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In this study, the physicochemical characterization of lysozyme adsorbed on gold was investigated.
Through the use of MP-SPR it was possible to establish that the orientation of molecules changes from
side-on to between or end-on with increasing surface coverage. The data confirms that the process of
adsorption is driven primarily by electrostatic interactions but also by hydrophobic forces. MP-SPR data
was compared with the Random Sequential Adsorption model for a molecule with an ellipsoidal shape.
Contact angle measurements showed that higher surface coverage also translates in more hydrophilic
properties of obtained lysozyme layer. Comparison of CD and PM-IRRAS spectra in solution and adsorbed
state respectively showed changes in the secondary structures of lysozyme. These changes are dependent
on pH, but fundamentally they go in the direction of the increase of b-turn/random content with a simul-
taneous decrease in b-sheet fraction, which suggests that aggregation is not occurring. The combination
of MP-SPR and QCM-D measurements allowed the estimation of the number of water molecules associ-
ated with the lysozymes films. It has been observed that hydration decreases from 70% in pH = 4 to 30% in
pH = 11. This data indicates that hydration is driven mainly by the degree of protonation of lysozyme
molecules.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

The implementation of proteins in biomedical applications has
recently gained more and more attention. Progressively proteins
are tested as substrates for modification of implantable devices
[1–4], producing agents supporting tissue regeneration [5–7], or
designing drug delivery systems [8–12]. As materials used in the
field of medicine must be characterized by biocompatibility, con-
trolled biodegradability, non-immunogenicity, structural integrity,
and non-toxicity, the characteristics of the physicochemical prop-
erties of proteins (which have a direct impact on the listed attri-
butes) are particularly important. Adsorption is one of the
processes that can significantly affect the physicochemical proper-
ties of biomolecules used in biomedical systems [13–15].

Although the adsorption process has already been extensively
studied and many ambiguities have already been clarified, the
mechanism of protein adsorption and its effects are still not fully
understood. The effects of the adsorption process are dependent
on, amongst others, the amount of immobilized protein, which
can be determined using methods providing real-time measure-
ments like quartz crystal microbalance [16,17], surface plasmon
resonance [18–20] or ellipsometry [21,22]. K. Xu et al. showed that
the amount of adsorbed protein and, therefore surface coverage
affects the reversibility of adsorption and orientation of adsorbed
molecules [23]. Other studies confirmed that adsorption under var-
ious conditions is associated with changes in the secondary struc-
ture of molecules, which is significant as changes in conformation
can be related to the induction of biomolecules’ toxicity [24].

Not only microscopic but also macroscopic properties can be
associated with the process of adsorption. For example, wettability
properties depend on protein protonation [25,26], and pH influ-
ences the hydrophobic properties of protein films [27]. Properties
of adsorbed molecules can also be modified by solvent coupled
within the protein layer, but only a few studies examined its role
[28].

In the presented work, we selected hen egg lysozyme and gold
surface to study factors that have a significant impact on the mech-
anism of protein adsorption and to determine the hydration of the
protein layer on the solid surface. Lysozyme is resistant to substan-
tial changes in its structure. However, it is considered as amyloido-
genic protein and precursor of some amyloidosis [29]. There are
several factors that affect the conformational changes of amyloido-
genic proteins and consequently lead to the formation of aggre-
gates or amyloid fibrils. These factors include temperature, pH,
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high ionic strength, or surface type - mainly characterized by
hydrophobic properties [30–33]. Therefore, we decided to study
the mechanism of adsorption of lysozyme on the gold surface
under various pH conditions in order to identify changes in the sec-
ondary structure of lysozyme towards aggregation or amyloid for-
mation under selected conditions.

By using surface plasmon resonance (MP-SPR) and quartz crys-
tal microbalance (QCM-D) the nature of the interactions and
related amount of adsorbed protein were investigated and allowed
us to determine an orientation of molecules on the surface. Exper-
imental data were compared with a Random Sequential Adsorption
model for ellipsoidal shape molecules.

Further comparison of the secondary structure of lysozyme in
the solution obtained by circular dichroism and in adsorbed state
measured by Fourier transform spectroscopy gave insight into
the stability of lysozyme conformation and suggested, that the
changes in lysozyme secondary structure do not go in the direction
of aggregation. These detailed characteristics of factors determin-
ing protein adsorption and effects resulting from this process will
contribute to a better understanding of the control of biomolecule
adsorption for biomedical and biotechnology applications.
2. Materials and methods

2.1. Materials

The study used lysozyme from egg white. Lysozyme (L6876)
was purchased from Sigma-Aldrich and used without further
purification. Lysozyme solutions were prepared for all measure-
ments by dissolving protein powder in aqueous solutions with
0.01 M NaCl ionic strength. The pH of the solutions was controlled
in the range of 3.0–11.0 by adding small amounts of HCl or NaOH.
The pH of lysozyme and NaCl solutions was monitored using a pre-
cision WTW pH meter equipped with a Hamilton Polyplast Din
electrode. All experiments were performed at 298 K. Preparation
solutions immediately prior to measurement. Lysozyme adsorp-
tion was carried out on MP-SPR and QCM sensors covered with a
layer of gold. The sensors were cleaned before each measurement.
All chemicals used were purchased from Sigma-Aldrich.

