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ayer of lysozyme at variable
subphase pH conditions: a comprehensive study on
structure, morphology and hysteresis behaviour

Himadri Nath,ab Raktim J. Sarmaha and Sarathi Kundu *ab

Formation of a pure Langmuir monolayer of lysozyme at the air–water interface and its investigation by

means of a surface pressure (p)–mean molecular area (A) isotherm has been accomplished under

different subphase pH conditions. A normalized area–time curve confirms the stable nature of the

lysozyme monolayer whose compressibility variation with an increased surface pressure at specific

subphase pH has also been studied from p–A isotherms. The monolayers exhibit irreversible hysteresis

behaviour irrespective of subphase pH conditions, as evidenced from successive compression–

expansion p–A isotherm cycles. Comparison of surface thermodynamics under hysteresis with subphase

pH variation confirms that the monolayer at subphase pH z 4.0 involves a greater amount of energy to

attain and retain the ordered and compact monolayer than the other two pH conditions (pH z 7.0 and

9.5). In situ visualization of lysozyme monolayers by Brewster angle microscopy suggests the

homogeneous and stripe-like pattern formation at lower and higher surface pressure respectively.

Further investigations of lysozyme films at solid surfaces have been carried out with atomic force

microscopy and X-ray reflectivity (XRR) analysis. Structural reversibility of lysozyme molecules under

compression–expansion–compression of the monolayer is revealed from the comparison of height

profiles of AFM images and electron density profiles as extracted from XRR analysis of the films

deposited during both first and second compressions of the monolayer. The mechanism of the structural

rearrangement of lysozyme molecules with surface pressure variation at different subphase pH is

explored, correlating macroscopic and microscopic information.
1. Introduction

Proteins are the fundamental biomolecules that play a pivotal
role in the survival of all living organisms. They transform into
functionally active unique 3D complex molecules through
subsequent levels of folding of the precise amino acids
sequences.1–3 The functional activity of these macromolecules is
primarily dependent on their structure, which can be controlled
through the variation of physiochemical parameters such as
temperature, pH, ionic strength, solvent polarity, presence of
additives, etc.4–7 The surface charge of the proteins can be
adjusted by varying the pH of the protein solution as it changes
the microenvironment of proteins. Charged functional groups
on the protein surface are organized in ‘patches’ rather than
being evenly distributed, creating a complicated mosaic. At
a particular value of pH commonly dened as the isoelectric
point (pI), protein has a neutral charge value, however, below
and above this pI value it carries positive and negative surface
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charges respectively.8 Further, the presence of polar, non-polar,
and ionic regions of proteins leads to their adsorption on
various surfaces from bio-membranes to solid substrates. The
mechanism of adsorption of these protein molecules to various
surfaces and also its crystallization depends upon the structure,
conformation, function, etc.9,10 In-depth investigations on such
properties and their alteration under varying physicochemical
environments help to understand many existing health issues
such as Alzheimer's and Parkinson's diseases.11,12

In the recent past, the exploration on proteins has drawn
tremendous interest among various research disciplines due to
their wide variety of applications ranging from the food industry
to device manufacturing. For instance, proteins are widely used
as an emulsier in food processing or as an edible coating to cut
out moisture in food products.13 In addition to this, proteins
also have immense applications in different areas such as tissue
engineering, pharmaceuticals, drug delivery, manufacturing of
devices like biosensors, bio-photonic devices for medical
applications, etc.14,15 Amongst different proteins, globular
proteins are composed of a hydrophobic core surrounded by
polar or ionic amino acid groups which makes them highly
soluble in water. Lysozyme is one such globular protein which is
also regarded as a model for exploring the structures and
RSC Adv., 2023, 13, 22789–22799 | 22789
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functions of the protein. As its pI is approximately 11.0, it
behaves as a positively charged molecule under physiological
conditions.16 The primary structure of lysozyme comprises 129
amino acid residues with 14.3 kDa molecular mass.17 The
presence of four disulde bonds makes the 3D structure of this
protein unusually compact and highly stable.18,19 This globular
protein is abundantly found in egg white (about 3.4% of total
protein) and almost all secretions in mammals like tears, saliva,
andmilk. Egg white lysozyme is the most widely studied protein
as its structure is only differing by 40% from human lyso-
zyme.20,21 It is due to its antimicrobial property for which it is
extensively used in the elds of food technology, cosmetics,
pharmaceuticals, etc.13,22,23

Despite of the water solubility of the globular proteins, rela-
tively bigger size globular proteins can also form dense mono-
layers at the air–water interface.24 It is possible to assemble
protein molecules at the air–water interface as monolayer either
by injecting protein molecules into the aqueous subphase fol-
lowed by adsorption to the interface called Gibbs monolayer or
by spreading protein molecules on the water surface called
Langmuir monolayer.25–28 Such monolayers at the air–water
interface can be investigated further aer transferring onto
some solid surfaces by the method called Langmuir–Blodgett
(LB) method of lm deposition. Although different immobili-
zation methods such as drop-casting, spin-coating, dip-coating,
LB methods, etc. have been used,29,30 however, among them LB
method serves as a promising technique that allows ordered
deposition of lms with closely-packed structures and tunable
lm thickness at the molecular level.27,31 Furthermore, protein
lms fabricated through this technique have signicantly better
mechanical and thermal stability.32,33 In case of smaller globular
proteins like lysozyme, monolayer lm can be formed at the air–
water interface under different adsorption conditions as
a consequence of various interactions including electrostatic,
hydrophobic, van der Waals, intermolecular bonds, etc. Studies
on lysozyme layer adsorbed at an air–water interface using
neutron-reection measurements suggest that lysozyme retains
its globular structure at interface independent of its bulk
concentration.34–36 In contrast, the FTIR study reveals the
conformation variation of lysozyme molecules with high anti-
parallel b content upon adsorption at the air–water interface.37

