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Abstract 

Engineering Physics 

Thermodynamic studies of protein unfolding by nanomechanical deflection 

By Dídac Martí Ballesté 

 

 

In this work, we have proved that SCALA technology can be successfully used to 

investigate thermal phase transitions in proteins at the microscopic level. For this 

purpose, we have functionalized silicon cantilevers, which will act as sensors during 

dynamical SCALA experiments, with BSA, Lys and Omp2 through epoxysilane 

chemistry.  At room temperature, BSA is a globular protein, Lys forms a bundle of D-

helices, and Omp2a is organized in clusters of E-barrels. SCALA measures have 

allowed to identify not only the unfolding of the three proteins but also the 

disaggregation of Omp2a E-barrels. Results have been contrasted by spectroscopic 

CD and FTIR measures, which enabled us to corroborate the success of the SCALA 

experiments. 

 

 

 

 

 

 

 

 

 

 

 



 

Acknowledgments 

 

 First of all, I would like to thank to Professor Carlos Enrique Alemán Llansó the 

opportunity that he gave to me to realize this project. He assigned me to two 

doctorates to guide me in the thesis, as he gave me the access to all IMEM and 

Barcelona Research Center in Multiscale Science and Engineering labs to realize the 

experiments needed to end the thesis.  He was everyday asking me if I need help or 

if something is going wrong to illuminate the project with some ideas or his knowledge 

in order to not stop the thesis never. Also, I would like to thank him the advices which 

he told to me in the moment to choose the next courses I’ll do the coming years, 

always taking into account my abilities, preferences and the way to get the best doing 

the fastest way. 

 The next group of persons I want to give thanks is, obviously, my family. These 

people which educated me while I was growing and gave me their full love to convert 

me in my best version of me. Without them I am nobody. These people are my father, 

my mother and my little brother which are present in all the days of my life. In this apart 

from the family, I would like to thank my grandparents which made the economic effort, 

with my parents, to pay all my Bachelor’s and life in Barcelona, without this help all of 

this wouldn’t be possible.  

 To end, I would like to be grateful for those doctorates that Carlos entrust them 

the hard task of helping me and guiding me, Anna Puiggalí Jou and Maximilien Lopes 

Rodrigues. They guided me in the experiments every day and, the most important 

thing, became friends supporting me with my personal problems this last month.  

 

 

 

 



 - 1 - 

 

Contents 
Contents ..................................................................................................................................... 1 

1- Introduction ............................................................................................................................ 3 
1.1 Nanoperforated nanomembranes with membrane protein for ion transport ................ 3 

1.2 Introduction of SCALA ................................................................................................... 4 

1.3 Aims of the project ......................................................................................................... 5 

2- Theoretical background ......................................................................................................... 6 
2.1 Proteins .......................................................................................................................... 6 

2.2   SCALA ........................................................................................................................... 8 

3- Experimental section ........................................................................................................... 15 
3.1   Materials....................................................................................................................... 15 

3.2   Methods ....................................................................................................................... 16 

3.2.1 Functionalization ..................................................................................................... 16 

3.2.2 Characterization techniques ................................................................................... 17 

3.2.2.1 Contact angle ....................................................................................................... 17 

3.2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) ............................................... 18 

3.2.2.3 Circular Dichroism (CD) ....................................................................................... 19 

3.2.2.4 Dynamic Light Scattering (DLS) .......................................................................... 21 

3.2.2.5 X-ray Photoelectron Spectroscopy (XPS) and Atomic Force Microscopy (AFM)

.......................................................................................................................................... 21 

3.2.3 SCALA experiments ................................................................................................... 22 

4- Results and discussion ........................................................................................................ 24 
4.1 Characterization of the proteins .................................................................................... 24 

4.1.1 Circular Dichroism .................................................................................................. 24 

4.1.2 Dynamic Light Scattering ........................................................................................ 27 

4.1.3 Fourier Transform Infrared Spectroscopy .............................................................. 28 

4.2 Chips measurements ..................................................................................................... 29 

4.2.1 XPS ......................................................................................................................... 30 

4.2.2 Contact Angle ......................................................................................................... 31 

4.2.3 AFM ......................................................................................................................... 32 

 

 



 - 2 - 

4.3 Nanomechanical deflection: SCALA ............................................................................. 34 

4.3.1 Resonance frequency ............................................................................................. 34 

4.3.2 Temperature ramps ................................................................................................ 35 

5.- Conclusions ........................................................................................................................ 38 

6.- Bibliography ........................................................................................................................ 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 3 - 

Chapter 1 

1- Introduction 
In this section of the thesis, the main motivation to develop this project will be 
introduced and exposed. First, nanoperforated nanomembranes(NMs)[1] are 
frequently used to build materials with applications in nanofluidics, molecule and ion 
filters and biosensors, the latter ones being used in medicine for detection of diseases. 
In some cases, these NMs typically involve two components. The first one is a 
synthetic polymer, which can be precisely controlled in terms of structure, properties 
and response to different stimuli. The other one, is a membrane protein that is hard to 
control not only because of the potential effects associated to undesirable 
polymer···protein interactions but also to the lack of knowledge on these proteins, 
especially on their responses to external stimuli, like the temperature. Currently, the 
characterization of membrane proteins is conducted using conventional techniques, 
such as circular dichroism, contact angle, XPS and FTIR. Nevertheless, the 
microscopic information provided by these techniques is not only qualitative but also 
completely unspecific. The IMEM group recently acquired a new characterization 
device named SCALA CAL, which is able to provide detailed and accurate information 
of chemical and physical processes at the microscopic level.  

 In next sections, a brief overview of the state of the art for both the membrane 
proteins-based NMs and the capabilities of SCALA CAL is provided. After this, the 
aims of the project will be detailed. 

