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ABSTRACT. Adsorption of proteins at a solid surface affects characteristics of the 

surface (e.g. its biocompatibility) and functionality of the immobilized 

biomacromolecules. The latter is defined by the type of binding sites, protein 

conformation and its structural flexibility that enable functional motions to occur. Protein 

motions are only possible at certain level of hydration. Furthermore, water molecules act 

as lubricant facilitating sliding along solid surface. In this work we explore the potential 

of a remote physical trigger – a non-ionizing infrared radiation (IR) to affect protein-

surface interactions. We report on IR-induced changes of hydrophilicity of the protein 

coatings on silica nanoparticles, impact of IR on monitored in-situ dynamic adsorption of 

proteins on silica surface and effect of IR on conformational state of adsorbed proteins. 

Our results indicate that IR can protect proteins from surface denaturation depending on 

the presence of strongly hydrated amino acid residues. Preservation of native fold results 

in protein coatings of higher hydrophilicity. IR can also facilitate displacement of surface 

active species that became adsorbed to protein apolar compartments and could otherwise 

promote denaturation. Apart from supporting native conformation, their removal 

increases protein-water interfacial tension and therefore promotes aggregation 

(hydrophobic attraction) of the protein-coated nanoparticles. By its ability to affect 

protein conformational state and interfacial characteristics (such as effective protein-

water affinity) IR radiation can therefore modulate protein interactions. 

 

KEYWORDS: protein adsorption, protein structure, protein corona, infrared radiation, 

protein-nanoparticle interaction  
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1. Introduction 

Adsorption of proteins to nanoscale objects such as solid particles defines the 

effective properties of both, the solid and the adsorbed proteins forming particle’s corona. 

Due to a large surface to mass ratio of nanoscale particles, mainly interfacial 

characteristics are responsible for their behavior in the environment. Therefore, the 

response of different systems, including biological ones, to protein-coated nanoparticles  

effectively depends on a soft protein corona with respect to its structure, dynamics and 

functionality [1-3].  

Not only the interplay of particles with their environment but also mutual particle-

particle interactions are determined by surface-adsorbed proteins. Thus, properties like 

colloidal stability of nanoparticle suspension or character of contacts on their close 

packing will in fact reflect surface-adsorbed protein-protein interactions at different 

separations (the characteristics important for bioengineering applications). Aggregation 

of nanoparticles in solution, determined by mutual attraction of protein coronas, may 

have important implications for their behavior as size of the aggregates will decide on 

their ability to cross biological barriers (like entering the cell).  

It has been recognized that self-assembly of macroions with the overall net charge 

of the same sign, including biomacromolecules, is driven mainly by dipole-like 

interactions [4-10]. One possibility for emergence of effective dipoles results from 

heterogeneous patchy distribution of protein surface charges that generate short-range 

attractions overcoming long-range electrostatic repulsion between like-charged objects 

[9,10]. Alternatively, effective dipoles may be created by non-evenly distributed 
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counterion clouds [4-6,8], eventually structurally linked with surface charges by 

organized water bridges [7,11,12]. The larger the separation of surface charges from their 

counterions, provided by structured hydration layer, the larger effective dipole moment. 

The latter mechanism should be especially important for sterically restricted surface-

adsorbed proteins, where the electrostatically incompatible patches of the same charge 

will remain exposed to the solvent while surface-adsorbed patches of the opposite sign 

will be shielded from the interaction.  

It was shown by molecular simulations that in case of proteins freely diffusing in 

solution, the process of specific self-assembly could be assisted by adhesive hydrogen-

bonded networks of water molecules that link protein interfaces from early intermediates 

to specific complex formation. [13]. This water mediation is recognized to increase 

gradually on transition to associated state and thus provide favorable thermodynamic 

gradient toward the self-assembled conformation. The existence of prolonged dynamic 

chains of H-bonded water molecules connecting amino acids of adjacent protein 

molecules is also recognized to exist in crystal lattices and to be necessary for their 

integrity [14]. On the other hand, the increased stability of hydrophilic nanoparticles in 

the high salt conditions were observed due to “hydration repulsion” [15].  

Terahertz spectroscopy studies have revealed that dynamic hydration shell around 

proteins can extend to more than 15 Å, which corresponds to at least five layers of water 

molecules [16]. At the same time, the ability of proteins to induce structuring of their 

interfacial water layer has been revealed to play crucial role in protein biological 

functions [17-20]. An in-depth analysis of recent advances and current understanding of 

protein-water interplay can be found in a review of Bellissent-Funel at al [21]. 
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Recent findings showed that infrared (IR) radiation can promote structuring of 

water molecules (effective hydration shell expansion) near hydrophilic interfaces [22] 

including protein interfacial water [23]. This IR-enhanced hydration was shown to be 

able to induce attractive interactions between like-charged colloids and 

biomacromolecules in solution [23,24]. These phenomena were explained by considering 

water-mediated charge separation (polarization/dipole formation).  

In this work we explore the effect of IR light on i) protein-surface interactions that 

determine formation and functionality of the protein coronas and on ii) mutual interaction 

of particles coated by protein coronas.  

 

2. Materials and Methods 

2.1. 2.1.  Materials 

Proteins, lysozyme (Lys) from chicken egg white (62791, Sigma-Aldrich), 

albumin (ovalbumin, OVA) from chicken egg white (A5503, Sigma) and bovine serum 

albumin (BSA)(A2153, Sigma) were used in this work. Stock solutions of proteins of 

concentration of 40 mg/ml were prepared in either Milli-Q water, 20 mM NaCl or in 20 

mM imidazole buffer of pH = 7.36 and stored refrigerated at 4˚C before use. 