Elastic properties of the lysozyme layer adsorbed at the air–water
interface covered with the surfactant ETHT 4001 was also
investigated.38 Literature review advocates that a considerable
amount of research work was reported on the study of lysozyme
lm at the air–water interface which deals with the adsorption
process. However, very few works have been published on the
Langmuir monolayer of lysozyme lms where molecules are
spread on the water surface from a specic solution. Yamashita
et al. stated that lysozyme cannot form a stable monolayer
spread over the aqueous subphase.39 On the contrary, Thakur
et al. reported the formation of a Langmuir monolayer of lyso-
zyme at elevated subphase pH and in the presence of 3 mM salt
(KCl) concentration.40 Potassium iodide (KI) has also been used
as a precipitant by another group in fabricating a multilayer lm
of lysozyme.41 Pechkova et al. reported that lysozyme lms
fabricated from its Langmuir monolayer can be considered as
22790 | RSC Adv., 2023, 13, 22789–22799
a nano template for the growth of different protein crystals.42 In
addition, it is also evidenced that lysozyme retains its structural
stability up to a temperature of around 200 °C when immobi-
lized as an LB lm.33 So far the formation of Langmuir mono-
layer of lysozyme is possible only if concentrated aqueous
solution is used for spreading the molecules instead of dilute
solution. Although the Langmuir monolayer of lysozyme from
the concentrated solution or in the presence of salt is studied,
still formation of pure lysozyme Langmuir monolayer at air–
water interface from dilute solvent solution has not been re-
ported yet and needs further exploration in this regard for
a better understanding. The purpose of our current study is to
provide key information on structures andmorphologies of pure
lysozyme Langmuir monolayers on the aqueous surface under
different pH conditions and its related surface thermodynamics
under compression–expansion surface pressure (p)–mean
molecular area (A) isotherms which in turn may be helpful to
understand various biological mechanisms like pulmonary
compliance, etc. and also in potential applications such as bio
coating and protein nano template fabrication for protein
crystallization.

In the present study, pure lysozyme Langmuir monolayers are
formed by spreading on the water surface using the dilute
solution of protein mixed in specic solvent ratios. Successive
compression–expansion of the protein monolayers is studied by
varying certain parameters like surface pressure as well as pH of
the sub-phase using the LB method. The compressibility varia-
tion of the monolayers under different surface pressure and pH
conditions are also studied from the surface pressure (p)–mean
molecular area (A) isotherms. The domain patterns formed at the
air–water interface are visualized with the help of Brewster angle
microscopy (BAM). The protein monolayers formed are depos-
ited on the hydrophilic silicon surface by LB method at different
surface pressures and different subphase pH conditions for
further characterization. The in-plane morphology and out-of-
plane structures of the lysozyme lms are characterized by
atomic force microscopy (AFM) and X-ray reectivity (XRR)
analysis. Moreover, the stability of the lysozyme monolayer is
also explored at pH z 7.0 on both aqueous and solid surfaces
using BAM, AFM, and XRR analysis. The results obtained from
the different experimental methods thus help to explore the
mechanism of structural rearrangement of lysozyme molecules
with surface pressure and subphase pH variation.
2. Experimental
2.1. Materials

Lysozyme (Sigma-Aldrich, Germany), methanol (Merck, India),
chloroform (Sigma-Aldrich, India), ammonium hydroxide
(NH4OH, Merck, 25%), hydrogen peroxide (H2O2, 30%, Merck),
HCl (35%, Merck, India), and NaOH (Merck, India) were used as
received.
2.2. Methods

2.2.1. Preparation of lysozyme solution. 0.5 mg ml−1 solu-
tion of lysozyme was prepared in a solution mixture containing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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40 : 20 : 3 ratio of chloroform, methanol, and water
respectively.43

2.2.2. Formation of lysozyme monolayer. Using a Hamilton
syringe, a specic amount of this lysozyme solution was spread
carefully over the aqueous subphase surface in a double-barrier
Langmuir trough made of Teon (dimensions: length × width
× height z 56.5 cm × 19.5 cm × 0.5 cm) consisting of a well
(dimension: length × width × height z 8.0 cm × 6.0 cm × 5.5
cm) in the middle of the trough. The variation of the surface
pressure was monitored using a paper Wilhelmy plate. A time
gap of z10 min is set before each compression for solvent
evaporation and achieving equilibrium condition of the
monolayer. For compression and expansion of the monolayer
barrier movement was kept constant at 5 mm min−1. All
measurements were carried out at room temperature ofz24 °C.
The subphase pH was maintained at z4.0, 7.0, and 9.5 by
adding the requisite amount of HCl and NaOH solution for
different experimental conditions.

2.2.3. Deposition of lysozyme LB lms. For deposition, Si
(001) substrates are used aer making it hydrophilic by boiling
in a solution mixture of ammonium hydroxide, hydrogen
peroxide, and ultrapure water (NH4OH : H2O2 : H2O= 1 : 1 : 2, by
volume) for 7–9 min and then washing with ultrapure water.
During the rst compression, surface pressure values of 5 mN
m−1 (lower pressure) and 27 mN m−1 (higher pressure) were
selected whereas in case of second compression the surface
pressure of 5 mN m−1 (lower value) was maintained at each
subphase pH condition for LB lm deposition. Transfer of
lysozyme molecules were carried out via a single up-stroke of
the substrate at a constant dipper speed of 2 mmmin−1 through
the protein monolayer-covered water surface.

