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Lysozyme is a rigid globular protein with four disulfide bonds that is present in human tears, saliva, sweat
and milk. In the present study, thin films of this protein are deposited on hydrophilic (OH-Si) and hydro-
phobic (H-Si) silicon surfaces using the dip coating method. In order to study the effect of ions, these
films were also fabricated by varying the concentration of mono-(Na®), di-(Ca%*) and tri-(Y®*) valent ions.
The structural and topographical characteristics of these films are investigated using X-ray reflectivity (XRR) and
atomic force microscopy (AFM) techniques and are correlated with the surface hydrophobicity/hydrophilicity.
On a OH-Si surface, a thick layer of lysozyme (x47 A) is adsorbed in the absence of ions. However, in
the presence of 1-10 mM of ions the thickness varied from ~40 to 61 A. Conversely, the thickness of the
lysozyme film in the absence of any ions on the hydrophobic H-Si surface is ~57 A, which varied in the range
of ~44 to 69 A in the presence of ions. Mostly, a bi-molecular layer is formed on the substrate surface where
the substrate-attached lower layer molecules are in the side-on orientation (~24 A) and on top of that one
more layer is formed where the molecules are either in side-on orientation or tilted with respect to the lower
layer. On the OH-Si surface, pure or ion-interacted lysozyme films are adsorbed in their native globular form
with almost negligible structural modification. However, on the H-Si surface, the globular shape of the
adsorbed lysozyme molecules is slightly elongated mostly due to the presence of the relatively higher hydro-
phobic interaction between the protein and H-Si surface. The hydrophobic nature of the protein films as
obtained from the contact angle studies showed that on the OH-Si surface the contact angle of the lysozyme
film interacting with Na* ions is the highest, whereas it is intermediate and the lowest for Y3* and Ca®* ions,
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DOI: 10.1039/d3nj00624g respectively. Moreover, the contact angle of the lysozyme film is the highest for Ca®* and the lowest for Na*
ions on the H-Si surface. Therefore, the thicker protein films exhibit more hydrophobic nature and the contact

rsc.li/njc angle varies in accordance with the electron density of the adsorbed films.

creatures, also interacts with ions. Although ions constitute only
~ 1% weight of total human plasma," they perform some vital

1. Introduction

Ions are ubiquitously present in living ecosystems starting from
living organisms to marine systems, and they (ions or salts) play a
vital role in controlling various physicochemical processes, e.g.,
signal transduction of neurons,” antibacterial functioning,’
lipid digestion,® cell adhesion,* cellular signaling,” enzymatic
catalysis,® muscular contraction,”® oxygen transport,” protein
separation, purification, crystallization,'®™* etc. However, some
toxic ions impart adverse effects on the human body, e.g., Pb**
contributes to neurotoxicity in cellular signaling,” Hg*" and Cd**
cause biological toxicity,">'* etc. Blood, which is the most impor-
tant fluid that flows inside the circulatory tracks of living
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functions, e.g., Fe** (or Fe**) ions that undergo reversible Fe**(or
Fe*")-oxygen bond formation help to dissolve oxygen in the blood
and then transport that to different parts of living organisms.’
Amongst the different types of ions that are present in body fluid,
namely Na*, K¥, Mg**, Ca*", Mn*', Cu®", Zn**, Fe*(or Fe**), CI",
HCO;™, SO,>~ and PO,*>” ions, the Na', Ca®" and Cl™ ions are the
majority and they maintain plasma osmolarity and muscle
contraction.”> In short, it should be accepted that biological
processes are mostly controlled by ions. Therefore, the insertion
of artificial systems, like implants, stents, etc. into the living body
results in different ion-mediated protein interactions or protein
adsorptions. Ions present in living fluid perform some vital
functions, e.g., Na' ions participate in exchange of ions with the
surroundings to regulate electrochemical potential, fluid—electro-
Iyte balance, and acid-base balance in extracellular fluid, whereas
Ca*" ions bind with actin and expose the binding site for myosin,
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which helps in muscle contraction.”” Although yttrium (Y>" ions
are not present in the living body but they can enter through
inhalation, which causes liver edema, pleural effusions, and
pulmonary hyperemia.'® In fact, to control different biological
functions and to mimic the adsorption of proteins in actual living
organisms, the inclusion of the effects of ions on protein adsorp-
tion is necessary.

Adsorption of one such globular protein lysozyme is also
controlled under different ion interactions. Along with the type
and concentration of interacting ions, the other factors that affect
the adsorption of lysozyme on a solid surface are wettability,
roughness and chemical composition of the substrate surface;
pH, concentration and temperature of the protein solution,
etc.">""?! The effect of different factors like ion interaction and
surface wettability was explored in our previous work where we
investigated the effect of ions on the adsorption of a negatively
charged globular protein bovine serum albumin (BSA) on a
hydrophilic surface.>* However, an understanding of the effects
of ions on positively charged protein molecules on hydrophilic or
hydrophobic surfaces is lacking. Therefore, studies on the adsorp-
tion of smaller and positively charged globular protein lysozyme
on slightly negatively charged hydrophilic (OH-Si) and slightly
positively charged hydrophobic (H-Si) surfaces in the presence of
different ions will be effective as it will present a suitable model of
the mechanism of protein-surface and protein-protein inter-
action with the help of amino acid residues. Lysozyme is used
here as a model protein as it has structural similarity with some
other proteins found in living organisms and in addition, it is
commercially available at low cost.