1.1 Nanoperforated nanomembranes with membrane protein 
for ion transport 

Biological membranes are made of lipid bilayers and have embedded proteins for 
sensing and subsequently controlling the exchange of substances between the cell 
and its environment. For instance, ion channels are self-assembled proteins that 
selectively transport ions through the cell membrane, while porin proteins are water-
filled open channels allowing the passive penetration of hydrophilic molecules. The 
latter are typically found as monomers or trimers in the outer membranes of Gram-
negative bacteria, as well as in the mitochondria and chloroplast of eukaryotic cells. 
Gram-negative bacteria surround themselves with a second outer membrane (OM) 
playing the role of an effective barrier. That is, this OM is even more hydrophobic than 
a typical phospholipid membrane due to the presence of lipopolysaccharides, whereas 
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the translocation of hydrophilic species across OMs is mainly governed by the 
presence of porins.  

Supporting biological channels like porins onto biological or synthetic polymeric 
bilayers presents limitations for practical applications due to their limited mechanical 
strength and stability. Synthetic solid state membranes offer several advantages over 
bilayer based approaches, such as mechanical stability, control over the pore 
dimension and shape, and modifiable surfaces for desired functions. More recently, 
IMEM fabricated bioinspired free-standing NMs for selective ion transport by 
immobilizing the Omp2a -barrel protein inside nanoperforations created in flexible 
poly(lactic acid) (PLA) NMs. The functionalization of the nanoperforations caused 
effects similar to those observed in biological NMs. Moreover, the diffusion of Ca2+ 
and Na+ ions through Omp2a was found to be significantly higher than for K+, which 
was attributed in this case to the preferences imposed by the protein pore walls. Note 
that porins are not selective because of their pore dimensions (i.e. they are too large 
to be specific) but pore walls are supposed to have slight preferences for ion 
permeability. 

 

1.2 Introduction of SCALA 

SCALA is based on the combined action of an automated laser system and a 
photodetector (PSD). The laser system is capable of performing two-dimensional 
scans, while the PSD is used for the acquisition of the reflected beam on the observed 
sample. The combination of these elements makes it possible to perform accurate 
analysis of the topography of the surface analyzed. Simultaneously the dynamical 
behavior of moving microelectromechanical systems (MEMS) can be studied. All tests 
can be performed in an environment with controlled temperature and relative humidity. 

With this approach, the following data can be obtained by regarding the 
analyzed sample: Intensity of the reflected signal (I) and the derivative of the 
topography (variation of the X, Y position of the laser spot on the PSD). SCALA can 
be used simultaneously as an optical microscope (by analyzing the intensity of the 
reflected signal) and as a profilometer (integrating the derivative of the topography). 

SCALA is specialized in reading system of micro and nanomechanical sensors, 
used as biosensors.The ability to move the laser spot over a large surface allows 
detecting the motion of arrays of hundreds of sensors. 
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During the analysis of mechanical sensors, SCALA can be used in the two 
mechanisms for reading: 

o Static: The formation of bonds on the surface of the sensor generates a 
quasi-static deflection detectable by analyzing the motion of a single 
point of the sensor (single point) or along the entire length of the sensor 
(full profile). 

o Dynamic: Thanks to an additional module, the sensor is mechanically 
excited to vibrate at its natural resonant frequency while the amplitude 
of oscillation is monitored by SCALA. Using the dynamic mode without 
applying mechanical excitation, you can also analyze the thermal noise. 

 

The SCALA equipment located at the labs of IMEM’s group is the first prototype 
that enables measures with a precise control of the temperature. This technology has 
been denoted SCALE CAL. In brief, the improvement in the scanning laser analyzer 
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 ºC 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. 

1.3 Aims of the project 

 The objectives what we were searching during the project are the following ones: 

1) Characterization of Lys, BSA, Omp2a using conventional techniques. 
2) Functionalization of the chips with the proteins 
3) Check the attachment of the protein 
4) Design and realize SCALA experiments to prove the attachment and to study 

the thermal phase transition of the proteins in front of the temperature. 
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Chapter 2 

2- Theoretical background 
In this part of the thesis, the basic concepts the basic concepts of proteins and their 
features as well as the SCALA fundamentals are explained to understand the 
experiments performed in this work.  

2.1. Proteins 

Proteins are macrobiomolecules formed by a chain of amino acids residues. Proteins 
performs various functions in organisms, such as catalysis of metabolic reactions 
(enzymes), DNA replication, responses to stimulus and transport of molecules.  

Modifying the residues of the proteins, one can alter the physical and chemical 
properties of the protein such as the folding, stability, activity, and the function. 
Proteins are naturally produced by the cells in a controlled quantity to ensure the 
complex working machine of living beings. In order to study these macromolecules in 
the laboratory, they usually are overproduced and extracted from cells. To separate 
them from the cells and obtain pure proteins the following protocol is advised: 
centrifugation to separate cells from the culture solution, mechanical or chemical lysis 
of cells membrane, and chromatography to obtain the pure protein of interest 
(separated from all cells remains and other proteins). In this work, we use techniques 
such as circular dichroism, XPS, contact angle, FTIR, AFM, DLS and SCALA to 
characterize the studied proteins.  

Proteins mainly exist in two different states: the folded, active state (called 
native state) and the unfolded, unactive state (denatured state). The native state is 
required for the protein to ensure its function. Denaturation is the process in which 
proteins lose the quaternary structure, tertiary structure and secondary structure which 
required in their native state. Denaturation occurs by applying any kind of external 
stress such as heat, chemical, pH… Here we applied heat as external stress. If 
proteins in a living cell are denatured, it ends with the loss of their function and 
eventually the death of the cell. Denatured proteins can exhibit a wide range of 
characteristics, from conformational change and loss of solubility to aggregation due 
to the exposure of hydrophobic groups. The conformational change against 
temperature is the characteristic followed in our experiments. In our experiments, first 
we will denaturate the proteins by heating them and after we will cool them to assess 
the reversibility of the process. 
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 Once the protein is denatured, if we keep heating the protein reaches the 
melting temperature (Tm). This temperature is defined as the point when the free 
energy change ΔG is equal to zero. At this point the protein molecules disappear into 
amorphous state and the protein cannot refold anymore. 