2.2.4. Characterization
2.2.4.1. Brewster angle microscopy (BAM). Brewster angle

microscopy (BAM, nanolm EP4) was used for the in situ visu-
alization of lysozyme monolayer formed at the water subphase.
This instrument is equipped with a solid state laser of 50 mW
and a polarizer that emits light of 658 nm wavelength having p-
polarized characteristics. A wedge-shaped black colored glass
plate was kept at the bottom of the trough to reect any light
transmitted through the subphase out of the optical axis and
also to minimize the trough convection. The reected light is
captured using a high-quality, monochrome GigE CCD camera
with 1392 × 1040 pixels which is again coupled to a 10×
magnication objective, resulting in 2 mm spatial resolution.
BAM images of lysozyme lms were taken at lower (p z 5 mN
m−1), intermediate (p z 15–20 mN m−1), and higher (p z 22–
26 mN m−1) surface pressure during 1st compression and also
at lower surface pressure (p z 5 mN m−1) during 2nd
compression as well.

2.2.4.2. Atomic force microscopy (AFM). Surface morphology
and roughness of the fabricated lms were analyzed through an
AFM (AFM, NTEGRA Prima, NT-MDT Technology). Scanning of
the lms was operated in semi-contact mode with a cantilever
made of silicon having z11.8 N m−1 spring constant.44 From
a single lm several portions of 1 mm × 1 mm in area were
considered for scanning. The AFM images were processed and
analyzed using WSxM soware.45
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.4.3. X-ray reectivity (XRR) analysis. For XRR measure-
ments of the lysozyme deposited lm, X-ray diffractometer (D8
Advanced, Bruker AXS) setup was used. The whole setup
consists of a copper (Cu) source along with a Göbel mirror for
the selection of enhanced CuKa radiation (z1.54 Å) and a NaI
scintillation detector for the detection of scattered beam. The
data collection was carried out keeping the setup in specular
condition by equalizing the reected angle (qr) with the incident
angle (qi). This condition gives qz = 4p/l sin q, where qz is the
vertical component of the wave-vector. Parratt's formalism46 was
employed to analyze the XRR data where it was assumed that
each lm is a stack of homogeneous layers with the consider-
ation of both surface and interfacial roughness.47,48Out-of-plane
structures of the deposited lms are revealed from electron
density prole (EDPs) which is extracted from XRR analysis.
This EDPs or electron density variation47,49 basically signies in-
plane (x–y) average electron density (r) as a function of depth (z)
and is obtained with high resolution.47,50,51 For the data tting,
each lm was divided into a number of layers including
roughness at each interface. The densities of Si substrate and
silicon oxide layer formed on its surface were kept constant
during data tting. In all lms, three layers model was
employed and an instrumental resolution in the form of
a Gaussian function and a constant background was also
included at the time of data analysis.

3. Results and discussion

The surface pressure-mean molecular area (p–A) isotherms of
pure lysozyme monolayer formed at the air–water interface are
shown in Fig. 1(a). The isotherms were taken at three different
subphase pH values, i.e., at pH z 4.0, 7.0, and 9.5, which are
below the pI of lysozyme. Pre-prepared lysozyme solutions when
spread over the aqueous subphase results in the formation of
stable monolayer lm at the air–water interface with the adop-
tion of sideways-on orientation of the lysozyme molecules due
to the excess area of the trough.36 In general, such orientation
gives rise to a compact area, A0, i.e., p × a × b z 10.30 nm2,
considering the lysozyme molecule to be a prolate ellipsoid
z27.8 Å × 11.8 Å × 11.8 Å (a × b × b).52 Irrespective of the
different pH conditions applied, p–A isotherms of lysozyme
monolayers show the li-off area of z13.5 nm2 per molecule,
which is relatively higher in comparison with A0. The probable
reason behind this can be assigned to the electrostatic repulsive
interaction amongst lysozyme molecules and the presence of
defects or voids in the monolayer. Fig. 1(a) shows that although
pH does not have an impact on li-off area, the rate of increase
in surface pressure is such that it results in showing different
limiting molecular area with pH variation, which is the
extrapolation from the linear part of the p–A isotherm to zero
surface pressure. From the isotherms, it is clear that the
limiting molecular area increases as the subphase pH
approaches towards the isoelectric point, which is in accor-
dance with the outcome as stated by Thakur et al.,40 although
the increment is found to be comparatively small in our result.
For pH z 4.0, the limiting molecular area is found to be 10.45
nm2 per molecule, whereas for pHz 7.0 and 9.5 it is nearly 11.4
RSC Adv., 2023, 13, 22789–22799 | 22791
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Fig. 1 (a) Surface pressure–mean molecular area (p–A) isotherms of
lysozyme monolayer and corresponding; (b) isothermal compress-
ibility (k) as a function of surface pressure (p) at three different
subphase pH values, i.e. at pHz 4.0 (red color), pHz 7.0 (green color)
and pH z 9.5 (blue color).
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nm2 per molecule and 12.2 nm2 per molecule respectively.
Deviation of limiting molecular area from the compact area A0
may occur for following the specic way of orientation of lyso-
zyme molecules with barrier compression and also for the
conformational variation of the lysozyme molecule depending
upon the subphase pH conditions. Linear increment of the
surface pressure resulted in the formation of plateau-like
feature or slope in the isotherms as can be seen from
Fig. 1(a), however, the bending nature and the relative pressure
associated with the bending is found to vary with the pH
conditions. For subphase pH z 4.0, the slope of p–A isotherm
starts to change from below p= 20 mNm−1, while for pHz 7.0
and 9.5 changes in slope start above p= 20mNm−1. The degree
of bending of the slope or the plateau-like feature, seems to be
more pronounced for pH z 7.0 and 9.5. Change in slope or
formation of plateau-like features is an indication of molecular
rearrangements such as molecular tilting or bimolecular layer
formation from a compact monolayer at higher p.