Published literature on lysozyme adsorption shows that in
the absence or in the presence of low concentration of ions,
proteins undergo irreversible monolayer adsorption, while
intermediate or high concentrations of ions help to stabilize
multilayer adsorption.*”** In the multilayer form, each layer of
lysozyme possesses a different structural conformation and
orientation, ie., the first layer adsorbs with side-on orientation
with more conformational change compared to the second layer
having end-on orientation.” It is reported that a monolayer of
lysozyme (side-on) has been adsorbed on a hydrophilic surface
while a bi- or tri-layer has been deposited on a hydrophobic
surface.”® Lower adsorption of lysozyme on hydrophilic
(negatively charged) silica surfaces was recorded with increasing
ionic strength of monovalent Na" ions, because of ionic screening
between the protein and silica surface.'® Negatively charged
globular protein RNase A undergoes higher adsorption in the
presence of Mg”* jons compared to Na* ions on TiO, and SiO,
surfaces as reported by Wendorf et al.*” In another work by Zanna
et al., higher adsorption of negatively charged BSA was found on
stainless steel surfaces in the presence of 10 mM of divalent ions
(Mg>*, Ca®>") compared to monovalent (Na*) ions.”® The effect of
ions on protein adsorption can also be understood using a
sequence of ions, which is called the Hofmeister series. Ions
which cause salting in (chaotropes) increase the solubility of
proteins by weakening the protein-protein hydrophobic interac-
tions, whereas salting out is caused by kosmotropic ions, which
decrease the solubility of the proteins by enhancing the protein-
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protein hydrophobic interaction. When adsorption of protein
takes place in the presence of such ions, the increase or decrease
of protein solubility increases or decreases the amount of protein
adsorption on hydrophilic or hydrophobic solid surfaces.>®
Anionic proteins like BSA above their isoelectric point (IEP) follow
the Hofmeister series.’* However, cationic proteins like lysozyme
(below IEP), follow the reverse Hofmeister series at moderate or
low ion concentrations.”™*

The hydrophilicity/hydrophobicity of solid surfaces plays an
important role in the adsorption of lysozyme on solid-liquid
interfaces. Lysozyme molecules contain both hydrophilic as
well as hydrophobic regions and have an IEP at ~11.2, which
indicates that lysozyme possesses net positive and negative
surface charge below or above pH =~ 11.2, whereas it is neutral
at the IEP.*® This makes lysozyme adsorption favorable on both
hydrophilic as well as hydrophobic surfaces via hydrophobic as
well as electrostatic interactions.>**> The capability of lysozyme
in aqueous solution to adhere on hydrophilic or hydrophobic
surfaces depends on the structural arrangement or configuration
of lysozyme and also on the intensity of removing the hydrating
water layer over the solid surface.”® Generally, on hydrophobic
surfaces, a thicker layer of lysozyme is formed compared to the
hydrophilic surface,®® whereas with increasing hydrophilicity
lysozyme undergoes lower adsorption.’’ The structure of
the adsorbed lysozyme on different surfaces depends on the
protein—protein and protein-surface interactions, which are
different for different surfaces of varying hydrophobicity. Strong
hydrophobic interaction between the surface and the hydropho-
bic amino acid residues of lysozyme stabilizes its structure. On
intermediate hydrophobic surfaces, the combined effects of
protein-protein and protein-surface interaction contribute to
determining the adsorbed protein structure.>® Although differ-
ent studies are there on protein adsorption, in most of the
studies the adsorption processes are performed in aqueous
media and the wet protein films are characterized using in situ
techniques.>****° However, the dried protein (lysozyme) film
undergoes a negligible change in structure with temperature
*5% Dried lysozyme films can be used for antibacterial
studies and can also be effectively utilized as a 2D template
for 3D protein crystallization.”® Dried films of BSA adsorbed on
metallic surfaces can act as an effective lubricating agent by
minimizing the friction co-efficient.**

The current study is designed with the aim of investigating
(i) the adsorption of lysozyme via ex situ methods, (ii) the role of
different valent ions and their valency, (iii) the effect of ion
concentration and (iv) the effect of surface wettability (hydro-
philicity/hydrophobicity) on lysozyme adsorption on solid silicon
surfaces. The work is performed by (i) adsorbing the protein
films on solid surfaces by dip coating and characterizing them
by different ex situ methods, (ii) choosing mono-, di- and tri-
valent ions, ie., Na', Ca®* and Y** and (iii) by varying the
concentration of the salts/ions from 0 to 10 mM at a fixed
protein concentration of 15 mg mL ' and solution pH of
~7.0. All the salts used here have a common anion CI™ with
different cations Na', Ca®>' and Y*'; therefore, the effect of
cations will be more relevant to compare the structure of

variation.
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adsorbed lysozyme films. Moreover, Na*" and Ca®" cations are
chosen for their significant role in the metabolism of the body,
whereas Y** is chosen for its toxic effects towards proteins in the
body. Therefore, it will be informative to check whether the
lysozyme adsorption is followed by the Hofmeister series or by
some other properties, e.g., charge density, electronegativity,
valency of ions, etc. Furthermore, XRR and AFM are applied to
study the structure and morphology of the adsorbed lysozyme
films while the hydrophilicity/hydrophobicity is studied by water
contact angle measurement and their respective results are
reported and discussed with suitable scientific explanation using
the state of the art literature.