In this experiment, three different proteins were studied: Lysozyme, Bovine 
Serum Albumin (BSA) and Omp2a (the latter is the one used in the nanomembranes). 
The reason why three proteins awere chosen is that we take two as standards 
(Lysozyme and BSA) that were extensively reviewed in literature. There were 
characterized by the different techniques to assess the feasibility of our protocol. After 
that, the protein of interest Omp2a was analyzed. Following there will be a table with 
the main properties of these proteins.  

 Lysozyme[2] BSA[3][4] Omp2a 

Molecular Weight 14 kDa 66kDa 39kDa 

Isoelectric point 11.35 4.7 4.47 

Size (radius) 18A 3.48nm 2.9nm 

Structure 5 -strands 

3 -helix and 2 [3-
10] helix 

24 -helix 1 -barrel=16 -
strands antiparallel 

1 -helix 

Origin Gram-Positive 
Bacteria 

Serum albumin 
protein derived 
from cows. 

Gram-negative 
bacteria - Brucella 
Melitensis 

 

Tm 350K 343K Not defined yet 

Number of 
aminoacids 

129 590 316 

Table 2.1 Main properties of the Lysozyme, BSA and Omp2a1. 

                                                      
1 Some information about the proteins is obtained from the Sigma-Aldrich catalogues 
webs 
http://www.sigmaaldrich.com/catalog/product/sigma/l7651?lang=es&region=ES&gcli
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Figure 4.1 Secondary structures of the studied proteins: (a) Secondary structure of BSA. (b) 
Secondary structure of Lys. (c) Secondary structure of Omp2a. 

2.2 SCALA 

In this section all the information relative to the SCALA is explained. First of all, what 
is the SCALA. After that, the bimetallic effect, the main property we studied in our 
work, is explained. Then the experiments which had been done with SCALA that 
helped us to create our experiments. 

Scanning Laser Analyser (SCALA) is a powerful instrument for MEMS 
characterization. The instrument is based on the combination of automated two-
dimensional scanning of a laser beam and the acquisition of the reflected laser beam 
on a photodetector. The association of both allows the reconstruction of the analyzed 

                                                      
d=CjwKEAjw1PPJBRDq9dGHivbXmhcSJAATZd_BIxI9pt79qb2SJH1dTxGJZMtLxjsx
wJO1JF6ytHnkQBoC7Kvw_wcB http://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Bulletin/a8531bul.pdf 
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surface topography. As it was said in the introduction, this machine measures just 
three values: reflected intensity signal (I) and topography derivative (X and Y position 
on the photodetector of the reflected laser spot). The Y signal of the reflected laser 
spot is related to the partial derivative in Y direction, the same for the X signal and its 
partial derivative. 

 

Figure 2.2 Scheme of how SCALA works[5]. 

 In our experiments, the bimetallic effect due to the attachment of proteins to the 
microcantilevers surface was studied by using SCALA. This effect is due to the 
presence of two different materials bonded with different thermal dilatation coefficient.  
This difference between these dilatation constants produces a curvature effect if the 
two surfaces are bonded. This curvature can be measured with SCALA as a deflection 
of the microcantilever. In order to illustrate this phenomenon, the Figure 4.3 is added 
to this chapter.  
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Figure 4.3 Scheme of the working of bimetallic effect. In the first case, the two metals 
(in our case are materials: the first one is the chip and the second one is the protein) 
are not bounded and when the temp increases they longed straight ahead with 
different lengths. In the second one, they are bounded (the fixed connection in our 
case is the functionalization of the chips), and as they dilatation coefficients are 
different and the system curves.  

 It was reviewed, from Ramos et al. 2007 [6], that the bimetallic effect on the 
cantilevers is moduled by a combination of the Stoney’s model and the Axial Load 
model, illustrated in the following picture Figure 4.4. This information is of high interest 
to understand what happens in the surface of the cantilever with the protein attached.  

  

 

Figure 4.4 Models to describe the bimetallic effect on microcantilevers. (a) Stoney’s 
model. (b) Axial Load Model.  

 The resonance frequency of our microcantilevers, which was measured by the 
SCALA equipment, is the mechanical frequency that produces greater amplitudes 
oscillations to mechanical systems of its oscillation matches with the system’s natural 
frequency of vibration. In a mechanical system the natural frequency is related by the 
mass using the following formula: 

𝑓𝑛 =
1
2 ·

√𝑘
𝑚 
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 Where the k is stiffness of the spring and m the mass. Therefore, if the mass 
increases the resonance frequency should decrease. 

To understand the experiments which were performed in this work, a short 
summary of the similar experiments reviewed in literature is presented. In the first 
publication, Ahumada et al. 2013[7], they studied the thermal transitions of nanoscale 
polymers using the bimetallic effect. This experiment was achieved by the IMEM group 
that hosts this thesis and using the same model of SCALA. Using the deflection to 
relate the deflection with the stress surface against the temperature, they determined 
the glass transition temperature (Tg) of the poly(3-thiophene methyl acetate). They 
determined the Tg and the Tm of commercial nylon 6 using SCALA and deflection 
seen in the bimetallic effect. The criteria that they used to determine these 
temperatures is the different behavior in three different regions and the temperatures 
which distinguish the regions are the temperatures introduced before. 

 

 

Figure 4.5 Determination of the Tg and Tm of the commercial nylon 6 using SCALA. 