Isothermal compressibility, k = −1/A × vA/vp,53 of the lyso-
zyme monolayers with p variation are calculated from the p–A
isotherms for all the three subphase pH conditions and are
shown in Fig. 1(b). At very low p value, k sharply decreases and
then it maintains nearly a constant value which signies
a transformation of the monolayer from uid phase (gaseous or
LE) to a less compressible LC or solid-like phase. Themonolayer
at pHz 4.0 seems to be more compressible (corresponding k =
0.022 mmN−1) as compared to monolayers at pHz 7.0 and 9.5
22792 | RSC Adv., 2023, 13, 22789–22799
(corresponding k = 0.017 m mN−1 and 0.016 m mN−1) as ob-
tained at around 15 mN m−1. Upon further barrier compres-
sion, another phase transition seems to occur where with an
increase in surface pressure compressibility value of the
monolayer also goes on increasing but its variation is pH
dependent. For pH z 4.0, this phase transition starts to occur
aer the monolayer experiences a surface pressure of 15 mN
m−1, while for pH z 7.0 and 9.5, it occurs comparatively at
a higher surface pressure (z20–23 mN m−1). An increment in
compressibility value with an increase in surface pressure
primarily indicates the formation of another higher compress-
ible phase and it is pH dependent as can be observed from
Fig. 1(b) where the lysozyme monolayer at pH z 9.5 is more
compressible than at pH z 7.0 and 4.0. Thus the comparison
shows that the nature of the compressibility curves of lysozyme
monolayers for three pH conditions is similar as each mono-
layer transforms from a uid phase to a less compressible phase
and then again to a higher compressible phase upon barrier
compression, but not identical.

Reversibility or irreversibility of a monolayer at the air–water
interface can be checked from compression–expansion p–A
isotherm cycles of the monolayer.54 Three compression–expan-
sion p–A isotherm cycles of the lysozyme monolayers were
examined at p = 33 mN m−1 for three subphase pH conditions
(pH z 4.0, 7.0, and 9.5) and are shown in Fig. 2. It is clear from
the gure that compression and expansion curves do not over-
lap and a change in area per molecule is obtained at a specic p
value during the expansion of the monolayer resulted in the
formation of hysteresis during all three compression–expansion
cycles irrespective of subphase pH. With variation in the
subphase pH condition, a signicant change in the hysteresis
area and the li-off area during 2nd and 3rd compression
compared to 1st compression is noticed from the compression–
expansion cycles of the lysozyme monolayer. For subphase pH
z 4.0, the li-off area of the monolayer decreases even up to 3rd
cycle, however, such decrement in li-off area with the number
of cycles seems to be reduced as the subphase pH approaches
the pI of lysozyme, indicating the inuence of subphase pH on
the hysteresis behaviour of the monolayer.

Understanding on the behaviour of the monolayer and the
energy associated with each of the hysteresis cycles can be
investigated from different thermodynamic functions involved
during the compression and expansion of the monolayer.
DGcomp is basically the energy supplied externally to the system
through compressing the monolayer, of which one part DGexpan

is released by the system during expansion aer conservation of
certain energy in the system, i.e., DGhys = DGexpan − DGcomp.
DGcomp, DGexpan, and DGhys are calculated by taking the surface
pressure range from 1 to 33 mNm−1 in order to avoid the errors
occurring from the uid portion of the isotherms. Considering
the same surface pressure range, the congurational entropy of
hysteresis, i.e., DShys ¼

P

p

½R lnðAexp=AcompÞ�p and the enthalpy

of hysteresis, i.e., DHhys = DGhys + TDShys are also calculated.55

The summary of calculated thermodynamic functions is pre-
sented in tabular form in Table 1. It is evident from Table 1 that
both DGhys and DShys are more negative in the 1st cycle in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Compression–expansion p–A isotherms of lysozyme monolayers at pH z (a) 4.0, (b) 7.0, and (c) 9.5 of the subphase. 1st compression–
expansion isotherm cycle is indicated by blue color, while 2nd and 3rd compression–expansion cycles are by red and green solid lines
respectively.