2. Experimental details
2.1. Materials

Lysozyme from chicken egg white (catalog No. 62971) and
Yttrium(m) chloride hexahydrate (YCl;-6H,0, M,, ~ 303.36 g mol ",
99.99%) were purchased from Sigma Aldrich and were used without
further purification. Ammonia solution 25% (NH,OH, M, =
17.03 g mol ), hydrogen peroxide (H,0,) 30% (H,O,, M,, ~
34.01 g mol™ "), hydrofluoric acid 40% (HF, M,, ~ 20.01 g mol /,
CAS No-7664-39-3), sodium chloride (NaCl, M,, ~ 58.44 ¢ mol ',
99%) and calcium chloride dihydrate (CaCl,-2H,0, M, =
147.02 g mol ', 97%) were purchased from Merck.

2.2. Preparation of hydrophilic silicon (OH-Si) surface

Silicon (001) substrates of appropriate size were cut and then
cleaned with acetone. The substrates were then subjected to boiling
at 100 °C in a solution containing a mixture of Milli-Q water, 25%
NH,OH and 30% H,O, in the ratio of 2:1:1 for 5-8 min to render
the silicon substrates hydrophilic.
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2.3. Preparation of a hydrophobic silicon (H-Si) surface

Silicon (001) substrates of appropriate sizes were cleaned with
acetone properly. HF 40% solution was mixed with Milli-Q
water in the ratio 1:3 to change the concentration to 10%.
The cleaned substrates were then dipped in the 10% HF solution
for 3 min at room temperature (25 °C). After removing the
substrates from the solution, they were rinsed in 50 mL Milli-
Q water for 5 min.

2.4. Preparation of thin films of lysozyme

Stock solution of 30 mg mL ™" lysozyme solution was prepared
by adding hen egg white lysozyme powder in Milli-Q water in
the appropriate ratio. Stock solutions of 20 mM of NaCl, CaCl,
and YCl; salts were also prepared. The stock solutions of
lysozyme and the salts were mixed to form 15 mg mL™~ " of
lysozyme solution accompanied with 1, 5 and 10 mM of NacCl,
CaCl, and YCl;. The freshly prepared OH-Si and H-Si surfaces
were dipped immediately in 4 mL of the salt mixed lysozyme
solutions for 20 min and then dried for 24 h and then rinsed in
Milli-Q water for 5 min. The protein adsorbed substrates were
then dried and used for further characterizations (Scheme 1).
All the processes of lysozyme deposition were done at room
temperature (25 °C).

The present study uses ionic concentration up to 10 mM
considering the normal concentration of ions in the intra
cellular or extra cellular body fluid. The concentration of Na*
ions in the intra cellular and extra cellular fluid is around 12-14 mM
and 140-145 mM respectively and that of Ca®" ions is around
0.01-0.1 pM and 2.2-2.6 mM respectively.***® Furthermore,
in the diseased or abnormal metabolism condition of the body
fluid, the normal values of ion concentration may change to
show the concentrations from 0 to 10 mM. The chosen range of
ionic concentration is also effective in controlling the thickness
of the adsorbed protein films and protein stability, and in
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Scheme 1 Preparation of lysozyme ultrathin films on OH-Si and H-Si surfaces.
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addition will eliminate the screening effect to favour lysozyme
adsorption. A relatively higher concentration of lysozyme
(15 mg mL ") was chosen to favour enough interaction of the
protein molecules with the substrate surface to undergo
adsorption. The selected protein concentration approximately
matches with the synovial liquids of patients and the peripros-
thetic fluid under chronic inflammatory conditions, which is
around 8-13 mg mL ™"

2.5. XRR characterization

To obtain the XRR profiles of all the adsorbed protein films, a D8
Advanced, Bruker, AXS (XRD) set-up was used which uses Cu K,
radiation (1 = 1.54 A). K, radiation was incident onto the x—y
plane of the prepared films at low angles and the reflected
radiation was collected using a Nal scintillation detector ful-
filling the specular condition. The reflectivity data were recorded
against the z-component (g.) of the wave vector as shown below,

g, = (4n/2) sin 6 (1)

The data were fitted using Parratt’s formalism, in which a
film is considered as a stack of layers, and the surface and
interface roughness were introduced.*® The electron density
profiles (EDPs) obtained from the data fitting give the out-of-
plane structure of the deposited films.*’

2.6. AFM analysis

NTEGRA Prima, NT-MDT Technology working in the semi-
contact mode was employed to get the AFM image from an
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area of 2 um x 2 pm of the film. It uses a silicon cantilever
(spring constant ~ 11.8 N m ') and laser beam in the constant
force mode.*° The variation of the tip-surface distance was used
to obtain the topography of the scan area. With the use of
WSxM software, recorded AFM images were analyzed.>

2.7. Contact angle analysis

The pure and ion interacted lysozyme films adsorbed over OH-
Si and H-Si surfaces were used for the contact angle analysis
using a KRUSS Contact Angle Analyzer. The sessile drop method
was used to record the water contact angles of the protein films.
A sessile drop of Milli-Q water of volume 10 pL was dropped onto
each protein surface at a rate of 0.50 uL s~ *. Contact angles were
recorded at 5 different places of each protein surface so that the
mean angle gives the final contact angle.