 Another paper developed in the IMEM lab with SCALA, Puiggalí-Jou et al. 
2017[8], presents the resonance frequency of the cantilevers. In this case, they 
stablished the detection’s limit of the interaction of fibrin and fibrinogen with the Cys-
Arg-Glu-Lys-Ala (CREKA polypeptide) by assessing the variation of the resonance 
frequency on the cantilevers before and after the functionalization. Their results 
demonstrate that the system with cantilevers can detect very limited concentration 
(100 ng/mL) that proves the sensiblity of the device, all due to the precision of SCALA 
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sensors. We therefore are able to detect the attachment of very small amount of 
proteins on our microcantilevers. 

 

 

Figure 4.6 (a) absolute frequency shift of cantilevers after being incubated with 
10μg/mL of BSA, Fg and Fb; (b) mechanical resonance frequency of a Si cantilever 
before and after the Fb recognition event (10 μg/mL in PBS); (c and d) relative 
resonance-frequency shift vs protein concentration of (c) Fg and (d) Fb in PBS. 

 Next papers were not developed by the IMEM group but they have some 
interesting results related with the SCALA. It is necessary to notice that is not the same 
SCALA model that we use, they were designed for specific experiments. The next 
study, Mertens et al. 2008[9], determines the variation of the stress surface against 
the relative humidity by attaching a monolayer of self-stranded DNA on the silicon 
microcantilever. This variation is due to the hydration of DNA. The results show the 
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incredible sensitivity at the femtomolar scale. These results suggest that the tension 
is mainly governed by hydration forces in the channels between the DNA molecules 
figure 4.7. 

 

 

Figure 4.7 a) Surface stress is shown during a hydration/dehydration loop for the 
ssDNA-sensitized cantilever. B) Schematics of the DNA monolayer before (ssDNA) 
and after (dsDNA) hybridization during the initial hydration. The attractive force 
induced by the initial hydration of the surface-grafted ssDNA molecules turns into a 
repulsive force after hybridization. 

 In the last case, Thakur et al. 2014[10], they studied the conformational 
changes of proteins by varying the pH and measuring the nanomechanical deflection 
of microcantilevers. They concluded that exist big changes in between pH=7 and pH=3 
or 12. They are due to intermolecular interactions, electrostatic repulsion, attraction, 
and steric effects. The following picture, Figure 4.8, reflexes this explanation. 
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Figure 4.8 Differential deflection signal of HSA immobilized cantilevers with respect to 
reference cantilevers by variation of pH between 7 and 3−7 (A) native HSA 
immobilized cantilevers (blue), (B) denatured HSA immobilized cantilevers (red). 
Differential deflection signals by switching pH between 7 and 12−7, (C) native HSA 
immobilized cantilevers, and (D) denatured HSA immobilized cantilevers. 
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Chapter 3  

3- Experimental section 
In this chapter, all the experiments and techniques realized during the thesis are 
explained in details. Moreover, are enumerated all the materials used for the 
experiments. 

 

3.1 Materials 

Acetone (sigma-Aldrich), purified BSA 100x (biolabs), lysozyme from chicken egg 
white(fluka) (Lys),omp2A produced by the protocol in Roussel et al, isopropanol 
(Acros), sulfuric acid 95% (fischer), hydrogen peroxide (panreac), fluorhydric acid 
(probus), toluene 99.7% (Sigma-Aldrich), nalpha-nalpha-bis(carboxymethyl)-L-Lysi& 
(sigma-aldrich)(NHS), sodium bicarbonate(sigma) (Na2CO3), sodium carbonate 
(sigma)(), 1-[3-(Dimethylamino)propy]-3-ethylcarbodiimide methiodide (sigma-aldrich) 
(EDC), N-Hydroxysuccinimide(Aldrich), 2-(N-morpholino) ethanesulfonic acid (sigma) 
(MES), phosphate buffered saline (sigma-aldrich), sodium chloride(panreac),(3-
Glycidloxypropyl) trimethoxysilane, sodium dodecyl sulfate (SDS) and 2-methyl-2,4-
pentanediol(MPD) . 

Buffers:  

Carbonate buffer: 70mL of 0.05 M of NaCO3+30mL 0.05M Na2CO3 

Omp2a buffer: 60mM of SDS+ 1.5M of MPD + 50mM of TRIS + 400mM of NaCl 

Activation buffer: 100mL of 10mM of MES (pH 5.5)+ 5mL of 100mM of EDC + 5mL of 
150mM of NHS. 

The functionalized silicon chips are from Concentris2 Type CLA-500-010-08. Their 
main characteristic are the following: 

• Eight P-doped Si levers per array 
• Nominal thickness 1Î¼m 
• Nominal length 500Î¼m 

                                                      
2 http://www.concentris.ch/?id=12 
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• Available with plain silicon surface (native oxide) or with a 20 nm gold coating 
on one side 

 

 

Figure 3.1 Chips from concentris used in the experiments. 

3.2 Methods 

3.2.1 Functionalization 

In this part, the functionalization protocol applied to Si pieces or microcantilevers chips 
is explained[8] . 

1) Silanization: Activated samples were silanized with 0.2% solution of (3-
glycidyloxypropil)trimethoxysilane in dry toluene overnight at room temperature 
under nitrogen atmosphere. Afterwards, samples were washed with toluene 
and mili-Q water. Then they were incubated into 100mM TLC solution in 50mM 
carbonate buffer (pH 9.5) overnight at room temperature under gentle agitation. 
Later, Si substrates were washed with 50mM carbonate buffer pH 9.5 and mili-
Q water. 

2) Activation: Samples were further modified by the reaction of the carboxyl 
groups at the Su surface with a mixture of 100mM EDC and 150mM NHS, both 
dissolved in 10mM MES (pH 5.5). Samples were incubated for 30 minuts at 
37ºC under gentle agitation and then extensively with 10mM MES. 