Table 1 Thermodynamic functions of the lysozyme monolayer calculated from the hysteresis cycle at different subphase pH

Subphase pH Hysteresis cycle DGcomp (kcal mol−1) DGexpan (kcal mol−1) DGhys (kcal mol−1) DShys (kcal mol−1) DHhys (kcal mol−1)

pH z 4.0 1st cycle 21.434676 10.3907829 −11.0438931 −0.02412 −18.2075331
2nd cycle 15.47900009 8.42138211 −7.05761883 −0.01962 −12.8847588
3rd cycle 12.9960311 6.77565933 −6.22037175 −0.02159 −12.6326018

pH z 7.0 1st cycle 19.3055941 11.6063736 −7.69922054 −0.01393 −11.8364305
2nd cycle 18.8308664 11.6941263 −7.13674011 −0.01445 −11.4283901
3rd cycle 16.9751125 12.4263578 −4.54875474 −0.009570 −7.39104474

pH z 9.5 1st cycle 21.2908191 14.2073061 −7.08351307 −0.01113 −10.3891231
2nd cycle 21.4778331 14.2202532 −7.2575799 −0.01228 −10.9047399
3rd cycle 19.7371648 14.7884879 −4.94867688 −0.008638 −7.51416288

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
9:

02
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
comparison to other cycles. This is probably due to the storage
of more amount of energy in the system in order to attain more
ordered and compact molecular organization aer compression
at higher surface pressure, which is also evident from the large
hysteresis area from isotherm cycles.

Information on different domain patterns of lysozyme
monolayer formed at three subphase pH conditions on the
water surface are extracted from BAM images, which are shown
in Fig. 3. It can be seen from the 1st column of Fig. 3 that
lysozyme molecules at p = 5 mN m−1 during 1st compression
form a homogenous monomolecular layer at the air–water
interface for all pH conditions. This homogeneity in the
monolayer disappears with the increment in surface pressure as
the stripe-like patterns start to form at 15 mNm−1 for pHz 4.0,
while for the other two pH conditions such stripes are formed at
p = 20 mN m−1, as can be seen from 2nd column of Fig. 3.
Further increase in surface pressure of the monolayer, the
formation of stripe-like patterns continues as a result of which
the number of stripe-like patterns or the width of the domain
increases with the increment in surface pressure of the mono-
layer which is quite noticeable from the comparison of 2nd and
3rd column. In addition, with the change in the monolayer
texture to stripe-like pattern, intensity variation (i.e. appearing
bright) in the image is also observed during the compression
which indicates the formation of relatively thicker monolayer
with increase in surface pressure, which is in accordance with
the results reported by Singh et al.38 The stripes formation as
© 2023 The Author(s). Published by the Royal Society of Chemistry
well as the thickness increment of the lysozyme Langmuir
monolayer with barrier compression is probably due to the
occurrence of molecular rearrangement as aggregation, molec-
ular tilting, etc. pH dependent comparison study shows that
although for pHz 4.0 stripes formation occurs at lower surface
pressure than at pH z 7.0 and 9.5 but at higher surface pres-
sure the monolayer at pHz 9.5 possess more number of stripe-
like patterns than the other two pH conditions as can be seen
from 3rd column of Fig. 3. To visualize the monolayer at p = 5
mN m−1 during 2nd compression, the same monolayer was
expanded to the barrier limit followed by compressing it again
to that specic surface pressure. With the expansion of the
barrier, the number of stripes or width of stripes ceases and the
monolayer again appears dark aer full expansion. However,
less number of stripes still exist over homogeneous pattern even
at p= 5 mNm−1 during 2nd compression when subphase pH is
z4.0. On the contrary, monolayers at pH z 7.0 and 9.5 do not
have any trace of stripes, rather homogeneous morphology have
been observed at p= 5 mNm−1 during 2nd compression, which
is nearly similar to the BAM images of the respective monolayer
at the same surface pressure during 1st compression.

To extract the morphological information, lms are depos-
ited on silicon substrates at different points of the isotherms for
three subphase pH conditions and are characterized by AFM as
shown in Fig. 4. Independent of pH, all the deposited lms
present roughly globular morphology with the globules con-
necting to each other. Height histogram of each image depicts
RSC Adv., 2023, 13, 22789–22799 | 22793
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Fig. 3 BAM images of lysozyme monolayers captured at lower, intermediate, and higher surface pressure during 1st compression and again at
lower surface pressure during 2nd compression are shown in the 1st, 2nd, 3rd, and 4th column, for three different subphase pH values, i.e., at pH
z 4.0 (a)–(d), 7.0 (e)–(h), 9.5 (i)–(l). Bars represent 50 mm.
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the average height (hav) of the respective lm whereas the z-scale
bar provides the total height (ht) information. From Fig. 4(a)–(c)
it can be seen that for pH z 4.0, hav of the lysozyme lms at
lower and higher surface pressures are found to be 0.78 and
0.88 nm with ht of 1.45 and 2.17 nm during 1st compression,
while in 2nd compression deposited at lower pressure hav
change to 0.73 nm with ht of 1.55 nm. For subphase pH z 7.0,
hav of 0.78, 1.14 and 0.73 nm are acquired, whereas respective ht
of 1.64, 2.50, and 1.75 nm are found from the protein lms
deposited at lower and higher surface pressures in 1st
compression and also at lower pressure in 2nd compression
respectively, provided in Fig. 4(d)–(f). Again, at pHz 9.5, during
1st compression hav of 0.68 and 1.15 nm with ht of 1.58 and
2.62 nm are obtained at lower and higher surface pressures.
However, for the same subphase pH at lower surface pressure
during 2nd compression, hav and ht of 0.78 and 1.61 nm are
obtained. Independent of subphase pH, the deposited lms
always follow the trend that hav, as well as ht, is always more at
higher surface pressure during 1st compression in comparison
to lower surface pressure during 1st and 2nd compressions,
which may be related to molecular reorganization or tilting.
Height information along with r.m.s. roughness (s) of all
deposited protein lms are tabulated in Table 2.

