interactions. All the 
structures classified as different were subsequently clustered 
based on salt bridges and hydrogen bonds. 
 
Cell adhesion 

Cos-7 (African green monkey kidney fibroblast cell line), Vero 
(African green monkey kidney epithelial cell line), MRC-5 
(Human fetal lung fibroblast cell line) and Saos-2 (Human 
sarcoma osteogenic epithelial cell line) 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 37ºC in a humidified atmosphere of 5% CO2 
in air. The cultured media were changed every two days. For 
sub-culture, cell monolayers were rinsed with PBS and 
detached by incubating them with 0.25% trypsin/EDTA for 5 
min at 37ºC. Concentrations of cells were determined by 

counting at the Neubauer camera using 4% trypan blue as dye 
vital.  
 PEDOT and PEDOT-RGED 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. An aliquot of 0.5 mL 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. Cell adhesion was 
evaluated after 24 hours of culture using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, 
which determines the cell viability.44 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 colour change: the characteristic pale yellow 
of MTT transforms into the dark blue of formazan crystals. 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 Turkey 
tests were performed to determine the statistical significance, 
which was considered at a confidence level of 95% (p < 0.05). 
Before the carbon coating for examination by SEM, samples 
covered with cells were fixed in a 2.5% glutaraldehyde PBS 
solution overnight at 4ºC. Then, they were dehydrated by 
washing in ethanol battery (30º, 50º, 70º, 90º, 95º and 100º) 
at 4ºC for 30 minutes per wash. Finally, samples were air-dried, 
and sputter-coated with carbon before SEM observation. 
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