3) Immobilization of the protein. A solution of 0.1mg/mL of protein were prepared 
in 10mM MES (pH 5.5). The cantilevers/Si pieces were incubated for 2 hours 
at 37ºC. After that, the samples were washed with 10mM MES (pH 5.5) and 
incubated for 45 minutes at 37ºC with 1xPBS with 0.3 NaCl in order to desorb 
those proteins not covalently bonded to the surface. 
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Scheme 3.1 Functionalization protocol for silicon surfaces with the corresponding 
protein. 

 

3.2.2 Characterization techniques 

3.2.2.1 Contact angle 

Contact angle (c) is defined as the angle made by the intersection of the liquid/solid 
(SL) interface and the liquid/air(LG) interface. A high contact angle indicates a low 
solid surface energy or chemical affinity. This is also referred to as a low degree of 
wetting. A low contact angle indicates a high solid surface energy or chemical affinity, 
and a high or sometimes complete degree of wetting.  

 

Figure 3.2 Definition of contact angle and the interfaces between is it measured. 
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A contact angle goniometer was used to visually measure the contact angles 
of our surfaces. A droplet was deposited by a syringe positioned above the sample 
surface (control or functionalized chips with the proteins), and a high resolution camera 
captures the image from the profile or side view. The angle was calculated using image 
analysis software. The volume of our droplet was 0.2 L. 

 

Figure 3.3  OCA-15EC contact angle meter from DataPhysics Instruments GmbH with 
SCA20 software. 

3.2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

This technique is used to assess the absorption of our proteins in solid state in the 
infrared spectrum. A FTIR spectrometer collects high resolution spectra data over a 
wide frequency range. To process these data and transform them in a spectrum it is 
necessary to use the mathematical process called Fourier transform. Infrared spectra 
of protein samples display the amide I bands. Early protein studies by infrared 
spectroscopy were only qualitative. Position and number of bands were not accurately 
known, and only approximations based on changes in the relative intensities of 
shoulders or amide I band shifts could be made. The measuring parameters were the 
following ones: number of scans 46, resolution 2 cm-1, noise level 0.01 and 
temperature goes from 20ºC to 100ºC. 

. 
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Figure 3.4 FTIR spectra were recorded on a JAS.CO FTIR-4100 spectrometer, 

equipped with a diamond ATR device in transmission mode. 

 

3.2.2.3 Circular Dichroism (CD) 

Circular dichroism spectroscopy3 is a spectrophotometric technique that we will use to 
determine the secondary structure of our proteins. To determine the secondary 
structure of our proteins by CD we have to measure in the "far-UV" spectral region 
(190-250 nm). At these wavelengths, the chromophore is the peptide bond, and the 
signal arises when it is located in a regular, folded environment. To deconvolute the 
the obtained data and collect the secondary structure content, we used DichroWeb. 

In the realization of this experiment, Lysozyme and BSA were in solution with 
carbonate buffer with a concentration of 0.01mg/ml and Omp2a was in a SDSMPD 
buffer with a concentration of 0.005mg/ml. The different buffer selection is due to the 
nature of Omp2a which is a membrane protein and therefore require an amphiphilic 
environment to maintain its structure. 

 

                                                      
3 http://www.fbs.leeds.ac.uk/facilities/cd/ 
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Figure 3.5 Typical signals obtained from CD if all the structure has the same form. 

 To do the correct analysis a purge of oxygen was done to get a nitrogen 
atmosphere. Once it is correctly done, a blank is recorded to see if the nitrogen peak 
is done. After that, we started the ramp temperature for each protein with the following 
parameters: wavelength: 190 to 260 nm, step: 1 nm, time per point: 0.5 seconds. 

 

Figure 3.6 Chirascan-plus qCD Spectrometer (Applied Photophysics, UK) 
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3.2.2.4 Dynamic Light Scattering (DLS)4 

In this experiment, we measured the scattered light generated by proteins in a solvent 
(the buffers), which are assumed to scatter light weakly. They were in the same 
concentrations as the CD. Doing this measurement, we obtained the diameter of the 
proteins in solution. The parameters we used are the following ones: from 20 to 60ºC 
measuring three times at every step during two minutes and every step is 10ºC. We 
could not go to higher temperatures due to the cuvette material that starts to melt at 
70ºC.  

 

Figure 3.7 DLS machine model 90 Plus Zeta Nanobrook from Brookhaven. 

3.2.2.5 X-ray Photoelectron Spectroscopy (XPS) and Atomic Force Microscopy (AFM) 

XPS measures the binding energy of the components of the sample by irradiating the 
surface with X-rays and measuring the number of electrons and its kinetic energy. 
Meanwhile, AFM just measures the topography of the sample with a high resolution. 

XPS measurements were done on a SPECS system equipped with an Al anode 
XR50 source operating at 150 mW and a Phoibos MCD-9 detector. The pressure in 
the analysis chamber was always below 10-7 Pa. The pass energy of the 

                                                      
4 https://pdfs.semanticscholar.org/d02e/fc82b9ce44ff88e3f7e86da9ab06039a15c7.pdf 
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hemispherical analyzer was set at 25 eV and the energy step was set at 0.1 eV. Data 
processing was performed with the CasaXPS program. 

 Topographic AFM images were obtained with a Molecular Imaging PicoSPM 
using a NanoScope IV controller in ambient conditions. 500x500x10nm windows were 
used for measurements. The Rough Mean Square Roughness (Rq) was calculated by 
using the application of the Nanoscope software.  

 

Figure 3.8 Left: AFM used in the experiments. Right: XPS from Barcelona Research 
Center in Multiscale Science and Engineering. 