Out-of-plane structures of the deposited lysozyme lms are
obtained from the XRR study shown in Fig. 5. For pH z 4.0,
the lms deposited at p = 5 mN m−1 during 1st and 2nd
compressions possess a thickness value of z34 Å, while the
thickness value increases to 43 Å when deposited at p= 27 mN
22794 | RSC Adv., 2023, 13, 22789–22799
m−1 during 1st compression. For pH z 7.0, the lms depos-
ited at p = 5 mN m−1 and 27 mN m−1 during 1st compression
possess a thickness value of z36 and 47 Å respectively.
However, the thickness value is found to be z36.5 Å when the
lm is deposited in 2nd compression of the samemonolayer at
p value of 5 mN m−1. The monolayer when deposited at
subphase pHz 9.5 over the substrate at p of 5 mNm−1 during
both 1st and 2nd compression, have a thickness value of
z35.5 Å, while the thickness of z55.5 Å is found for the lm
deposited at higher surface pressure (p = 27 mN m−1) in 1st
compression. Thus, the lm thickness aer the compression–
expansion cycle of the isotherm nearly follows reversible
nature but the maximum electron density increases from
z0.68 to 0.71 e Å−3 indicating the increment of the electron
density by z4.5%, which might be for the elimination of
defects during 1st compression of the monolayer. The distri-
bution of EDPs as shown in Fig. 5 signies that two layers
having different electron densities are present, i.e., a lower
layer having a higher electron density (z0.68–0.71 e Å−3)
towards solid surface and an upper layer having a relatively
lower density (z0.33–0.46 e Å−3) towards air side. The thick-
ness of the lower layer is around 16–22 Å, while the thickness
of the upper layer is obtained as 18–33 Å. The higher density
towards the hydrophilic substrate surface is due to the orien-
tation of relatively hydrophilic residues of lysozyme molecule
towards the water side and less hydrophilic or hydrophobic
residues towards the air side aer spreading from the specic
three-component solvent.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM images of lysozyme LB films deposited on Si (001) at three different pH values, i.e., at pHz 4.0 (a)–(c), 7.0 (d)–(f), and 9.5 (g)–(i). Films
deposited during 1st compression at lower and higher surface pressure (i.e. at p = 5 mNm−1 and 27 mNm−1) are shown in (a), (d), (g) and (b), (e),
(h) respectively, while for the films deposited during 2nd compression of themonolayer at lower surface pressure (p= 5mNm−1) are represented
in (c), (f), (i). On the right hand of each image, total height or z-scale bar as well as height histogram of the respective AFM image are shown. Scan
size: 1 mm × 1 mm.

Table 2 Height information and roughness of lysozyme LB films deposited at different subphase pH

Film parameters
r.m.s. roughness,
s (nm)

Average height,
hav (nm)

Total height,
ht (nm)pH p (mN m−1) Cycle

z4.0 5 1st comp 0.14 0.78 1.45
27 0.15 0.87 2.17
5 2nd comp 0.14 0.73 1.55

z7.0 5 1st comp 0.12 0.78 1.64
27 0.17 1.14 2.50
5 2nd comp 0.13 0.73 1.75

z9.5 5 1st comp 0.10 0.68 1.58
27 0.21 1.15 2.62
5 2nd comp 0.15 0.78 1.61
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Stability of the lysozyme monolayer at the air–water interface
is estimated from the normalized specic molecular area–time
(A/A0− t) curves at a constant surface pressure of 27 mNm−1 for
a period of 1 hour, shown in Fig. 6(a). It is found that a quite
stable lysozyme monolayer is formed at the air–water interface
having subphase pH z 7.0 as the initial area is reduced by
nearly 17% even aer the monolayer is allowed to relax for
a period of 1 hour. From the in situ pattern of the relaxed
monolayer at p = 25 mN m−1 which is shown in Fig. 6(b), it is
visible that the large number of stripe-like patterns as formed
before the monolayer is allowed to relax aggregates with time,
resulting in a formation of relatively larger domains. Stability of
the lysozyme lm aer depositing the relaxed monolayer on
hydrophilic Si (001) substrates at pHz 7.0 at a constant surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
pressure, p = 27 mN m−1 is additionally investigated from the
analysis of XRR and AFM shown in Fig. 6(c) and (d) respectively.
EDPs shown in Fig. 6(c) show a thickness value of about z47 Å
for the monolayer deposited aer 1 hour which is similar to the
thickness value of immediately deposited lm. Again Fig. 6(d)
shows that the lm with the same relaxed condition has an hav
of z1.2 nm having a ht of z2.74 nm that is comparable to the
lm deposited immediately at p = 27 mN m−1 shown in Fig.
4(e). Such evidence makes a clear vision regarding the forma-
tion of lysozyme lm which is stable enough for holding the
structure even for a longer time period.

p–A isotherms and the corresponding compressibility curves
of the lysozyme Langmuir monolayers formed at subphase pH
between 4.0 to 9.5 show the transition of the monolayer from
RSC Adv., 2023, 13, 22789–22799 | 22795
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Fig. 5 X-ray reflectivity data (open circles) and the fitted curves (solid lines) of the lysozyme films deposited at three p values, i.e., at 5 mN m−1

(black circles) and 27 mN m−1 (red circles) during 1st compression and again at p of 5 mN m−1 (green circles) during 2nd compression, at
subphase (a) pHz 4.0, (c) pHz 7.0 and (e) pHz 9.5. (b), (d) and (f) corresponding electron density profiles (EDPs) obtained from the fitting of the
reflectivity data.