2.2. Methods

2.2.1. Circular dichroism (CD)
The structure of lysozyme in a 0.01 M solution of NaCl at varied

pH (in the range 3.0–10.0) was monitored using a Circular Dichro-
ism (CD) using a Jasco-1500 spectrometer with a 10 nm quartz
cuvette. Solvent base spectra were measured using 0.01 M NaCl
under defined pH conditions. The concentration of lysozyme solu-
tions in 0.01 M NaCl was 50 ppm. The spectra were recorded in the
wavelength range 185–300 nm with a resolution of 1 nm and a
scanning speed of 50 nm/min. Qualitative and quantitative analysis
of the secondary structure of lysozyme under various pH condi-
tions was carried out using Jasco software.

2.2.2. Measurements of electrophoretic mobility
Measurements of electrophoretic mobility of lysozyme were

carried out using Zeta Malvern Zetasizer Nano ZS. The concentra-
tion of the lysozyme solution was 1000 ppmwith a controlled ionic
strength of I = 0.01 M in the pH range of 3–10.5. The zeta potential
of lysozyme molecules was calculated using the Henry equation.

2.2.3. Multi-parameter surface plasmon resonance (MP-SPR)
The kinetics of lysozyme adsorption on the surface of gold was

monitored by surface plasmon resonance (BioNavis SPR NaviTM 200)
while varying the pH in the range of 4.0–9.0. The instrument is
equipped with an angle scanning goniometer with two indepen-
dent fluid channels, a prismatic clutch (Krechmer mode) and an
integrated peristaltic pump to control flow conditions. The MP-
SPR angular range is 40–78�at 670 and 785 nm. MP-SPR measure-
ments were carried out by determining the baseline for the NaCl
solution at a specified ionic strength (0.01 M NaCl) and pH
(10 min), then 90 min of lysozyme adsorption (5 ppm, 0.01 M
NaCl) at the appropriate pH and 90 min of rinsing 0.01 M NaCl
(suitable pH). Adsorption of protein on the sensor surface can be
monitored by changing the intensity at a fixed angle or in an angu-
lar position over time. The thickness and refractive index of
adsorbed films were determined using the NaviTM LayerSolver soft-
ware for a wavelength of 670 nm.

2.2.4. Quartz microbalance with energy dissipation monitoring (QCM-
D)

The efficiency of lysozyme adsorption on the gold surface and
the properties of the formed layer was also determined at different
pH of lysozyme using a quartz microbalance with energy dissipa-
tion monitoring (QSense E1, Biolin Scientific) with a flow module.
The scattering monitoring module provides a description of the
viscoelastic properties of the layer formed on the sensor. Sensors
covered with a layer of gold characterized by a resonant frequency
equal to 4.95 MHz ± 50 Hz were used for all measurements. Flow
rates were controlled by a peristaltic pump (Ismatec). The mea-
surement series were carried out in the same mode as the MP-SR
experiments: solvent baseline (10 min NaCl), 90 min adsorption
of lysozyme, followed by washing with a solution of NaCl for
90 min. The adsorbed mass on the sensor for homogeneous, rigid
films was calculated using the Sauerbrey model. The layer thick-
ness for each pH was calculated, assuming the effective density
depending on the degree of hydration:

qfilm ¼ qLYS � VLYS þ qNaCL � VNaCl

VLYS þ VNaCl
ð1Þ

where qNaCl is the density of the NaCl solution, qLYS is the density of
lysozyme solution, VLYS is the volume fraction of the lysozyme in
solution, and VNaCl is the volume fraction of solvent in the film.
The density of the solvent and lysozyme was measured using an
Anton Paar DMA 5000 M densitometer (qLYS = 1.33 g/cm3) [34].

