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ABSTRACT: Protein stability and performance in various natural
and artificial systems incorporating many other macromolecules for
therapeutic, diagnostic, sensor, and biotechnological applications
attract increasing interest with the expansion of these technologies.
Here we address the catalytic activity of lysozyme protein (LYZ) in
the presence of a polyethylene glycol (PEG) crowder in a broad
range of concentrations and temperatures in aqueous solutions of
two different molecular mass PEG samples (Mw = 3350 and 10000
g/mol). The phase behavior of PEG−protein solutions is examined
by using dynamic light scattering (DLS) and small-angle X-ray
scattering (SAXS), while the enzyme denaturing is monitored by
using an activity assay (AS) and circular dichroism (CD)
spectroscopy. Molecular dynamic (MD) simulations are used to illustrate the effect of PEG concentration on protein stability at
high temperatures. The results demonstrate that LYZ residual activity after 1 h incubation at 80 °C is improved from 15% up to 55%
with the addition of PEG. The improvement is attributed to two underlying mechanisms. (i) Primarily, the stabilizing effect is due to
the suppression of the enzyme aggregation because of the stronger PEG−protein interactions caused by the increased
hydrophobicity of PEG and lysozyme at elevated temperatures. (ii) The MD simulations showed that the addition of PEG to some
degree stabilizes the secondary structures of the enzyme by delaying unfolding at elevated temperatures. The more pronounced
effect is observed with an increase in PEG concentration. This trend is consistent with CD and AS experimental results, where the
thermal stability is strengthened with increasing of PEG concentration and molecular mass. The results show that the highest
stabilizing effect is approached at the critical overlap concentration of PEG.

■ INTRODUCTION
Industrial and biomedical applications of enzymes continue to
expand because of their unique catalytic efficiency and
selectivity.1−7 Many mesophilic enzymes have poor thermal
stability and poor retention of their catalytic activity above 50−
60 °C,8−10 thus limiting their applications when extended use
at elevated temperatures is beneficial to increase productivity
and decrease bacterial contamination of the industrial
processes11 and when enzyme storage requires a low
temperature. Simple and cost-efficient methods to improve
enzyme stability are in high demand.
The hydrophobic effect plays a major role in stabilizing

protein globules in an aqueous solution.1213 The temperature
increase, however, results in the increase of the conformational
entropy upon unfolding. Hence, at high temperature the
hydrophobic interactions are no longer sufficient to compen-
sate for the loss of conformational entropy upon folding,14 and
water molecules penetrate the globule causing degradation of
the secondary structures.
Numerous approaches have been proposed to address the

problem of proteins’ thermal stability. All the methods could
be broken down into two large groups. The first group is the
development of synthetic proteins with improved thermal

stability through a modification of amino acid sequence to
enlarge the hydrophobic effect or provide additional cross-
linking.15−17 The second group is based on binding of protein
molecules with organic molecules (mainly with polymers)18 or
solid particles (often porous structures)19−21 to reinforce the
protein globule, screen penetration of water molecules, and
minimize irreversible aggregation. Both of these groups of
methods are essential because neither of these methods can be
universally applied for different applications of proteins.
Herein, we are interested in the second group of methods,
specifically in the mechanism of improvement of the protein
stability via interactions with polymeric additives. Protein−
polymer systems are studied for two major aspects of their
applications: (i) improvement of protein stability for storage,
transportation, and biotechnological processes at elevated
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temperatures and (ii) understanding of protein interactions in
a complex natural or synthetic environment that includes
natural or synthetic macromolecules. In the latter case, the
relevant examples of the applications are in protein therapeutic
drugs22 and growth factors for cell culturing.23

Mechanisms of thermal denaturing of proteins in the
presence of polymers have many aspects that are specific for
each protein. Indeed, many commonly observed mechanisms
allow for the development of general concepts for under-
standing polymer−protein interactions and their effect on
denaturing mechanisms. In this work, we study thermal
denaturation of lysozyme enzyme in the presence of poly-
ethylene glycol (PEG) or polyethylene oxide (PEO); the same
polymer is traditionally referred to PEG for molecular mass
<20 kg/mol and PEO for molecular mass >20 kg/mol. Both
PEG and PEO terms are used in our discussion when we refer
to original publications. LYZ has been extensively investigated,
which makes it quite a convenient subject for research.24 We
anticipate that many aspects of the stabilization established for
the PEG−lysozyme system could be considered for other
PEG−protein systems.
Hen egg-white lysozyme (LYZ) used in this study is a