Fig. 6 (a) Stability curve (A/A0 − t) of the lysozyme monolayer formed
at the interface of aqueous subphase for 1 hour of time duration at p=

27mNm−1, (b) in situ image of the samemonolayer at surface pressure
of 25 mNm−1 after relaxation for 1 hour as obtained from BAM, (c) XRR
data with fitted curves for the film deposited at target pressure of 27
mN m−1 without (black circles) and with relaxation (red circles) for 1
hour time period at subphase pH z 7 and respective EDPs are in the
inset. (d) AFM image of the lysozyme film fabricated at p = 27 mN m−1

after relaxation for 1 hour at the air–water interface and height
histogram as well as z-scale bar are shown on the right side of the
image.
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a less compressible phase to a highly compressible phase with
increase in p regardless of subphase pH. However, at subphase
pHz 4.0, such transition in the monolayer occurs at a relatively
lower p value compared to that of pHz 7.0 and 9.5 respectively.
Such compressibility variation is actually related to the
22796 | RSC Adv., 2023, 13, 22789–22799
stiffness/rigidity of the monolayer that depends upon the
subphase pH condition as well as on monolayer surface pres-
sure. Compression–expansion isotherm cycles conrm the
existence of hysteresis in the lysozyme monolayer formed at
different subphase pH conditions, even up to the 3rd
compression–expansion p–A isotherm cycle. In addition,
a decrease in li-off area with cycles is perceptible from the
isotherm cycles, more prominently visible for the monolayer at
pH z 4.0. The nature of the isotherms and irreversible hyster-
esis behaviour of the monolayers can be correlated to the in situ
domain pattern of lysozyme monolayer as visible from BAM
images. With compression, the loosely packed monolayer turns
into a compact monolayer along with the formation of stripe-
like domains at higher surface pressures. During expansion,
such compactness of the monolayer or the domain patterns
tends to hold their structures depending upon the subphase pH
conditions, thus producing a decrease in mean molecular area.
Different viscoelastic behaviours of monolayers are generally
inuenced by the presence of domains on the water surface. It
was evidenced that the presence of such domains increases the
compressibility of the monolayers to a greater extent,56 which
resonance with the results reported in the present study.
Compressibility curves shown in Fig. 1(b) show that the
monolayer is more compressible at pHz 4.0 around p= 15mN
m−1 (i.e. before a marked transition) and it can be due to the
formation of stripes at 15 mN m−1 as visualized in Fig. 3(b),
while no such stripes are formed at subphase pH 7.0 and 9.5
even up to p z 18–19 mN m−1, which makes the monolayers
comparatively less compressible. However, at higher surface
pressure compressible behaviour is more for the monolayer at
pH z 9.5 due to the presence of more number of stripes in
comparison to the other two pH conditions (pH = 4.0 and 7.0)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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as can be seen from Fig. 3(k). Moreover, Fig. 3(d) gives a clear
indication of the retention of the stripe-like domains even aer
compression–expansion–compression of the monolayer, thus,
producing a lower li-off area in each compression–expansion
cycle as can be seen from Fig. 2(a). Unlike pH z 4.0, a nearly
homogeneous pattern is visible in the monolayer for subphase
pHz 7.0 and 9.5 at the same lower surface pressure during 2nd
compression. The absence of such domains helps in retaining
the initial monolayer conguration as formed during 1st
compression–expansion cycle, hence a negligible change in li-
off area can be observed in each of the 2nd and 3rd cycles. In
combination with the in situ study, ex situ characterization of
themonolayer using AFM and XRR analysis shows the thickness
variation of the deposited lysozyme lms on Si (001) substrates
with the monolayer surface pressure and subphase pH condi-
tions. Height information as obtained from AFM analysis and
EDP shows the deposition of thicker lm at higher surface
pressure than that of lower surface pressure during 1st and 2nd
compression. The increase in lm thickness with increased
surface pressure is due to the specic molecular orientation of
the lysozyme molecules, i.e., specic molecular tilting in the
monolayer formed at the air–water interface depending upon
the applied pH condition. The amount of such molecular tilting
with the increase in p from 5 to 27 mN m−1 can be estimated to
be from 37° to 87° depending on subphase pH conditions.
However, the molecules regain nearly their initial conguration
if the p is reduced to its initial lower value and the conguration
of the monolayer takes mostly side-on orientation when the
monolayer is fully expanded. The maximum thickness of the
deposited lm is obtained at a higher surface pressure of 27 mN
m−1 at pH z 9.5, where the molecules take nearly end-on
conguration as the thickness becomes z55.5 Å. However, at
this p value and pH condition, a bimolecular layer may also
form where the lower layer is in side-on conguration and the
upper layer is in a tilted conguration. All such molecular
congurations formed at different surface pressure and
Fig. 7 Schematic representation of the structural modification of lysozym
subphase pH z 4.0 and 7.0 and (iii)–(v) subphase pH z 9.5.

© 2023 The Author(s). Published by the Royal Society of Chemistry
subphase pH conditions are schematically shown in Fig. 7.
Structural reversibility of the lysozyme lm is ascertained by
both XRR and AFM as the lms deposited at lower surface
pressure during 2nd compression have nearly similar thickness
value as the lms deposited during 1st compression at lower
surface pressure.