3. Results and discussion

The structural and morphological properties of the pure lyso-
zyme films deposited on OH-Si and H-Si surfaces are investi-
gated with the help of XRR and AFM studies. The presence of
intermolecular interactions between the protein molecules and
substrate as shown in Scheme 2, helped in the formation of
thin layered lysozyme films as reported in Wei et al.,*® Latour
et al.>® and Anastas et al.’> In the OH-Si surface, the amino
acids with hydrophilic moieties like aspartic acid (Asp, -CH,-
COOH), serine (Ser, -CH,-COOH), glutamic acid (Glu, -CH,-
CH,-COOH), lysine (Lys, H,N-(CH,),), etc. attached to the
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Scheme 2 Schematic representation of plausible lysozyme-lysozyme and lysozyme-surface interactions during adsorption on OH-Si (Type A) and H-

Si (Type B) surfaces.
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silicon surface via oxygen resulting in the formation of either
donor or acceptor type hydrogen bonds, as shown in Scheme 2.
On the contrary, on the H-Si surface, the lysozyme molecule
consisting of nonpolar moieties like -CH,-C¢Hs, -CH3, and
—-CH-(CH3), in the amino acids result in the formation of
hydrophobic interactions with the H-Si surface. Also, the
presence of such hydrophobic interactions between the proteins
further stabilizes the tertiary structure of the protein on the Si
surfaces. In addition to this, both hydrophobic as well as hydro-
philic interactions are present that help to form a bilayer-like
structure of proteins over the Si surfaces. Scheme 2 shows the
interaction of lysozyme molecules with the OH-Si and H-Si
surface as well as interactions between other lysozyme molecules.

Related scheme of adsorption of different concentrations of
human milk lysozyme on a hydrophilic silicon oxide (SiO,)
surface using a dual polarization interferometer and quartz
crystal microbalance was also earlier proposed by K Xu et al.>
However, they proposed different side-on, edge-on and end-on
orientations of lysozyme molecules along with trapped solvent
in the lysozyme monolayer at various surface coverages. However,
in this study, we have proposed different orientations of lysozyme
molecules embedded in the lysozyme bilayer on the hydrophilic
surface without any trapped solvent. The XRR data (open circles)
combined with the fitted curves (solid lines) and the EDPs
(extracted from the fitting of the XRR data), and the corres-
ponding AFM images are shown in Fig. 1(a-d). The EDPs implied
that the maximum electron densities of pure protein films are
obtained as ~ 0.46 and 0.51 electrons A~3, whereas the thick-
nesses are found to be ~ 47 A and 57 A on OH-Si and H-Si
surfaces, respectively. Adsorption of a thicker protein layer on the
hydrophobic surface than the hydrophilic surface in the absence
of ions is due to the higher hydrophobic interaction between the
protein and surface. The average and total heights as obtained
from the height histogram and height scale bar of the pure
lysozyme films are ~ 2.05 and 3.53 nm on OH-Si surface, whereas
~ 2.62 and 4.46 nm on H-Si surfaces, respectively.

XRR analysis is also applied to find the out-of-plane struc-
tural information of the ion-interacted lysozyme films depos-
ited on hydrophilic and hydrophobic surfaces. Similar XRR
studies were performed in previous works of Richter et al
where they studied the lysozyme adsorption on hydrophilic
SiO, and hydrophobic OTS-Si surfaces and found that lysozyme
molecules adsorb in side-on orientation on hydrophilic sur-
faces while they denature on highly hydrophobic OTS surfaces
but they did not propose any pictorial presentation to under-
stand the adsorption and did not study the effect of ions.*® Lu
et al. also studied lysozyme adsorption on hydrophobic OTS-Si
surfaces but did not study the effect of ions, and while they
propose different side-on or end-on orientations of lysozyme
molecules, the interfacial layer structure was not shown.** Hahl
et al.>* presented a scheme for the adsorption of lysozyme on
hydrophilic SiO, and hydrophobic OTS-Si substrates. Although
it considered the monolayer/bilayer model in aqueous medium
over SiO, and OTS modified silicon using the in situ XRR
method, the effect of ions was not verified. Evers et al.>® on
the other hand, also presented a scheme of lysozyme film

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 1 XRR curves (open circle) combined with the fitted curves (solid line)
and EDP (a and b) and AFM images (c and d) of pure lysozyme films
adsorbed on a OH-Si surface (a and c) and H-Si surface (b and d).