monomeric protein consisting of 129 amino acid residues and
cross-linked by four disulfide bridges.25 The mechanism of
LYZ thermal denaturation can be depicted by the classical
scheme of Lumry and Eyring:26 N ⇄ U → I, where the native
enzyme, N, reversibly unfolds to the denatured state, U,
followed by the irreversible transition to the inactive
conformation, I. The denaturing process is pH-dependent.
LYZ can be irreversibly inactivated at 100 °C as a result of
deamidation of asparagine residues at pH 427,28 and a
combination of aggregation and intermolecular/intramolecular
disulfide exchanges (disulfide scrambling) at neutral pH (a
range of pH from 6 to 8).29 The secondary structure of LYZ is
dominated by α-helix and minor β-sheet and turn elements.
With a progressive rise in temperature, the α-helix structure
unfolds. These conformational changes are followed by
aggregation of the enzyme and irreversible loss of activity.
The greatest LYZ thermal stability was measured at pH 5. It

was found that at pH 5 LYZ demonstrated minimal changes in
the secondary structure with minimal aggregation, hence with
maximal stability in a temperature range from the room
temperature to 70 °C.30 The aggregation via the interaction
between hydrophobic fragments of the unfolded enzyme
remains irreversible upon cooling or dilution.31,32 LYZs begin
to unfold at around 50 °C and then aggregate at about 70 °C.
At the latter stage, protein globules are denatured and
aggregated.33 Disulfide scrambling, which takes place at neutral
to alkaline pH,29,34 is also accompanied by aggregation.35

Our previous studies of LYZ−polymer conjugates demon-
strated a significant improvement of the enzyme thermal
stability at pH 5.2.36,37 In these studies, LYZ was conjugated
with a PEO bottlebrush constituted of the acrylate backbone
with PEG side chains. The enzyme was covalently bound to
the backbone of the bottlebrush between the PEG side chains.
The half-life of the lysozyme−polymer conjugate at 90 °C was
extended 9-fold. The possible explanation of the improved
enzyme performance is the so-called “crowding effect” caused
by PEG side chains in the bottlebrush structure. However, this
explanation remained a hypothesis.
Notably, PEG is often used for enzyme stabilization either

via conjugation with enzymes11,38−43 or via the addition of
PEG into the medium.11,44,45 PEGylation, or covalent binding

of PEG to proteins, results in a PEG−protein conjugate.
PEGylation often improves the stability of the secondary
structure,11,38−43 including mechanical reinforcement with
respect to unfolding, shielding the enzyme from water
molecules by the nearby PEG, and promoting the refolding.41

It has been shown that PEGylation reduces the water
accessible surface area of the protein to protect the
intrapeptide hydrogen bonds.38,39,46 However, the conjugation
changes the structure of the resulting biomacromolecule when
it is difficult to discriminate the role of the crowding effect.
The PEG stabilizing effect is typically more pronounced for

higher PEG concentrations and longer PEG chains if PEG is
added to the protein solution.11,44 The addition of crowders
introduces both entropic47,48 and enthalpic48,49 contributions
affecting the protein stability. Macromolecular crowders, such
as PEG, limit the protein’s accessible states due to hard-core
repulsions since a loss of configurational entropy is typically
larger for the protein in the denatured state than that in the
folded state. Hence, the hard-core repulsion results in protein
stabilization.49−53 On the other hand, crowders can exhibit
either attractive54 or repulsive soft enthalpic interactions with
proteins.52 Thereby, while entropic contribution typically leads
to protein stabilization, an enthalpic contribution can have
either stabilizing or destabilizing effect depending on the
chemical nature of the crowders and proteins.52 Overall, either
an improvement50,55,56 or a negative to no effect of crowders
on the protein thermal stability57,58 was observed in experi-
ments depending on the chemical nature of proteins and
crowders. For example, the addition of dextran-70 was
reported to increase the midpoint temperature of the
denaturation curve of LYZ,59,60 but the presence of PEG61

and methoxypoly(ethylene glycol)5K-block-poly(L-aspartic acid
sodium salt)10

62 resulted in a decrease of the enzyme unfolding
temperature. The addition of a block copolymer of PEO and
propylene oxide (PPO) resulted in an increase in refolding
yield of denatured LYZ. The increased stability in the latter
case was explained by hydrophobic interactions between LYZ
and PPO blocks, while adding only PEO showed no
improvement of thermal stability.63