Silicon dioxide SiO2 nanoparticles (637238 Aldrich) of the average diameter of 10 

nm – 20 nm were used to probe effect of adsorbed proteins on particle-particle 

interactions. Quartz crystal sensors (5 MHz quartz crystal QS-QSX303 from Biolin 

Scientific) were used to monitor in situ protein-surface interactions. 

2.2. Sediment Volume Method 
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The sediment volume method was employed in this work to determine relative 

hydrophilicity of the sediment-forming particles according to the concept proposed by 

Vargha-Butler et al. [25]. In the frame of this theory the propensity of solid particles to 

either aggregate in solution (and form compact sediment) or stay apart (and create loose 

sediment) expresses relative affinity of the solid to the solvent and may be used to 

determine its hydrophilic/hydrophobic character. The more hydrophilic particles the less 

compact sediment they will form in an aqueous solution (as used in this work). That is 

due to increasing adhesion forces between solid and polar liquid with respect to the 

cohesion forces between particles.  

For the sedimentation experiments, 250 µl of protein solution of lysozyme, 

ovalbumin or bovine serum albumin (40 mg/ml) was placed in a 1.5 ml Eppendorf tube 

and 500 µl of respective solvent (water, 20 mM NaCl or 20 mM imidazole buffer of pH = 

7.36) was subsequently added. Then tube content was transferred to a plastic cuvette 

containing 25 mg of dry SiO2 nanoparticles (10-20 nm in diameter) and 250 µl of the 

solvent was added to give final volume of 1000 µl and protein concentration of 10 mg/ml. 

Cuvette content was closed with a cap, gently mixed and stored in a vertical position for 

72 hours. After sedimentation has taken place, sediment volume was measured by means 

of processing digital images of the cuvettes with the use of the program IC Measure [26]. 

In order to assure that sediment hydrophilicity is not affected by freely diffusing proteins 

present in solution, we have been exchanging the solution over the sediment with solvent 

only and observed no changes in sediment volume. 

To examine the effect of infrared (IR) radiation on hydrophilicity of the protein-

coated solid particles, the 250 µl of protein solution (40 mg/ml) was initially irradiated 
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for 10 min with the use of the Light Emitting Diode (LED) with the emission maximum 

in the IR range at wavelength λ = 2900 nm (LED29, Roithner-Lasertechnik) and the full 

width at half maximum of 350 nm. After the irradiation all the procedure was performed 

in exactly the same manner as in control experiments. For the irradiation step, LED was 

placed about 1.5 cm distance over the surface of protein solution and was operated by D-

31M driver (Roithner-Lasertechnik) in a quasi-continuous wave mode (the mode of 

maximum average optical power from the LED) at 2 kHz and 200 mA. The emitted IR 

light represents a non-ionizing electromagnetic radiation (strongly absorbed by liquid 

water) and its maximum optical power ranges to 29.47 mW. The IR light of this 

particular wavelength was shown to have prominent effect on interfacial water [27], 

including protein hydration shell, and on protein-protein interactions. [23] In our previous 

work [23] we have been monitoring possible LED-induced temperature changes for the 

same time of exposure for 10 µl water drops. Temperature changes were negligible thus 

excluding bulk thermal effects of IR. 

2.3. 2.3. Quartz Crystal Microbalance 

A Quartz Crystal Microbalance with Dissipation, QCM-D (the Q –Sense E4, 

Biolin Scientific) was used to monitor in-situ frequency and energy dissipation changes 

on adsorption of protein at silica (SiO2) surface. For this purpose, a SiO2 sensor (5 MHz 

quartz crystal QS-QSX303 from Biolin Scientific) was used as a substrate and protein 

solutions of either lysozyme (Lys), bovine serum albumin (BSA) or ovalbumin (OVA) of 

concentration of 1mg/ml (prepared in Milli-Q water or imidazole buffer of pH = 7.36) 

were used as analytes in contact with the sensor. SiO2 sensors were cleaned in Piranha 

solution (a mixture of sulphuric acid (H2SO4) and hydrogen peroxide (H2O2) in 4:1 
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volume ratio) immediately before use. The baseline was calibrated with the respective 

solvent (water or buffer). After the frequency and energy dissipation levels become 

stable, the protein solutions were injected simultaneously to QCM-D cells with the use of 

a peristaltic pump at flow rate of 100 μl/min (corresponding to the laminar flow regime) 

[28]. After monitoring the adsorption, protein solutions were exchanged by respective 

solvent and sensors were washed to inspect for possible desorption of the loosely bound 

protein molecules and (as it emerged in our experiments) for additional solvent 

adsorption by surface immobilized proteins. At this washing step, in unbuffered 

conditions, exchanging protein solution by pure water is related with change of ionic 

strength and of pH (pH of Milli-Q water differs from pH of the unbuffered protein 

solution). 

According to the Sauerbrey model [29], for a low dissipation system (relatively 

rigid adsorbed film of ΔD/Δf < 10−6/10 Hz where ΔD is the dissipation change and Δf the 

frequency change), the frequency decrease is linearly proportional to the adsorbed mass 

(∆m) per unit area, ∆m = - C ∆fn/n (where C is the mass sensitivity constant C = 17.7 

ng/cm2 Hz−1 for a 5MHz crystal and n is the overtone number). In this context QCM acts 

as a very sensitive balance allowing for the in-situ monitoring of adsorption/desorption 

process at a molecular level. Additionally, dissipation changes are indicative of 

viscoelastic properties of the system with increasing dissipation meaning increasing 

softness of the adsorbed film.  