formation on a hydrophilic OH-Si surface but it describes a
monolayer model in aqueous medium characterized by the
in situ XRR method. It was not supported by other characteriza-
tions and the effect of ions was not examined. However, we
have explored the effect of different ions on the adsorption of
lysozyme on hydrophilic and hydrophobic surfaces by ex situ
XRR along with other methods (AFM, Contact angle) and
presented a bilayer model of lysozyme molecules in dried form
over OH-Si and H-Si surfaces. Possible mechanisms of pro-
tein-protein, protein-surface interactions and protein tilting
with suitable schemes and diagrams are also discussed. The
XRR data (open circles) and the corresponding fitted curves
(solid lines) and EDPs of the lysozyme films deposited on the
OH-Si surface are shown in Fig. 2(a—f). In Fig. 2(a), the XRR
data with fitted curves are shown, while the EDPs as shown in
Fig. 2(d) indicate that ~ 61 A, 44 A and 48 A thick lysozyme
layers are formed in the presence of 1 mM of mono- (Na),
di- (Ca®") and tri-valent (Y*) ions respectively. Their maximum
electron densities vary from 0.41 to 0.53 electrons A~*. Under
the interaction of the same three valent ions for 5 mM concen-
tration, nearly 51 A, 40 A and 44 A thick lysozyme layers
are formed, which are shown in Fig. 2(e). The maximum
electron densities in the adsorbed film vary from 0.24 to
0.50 electrons A3, However, in the presence of 10 mM ion
concentration, ~ 48 A, 44 A and 44 A thick lysozyme layers
are deposited for the same three ions and the maximum
electron densities in the adsorbed films vary from 0.25 to
0.27 electrons A—>. The corresponding XRR data and EDPs
are shown in Fig. 2(c) and (f) respectively. It is clear from the
EDPs that for 1 and 5 mM, the shapes of the EDPs of the ion-
interacted lysozyme films are different from each other and
their thickness also varies from each other, while for 10 mM ion
concentration the shapes of the EDPs almost resemble each
other and show nearly equal thickness. Thus, the out-of-plane
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Fig. 2 XRR curves (open circles) combined with the fitted curves (solid lines) of 1 mM (a), 5 mM (b) and 10 mM (c) and the corresponding EDPs (d-f) of

different ion interacted lysozyme films adsorbed on the OH-Si surface.

structures of the adsorbed protein layer on OH-Si are mostly
dependent on the specific valent ions and also on their concen-
tration. The thickness of the adsorbed lysozyme layer on the
OH-Si surface for a particular ion decreases as the concen-
tration of ions increases, which is in accordance with an earlier
report.”® The decrease in protein adsorption with increasing
ion concentration is attributed to greater screening of the
charge of lysozyme and the OH-Si surface, which causes
weaker electrostatic interaction.”” However, variation of adsorp-
tion with different valence ions may be related to the amount
of exposure of hydrophilic residues of lysozyme at that

particular ionic environment, which may interact with the
OH-Si surface.

The structural features of the ion-interacted lysozyme films
adsorbed on the H-Si surface are achieved by XRR measure-
ments. The XRR data (open circles), fitted curves (solid lines)
and corresponding EDPs are shown in Fig. 3(a—f). The XRR data
(Fig. 3(a)) and EDPs extracted from the data fitting of the
lysozyme films in the presence of 1 mM of Na*, Ca®>" and Y**
ions give a total thickness of ~ 44 A, 54 A and 54 A respectively
on the H-Si surface (shown in Fig. 3(d)). The maximum
electron density varies from 0.45 to 0.51 electrons A™>. At the
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Fig. 3 XRR curves (open circles) combined with the fitted curves (solid lines) of 1 mM (a), 5 mM (b) and 10 mM (c) and the corresponding EDPs (d—f) of

different ion interacted lysozyme films adsorbed on the H-Si surface.
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intermediate concentration (5 mM) of the three valent ions, the
XRR data obtained from the deposited films on the H-Si
surface are shown in Fig. 3(b) and the corresponding EDPs are
shown in Fig. 3(e), which indicates ~ 46 A, 61 A and 56 A thick
adsorbed protein films, respectively. Moreover, the maximum
electron density varies from 0.48 to 0.52 electrons A™>. At a
concentration of 10 mM of Na*, Ca®", and Y*" ions, the XRR data
obtained from the adsorbed protein films are shown in Fig. 3(c)
and the corresponding EDPs are shown in Fig. 3(f) from which it
is clear that ~ 62 A, 69 A and 48 A thick protein layers are
adsorbed on the H-Si surface in the presence of the three ions,
respectively, and the maximum electron density varies from 0.45
to 0.51 electrons A—>. Form the EDPs of the protein films on
hydrophobic H-Si it is obvious that the film thickness is lower
in the presence of Na’ ions, intermediate for Y** ions and
maximum for Ca®" ions. Thus, like hydrophilic surfaces, the
adsorption here is primarily ion specific. Although, in the
presence of a specific ion, when the ion concentration is
increased the adsorption of lysozyme increases on hydrophobic
surfaces. The increase in adsorption is due to higher hydropho-
bic interaction between the non-polar residues of lysozyme and
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the surface with the addition of ions.”””*” Although, hydrophobic
interaction is dominant, the effect of other interactions cannot
be ignored.

AFM studies have also been used along with XRR to find the
morphology of lysozyme films on OH-Si and H-Si surfaces in
the presence of ions. Several literature studies were reported on
the utilization of AFM for understanding the adsorption mecha-
nism of protein films; however, these studies were reported
mostly only on the pure proteins.’® Here, we have studied the
ion effect of three different ions (Na*, Ca®>" and Y**) by AFM
analysis of adsorbed lysozyme films on OH-Si and H-Si surfaces
and the results are shown in Fig. 4(a-i) and Fig. 5(a-i), respec-
tively. The average and total heights of each film on OH-Si are
shown by the height histograms (in inset) and Z-scale bars (on
right-hand side) respectively in Fig. 4(a-i). At 1 mM ion concen-
tration, the average and total heights of the films are obtained as
~ 2.54 and 4.32 nm for Na' ions, ~ 1.97 and 2.92 nm for Ca*"
ions and ~2.05 and 3.56 nm for Y*" ions. At 5 and 10 mM salt
concentrations, the average and total heights also become max-
imum for Na™ ions, and then for Y?>" and Ca®" ions, respectively.
The average and total heights of the adsorbed lysozyme films on
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Fig. 4 AFM images of lysozyme films on the OH-Si surface modified by 1 mM (a-c), 5 mM (d—f) and 10 mM (g—i) of different ions. Right columns: Z-

scale bars. Insets: Height histograms.
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the OH-Si surface for all the ions at different concentrations are
indicated in Table 1.