 

3.2.3 SCALA experiments 

The first analysis done with SCALA was the measurement of the resonance frequency 
of our materials, before and after the functionalization. According to the theory (see 
Chapter 2) it is expected to see a decrease of the resonance frequency while proteins 
are attached to the surface because the mass supported by the material increases. 
The parameters of the measurements done with the SCALA software were the 
followings: range of frequency from 1k to 10k hertz, number of points 4500, position 
85%, amplitude 1V and time constant 10ms. After the first measure, a more accurate 
recording was performed to found the exact resonance frequency with the following 
parameters: centered at the peak we observed before with 1k of bandwith, 800 
measurement points, position 85%, amplitude 1V and time constant 10 ms. 

 The last experiment done in this thesis, in order to see the phase transition 
changes of the proteins in front of the temperature, was the deflection analysis that 
can occurs while increasing the temperature. The parameters were the following: 

25°C for 5 min 
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Reaching 120°C with 2.5°C/min 

Searching for cantilevers at 120°C (5min) 

Reaching 25°C with -2.5°C/min 

 

Figure 3.9 Measurements in the cantilever in the SCALA system. 

 

 

Figure 3.10 SCALA measuring system from IMEM laboratories. 

 

 

 



 - 24 - 

 Chapter 4 

4- Results and discussion 
After presenting all the methods to understand this study it is time to see the obtained 
results. First of all, proteins were analysed with conventional techniques and their 
properties are going to be discussed. Later on, silicon slides were functionalized with 
the proteins of interest, followed by their presence verification. Once the right protocol 
to functionalize silicon surfaces was established the experiments with SCALA machine 
were performed. 

4.1 Characterization of the proteins 

In order to characterize the changes in protein structure and shape vs temperature 
two different approaches have been followed: (1) One set of experiments were perform 
in aqueous media, since proteins are always found in solution, and (2) a similar study 
was realized in the solid state because SCALA is not ready yet to work in liquid 
environment. In summary, the main aim of this section is to get an idea of how protein’s 
unfolding and refolding works by means of conventional techniques. 

 

4.1.1 Circular Dichroism  

Circular dichroism is a common technique to study proteins structure in solution. Each 
protein has a typical CD spectrum which is related to the percentage of β-strands, α-
helixes, turns and random coils motives. Protein’s solutions were warmed up to 90 ºC 
and cooled down to 5 ºC recording one spectrum every five degrees. So that, it allowed 
the detection of structure change vs temperature when it went up (Figure 4.1) and 
when it went down (Figure 4.2). 

 Lysozyme spectrum (a, left side) shows a minimum at 209 nm which is a 
combination of high content of -helix and some - strands. When the temperature 
increases the intensity of this minimum decreases and it is shifted to higher 
wavelengths. The decrease of intensity is due to the loss of secondary structure 
content which in turn is related to the protein’s unfolding. On the right side the 
percentages of each structure vs temperature are represented.  The content of -
strand and unordered motives increases after 70 ºC while the other remain constant 
at the different temperatures. After cooling down the samples (Figure 4.2) the 
spectrum (a, left side) recovers the initial signal meaning that protein’s unfolding is 
mostly reversible. 
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Figure 4.1 Circular Dichroism spectra (left side) and structure percentage (right side) 
of proteins vs ascending temperature for Lys (a), BSA (b) and Omp2a (c). Folded 
fraction vs temperature is displayed (d). 
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Figure 4.2 Circular Dichroism spectra (left side) and structure percentage (right side) 
of proteins vs descending temperature for Lys (a), BSA (b) and Omp2a (c). Folded 
fraction vs temperature is displayed (d). 

Similar results were encountered for BSA. Particularly, it was possible to 
observe a minimum at 209 nm and another at 222 nm which is again common for high 
content of -helix proteins (a, left side). Then, when the temperature was increased a 
decrease of intensity and a shift of the minimums was detected. The -helix content 
starts to decrease at 65 ºC and the content of -strands and unordered motives 
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increases after 65 ºC while the other remain constant at the different temperatures. 
After cooling down the samples (Figure 4.2) the spectrum (a, left side) recovers the 
initial signal meaning that protein’s unfolding is reversible (Figure 4.2 (b)). 

 In contrast Omp2a spectrum shows a minimum at 220 nm and a maximum at 
200 nm indicating that the protein is rich in -strands and contains just a small portion 
of -helix. Accordingly, the increase of temperature produced a shift o on the peak 
position and a decrease in its intensity. The percentages obtained from the 
deconvolution of the peaks showed that the secondary structure composition remains 
the same when the temperature is increased (Figure 4.1 c) or decreased (Figure 4.2 
c). As it was expected from a -barrel membrane protein, since they are stable against 
denaturation factors like thermal or chemical treatments. In this case, it was possible 
to exactly recover the original signal after the temperature ramp. 

Figure 4.1 d displays the fraction of folded protein vs the temperature, allowing the 
calculation of the Tm (º). The obtained value for Lys is approximately 65 and 67 ºC for 
BSA. The parameter was not calculated for Omp2a since the complete unfolding of 
the protein was not reached. 

4.1.2 Dynamic Light Scattering  

DLS has been used to understand the factor of proteins aggregation in solution during 
their thermal unfolding (U) (increase in temperature) and refolding (F) (decrease in 
temperature). The small size of a protein can be increased to a value related to a 
random coil polymer of the same molecular weight when denaturation occurs. 
Furthermore, if there are no stabilizing agents, inter-polymer hydrophobic interactions 
could rapidly lead to a non-specific aggregation of the denatured polypeptide chains. 
Protein’s diameter vs temperature is presented in the Figure 4.3. 

Figure 4.3 DLS results 
from 20 to 60ºC of the 
different studied 
proteins. 
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As it can be seen in Figure 4.3, lysozyme is the smallest protein and it does not 
aggregate with the change in temperature. Its diameter is 4 nm close to what is 
described in literature (previously mentioned in the theoretical background).    