To monitor possible changes in protein-surface interactions induced by IR 

radiation, protein solutions were exposed to IR before contacting them with the sensor. 

This was achieved by placing the LED (LED29, Roithner-Lasertechnik) immediately 
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over the wall of the inlet tube supplying the protein solution to the QCM-D cell (1 mg/ml 

at flow rate of 100 µl/min). LED was placed at a distance of about 15 cm from the tube 

entrance to the temperature controlled QCM-D chamber to allow for temperature 

equilibration before contact of the solution with the surface. LED29 was operated at 2 

kHz and 200 mA (as in sedimentation volume experiments). During the final washing 

step the LED was switched off. In order to control if IR light could have some effects on 

frequency or dissipation response of the sensor in protein-free system, the control 

experiments were performed with water exposed to IR radiation in the same manner as in 

the case of protein solutions (baseline remained stable in this case). Additional 

experiments were also performed with proteins at different flow rates to still exclude 

possible heating effects at low flow regime (no differences in response of protein-surface 

interactions to IR at these different flows could be observed). 

2.4. Fourier Transform Infrared - Attenuated Total Reflection (FTIR-ATR) 

spectroscopy  

Infrared spectra of bovine serum albumin (BSA), albumin from chicken egg white 

(OVA) and lysozyme (Lys) from chicken egg white were recorded with the use of 

Thermo Scientific Nicolet iS10 FTIR Spectrometer equipped with Specac 25 Reflection 

Variable Angle ATR accessory and germanium crystal or with ConcentratIR2 accessory 

and 10 reflection diamond crystal. Data were accumulated over spectral range of 4000 

cm-1- 600 cm-1 with a nominal resolution of 4 cm-1 and 256 scans. Spectra of protein 

solution (20mg/ml or 40 mg/ml of protein) were recorded in water (without background 

electrolyte), in 20 mM NaCl and in 20 mM imidazole buffer of pH = 7.36. Spectra were 

recorded at control conditions and after exposure of solution of BSA, OVA and Lys to 
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infrared light (500 µl, 10 min. of irradiation). Irradiation was performed in the same 

manner as described in previous sections. In order to get insight into the conformation 

state of  the adsorbed proteins, after the protein solution has been deposited on the ATR 

crystal surface it was left there for 10 min. in order to allow for adsorption of a protein 

layer from solution. Afterwards, protein solution was gently removed, crystal surface was 

rinsed several times with respective solvent (water, salt or buffer) and solvent was 

replaced over the adsorbed protein layer. Subsequently, spectra of adsorbed protein layer 

have been recorded in the same manner as spectra of dissolved proteins.  In order to 

check if quickly developing adsorption layer has some impact on the spectra of dissolved 

proteins, after first scan of protein solution was acquired, crystal surface was rinsed 

several times with respective solvent and additional spectra has been measured after 

solvent replacement. Then those spectra of solvent with this adsorbed layer has been used 

as a background for subsequent measurements of dissolved proteins. The need to account 

for the adsorbed layer for accurate protein structure determination has been suggested by 

Goldberg and Chaffotte [30]. Apart from this additional measures, as a routine procedure 

ATR crystal surface was cleaned with gentle surfactant before each measurement. 

Therefore careful control was taken in order to avoid any bias that could come from the 

proteins adsorbed to the crystal surface.  

Analysis of the secondary structure of the protein was carried out based on 

Fourier self-deconvoluted spectra in amide I region (1700 – 1600 cm-1) according to the 

procedure described in a protocol of Yang et al. [31]. Position of the peaks in 

deconvoluted spectra was adjusted in accord with the second derivative of the original 

spectra. 
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2.5. Colloidal characteristics. Zeta potential and size of the aggregates 

In order to get some insight into the process of protein adsorption on silica 

nanoparticles and their effect on particle-particle interaction in solution we were 

measuring zeta potential (ZP) and size of aggregates (the hydrodynamic radius) of 

protein-decorated nanoparticles in solution. Both parameters were monitored by dynamic 

light scattering with the use of ZetaSizer Nano (from Malvern Instruments). For this 

purpose, nanoparticle suspensions were characterized either directly after their 

preparation (mixing IR-exposed or control protein solution with SiO2 powder, as 

described in sediment volume experiments) or after 24 h or 72 h of the sedimentation 

process, where particles suspended over the sediment were measured. To validate if the 

measured ZP came from particles only and was not affected by freely diffusing proteins, 

we exchanged the solution over the sediment by pure water and subsequently measured 

values for resuspended solid (no differences were observed). For ZP and hydrodynamic 

radius of the aggregates additional experiments were performed with different protein 

concentrations of irradiated solutions (keeping the same final concentration as in 

sedimentation volume experiments), varying SiO2 concentrations and with SiO2 particles 

of different sizes (1-5 µm and 5-15 nm). These data are not reported in the present work 

but they confirmed trends that are described here for the selected system. We have also 

monitored pH of the protein solutions prepared in Milli-Q water without supporting 

electrolyte. The pH measurements were performed for protein concentration of 1mg/ml at 

room temperature. 