The morphology of the adsorbed lysozyme films on H-Si in
the presence of Na*, Ca®>" and Y*" ions is shown in Fig. 5(a-i).
Unlike OH-Si, for the H-Si surface, the maximum height of the
adsorbed protein layer is obtained for Ca®>" ions. At 10 mM salt
concentration, the maximum average and total heights of the
protein films are obtained as ~ 3.36 and 4.80 nm for Ca** ions.
The average and total heights of the adsorbed lysozyme films
on the H-Si surface for all the different conditions are tabu-
lated in Table 1. On the OH-Si surface, the least height is
recorded for Ca*" ions, while for the same ions, the adsorbed
height is recorded as maximum on the H-Si surface. The r.m.s.
roughnesses obtained from AFM studies and out-of-plane
roughness of the top surface obtained from XRR studies of all
the films on OH-Si and H-Si surfaces are also mentioned in
Table 1. From the AFM images it is also clear that for the
lysozyme films adsorbed on the OH-Si surface the native
globular form is maintained with almost no structural mod-
ification, while on the H-Si surface, although the globular
shape of lysozyme molecules is maintained, some amount of

[ ¥ ,; X : .
P&40 4.(‘” ‘;‘é j .A),- |
Fad - 10mM Na*
ly(g s ot N

400nm
T

P S

+ (h) 10mM Caz
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structural modification may take place due to the presence of
higher hydrophobic interaction between lysozyme and the H-Si
surface, and probably for that on the H-Si surface the shape of the
globules becomes slightly elongated. Due to dominant hydropho-
bic interaction between the protein and the hydrophobic surface,
more proteins are adsorbed on the hydrophobic surface than the
hydrophilic one in the absence of any ions. On both surfaces,
protein molecules are almost uniformly distributed in the
presence or absence of ions due to the combined effects of
hydrophobic, hydrophilic and electrostatic interactions between
the Iysozyme molecules and substrate surface.’®

The water contact angle of the bare OH-Si surface is obtained
as 20.0° (Fig. 6(a)) before dipping inside the protein solution and
after depositing pure lysozyme film on it, the water contact angle
becomes 69.0° (Fig. 6(b)). In the presence of Na* ions, the contact
angles of the lysozyme films become 73.6°, 68.0° and 64.5° for 1,
5 and 10 mM salt concentration (details in Table 2), and among
them the contact angle of 68.0° for 5 mM is shown in Fig. 6(c).
In the presence of Ca®>* ions, the contact angle changes from
64.1° to 62.2° as the concentration changes from 1 to 5 mM, and
finally becomes 62.0° at 10 mM. Whereas, for Y** ions, the

3.76 nm

. R

Fig. 5 AFM images of lysozyme films on H-Si surfaces modified by 1 mM (a—c), 5 mM (d—f) and 10 mM (g-i) of different ions. Right columns: Z-scale

bars. Insets: Height histograms.
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Table 1 Average heights, total heights, rms roughnesses and out-of-plane roughnesses of lysozyme films adsorbed on OH-Si (H-Si) surfaces in the

presence of Na*, Ca%*, Y3*

within the brackets

ions (from 1 to 10 mM). All the height and roughness values of lysozyme films adsorbed on the H-Si surface are mentioned

Types of ions

OH-Si surface (H-Si surface) PureLys/OH-Si (PureLys/H-Si) (nm) Ion concentration Na' (nm) Ca** (nm) Y*" (nm)
Average height 2.05 (2.62) 1 mM 2.54 (1.87)  1.97 (2.54)  2.05 (2.63)
5 mM 1.99 (1.89)  1.56 (3.16)  1.74 (2.68)
10 mM 1.99 (3.15)  1.64 (3.36)  1.68 (1.95)
Total height 2.05 (2.62) 1 mM 432 (2.62)  2.92(3.54)  3.56 (3.76)
5 mM 3.15(2.67)  2.21 (4.43)  2.77 (3.85)
10 mM 3.01 (4.39)  2.64 (4.80)  2.69 (3.06)
Rms roughness 0.45 (0.40) 1 mM 0.52 (0.32) 0.35 (0.53) 0.42 (0.48)
5 mM 0.46 (0.41)  0.32 (0.56)  0.40 (0.49)
10 mM 0.42 (0.45)  0.28 (0.64)  0.38 (0.51)
Out-of-plane roughness (top surface) 0.64 (0.76) 1 mM 0.70 (0.42) 0.70 (0.51) 0.77 (0.75)
5 mM 0.64 (0.42)  0.50 (0.60)  0.50 (0.65)
10 mM 0.50 (0.64)  0.49 (0.71)  0.68 (0.35)

a) OH-Si (CA= 20.0°) f) H-Si (CA=81.0°)

c) Na*Lys (CA= 68.0°)

d) Ca?*Lys (CA= 62.2°)