Here, it is important to mention that different interactions
(attractive and repulsive) come into existence which collectively
affect the protein monolayer behaviour at the air–water inter-
face. These interactions can arise due to a combination of
electrostatic, hydrophobic as well as van-der Waals interaction
between molecules depending on the surface pressure and
subphase pH conditions. At pH z 4.0, which is far away from
the pI of the protein, lysozyme molecules might have been
exposed more hydrophobic parts as compared to pH z 7.0 and
9.5 respectively. It is due to this hydrophobic interaction
between the molecules which comes into play at lower p values
during compression and is responsible for the formation of
different stripe-like domains at pH z 4.0. These domains are
obtained even at lower p values of pz 15 to 16 mN m−1, which
are visible from the BAM images. On the other hand, for pH z
7.0 and 9.5 relatively less hydrophobic interactions may take
place at lower p values. Therefore, no such stripe-like domains
are obtained around that range of p values for pHz 7.0 and 9.5
respectively, which effectively appears at a p value starting from
p= 20 to 22 mNm−1. With the increase in barrier compression,
electrostatic repulsive interaction plays a signicant role. At pH
z 4.0, the protein molecules acquire net positive surface charge
and it is this repulsive interaction that forces the molecules to
tilt to a lesser degree with barrier compression. This is well in
agreement with the lower thickness of the deposited lms from
which a maximum tilt of 51° from the EDPs is obtained due to
the less tilting of the protein molecules. As pH approaches pI,
this electrostatic repulsive interaction becomes inefficient, as
the protein molecules acquire less net surface charge. Thus,
with compression of the monolayer, the molecules come closer
e molecules on water surface under barrier compression at (i) and (ii)
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to each other due to insufficient resistive force, producing
a more tilted arrangement of the molecular layer. At a pH value
close to the pI of lysozyme, i.e., at pH z 9.5, maximum thick-
ness of the deposited lm is obtained, which is estimated to be
87° of tilt at p = 27 mN m−1, which signies nearly end-on
orientation of the molecules. This molecular tilting at higher
surface pressure is associated with the compressibility of the
monolayer. From Fig. 1(b) it can be seen that at higher surface
pressure the monolayer becomes highly compressible at pH z
7.0 and 9.5. The surface pressure, p z 23 mN m−1 marked
a transition from a nearly constant compressible lm to a highly
compressible one for the monolayer at pH z 7.0 and 9.5, while
comparatively slow rate of increase in compressibility value
beyond p z 23 mN m−1 signies a relatively less compressible
lm at pH z 4.0. The less inuence of electrostatic repulsive
interaction at pHs near the pI of the protein upon maximum
compression is also responsible for the formation of more
number of stripe-like patterns at pH z 9.5 at higher surface
pressure, as shown in Fig. 3(k) which is related to the more
compressible nature of the monolayer at the macroscopic level
for the same condition. However, upon expansion of the
monolayer up to a specic barrier position, the hydrophobic, as
well as van der Waals interaction, dominates over electrostatic
repulsive interaction, which tends to hold the molecular struc-
ture towards the lower surface pressure to give rise to different
hysteresis areas. The effect of hydrophobic and van der Waals
interaction between molecules is found to be more at pHz 4.0,
which has been discussed from the point of different domains
and large hysteresis area as compared to the other pH condi-
tions. The stability study of the protein shows the capability of
the monolayer to remain oating on the water surface for
a longer duration of time and also the stable structure of lyso-
zyme monolayer at solid surface as the deposited lm aer
a relaxation time of 1 hour gives nearly similar thickness values,
conrmed from AFM as well as XRR analysis. Thus, this study
shows the ability of the lysozyme to form amonolayer at the air–
water interface from a three-solvent system, which was not
possible when dissolved in a polar solvent like water. The study
of different structures as obtained from the deposited lms will
also be helpful in investigating different proteins to be used as
protein nano templates, and organic and antimicrobial coating.

4. Conclusions

Globular protein, lysozyme, even aer having a small rigid
structure can form a stable Langmuir monolayer at the air–
water interface from a three-component solvent solution. With
the variation of surface pressure and pH condition (pH z 4.0,
7.0, and 9.5), the monolayer behavior has been studied elabo-
rately. A combined force of electrostatics, van der Waals and
hydrophobic interactions among the lysozyme molecules play
the main role which in turn affects macroscopically the char-
acteristics of the monolayer such as compressibility, hysteresis
and stability of the lysozyme monolayer at the air–water inter-
face. A marked phase transition from a lower compressible
monolayer to a highly compressible one occurs at a specic
surface pressure depending on subphase pH. This phase
22798 | RSC Adv., 2023, 13, 22789–22799
transition is visualized in situ via the transformation of the
monolayer from homogenous to stripe-like patterns, as evi-
denced from the BAM images. Thermodynamic functions
evaluated from hysteresis analysis signify that at pH z 4.0
relatively more amount of energy is stored in the system to
attain and hold the ordered and compact molecular organiza-
tion, resulting in more hysteresis amount. In-plane morphology
from AFM and out-of-plane structure from XRR of lysozyme lm
deposited on Si (001) substrate with increased surface pressure
conrms the increment in thickness of the lm which is relat-
able to molecular tilting with the increase in surface pressure.
Again, the deposition of monolayer during 2nd compression at
lower pressure gives nearly similar thickness value as that of the
lm deposited at the same pressure during 1st compression,
conrmed by both AFM and XRR. Such structural reversibility is
possible only if lysozyme molecules regain its initial congu-
ration with the expansion of the monolayer. Thus, this study
shows the successful fabrication of stable lysozyme monolayers
both on water and solid surfaces and also the investigation of its
relative structures. This study would be helpful in forming
a pure protein nano template in two dimensions and also can be
utilized for the purpose of bio coating as lysozyme is a well-
known protein having antimicrobial properties.
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