2.2.5. PM-IRRAS
The secondary structure of lysozyme in the adsorbed state was

measured using a vertex 70 spectrometer with polarization modu-
lation set (PMA 50, Bruker, Ettlingen, Germany) with photoelastic
modulator (PEM) and demodulator (Hinds Instruments, Hillsboro,
USA). A 100 nm gold layer was applied to the glass plate by vapor
deposition. Measurements were made in the range of wavelengths
from 700 to 4000 cm�1. 400 scans were averaged with 4 cm�1

spectral resolution for each spectrum, and the incidence angle
was 80�. Lysozyme was adsorbed on the surface at different pH
(3.0–11.0) for protein concentration c = 50 ppm for I = 0.01 M NaCl
solution. The adsorption time was 90 min, then the adsorption sur-
face was washed successively with 0.01 M NaCl solution and water
for 90 min. Qualitative and quantitative analysis of the structure of
secondary lysozyme was carried out using OPUS v5.5 software
(Bruker, Ettlingen, Germany).

2.2.6. Contact angle measurements (CA)
Contact angles were measured by determining the shape of the

sedentary water drop using axial symmetrical drop shape analysis
(ADSA) with a system accuracy of 1�. A layer of lysozyme was
deposited on the surface according to the procedure outlined in
Section 2.2.5. After lysozyme adsorption, the sensor was dried with
a delicate stream of air and then placed in a thermostated chamber.
The image of a drop of sitting water was obtained with a CCD video



Fig. 2. Zeta potential of lysozyme and the surface of QCM-D gold surface as a
function of pH at 0.01 M NaCl ionic strength. The results for lysozyme are marked in
cyan and for the sensor dark green, i.e.p - indicates isoelectric point [38].
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camera. The Young-Laplace equation was fitted to the digitized
water drop profile on the sensor surface.

3. Results and discussion

3.1. Physicochemical properties of lysozyme

The structural stability of lysozyme in aqueous solutions was
controlled by the circular dichroism (CD) method in a wide range
of UV–Vis wavelengths (185–250 nm). On the recorded CD spectra
(Fig. 1) two strong, negative bands at 208 nm and 222 nm are char-
acteristic, also one positive band at 193 nm [35], which corre-
sponds to a-helical structures. Other strong bands characteristic
of a well-defined b-sheet occur at 218 nm (negative) and 195 nm
(positive) [36]. The obtained spectra show that when the pH of
the lysozyme solution changes, there are no major structural
changes, which indicates that lysozyme is stable under such exper-
imental conditions and no significant changes in its secondary
structure occurred. The average estimated content of a-helix in
lysozyme in NaCl solution is 35.7%, b-sheets – 31.1%, b-turn –
1.2%, and random structures occur at 32.0%. The results obtained
are consistent with the CD measurements obtained by Chang
et al. (a-helix –30%, b-sheets – 35%, b-turn – 6%, and random
structures occur at 30.0%) [37]. For comparison, the results for
the secondary structure obtained by X-ray method are a-helix-
41%, b-sheets – 16%, b-turn – 23% and random structures – 20%)
[37]. The differences in obtained results come from the state in
which the sample was tested, which is associated with interactions
in the crystalline and liquid states, as well as with the method of
analyzing the results.

To estimate the interactions between the protein and the gold
surface, the zeta potential of the protein molecules were measured
for the ionic strength I = 0.01 M NaCl in a wide pH range and com-
pared with a zeta potential of QCM-D gold sensor. The zeta poten-
tial of the gold surface was presented in our previous publication
(Fig. 2) [38]. In the case of protein, the zeta potential value strongly
depends on the pH of the solution. The zeta potential reaches
50.0 mV for pH = 3.0 and drops to �7 mV for pH = 10.5. For gold
surface, the potential varies from 7.0 mV for pH = 3.0 to
�38.0 mV for pH = 10.5. The determined isoelectric points occur
at pH = 10.0 and pH = 3.4, respectively, for the lysozyme molecule
and the gold surface. L. R. Wetter and Deutsh established the iso-
electric point for lysozyme at pH = 11.35 in glycine buffer with
an ionic strength of 0.1 M [39], whereas C.A. Haynes and W. Norde
at pH = 11.1 [40]. The differences in isoelectric point are associated
Fig. 1. CD spectra of lysozyme in solutions at ionic strength I = 0.01 M NaCl. Each
curve corresponds to a different pH in the range of 3.0–11.0.
with specific and non-specific adsorption of ions on the protein
surface in various buffers. The conducted research allows us to
conclude that in the pH range between 3.4 and 10.0, there are
attractive electrostatic interactions between positively charged
lysozyme particles and a negatively charged surface. By adsorption,
the positively charged particles neutralize the negatively charged
surface.