Fig. 6 Static water contact angles of (a) the OH-Si surface; (b-e) pure,
Na*, Ca®*, and Y** ion (5 mM) interacted lysozyme films adsorbed onto the
OH-Si surface; (f) the H-Si surface; (g—j) pure, Na*, Ca®*, Y** ion (5 mM)
interacted lysozyme films adsorbed onto the H-Si surface.

contact angle becomes 68.4°, 65.7° and 63.6° for 1, 5 and 10 mM
salt concentration respectively. The contact angles for both Ca®*
and Y*" ions (at 5 mM) are shown in Fig. 6(d) and (e) respectively.
The water contact angle of the H-Si surface is obtained as 81.0°
(Fig. 6(f)) and after deposition of pure lysozyme film on it, the
water contact angle becomes 78.2° (Fig. 6(g)). In the presence of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Table 2 Static water contact angle values of bare and protein adsorbed

OH-Si and H-Si surfaces in the presence of Na*, Ca%*, Y** ions (from 1 to
10 mM)
Type of surface
Ton Concentration OH-Si H-Si
Pure 0 mM 69.0° 78.2°
Na* 1 mM 73.6° 70.5°
5 mM 68.0° 72.0°
10 mM 64.5° 76.6°
ca® 1 mM 64.1° 75.0°
5 mM 62.2° 77.7°
10 mM 62.0° 80.0°
Y 1 mM 68.4° 74.1°
5 mM 65.7° 74.4°
10 mM 63.6° 74.8°

Na®, Ca®" and Y** ions, the contact angle of the protein film
changes from 70.5° to 76.6°, from 75.0° to 80.0° and from 74.1°
to 74.8° respectively as the ion concentration varies from 1 to
10 mM. The contact angles of the adsorbed lysozyme films on
the H-Si surface for Na*, Ca®" and Y** ions (at 5 mM) are shown
in Fig. 6(h), (i) and (f), respectively. The values of contact angle
on both the OH-Si and H-Si surfaces for different conditions are
tabulated in Table 2. Thus, the presence of ions changes the
hydrophobicity of the lysozyme films on both hydrophilic OH-Si
and hydrophobic H-Si surfaces.

The contact angles of protein films adsorbed on OH-Si and
H-Si surfaces in the presence of different ions of varying
concentration are plotted in Fig. 7(a and b). These plots are
quite similar to the variations of the integrated values of the
EDPs, as shown in Fig. 7(c and d). Therefore, it is obvious that
on the hydrophilic surface, the attachment of a thicker protein
layer in the presence of Na” ions contributes to the highest
water contact angle value, while the lowest and intermediate
thicknesses of the attached protein films in the presence of
Ca®" and Y*' ions cause the lowest and intermediate contact
angles respectively. Almost the opposite trend is obtained by
protein films on the hydrophobic surface where the contact
angle is the highest for Ca* ions compared to Na* and Y** ions,
respectively. Attachment of a thin protein layer due to lower
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lysozyme adsorption in the presence of divalent Ca*>* cations or
attachment of a thicker protein layer due to higher lysozyme
adsorption in the presence of monovalent Na* cations on the
OH-Si surface (Fig. 7(a and c¢)) may be correlated with a
sequence of ions known as the reverse Hofmeister series which
is the opposite of the Hofmeister series.”® In the reverse
Hofmeister series, the salting-in to salting-out behavior follows
the specific order of cations, i.e., Cs* > Rb" > K" > Na" > Li* >
Mg®" > Ca®". The solubility of a cationic protein like lysozyme
(below IEP) follows the reverse Hofmeister series at moderate or
low ion concentration.’™*> Accordingly, monovalent Na* cations
have much higher salting-in (chaotropic) properties compared to
divalent Ca®" cations or divalent Ca®" cations have much higher
salting-out (kosmotropic) properties compared to monovalent
Na' cations. Therefore, Na' ions cause higher solubility of
lysozyme than Ca** ions which means relatively higher exposure
of the hydrophilic residues and as a result in the presence of
monovalent Na" cations, lysozyme undergoes higher adsorption
on hydrophilic surfaces. The phenomenon of higher solubility of
cationic protein lysozyme at a low concentration of monovalent
(Na*) cations compared to divalent (Mg>*) cations having a
common anion (Cl7) has been previously reported as well by
Ries-Kautt et al.>® The reverse phenomenon occurs for the H-Si
surface (Fig. 7(b and d)) and as a result due to the exposure of
more hydrophobic residues in the presence of Ca®>* ions, lyso-
zyme undergoes higher adsorption on the hydrophobic surface.
Intermediate adsorption of lysozyme on both the surfaces in the
presence of trivalent Y*" ions is beyond the scope of the
Hofmeister series. However, we can propose that in the presence
of Y** ions, lysozyme may have intermediate solubility between
Na" and Ca®" cations and hence undergoes intermediate adsorp-
tion on both hydrophilic and hydrophobic silicon surfaces.
Again, higher (lower) adsorption of lysozyme at lower (higher)
concentration of ions on the hydrophilic surface is consistent
with the previous studies. Lower concentration of ions enables a
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Fig. 7 Comparison of static water contact angle (@ and b) and the
integrated values as obtained from the EDPs (c and d) of 1-10 mM of
Na*, Ca®" and Y** ion interacted lysozyme films adsorbed on OH-Si and
H-Si surfaces.
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Table 3 Thickness of protein films on OH-Si and H-Si surfaces in the
presence of Na*, Ca®*, and Y** ions (from 1 to 10 mM). Maximum error for
the film thickness is obtained as 3-7%