 

3. Results and Discussion 
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3.1. Particle cohesion behavior 

We have observed differences in sediment volume of the protein-coated 

nanoparticles depending on the composition of the protein corona, environmental 

conditions (water, 20 mM NaCl or buffer) and exposure to the electromagnetic radiation 

(IR). Presented in Fig. 1 differences of sediment volume of protein coated silica reflect 

the effect of an environment on the structure of particular protein-silica aggregates and 

their interfacial characteristics such as relative water affinity [25].  

The results presented in Fig. 1. should be interpreted in conjunction with the 

characteristics of both individual proteins and protein-silica particles assemblies in 

solutions as reported in Table 1 and Fig. 2. Specifically, zeta potential (ZP) provides 

information about the net surface charge and resulting electrostatic interactions (Table 1). 

ZP of nanoparticles changes to highly positive on Lys adsorption and its magnitude 

resembles that of respective proteins for OVA and BSA coatings. Sensitivity of ZP of the 

protein-particle assemblies to the environment ionic strength, as opposed to uncoated 

SiO2, further indicate that these are protein coronas that determine overall charge of the 

aggregates what further implies at least monolayer coating. Yet, for Lys the local 

environment of the nanoparticles [32] seems to support protein positive charging. As a 

consequence, ZP of the Lys coating, unlike ZP of dissolved protein, does not decrease on 

changing pH from salt to buffer (at which conditions Lys is less protonated). It might be 

due to higher near-surface concentration of positive ions compensating for SiO2 negative 

charge. [33] Tendency of the system components to associate in solution (Fig. 2), 

considered in the light of electrostatic forces, points towards necessity to take into 

account local charges and their patchy distribution. Moreover, packing density of the 
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sediment confronted with the tendency of its components to aggregate in solution 

suggests the role of short-range hydration forces in defining sediment properties.  

 

Table 1. Protein isoelectric point (pI), hydrodynamic radius (r) by DLS, molecular dimensions 

(mol. dim.), surface hydrophobicity (as binding constant of hydrophobic probe) and pH of unbuffered 

protein solutions. Zeta potential (ZP) of proteins, SiO2 nanoparticles and protein-coated nanoparticles in 

different environments 

a – from Aravind et al. [34]; b –from Cardamone and Puri [35]; c - pH values differing from protein pI 

result from the presence in protein samples counterions other than only H+ and OH- [36] 

 

It has been recognized that in solution these are dipole-like rather than 

hydrophobic interactions that drive protein aggregation and lead to their colloidal 

instability [9,10,37]. Thus, in our case, interactions between negatively charged silica 

cores and solvent exposed positive patches of the protein shells can determine particle 

bridging and formation of aggregates. In this context, OVA has the lowest amount of 

positively charged amino-acid residues [38] and significant part of them can be engaged 

in forming direct contacts with negatively charged silica surface thus being shield from 

  

pIa 
r 

(nm) 
mol. dim.                   

(nm) 

 
 

Surface 
hydroph. 
K (M-1)b 

pHc ZP particles (mV) 
ZP 

(mV) 

H2O 
NaCl          

(20mM) 
 

buffer          
(20mM; 

pH = 7.36) 

Lys 11 2.5 3 x 3 x 4.5 7.69 x 104 4.03 24.1 13.2 13.0 3.65 

OVA 4.5 3.6 7 x 3.6 x 3 7.57 x 105 7.58 -27.2 -21.2 -19.6 -22.2 

BSA 4.8 4.0 4 x 4 x 14 8.20 x 105 7.63 -33.9 -24.4 -22.2 -20.9 

SiO2  -30.8 -30.4 -28.6  
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the solvent. Therefore dipole-like interparticle attraction is least effective in the latter case 

and the most effective for particles decorated with Lys with its net positive surface 

charge, in which case the largest protein-silica aggregates are formed (Fig. 2).  

For Lys as surface-adsorbed protein sediment has the largest volume in water 

(Fig. 1) due to the highest net positive surface charge of the protein that supports 

formation of large heteroaggregates with negatively charged silica particles. Charged 

residues interact also with water dipoles rendering additional hydrophilicity to the protein 

coronas and making sediment more swelled. Sediment volume of Lys-coated 

nanoparticles decreases on addition of salt, where the former is most compact. The effect 

of salt can be ascribed to screening by background electrolyte of protein surface charges. 

The latter is reflected in ZP of the protein-coated particles (Table 1) diminishing with 

increasing ionic strength. Screening reduces dipole-based particle bridging and results 

also in effective shirking of hydration layer.  

For BSA and OVA, on the other hand, sediment volume increases on addition of 

salt and even further in the presence of a buffer. Presence of salt ions results in screening 

of protein surface charges. Because both proteins and the surface are negatively charged, 

screening reduces mutual repulsion. Furthermore, sodium cation exhibits higher 

propensity to bind to the amino acid residues of proteins than does chloride [39]. 

Consequently, also slight shift in favour of interactions promoted by positively charged 

residues can be expected on addition of NaCl. In a buffer with pH slightly lower from 

that of water and salt solution, BSA and OVA possess less negative surfaces what is 

expressed in ZP of protein-coated nanoparticles diminishing on changing the 

environment from water to salt and then to buffer (Table 1). Basic amino acid residues, 
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on the other hand, become slightly more protonated at lower pH what further supports 

dipole-like particle-protein attractions and formation of larger aggregates.  