It should be noted that in the case of proteins, the charge distri-
bution on their surface is very asymmetrical. In Schematic 1 distri-
bution of positively and negatively charged domains (positive -
blue, negative - red, neutral - white) on the surface of lysozyme
depending on the pH for 0.01 M NaCl is shown. Visualization was
prepared using the 1iee structure from the RCS protein database
in the PyMOL software package. The obtained distribution indi-
cates that in the case of lysozyme, the surface charge is not regu-
larly distributed on the surface of the protein. From the
literature, it is known that the most positively charged areas are
N, C-terminal surface and its opposite side, in the middle, there
are both positive and negative charged areas [41]. It can be
expected that during the adsorption process, a negatively charged
gold surface will prefer contact with positively charged residues by
electrostatic attraction, which drives the adsorption process and
forces the molecule to specific orientate relative to the surface. It
is worth considering that hydrophobic interactions can also play
an important role in the adsorption process. The positively charged
regions correspond to the hydrophilic areas, so the lysozyme mole-
cule is hydrophilic at the ends, while its center is hydrophobic [41].
Hydrophobic interactions will be significant, especially in extreme
pH ranges below 3.4 and above 10.0.

3.2. Properties of lysozyme layers on gold surface determined by MP-
SPR method, contact angles and infrared spectroscopy

The multi-parameter surface plasmon resonance (MP-SPR)
method is widely used for real-time adsorption of many types of
biological samples. In the SPR method, the resonance angle
depends on the local refractive index of matter located close to
the metal surface. For this reason, the method is used when testing
the immobilization of particles on metals or functionalized metal
surfaces. Lysozyme adsorption was carried out on the gold surface.
In the whole range of measurements, lysozyme concentration was
5 ppm, and measurements were carried out in the range of pH 4.0–
11.0 at ionic strength I = 0.01 M NaCl. Changes in the resonance
angle (HMP-SPR) during protein adsorption are shown in Fig. 3a,
while the mass adsorbed on the sensor surface in Fig. 3b. The
adsorbed mass (CMP-SPR) increased from 90 ng/cm2 at pH = 4.0 to



Schematic 1. Visualization of the charge distribution on the surface of the lysozyme molecule depending on the pH for I = 0.01 M NaCl. Designations positive charge - blue,
negative - red, neutral - white.

Fig. 3. Adsorption of lysozyme molecules at a concentration of 5 ppm on the Au surface monitored using the MP-SPR method. (a) dependence of the change in the resonance
angle (HMP-SPR) on time (t) for I = 0.01 M, (b) dependence of the change in mass CMP-SPR on time (t) for I = 0.01 M.
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245 ng/cm2 at pH = 10. After exceeding the isoelectric point
(pH = 10.0), the adsorbed mass decreased to a level 175 ng/cm2

for pH 11.0. Higher pH also results in higher desorption, but in
the pH range of 4.0–10.0 average desorption is below 5%, which
means that lysozyme particles under these conditions are irre-
versibly adsorbed. Measurements for pH = 11.0 indicate deviations
from other measurements for lysozyme. The adsorption curve has
a different shape and, moreover, the desorption level is much
higher and amounts to 30%. It should be noted that under these
conditions both the protein and the surface are negatively charged.
In addition, CD studies indicate that in this pH range, there is no
significant change in the secondary structure of lysozyme (see
Fig. 1).

The adsorbed mass strongly depends on the nature of the inter-
action between the molecules in the adsorption layer. The orienta-
tion of molecules on the surface directly affects the density of the
layer. The level of surface coverage depends on the size and shape
of adsorbed particles [42,43]. Using the random sequential adsorp-
tion (RSA) model for the ellipsoid-shaped molecule [44,45], the
weight of adsorbed monolayer for lysozyme (CRSA) was deter-
mined by the following equation [42]:

CRSA ¼ MLYS

SLYSAv
h ¼ MLYS

pR2
HAv

h ð2Þ
where MLSZ is the molecular weight of lysozyme’s molecule
(MLYS = 14.4 kDa), SLYS is the geometrical cross-sectional area (SLYS =
pRH

2), Av - Avogadro’s number, while H is the surface coverage
according RSA model for the ellipsoid-shaped molecule.

In the case of asymmetric molecules, the change in the orienta-
tion of the molecule in the layer is associated with the change in
surface coverage (H) resulting from the change in the field occu-
pied by the molecule in the adsorption layer. In this case, lysozyme
was calculated as the maximummonolayer mass (Cmax), assuming
three selected molecular orientations. The obtained results are pre-
sented in Table 1.

Based on the MP-SPR results, it was determined that a full
monolayer was not formed in the low pH range of 4.0–6.0. Under
these conditions, the particles adopt a side-on orientation, which
means that they strive to achieve the maximum contact area with
the oppositely charged gold surface. At pH = 7.0, a full, dense lyso-
zyme monolayer is obtained. Further increase in pH causes reori-
entation of the molecules on the adsorption surface. The
orientation of the molecules induces an increase in adsorbed mass
on the sensor surface. However, it cannot be clearly stated whether
the molecules assume only end-on orientations or whether they
occur in between or end-on orientations (Fig. 4a).