BSA solution contains two different size populations. The smallest one, which 
may consist of monomers have a size of approximately 7 nm in diameter, instead, the 
second population represents oligomers of protein (judging by the size, they might be 
trimers). In this case it is possible to see a slight increase in diameter when 
temperatures above 50 ºC were used. 

For Omp2a, it is known that it is formed by -strands and is a membrane protein, 
so it does not denatures at 60 degrees because it is stable against denaturation 
factors. Nevertheless, a slight increase in diameter was observed. This phenomenon 
could be due to Omp2a monomer association and by the versatile behaviour of the 
extracellular loops of the protein. They can extend and increase the apparent size of 
the protein even if the  barrel remains perfectly stable.  

4.1.3 Fourier Transform Infrared Spectroscopy  

FTIR was used in order to gather some information about protein denaturalization in 
the solid state.  Concretely, the amide I band (between 1600 and 1700 cm-1), which is 
mainly associated with the C=O stretching vibration and is directly related to the 
backbone conformation, was analysed. Thus, the obtained information is closer to 
what it is going to give the SCALA machine.  FTIR Spectra were taken every 5 
degrees, however, in order to simplify the obtained data  Figure 4.4 only shows  the 
acquired data for the samples at 30ºC and 100ºC. 

 Figure 4.4 (a) displays both BSA spectra at 30ºC (left side) and at 100 ºC (right 
side).  It is possible to detect in the deconvoluted peaks at 30 ºC a strong dominance 
of -helix structure, in agreement with the results obtained with CD. When the protein 
temperature is increased at 100 ºC, it is observable a decrease of the -helix peak 
and an increase of -strands and unordered motives. Nevertheless, this is just an 
approximation of what is happening. A close pattern is observed with Lysozyme 
(b). In this case, a big peak of -helix at 30ºC is recognized, as it is expected. Once 
the temperature is increased the impact of the denaturation process could be detected, 
the -helix decreases and the -strands and the unordered motives increase causing 
the loss of its secondary structure. 

In the last section, (c), Omp2a spectrum is presented. The spectrum does not show 
significant changes. In particular, just a decrease in -strands could be detected. 
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Figure 4.4 FTIR spectras taken at 30 ºC (right) and at 100ºC (left). 

   

 

 

4.2 Chips measurements  

The functionalization procedure was performed according to previous works realized 
in IMEM’s group. Nevertheless, XPS, CA and AFM analyses were performed to 
confirm the presence of protein on the silicon surface.  
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4.2.1 XPS 

Chemical composition of the outer layer of the silicon surface functionalized with 
different proteins was monitored using XPS analysis.  

Control silicon substrate after the cleaning procedure showed the typical Si (not 
shown), C 1s and O 1s peaks. Particularly, the C 1s signal was due to the presence 
of organic contaminants from the environment. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Deconvolution of XPS spectra of N 1s (a), C 1s (b) and O 1s (c) for the Si 
surface and when Lys, BSA and Omp2a were attached (bottom to top). 

N 1s peak (Figure 4.5 (a)) can only be due to the presence of protein. There is 
no nitrogen in bare silicon substrates.  The main peak at 400 eV is the amide N-(C=O)- 
bond present in every peptide and protein main chain. The peak at 398 is due to the 
amine C-NR2 and the one at 401 is due to HNR3+ located in the linker. For the three 
functionalized chips we can assume that the protein of interest is attached. Just 
looking at the graphs, it is observable that the protein more attached to the silicon 
surface is BSA, followed by Omp2a and the last one and less attached is Lysozyme. 
The poor linking of Lysozyme may be explained by the acid pH (5.5) used for the 
functionalization. The Lysozyme might be strongly altered by the change of charge in 
its amino acids residues.  

The next graph (b) is related to the carbon bonds. The control silicon surface 
presents a smaller peak for carbon than in the samples with protein, meaning that we 
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attached the protein since increase of organic molecules is produced. For oxygen, 
graph (c), the main peak in all cases was related to the SiO2 presence which is bigger 
in the control case. This phenomenon was due to the fact that XPS measures just a 
limited thickness of the sample. This small peak found in the silicon surface with 
protein attached was because the protein was hindering the SiO2 presence.  

 

Table 4.1 Atomic percentages of the silicon substrates with and without proteins. 

In summary, both the appearance of N 1s and the increase of C 1s signal confirmed 
the correct attachment of the studied proteins on the silicon surface. Furthermore, the 
reduction of Si and O peaks was associated to the same feature (Table 4.1).  

  

4.2.2 Contact Angle 

This experiment was performed with the same aim as the last one: verify the 
functionalization of the chips. Contact angle measurements were done for the control 
silicon chip and for the three proteins (Figure 4.6). 

In the three cases after attaching the protein, the contact angle of the drop 
increases demonstrating a less hydrophilic surface. This variation of the contact angle 
and wettability accords with the results in XPS, confirming the attachment of the 
protein to the silicon chips. The XPS results and CA measurements suggest a small 
amount of Lysozyme attached. For Omp2a, the contact angle is lower than the BSA’s 
one because the external part of the Omp2a’s β-barrel in mainly constituted of 
hydrophobic residues to better fit the natural lipid membrane that is also hydrophobic. 
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Figure 4.6 Contact angle from different surfaces: control and with the different protein 
attached. 

  

4.2.3 AFM  

In order to qualitatively study the topology of the surfaces after functionalization, AFM 
measurements were performed.  