Apart from electrostatic interactions, presence of background ions affects also 

protein-water affinity. It has been recognized that weakly hydrated or polarizable ions 

exert propensity to non-polar protein compartments similarly to their behaviour at the 

air/water interface [40-43]. And chloride anion specifically, apart from binding to 

positively charged amino acid residues, thus screening surface charges, was shown to 

weakly associate with protein non-polar patches [44]. As adsorbed ions remain partially 

hydrated, they promote reduced protein-water interfacial tension and increase protein 

solubility [45-49]. Therefore, for the proteins with significant hydrophobic surface area 

(Table 1), addition of salt results also in increased protein-water affinity, causing 

sediment to be more loose (Fig. 1). Even exchanging of simple monovalent salts from 

KCl to NaCl at low concentration (0.001 M) induces non-negligible changes in protein 

zeta potential. [50] NaCl in particular has been shown to associate with surface of BSA 

and shift its isoelectric point. [50] Thus, the nature of the salt ions affects protein surface 

charge therefore modulating protein interaction with water dipoles. And it is recognized 

that addition of salts at low concentration induces protein salting-in, meaning its 

increased affinity for water. [51] The same mechanism operates even more effectively in 

buffered solution, where adsorption of surface active compound - an imidazole, which 

has been recognized to partition to hydrophobic interfaces [52, 53], renders protein more 

hydrophilic. This contributes to the increase of sediment volume especially for BSA and 

OVA with significant solvent exposed hydrophobic surface area [35,54], Table 1. For Lys 

the effect of lower net positive surface charge in buffer solution with pH closer to protein 
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isoelectric point is effectively attenuated by this added hydrophilicity. Thus sediment 

volume is only slightly reduced on changing environment from water to buffer.  

Presented in Fig. 3 IR-induced macroscopic changes in sediment volume of the 

protein-coated silica nanoparticles reflect response of the proteins forming particle corona 

to IR light. Positive values on the Fig. 3 designate increase, while negative values 

reduction in sediment volume. Non-ionizing IR radiation is a physical trigger and does 

not affect chemical parameters of the solutions. Effect of IR-light can therefore result 

either from modification of protein interfacial characteristics, e.g. defined by surface 

adsorbed ions, and/or from different structural conformation of IR-exposed proteins (at 

constant pH and chemical composition). For Lys an increase of sediment volume was 

observed regardless of the environment. As the IR-induced enhancement of protein 

hydration has been evidenced previously by FTIR spectroscopy for irradiated lysozyme, 

myoglobin and haemoglobin in water [23], that increase can be attributed to the swelling 

of particle-protein network due to enhanced water affinity. For BSA the sediment volume 

increases in water and NaCl solution, due to enhanced hydration as mentioned above, 

whereas its large decrease (c.a. 20%) can be noted in the imidazole buffer. For OVA, IR-

induced changes are least expressed and tend to promote more compact packing of the 

respective particles. The plausible explanation for both, enhanced hydration and apparent 

increase in protein-protein or protein-surface vs. protein-solvent affinity will be discussed 

further on.  

3.2. Protein – surface interaction 

The trends in protein partitioning to the solid surface on changing interaction 

environment from water to buffer are illustrated in Fig. 4 and 5. They can be qualitatively 
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justified by considering respective differences in protein interactions with silica surface 

depending on protein charge and hydrophilicity with the mass of adsorbed protein 

calculated based on the Sauerbrey model. Lys is more positively charged in pure water 

than in a buffer, therefore in the former case the final coverage of 64 ng/cm2 was much 

lower than in a buffer (185 ng/cm2 ). This is mainly result of electrostatic lateral 

repulsion. The final coverage for BSA was 69 ng/cm2 in water and 47 ng/cm2 in buffer, 

whereas for OVA the equilibrium coverage was 48 ng/cm2 and 43 ng/cm2 in respective 

environments. In both conditions the net electric charge of BSA and OVA is negative (as 

is the charge of a silica surface [55]), therefore, the adsorption occurs due to the presence 

of positive charges provided by protonated amino acid residues and hydrophobic protein 

domains [56]. As both proteins have in a buffered solution lower net surface charge (thus 

experience less mutual and surface repulsion) and more protonated amino acid residues, 

electrostatic interactions should promote increased protein adsorption. Nevertheless, the 

observed trends are just opposite suggesting prevalence of hydrophobic component. 

Thus, it is increase in water affinity of protein apolar compartments, due to adsorption of 

surface-active species, that attenuates their mutual attraction - the interaction that would 

promote denser packing, and reduces their propensity to partition to the solid. Such 

considerations are in agreement with previous studies showing that mainly charged 

arginine provides binding sites on protein adsorption to silica nanoparticles [57] with 

character of those specific contacts being possibly determinative for protein functionality 

[58]. Yet, for patchy molecules with polar and non-polar regions it is their hydration state 

that defines net surface coverage developed on the solid [59]. Thus large protein-particle 

assemblies can be formed in solution due to dipole-like many-body interactions within 
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this network, while packing density of individual protein coronas can be limited by short-

range hydration repulsion between immobilized proteins [15].  

A remarkable difference between observed adsorption kinetics in water and 

imidazole buffer is the presence of short lasting minima of the frequency of QCM crystal, 

i.e., maxima of the adsorbed mass (Fig.6). Those maxima can be attributed to the 

structural changes and the release of hydration water upon contact of protein with solid 

surface [60]. The depths of those maxima  are enhanced by IR irradiation, which supports 

the observation on the effect of IR on protein hydration [23] and the results reported in 

Fig. 3. On the other hand, the effect of IR on the final coverage seems to be rather minor. 