These observations were confirmed by calculating the film
thickness based on the MP-SPR and QCM-D results. Up to pH = 7,



Fig. 4. (a) The ratio of the mass of lysozyme adsorbed on Au surface determined by MP-SPR (CMP-SPR) to the maximum mass of the lysozyme monolayer (Cmax) for selected
particle orientations: side-on (d), between (j) and end-on (N), (b) contact angle for lysozyme layers adsorbed on the gold surface at I = 0.01 M.

Table 1
Mass of lysozyme monolayer calculated for various molecules’ orientation using RSA model. Parameters: SLYZ – geometrical cross-section area for lysozyme,H – surface coverage
for ellipsoids and close packing model [44], Cmax- maximal mass for monolayer. The dimensions of lysozyme’s molecules were taken as 4.5� 3.0 � 3.0 [25].

Parameters Orientation

SLSZ/nm2 10.59 7.47 7.07
H 0.577 0.558 0.547

Cmax/ng�cm�2 129.38 176.91 183.71
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the film thickness is about 3 nm, which corresponds to the shorter
size of the lysozyme molecule and side-on orientation. In the pH 8–
10 range, the layer thickness exceeds 3 nm, which indicates a rear-
rangement of the molecule to end-on orientation or between orien-
tation (Table 1S supplementary materials). Confirmation that
depending on the orientation of lysozyme molecules forms a
monolayer of different thickness are the studies presented by Xu
et al. [23].

Measurements carried out by M. Myriam et al. suggest that
lysozyme particles on both hydrophobic (methyl) and hydrophilic
(silicon oxide) surfaces at pH = 7.4 adsorb in end-on orientation
[46], but the orientation depends on the degree of surface coverage
in the case of low surface coverage protein molecules adopt side-on
orientations [23]. It should be noted that based on the simulation
of molecular dynamics, it was found that at pH = 7.0 the lysozyme
molecules assume the orientation between on the negatively
charged silica surface [41].

The effect of pH on lysozyme adsorption was also assessed by
using contact angle measurements (Fig. 4b). For a clean gold sur-
face, a contact angle value of 69.9 ± 1.2� was obtained, which indi-
cates the hydrophobic nature of this surface. Similar results for the
gold surface were obtained by Hong et al. 70.2� [47], higher values
of 77.4� were obtained by Parobek and Liu [48]. According to
Abdelsalamthe et al. the change in contact angle and surface prop-
erties (from hydrophilic to hydrophobic) can be explained by dif-
ferences in surface topography related to the thickness of the
gold layer [49]. Observing how the contact angle of gold changes
under the influence of lysozyme adsorption, additional information
was obtained about the process of protein adsorption. In the range
of pH 4.0–6.0 the contact angle remains stable and is at the level of
65�. A relatively small difference from the initial angle value indi-
cates that the surface coverage of lysozyme is low, and the full
monolayer has not been reached. At pH = 7–8.0, contact angles
are slightly lower and reach values of 64� and 62�, respectively.
At higher pH (9.0–11.5), contact angle values are in the range of
58-60�, which means that the surface coverage is saturated, and
the surface properties are generated by adsorbed lysozyme parti-
cles. The obtained values of contact angles are consistent with
the results obtained for the surface of silica and mica modified
with lysozyme, where 55� and 57.5� were recorded when full pro-
tein monolayers were formed [25,41]. The results of the contact
angle correlate with the orientation of the molecule in the adsorp-
tion layer, which is associated with the degree of surface coverage.
An interesting observation concerns measurement at pH = 11.0,
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according to MP-SPR the mass after lysozyme adsorption is at the
same level as obtained at pH = 7.0, but the wettability properties of
the obtained layers are different.

To determine the effect of adsorption under various pH condi-
tions on the secondary structure of lysozyme, infrared spec-
troscopy measurements were performed. For this purpose, the
polarization-modulation infrared reflection absorption spec-
troscopy (PM-IRRAS) was used. Qualitatively, the shape of the
pH-dependent spectrum of the adsorbed layer looks similar. How-
ever, slight changes in the spectrum are visible (Fig. 1S supplement
materials), which indicate that the pH at which protein adsorption
affects the structure of molecules during adsorption. To perform a
quantitative analysis of the structure of the molecule, the spectra
were analyzed in the range of amide I (1720–1590 cm�1). The con-
tribution of corresponding secondary structure components has
been obtained based on amide I peak deconvolution by using
Lorenz-Gaussian fitting, the area under the peaks corresponding
to the components of the secondary structure was determined
and then their percentage content in the total area of the peak cor-
responding to amide I was calculated according to the following
equation [50]:

II� structure component %½ � ¼ II� structure component0s area
area of amide I band

ð3Þ
The location of the component bands of amide I corresponds to

the individual fractions of II-structure: 1626 cm�1 band - aggre-
gated b-sheet, 1640 cm�1 - b-sheet, 1659 cm�1 - a-helix,
1666 cm�1 - random coil, while 1684 cm�1 corresponds to b-
turn, and 1694 cm�1 - dehydrated b-turn [51]. Changes in spectra
of the pH-dependent adsorbed layer are shown in Table 2. The con-
tent of b-sheet is represented as the sum of fractions corresponding
to the structure of b-sheet and aggregated structures of b-sheet.
Contents of turns structures and random were included together.
At pH = 3.0 and pH = 6.0, no characteristic band was recorded for
the aggregated b-sheet, indicating that these structures are not dis-
turbed. In contrast, at higher pH conditions equal to pH = 11.0
there is an aggregated fraction representing 5% of the total compo-
sition, which can mean the start of the aggregation stage of the
adsorbed protein.

According to the data presented in Table 2 the adsorption
process was followed by a substantial increase in random/b-turn
content, which was accompanied by a significant decrease in the
b-sheet fraction and a decrease in a-helix structures, which
occurred only at pH = 6.0 and pH = 11.0. At pH = 3.0 the content
of a-helix at the same level as in the measurements in solution,
indicating that the fraction does not participate in the adsorption
of lysozyme on the gold surface. At pH = 6.0 and pH = 11.0, the
decrease in a-helix structures is more significant, but for both pH
conditions, they occur at a constant level of 19%. This decrease cor-
responds to the increased random fraction/b-turn. Similar results
of the content for the secondary structure of lysozyme in the
adsorbed state were obtained by A. Sethuraman and G. Belfort
Table 2
The content of II-structure for lysozyme in the adsorbed state in different pH
conditions measured by PM-IRRAS and for lysozyme in bulk by CD.

a-helix/% b-sheet/% b-turn/% Random/%

CD 35.7 31.1 1.2 32.0
PM-IRRAS

pH = 3
35.3 11.4 53.8

PM-IRRAS
pH = 6

19.2 10.0 70.8

PM-IRRAS
H = 11

19.0 15.1 65.9
[52]. After one-hour adsorption of lysozyme on a hydrophobic
self-assembled alkane-thiol(-CN) monolayer the structure of lyso-
zyme at pH = 7.4 consists of a-helix – 23%, b-sheet structures –
12%, and b-turn/random structures – 65%. The extension of lyso-
zyme adsorption time increases the content of b-sheets to 25%,
which causes aggregation but without fiber formation. An increase
in b-sheets was also observed in the case of lysozyme adsorption
on a hydrophilic silica surface [53].

In our case, the fraction with a b-turn/random fraction domi-
nates as a result of the interaction of lysozyme with the gold sur-
face, and the content of b-sheet is low, therefore aggregation
does not occur. Earlier studies show that b-turns are necessary
for protein folding and stability, they can either provide regions
that activate structure formation or passively allow folding to
occur, so b-turns can be expected to protect lysozyme in the
adsorbed state from aggregation. However, it should be considered
that b-turn can prevent the aggregation process by inhibiting inter-
actions that expose regions prone to the association, but too strong
interactions can destabilize the local structure, causing frustration
leading to incorrect protein folding [54]. The role of b-turn in the
structure of the adsorbed protein is still not clearly defined. To elu-
cidate this, further research should be carried out.

A combination of experimental studies with theoretical calcula-
tions should enable continued progress in the understanding of the
behaviour of proteins on solid surfaces. Development of theoretical
methods makes it possible to determine both the interaction of
protein molecules with a surface and to visualize the whole pro-
cess at an atomic level. Basing on MD results can be provide the list
of most important residues for protein adsorption at surface, the
details of the adsorption process, analysis of the driving forces
and the mechanism of protein mobility on the surface, while
SMD provides energy barriers for diffusion and desorption [20,4].
3.3. Degree of hydration of lysozyme layers based on QCM-D and MP-
SPR results

Lysozyme adsorption on the gold surface was additionally mea-
sured using Crystal Microbalance with Dissipation Monitoring
(QCM-D) method dedicated to monitoring processes occurring at
the solid-liquid interface. During measurements, simultaneously
measure two system parameters: changes in the resonant fre-
quency of the sensor (Df) and energy dissipation (DD). Changes
in resonance frequency correspond to mass accumulation or mass
desorption from the surface of the QCM sensor. The dissipation
changes give information on the viscoelastic properties of the layer
formed on the sensor. As no considerable differences were noted
for successive overtones in the system under examination, all the
results were presented for the 7th overtone (n = 7).