 As it was expected there is a variation of the surface of the cantilevers with 
proteins comparing to the control one. The surface of the chips with protein has a root 
mean square roughness (Rq) higher than the control (Figure 4.8). Once again the 
Lysozyme-chip presents a less affected surface compared to the two other proteins. 
The roughness of BSA and Omp2a-surfaces are similar but as demonstrated by CA 
measurements, their properties differ. All the previous result suggest that the BSA is 
the most attached, followed by Omp2a and Lysozyme. 
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Figure 4.7 Pictures obtained from AFM on the samples. First row size is 500x500nm 
and the second row is a zoom of the first row which size is 250x250nm. 

 

Figure 4.8 Graph of rough mean square roughness (Rq) of control chips and chips 
with protein attached. 
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4.3 Nanomechanical deflection: SCALA 

Once the characterization of all proteins-chips was done and that the attachment was 
assess, we started the use of the innovative SCALA technology. 

 The first experiment was the recording of the resonance frequency of the 
microcantilevers. The second one was the temperature controlled ramps and their 
posterior analysis.  

4.3.1 Resonance frequency  

Measurements with the chips before and after the functionalization were done. The 
following graph will show the average of all the cantilevers of every chip and the 
variation after the attachment of the proteins. 

  

Figure 4.9 Average of the resonance frequency of the microcantilevers before and 
after the functionalization. 

  A clear difference can be seen between before and after the functionalization 
(Figure 4.9). These differences are explained by the additional mass on the 
cantilevers. Indeed, the resonance frequency is inversely proportional to the mass 
(see Chapter 2). Contrary to the previous analysis performed with the other techniques 
it seems that Lysozyme is slightly more attached than the other proteins.  
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 The big decrease in frequency for Omp2a might be explained by the protein 
tendency to aggregate and form heavier systems while the globular proteins (BSA and 
Lysozyme) don’t. This aggregation phenomenon seems to affect to next experiment.  

4.3.2 Temperature ramps 

The last experiment of this project is the recording of the deflection of the cantilever 
while varying the temperature. It is expected to obtain information of the thermal 
transitions of our protein surfaces.  

 Black lines represent the deflection of the cantilevers while the red line 
represents the average.  

 

Figure 4.10 Deflection measured in the PSD of the SCALA in mm in front of the 
temperature in ºC for BSA. 

 In the case of the BSA, we can observe that the average is almost flat and 
practically no deflection is recorded (Figure 4.10). This result can be due to the BSA 
globular shape constituted of -helixes. While the temperature increases, the 
secondary structure is lost but it does not affect the global shape of the attached 
protein. Therefore the protein surface does not expand or compress by the increasing 
content of random coil and no significative deflection is observed. On the other hand, 
the signal becomes less stable at about 60°C. At this temperature, it is known by the 
previous techniques used in this work that the BSA partially loses its native 
conformation. Thus it is possible to correlate the two phenomena (deflection and 
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denaturation). The DLS and SCALA results corroborate: the BSA does not present 
any aggregate nor an increase in size while the temperature increases. 

 

Figure 4.11 Deflection measured in the PSD of the SCALA in mm in front of the 
temperature in ºC for Lysozyme. 

For the Lysozyme, no deflection is recorded until the temperature reaches 55°C 
(Figure 4.11), corresponding to the denaturation temperature according to the CD/IR 
analysis previously done. Above the unfolding temperature, a stable deflection signal 
is recorded followed by bigger changes at 85°C. We hypothesize that the loss of 
secondary structure in Lysozyme affects its global shape and compresses the protein 
surface leading to the bending of the cantilever by the so called “bimetallic effect”.  

 To end with this study, we will speak about Omp2a results shown in Figure 
4.12. In this graph the deflection (for the average) until 60°C does not have so much 
changes but if we take a look at the individual signals we observe a big modification 
in deflection near 45ºC. This phenomenon might be due to the disaggregation of the 
Omp2a into trimers or monomers. Near 80ºC, we observe that the average and all the 
individual signals start to decrease. We know from the previous experiments that 
Omp2a remains quite stable at high temperature by preserving its secondary structure 
(β-barrel). The decrease is then explained due to the disaggregated Omp2a, that is 
not attached, that start to spread on the surface of the cantilever generating this 
deflection.  
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Figure 4.12 Figure 4.10 Deflection measured in the PSD of the SCALA in mm in front 
of the temperature in ºC for Omp2a. 
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Chapter 5 

5- Conclusions 
To summarize all the information we extracted from our results, the following 
conclusions will be the end of this thesis: 

1) SCALA technology has been used by first time to study the thermally-induced 
phase transitions in proteins. This includes not only protein denaturalization but also 
aggregation-disaggregation processes. 

2) Silicon cantilevers have been successfully functionalized to attach BSA, Lys 
and Omp2a proteins using an experimental protocol very developed for small 
peptides.  Specifically, proteins were covalently attached via epoxysilane chemistry 
onto silicon cantilevers that acted as sensors during dynamic mode experiments with 
SCALA. The success of the functionalization process was followed by XPS, contact 
angle and AFM, thus applied protocol as a suitable strategy also for proteins.  

3) The thermal unfolding-folding processes in BSA, Lys and Omp2a has been 
followed by analytical techniques such as CD and FTIR. Results allowed us to 
ascertain the characteristic unfolding temperature of each protein. 

4) SCALA measurements were performed using a huge number of dynamical 
experiments. Results allowed to get detailed information not only of the unfolding 
temperature but also of the structural changes underwent by individual molecules and 
of disaggregation-aggregation processes. 

5) BSA and Lys display conventional unfolding processes. The first retain the 
globular shape while the second changes from a bundled organization of -helices 
structure to a globular structure without ordered structure. 

6) Omp2a shows, in addition of the unfolding of the -barrel, a disaggregation 
process. The latter occurs at a lower temperature than the former. This has important 
implications for the fabrication of biomimetic membranes made of Omp2a proteins 
inserted into nanopores of polymeric films. 
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