After irradiation Lys coverage changes from 64 ng/cm2 (no IR) to 55 ng/cm2 (IR). For 

BSA irradiation reduces its adsorption from 69 ng/cm2 (no IR) to 65 ng/cm2 (IR). Only 

for OVA its propensity to the surface slightly increases on IR-exposure and changes from 

48 ng/cm2 (no IR) and 56 ng/cm2 (IR) (experimental error ± 5 ng/cm2). Comparison with 

respective sediment volumes (demonstrating persistent effect of hydration enhancement, 

Fig. 3) suggests that hydration water is effectively entrapped on participating in dipole-

like interactions within protein-particle network.  

For the adsorption of investigated proteins in imidazole buffer no initial minima 

were observed. This may indicate stabilization of hydration layer by imidazole ions. At 

those conditions much more significant differences in final mass (with exception of 

OVA) could be noted, i.e., 185 ng/cm2 (no IR) vs. 131 ng/cm2 for Lys and 47 ng/cm2 (no 

IR) to 87 ng/cm2 (IR) for BSA. The trends can be understood by considering that, in line 

with sediment volume experiments (Fig. 3), IR light increases hydration of Lys in a 

buffer what makes the adsorption layer more spongy (and the sediment more loose), 
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while it decreases hydration of more hydrophobic BSA and OVA making the protein 

layer (and the sediment) more compact.  

3.2. 3.3. IR protection from surface denaturation 

To elucidate possible changes in the secondary structure of proteins adsorbed in 

various environments we inspect the IR spectra of proteins in solution and adsorbed at the 

surface of ATR crystal. Protein structural state in solution differs slightly depending on 

the chemical environment. In the case of BSA the degree of protein folding (defined by 

contribution of helical conformation) increases in the expected order from water through 

salt to buffer (Fig. 7 a, d and Fig. 8 a) and Table 2. All studied proteins undergo partial 

denaturation on the adsorption process as evidenced by the increase of the ratio of 

random coils.  

Analysis of the infrared spectra of the surface-deposited proteins revealed that IR 

light prevents BSA (Fig. 7 c and 8 f) and Lys (Fig. 9 c) from denaturation on the process 

of adsorption to the solid surface but it has no effect for OVA (Fig. 9 f). Inspection of the 

spectra showed that 310 helix was the conformational motif most liable for structure loss 

upon adsorption. In fact 310 helix (usually located at the C-terminal of an α helix) is 

recognized to be much less stable than α helical conformation and structural transitions 

between these two have been evidenced [62-64]. Our data indicate that surface 

denaturation process can proceed by unfolding of α helixes through 310 helix and β-turn 

intermediates to random coils (as evidenced by changes in the secondary structure of 

BSA and Lys, Fig. 7, 8 and 9) or by transition of 310 helix to β sheet conformation in case 

of OVA (Fig. 9), what is in agreement with previously postulated mechanisms [62-66]. 

Another feature of infrared spectra associated with structural changes during the  
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Table 2. Percentage distributions of secondary structures of BSA, Lys and OVA in different 

environments  in dissolved, adsorbed state and adsorbed state after IR-exposure. Please note that for 

irradiated BSA and OVA unfolding on adsorption process is hampered at the stage of α helix to 310 helix 

transition and does not proceed further to random coil (as in case of proteins adsorbed from non-irradiated 

solution). *(There are studies indicating that for BSA structures lying in the spectral region usually ascribed 

to β sheets correspond in fact to short-segment chains connecting α helical segments [61]) 

 

 

 

 

 

 

 

 

 

adsorption process is shift to higher wavenumber of the band corresponding to α helixes 

(prevented by IR). The shift suggests lower polarization of C=O bonds (main components 

of the amide I band) and is consistent with weakening of hydrogen bonding of carboxylic 

groups that is necessary to maintain ordered conformation.  

For BSA and Lys, IR light is apparently able to prevent helix from unfolding in 

contact with the solid surface. More folded conformation of proteins deposited from the 

irradiated solution can account for increased hydrophilicity of the corresponding protein 
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coronas (as random coils, which content increases on unfolding, have the largest solvent 

exposed hydrophobic surface area [67]). This further explains observations of less 

compact sediment (Fig. 3 for Lys and BSA, except in buffered conditions for the latter) 

and reduced tendency to adsorb in irradiated systems (Fig. 4 a and b and 5 a).The extent 

of the protection of the secondary structure seems to correlate with the presence of the 

positively charged basic amino-acid residues that have been recognized to hold water 

most strongly and create the longest-lived H-bonds with water [68]. The net amount of 

those residues, namely lysine, histidine and arginine is almost the same for Lys and BSA 

and the lowest for OVA [38] with the latter does not experiencing IR protection from 

surface denaturation. The correlation between the protective effect of IR, interfacial water 

structuring and presence of the strongly water-holding residues was demonstrated by 

results of our previous study [23]. That study indicated that IR-induced increase in 

cooperativeness and strength of H-bonds of protein interfacial water correlated with the 

protonation state of the basic amino-acid residues and that enhanced structuring of the 

hydration shell (acting as lubricant [69,70]) protected proteins from non-specific 

aggregation in solution. In this context it is interesting to consider different structural 

response of BSA and OVA to IR light (Fig. 8 and 9). Previous studies implied that BSA 

possess positively charged functional groups (mainly arginine) near hydrophobic 

compartments, while OVA has negatively charged groups near hydrophobic surface 

patches [54]. It is justified to expect that solvent-exposed hydrophobic regions of proteins 

will be preferentially excluded from solution and located in contact with the surface on 

the adsorption process. Thus, in case of BSA enhanced hydration of the adjacent 

positively charged amino acid residues can probably hinder further unfolding initiated by 
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spreading of the hydrophobic compartments at the solid surface. For OVA strongly 

water-holding residues are located away from the hydrophobic patches. Therefore 

increased hydration of the former does not prevent denaturation from proceeding. Further 

to this end, lysine, histidine and arginine are also the most amphiphilic among all amino 

acid residues [71] with lysine in particular having the largest hydrophobic solvent 

exposed surface area [72]. Then they by themselves may be prone to partition to the solid 

and enhanced hydration can attenuate this propensity. 