QCM-D measurements were carried out under identical condi-
tions as in the MP-SPR method. Lysozyme adsorption kinetics
obtained using the QCM-D method are shown in Fig. 5a. The
increase in sensor frequency corresponds to an increase in
adsorbed mass. In the case of lysozyme, the resonance frequency
varies from �17 Hz for pH = 4.0 to �27 Hz for pH = 10.0. For
pH = 11.0, the slightest drop in resonance frequency was observed.
The changes in the value of dissipation per unit of frequency shifts
are low and they decrease with increasing pH (Fig. 2S supplement
materials). However, in the whole range of selected pH conditions,
the energy dissipation did not significantly exceed the value of 1
(Fig. 5b), which indicates that the formed layers are rigid and the
Sauerbrey equation is used to estimate the adsorbed mass
(Fig. 5c). As the pH increases, an increase in the adsorbed mass
on the sensor is observed. Above the isoelectric point of lysozyme,
both the gold surface and the protein molecules are negatively
charged, resulting in significantly lower adsorption efficiency.
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Under these conditions, desorption reaches the highest level of
29%, while for other conditions, it does not exceed 7%.

The frequency signal rises steeply and linearly with time for
t < 5 min, after which it slowly starts approaching the saturation
value. The occurrence of the linear regime for the initial time indi-
cates that the adsorption of protein is controlled by bulk transport.
For longer times of adsorption are visible deviation from the
model. In the case of the soft molecules such as proteins observe
effect is related with a change orientation of molecules on the sur-
face. Initially protein approach the surface in their native state and
bind through some initial contact sites to the surface. Subse-
quently, structural reorganization take place to this end the confor-
mation changes upon adsorption. This kind of oscillation of
adsorption kinetics are reported and explained due to conforma-
tional rearrangements [55].

The combination of MP-SPR and QCM-D methods in protein
adsorption studies can provide useful information on the degree
of hydration of protein layers, which is very useful in biological
or biotechnological applications. In Fig. 6a. comparison of results
for MP-SPR and QCM-D is presented. It is noteworthy that in the
case of QCM-D an increase in the adsorbed mass value is observed
from 280 ng/cm2 for pH = 4.0 to 475 ng/cm2 for pH = 10.0. The
same relationship was observed in the MP-SPR experiments, but
the growth factor the mass between the extreme pH values
Fig. 5. (a) Dependence of QCM-D sensor resonance frequency changes over time (Df), (b
for I = 0.01 M NaCl depending on pH.
(pH = 10.0 and pH = 4.0) is 1.7 for QCM-D and 2.5 for MP-SPR. In
the case of QCM-D, the minimum value of adsorbed mass occurs
at pH = 11.0 and is equal to 215 ng/cm2, while the adsorbed mass
measured by MP-SPR at pH = 11.0 is not minimal, but at a level, as
at pH = 7.0. The above observations suggest that different amounts
of water bound in the adsorption layer depend on the pH at which
the adsorption process was carried out. To calculate the hydration
level of lysozyme layers the following equation was used:

CH2O ¼ CQCM�D � CMP�SPR

CQCM�D
� 100% ð4Þ

where CMP�SPR is the adsorbed mass from MP-SPR method, CQCM�D is
the adsorbed mass from QCM-D method, and CH2O is a fraction of
water in the lysozyme film.

The summary of results (Fig. 6b) indicates that the water con-
tent of the adsorbed layers of lysozyme is highly dependent on
pH. The maximum hydration level of the layer is at the lowest
selected pH of 4.0 and decreases with pH, reaching the lowest
value at pH = 11.0. According to Fig. 6b the degree of hydration
is almost 70% at pH = 4.0, decreases by 5% as the pH scale increases
by one to pH = 7.0, and then becomes stable at 50–55% for
pH = 10.0. A significant decrease of 20% occurs at pH = 11.0. This
trend is well illustrated when the number of water molecules is
calculated relative to the number of lysozyme molecules, as shown
) dissipation energy (DD), (c) adsorbed mass (CQCM-D) of lysozyme on the Au sensor



Fig. 6. (a) Comparison of the adsorbed amount of lysozyme mass C/ng/cm2 on the Au sensor obtained using MP-SPR (green bars) and QCM-D (blue bars) techniques, (b) the
percentage of water content in the lysozyme layer on the gold surface, (c) the number of water molecules per one lysozyme molecule is the created layer.
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in Fig. 6c. This indicates that in the pH range of 4.0–10.0 hydration
is closely related to surface coverage, which in turn is related to the
orientation of the molecules in the adsorption layer. In addition,
the results obtained are in line with literature data [23] showing
that hydration depends on surface coverage and ranges from 50%
for a full lysozyme monolayer to 80% with low surface coverage.
Similar values for full surface coverage were also obtained by Lun-
din et al. [56]. However, above the isoelectric point, the trend is not
fulfilled, and the water content drops significantly. Considering the
results of the zeta potential for the lysozyme molecule, it can be
concluded that the higher the positive zeta potential of lysozyme,
the greater the mass of water associated with the protein layer,
which indicates that the hydration of lysozyme increases with its
uncompensated positive charge.
4. Conclusions