Type of surface

Ions Concentration OH-Si (A) H-Si (A)

Pure 0 mM 47 + 2 (24 +23) 57 + 2 (24 + 33)

Na* 1 mM 61 + 4 (24 + 37) 44 + 3 (24 + 20)
5 mM 51 + 3 (24 +27) 46 + 2 (24 + 22)
10 mM 48 £ 2 (24 + 24) 62 + 2 (24 + 38)

ca* 1 mM 44 + 3 (24 + 20) 54 + 3 (24 + 30)
5 mM 40 £ 2 (24 + 16) 61 + 3 (24 + 37)
10 mM 44 £ 2 (24 + 20) 69 + 2 (24 + 45)

Y 1 mM 48 + 2 (24 + 24) 54 4+ 2 (24 + 30)
5 mM 44 + 2 (24 + 20) 56 + 2 (24 + 32)
10 mM 44 £ 1 (24 + 20) 48 + 2 (24 + 24)

more compact structure of the lysozyme, allowing less space
(voids) for the solvent to be trapped within the protein and hence
more protein molecules get a chance to interact with the surface
to get adsorbed more.'>*°

If we consider the structure of the lysozyme molecule as a
prolate spheroid of dimensions @ x b x b ~ 27.8 A x 11.8 A x
11.8 A,°! then the total thickness as obtained from the XRR
analysis may provide the number of lysozyme layers in the
adsorbed films. If the lysozyme is adsorbed on the substrate
surface with side-on orientation, then one molecular layer
thickness will be around 24-26 A, while for the end-on orienta-
tion the thickness of one molecular layer will be around 55-57 A.
Thus, the thickness as shown in Table 3 implies that mostly a
bi-molecular layer is adsorbed on the substrate surface in the
presence of all three ions, whereas for the substrate-attached
first layer (lower layer) the molecules are in the side-on orientation
(thickness & 24 A) and on top of that one upper layer is formed
where the molecules are either in side-on orientation or tilted with
respect to the lower layer as the thickness will be more than 24 A,
which is also shown in Table 3 within brackets. The amount of
such molecular tilting is relatively less on the OH-Si surface in
comparison with the H-Si surface. The structure of the adsorbed
bi-molecular layer on the OH-Si and H-Si surfaces is shown
schematically in Fig. 8(i-iv) respectively. However, on the OH-Si
surface, the higher molecular tilting or thicker upper layer is
formed for Na' ions and on the H-Si surface such higher
molecular tilting or thicker upper layer is formed for Ca" ions.
The results of the above study may be evaluated for protein

e
Hydrophobic Si [H-Si|
Adsorbed Lysozyme bi-molecular layer in presence of ions
Fig. 8 Bi-molecular layer structure of lysozyme films on OH-Si and H-Si

surfaces. The tilting angle of the upper molecular layer on the H-Si surface
(65) is higher than that on the OH-Si surface (01).
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sensing, protein crystallization, non-specific adsorption, nuclea-
tion, biomaterial surface design, anti-bacterial studies, etc.

4. Conclusions

The effect of mono-(Na®), di-(Ca®>*) and tri-(Y*") valent ions on
the structure and morphology of a lysozyme layer adsorbed on
hydrophilic (OH-Si) and hydrophobic (H-Si) surfaces is studied.
In the absence of ions, an &~ 47 A thick layer of protein film is
deposited on the OH-Si surface, while in the presence of
1-10 mM of Na*, Ca®>" and Y** ions, &~ 40 to 61 A thick protein
layers are formed. But on H-Si surface, an ~ 57 A thick protein
film is deposited in the absence of any ions and in the presence
of the three ions, an ~ 44 to 69 A thick protein layers are formed.
Mostly, a bi-molecular layer is formed on both the OH-Si and
H-Si surfaces, where in the substrate-attached lower layer the
molecules are in side-on orientation and in the upper layer the
molecules are either in side-on orientation or tilted with respect
to the lower layer. On both OH-Si and H-Si surfaces, the native
globular form of the protein is nearly maintained in the absence
or presence of ions; however, on the H-Si surface the molecules
are slightly elongated mostly due to hydrophobic interaction
between the protein and the surface. The hydrophobic nature of
the protein films as obtained from the contact angle studies
shows that on the OH-Si surface the contact angle of the
lysozyme film interacted by Na' ions is the highest, whereas it
is intermediate and the lowest for Y** and Ca®* ions, respectively,
but on the H-Si surface, it is the highest for Ca®" and the lowest
for Na' ions. Thus, the probable structure, morphology and
hydrophobicity of adsorbed lysozyme molecules on both hydro-
philic and hydrophobic silicon surfaces in the presence of mono-
(Na"), di-(Ca**) and tri-(Y*") valent ions are explored and the same
are also investigated with the variation of ion concentration.
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