3.3. 3.4. IR-induced displacement of surface adsorbed ions 

The structure change itself does not explain different adsorption behaviour of 

BSA (Fig. 4 and 5) or sediment structure of BSA-coated nanoparticles depending on the 

environment or slightly enhanced cohesion of particles decorated by OVA after 

irradiation. (Fig. 3). In the presence of imidazole buffer, in spite of the preservation of 

folded conformation (in response to IR-exposure, Fig. 8) BSA exhibits higher tendency to 

adsorb and aggregate than the protein in its denaturated state deposited from non-

irradiated solution. To explain these phenomena additional interfacial characteristics have 

to be invoked. For proteins like BSA and OVA, with significantly larger surface 

hydrophobicity than that of Lys (Table 1), their water affinity increases in the presence of 

surface active species due to reduced protein-water interfacial tension when adsorbed 

ions interact with water molecules [43,45]. Our results suggest that, in the absence of 

structural change, displacement of those surface-adsorbed ions can be responsible for 

effective reduction of hydrophilicity of the IR-exposed proteins. The plausible 

mechanism underlying such effect of IR light stands from the ability of weak 

electromagnetic radiations to induce motion of nanobubbles in solution  and promote 
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bubble to bubble and bubble to border attraction as it was described in a series of 

previous studies [73-75]. When bubbles migrate to the surface they can  attach to non-

polar compartments of the protein and thus displace surface-adsorbed ions. Because of 

the intrinsic characteristics of IR light, electromagnetic radiation in this particular range 

can possibly also induce bubble nucleation due to local heating effect (near protein 

surface) resulting in spots of reduced gas solubility [76]. It might be interesting at this 

point to note that supersaturation of gases dissolved in water is not a requirement for the 

nucleation of surface nanobubbles and the process is strong function of temperature and 

gas concentration [77,78]. For water in equilibrium with air, nucleation window of air gas 

bubbles lies in the temperature range from 30˚C to 45˚C [78]. Apart from increasing 

protein-water interfacial tension (due to ion desorption), nanobubbles are recognized to 

promote hydrophobic interactions by capillary bridging [79] and have been suggested to 

specifically drive primary protein fold by inducing mutual attraction of non-polar 

residues [80]. Bubble-induced displacement of surface active species could, therefore, 

account for the observed increased tendency of proteins with higher hydrophobic solvent-

exposed surface area to aggregate in response to IR-light (Fig. 3) and to partition more 

effectively to the solid. (Fig. 5). Apart from that, this can also be a mechanism supporting 

native protein fold as the strength of potentially denaturating protein-solvent interactions 

(supported by adsorbed species) is reduced. IR-induced movement of bubbles (which 

tend to accumulate at hydrophobic, but escape from the vicinity of hydrophilic surfaces) 

may well be responsible for the observed hydration enhancement of polar residues. 

Bubble escape promotes water internal self-structuring (when structure-distorting cavities 

are removed), what is expressed e.g. in increased surface tension of water [74]. The 
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proposed explanation is also corroborated by our experimental preliminary observation 

that IR light has no impact on degassed protein solutions (Fig. S1 Supplementary 

material) that will be the subject of the forthcoming paper. The latter is in agreement with 

previous studies showing that effects of weak electromagnetic radiations vanish in 

solutions devoid of gasses [73-75, 81]. 

 

4. Summary and Conclusions 

Our results imply that the remote physical trigger – the infrared light – can modify 

protein structural conformation and protein interfacial characteristics. These factors 

define protein-water affinity, the feature that modulates protein propensity to partition to 

the surface. Thanks to these effects, IR light modulates protein adhesion (e.g. protein 

corona formation) and cohesion (e.g. aggregation of protein-coated nanoparticles) 

behaviour. Furthermore, IR-induced protection from denaturation on the adsorption 

process suggests that IR-exposed proteins can possibly maintain their intrinsic activity 

while immobilized on the solid surface. Further to this end, it has also been recognized 

that increased protein conformational stability protects the latter from irreversible 

adsorption [57,82] and that IR-light prevents protein from non-specific aggregation in 

solution [23]. These phenomena can have important implications for bioengineering 

applications and for deeper understanding of the effect of electromagnetic radiation on 

protein physiological functionality. In the latter context, it has been shown for example 

that previous exposure to IR light protects skin cells from adverse effects of UV radiation 

[83]. Our results suggest that protective action of IR radiation on protein conformation is 
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related with the effect of IR light on protein interfacial water and the presence of strongly 

water-holding amino acid residues. 
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Figure captions 

Fig. 1. Change in sediment volume (in %) of the protein-coated SiO2 nanoparticles in 

different (texture coded) environments: water, 20 mM NaCl and 20 mM imidazole buffer 