In the presented work, we selected hen egg lysozyme and gold
surface to study factors having a major impact on the mechanism
of protein adsorption and the hydration of the protein layer on the
solid surface. By using surface plasmon resonance the nature of the
interactions and related amount of adsorbed protein were investi-
gated and allowed us to determine an orientation of molecules on
the gold surface. Experimental data were compared with the
Random Sequential Adsorption model for a molecule with an ellip-
soidal shape. In the range of low surface coatings, the protein is
adsorbed in a side-on orientation, with an increase in surface cov-
erage above C = 130 ng/cm2 the protein isreoriented. Lysozyme’s
tendencies to change orientation are confirmed by literature data
[17,46]. The rearrangement of molecules in the adsorption layer
is manifested in the macroscopic properties of the layers formed.
As a consequence, higher surface coverage is associated with an
increase in the degree of hydrophilicity of the formed layer.

Lysozyme is considered a stable protein, as confirmed by the
obtained CD spectra. PM-IRRAS measurements respectively
showed changes in the secondary structure of lysozyme as a result
of the interaction between the protein and the gold surface. There
is a significant increase in b-turn/random content, while the b-
sheet fraction decreases. These changes do not induce protein
aggregation, although the b-turn is responsible for stabilizing the
secondary structure. The high stability of a-helix structures at
pH = 3.0 means that under these conditions, they do not directly
participate in surface interactions. At higher pH (spectra for
pH = 6.0 and pH = 11.0) changes in this range can be seen. Aggre-
gation tendencies are also observed in such conditions. It should be
noted here that the native pH for lysozyme is a pH range of 4.0–5.0
and under these conditions, it adopts an optimal structure.

Parallel measurements using MP-SPR and QCM-D allow esti-
mating not only the efficiency of protein adsorption but also the
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change in hydration of the layers formed on the gold surface. Along
with the change in pH, a change in adsorption efficiency is
observed but also a change in the degree of hydration. At
pH = 4.0 the degree of hydration is at the level of 70% but with a
change in pH, it decreases to 30%. The obtained results indicate
that hydration of the layer is mainly related to the degree of proto-
nation of the protein molecule.

The presented data indicate that the surface coating is directly
correlated with the charge of protein particles and has a significant
impact on the properties of the protein film deposited on the sur-
face of gold, which is especially crucial from designing new mate-
rials for biological applications.
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consequences for the adsorption onto a mica surface, Langmuir 28 (31) (2012)
11502–11510, https://doi.org/10.1021/la301558u.

[26] B. Jachimska, A. Pajor, Physico-chemical characterization of bovine serum
albumin in solution and as deposited on surfaces, Bioelectrochemistry 87
(2012) 138–146, https://doi.org/10.1016/j.bioelechem.2011.09.004.

[27] M. Sumarokova, J. Iturri, A. Weber, M. Maares, C. Keil, H. Haase, J.L. Toca-
Herrera, Influencing the adhesion properties and wettability of mucin protein
films by variation of the environmental pH, Sci. Rep. 8 (2018) 9660, https://doi.
org/10.1038/s41598-018-28047-z.

[28] P. Bingen, G. Wang, N.F. Steinmetz, M. Rodahl, R.P. Richter, Solvation effects in
the quartz crystal microbalance with dissipation monitoring response to
biomolecular adsorption. A phenomenological approach, Anal. Chem. 80 (23)
(2008) 8880–8890.

[29] R.N. Rambaran, L.C. Serpell, Amyloid fibrils. Abnormal protein assembly, Prion
2 (3) (2008) 112–117, https://doi.org/10.4161/pri.2.3.7488.

[30] S.S. Wang, Y.T. Hung, P. Wang, J.W. Wu, The formation of amyloid fibril-like
hen egg-white lysozyme species induced by temperature and urea
concentration-dependent denaturation, Biotechnology 24 (2007) 787–795,
https://doi.org/10.1007/s11814-007-0042-6.

[31] S. Kumar, V.K. Ravi, R. Swaminathan, Suppression of lysozyme aggregation at
alkaline pH by tri-N-acetylchitotriose, Biochim. Biophys. Acta (BBA) - Proteins
Proteomics 1794 (6) (2009) 913–920, https://doi.org/10.1016/j.
bbapap.2009.01.009.
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