(pH = 7.36) with respect to volume of the non-coated solids. Protein coatings correspond 

to lysozyme (Lys), ovalbumin (OVA) and bovine serum albumin (BSA) 

 

Fig. 2. Hydrodynamic diameter and zeta potential (ZP) of protein (lysozyme (Lys), 

ovalbumin (OVA) and bovine serum albumin (BSA))-coated SiO2 nanoparticles 

dispersed in water. Vertical line shows average size of aggregates of bare SiO2 dispersed 

in water (diameter of individual dry SiO2 particles is about 10-20 nm). OVA and 

OVA+IR indicate size of the nanoparticles coated with non-irradiated and IR-exposed 

protein, respectively. For large aggregates formed by Lys and BSA decorated particles 

there was no statistical difference between control and irradiated systems 

 

Fig. 3. a) Infrared light-induced changes in sediment volume (in %) of the protein-coated 

SiO2 nanoparticles in different environments: water, 20 mM NaCl and 20 mM imidazole 

buffer (pH = 7.36). b) Representative image of the IR-induced changes in sediment 

volume of protein-coated SiO2 nanoparticles in imidazole buffer. Each pair of cuvettes 

presents control (on the left) and irradiated (on the right) conditions; from left to right for 

Lysozyme (Lys), ovalbumin (OVA) and bovine serum albumin (BSA). 
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Fig. 4. Frequency (Δf) shifts on adsorption of lysozyme (a), bovine serum albumin (b) 

and ovalbumin (c) on SiO2 surface (protein conc. 1mg/ml in Milli-Q water without 

supporting electrolyte). Grey lines correspond to control conditions; black lines show 

adsorption of IR-exposed proteins. Arrows indicate beginning of the washing of the 

sensor with water. Δf is proportional to the adsorbed mass of a protein together with its 

hydration water. More negative frequency values indicate more mass adsorbed. Initial 

sharp frequency minima (as illustrated in more detail on Fig. 6) indicate transient 

adsorption of larger mass and its consecutive loss due to release of hydration water.  

 

Fig. 5. Frequency (Δf) shifts on adsorption of lysozyme (a), bovine serum albumin (b) 

and ovalbumin (c) from buffered solution (1 mg/ml of protein in 20 mM imidazole of pH 

= 7.36) on SiO2 surface. Grey lines correspond to control conditions; black lines show 

adsorption of IR-exposed proteins. Arrows indicate beginning of the washing of the 

sensor with buffer.  

 

Fig. 6. Frequency (Δf) - solid lines, and dissipation energy - dashed lines, shifts on initial 

stages of adsorption of lysozyme (a), bovine serum albumin (b) and ovalbumin (c) on 

SiO2 surface. Grey lines indicate control conditions, black lines indicate adsorption of IR-

exposed proteins. All proteins at concentration of 1 mg/ml dissolved in Milli-Q water 

(without supporting electrolyte). Dissipation energy is indicative of viscoelastic 

properties of the adsorbed film and increasing dissipation means higher softness of the 

film. 
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Fig. 7. Fourier deconvoluted and curve-fitted IR spectra of amide I region (1700-1600 

cm-1) of BSA in water (left panel) for a) dissolved, b) adsorbed protein and c) protein 

adsorbed after IR-exposure. Right panel presents respective spectra of BSA in 20 mM 

NaCl for d) dissolved, e) adsorbed protein and f) protein adsorbed after irradiation. 

Vertical lines indicate position of peaks corresponding to α-helix conformation in 

dissolved state. Y-axis corresponds to absorbance in arbitrary units. 

 

Fig. 8. Fourier deconvoluted and curve-fitted IR spectra of amide I region (1700-1600 

cm-1) of BSA in 20 mM imidazole buffer (pH = 7.36) for a) dissolved, b) adsorbed 

protein and c) protein adsorbed after IR-exposure. Vertical lines indicate position of 

peaks corresponding to α-helix conformation in dissolved state.  

 

Fig. 9 Fourier deconvoluted and curve-fitted IR spectra of amide I region (1700-1600 cm-

1) of Lys (a-c) and OVA (d-f) in 20 mM imidazole buffer (pH = 7.36). Left panel presents 

respective spectra of Lys for a) dissolved, b) adsorbed protein and c) protein adsorbed 

after IR-exposure. Right panel presents spectra pof OVA for d) dissolved, e) adsorbed 

protein and f) protein adsorbed after irradiation. Vertical lines indicate position of peaks 

corresponding to α-helix conformation in dissolved state. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 9. 
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Fig. S1 Second derivative of FTIR-ATR spectra of bovine serum albumin (BSA) deposited from 

controlled (a-d) and degasseda solutions (e-h). Panels a-b and e-f correspond to consecutive spectra 

of the protein deposited from non-irradiated solutions. Panels c-d and g-h correspond to 

consecutive spectra of the protein deposited from solutions after IR-exposureb, in control and 

degassed system, respectively. Shaded areas indicate region ascribed to helical conformation, stars 

degassed 



mark peaks ascribed to random coil structures. Note that in degassed system (e-h) there is virtually 

no effect of IR on relative contributions of helical and random structures. In controlled (non-

degassed) system (a-d) IR exposure has significant effect on protein conformation and supports 

preservation of helical fold on the adsorption process.  

a Degassing was achieved by subjecting protein solution to vacuum pumping at pressure of 50 mbar 

for 2 hours. 

b 250 µl of the BSA solution was irradiated for 10 min with the use of Light Emitting Diode with 

emission maximum at 2900 nm. 

 

 

 