A number of studies of the PEG−LYZ−water phase
behavior revealed that the effect of PEG crowders depends
on the concentration, molecular mass of PEG, and PEG−LYZ
interaction.64,65 At room temperature, PEG−protein inter-
actions are weak but vary for different proteins. Repulsive
protein−protein interactions dominate in dilute aqueous
solutions of a low molecular mass PEG. However, the
repulsion forces are compensated by the depletion effect
with an increase of PEG concentration.64,65 This PEG
concentration effect on protein−protein interactions is
inverted at a crowder concentration (C), crossing the
transition from dilute to semidilute PEG concentration regime
(critical overlap concentration C*).58 At C/C* > 1, the
protein−protein interactions become more repulsive in the
presence of highly entangled PEG coils when the role of the
depletion effect decreases.58 Temperature-dependent PEG−
protein soft interactions could prevent the depletion-induced
protein aggregation if the depletion forces are compensated by
attractive crowder−protein interactions. It was also demon-
strated that protein−PEG interactions become more pro-
nounced with increasing the molecular mass of PEG.66

In the studies discussed above, LYZ thermal stability in the
presence of crowders was limited by monitoring changes in
one or other property of the enzyme or phase behavior in
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solutions. It was rarely combined with monitoring of its
catalytic activity. The commonly used characteristic of the
thermal stability of proteins is denaturation midpoint temper-
ature (Tm). It is considered that Tm point corresponds to a
50% unfolded state. However, for enzymes, the relationship
between thermal stability (Tm) and catalytic activity is
nonlinear. Enzymes can lose their catalytic activity even
below Tm due to minor conformational changes.67 It becomes
practical to assess enzyme thermal stability via half-life time at
a certain temperature.68

Herein, a combination of the experimental methods (DLS,
SAXS, activity assay analysis, and CD) and MD simulations are
utilized to monitor conformational changes of LYZ, PEG, their
phase behavior (aggregation) in solutions, and catalytic activity
of the enzyme. This combination of methods reveals a dual
role of PEG crowders in the improvement of thermal stability
of LYZ by (i) delaying of the protein unfolding and (ii)
preventing the formation of irreversible LYZ aggregates.

■ EXPERIMENTAL SECTION
Materials. Lysozyme from chicken egg white (Mw = 14300 g/mol)

and polyethylene glycol (Mw = 3350 g/mol (PEG3k) andMw = 10000
g/mol (PEG10k)) were purchased from Sigma-Aldrich. An EnzChek
fluorescence-based lysozyme assay kit (Catalog No. E22013) was
purchased from the Thermo Fischer Scientific. N-Hydroxysuccini-
mide-functionalized polyethylene glycol (PEG-NHS) (Mw = 10000 g/
mol) was purchased from Nanocs.
Enzyme Solutions. The 0.2 mg/mL LYZ solutions with 0−140

mg/mL PEG3k and 0−60 mg/mL PEG10k were prepared in
phosphate-buffered saline (PBS, pH = 7.4). PEG−NHS conjugated
LYZ solutions were prepared by mixing 0.2 mg/mL LYZ with 2−50
mg/mL PEG−NHS in PBS. The solutions were incubated overnight
at room temperature.
Enzyme Activity, Thermal Stability, and Biocatalytic

Kinetics. The enzymatic activity was evaluated after incubation of
LYZ in the presence of PEG at the elevated temperature, followed by
cooling to room temperature and dilution of the solution to C/C* < 1
for the PEG, since the enzyme activity can be impacted by the
concentration regime around of the critical overlap concentration.69

60 μL of LYZ and LYZ+PEG solutions were incubated at room
temperature or 80 °C for 1 h. The solutions were then diluted 25
times with PBS. Activity and biocatalytic kinetics were measured with
EnzCheck lysozyme assay kit in PBS as previously reported.37

Circular Dichroism (CD) Spectroscopy. CD studies were
performed with a Jasco J-710 spectra polarimeter for LYZ and LYZ
+PEG samples by using a quartz cuvette with a path length of 0.1 cm.
An enzyme concentration of 15 μM was used for LYZ, LYZ + 60 mg/
mL PEG3k, and LYZ + 50 mg/mL PEG10k. The spectra were
collected in the far-UV regions from 260 to 190 nm at 1 nm
bandwidth. The first spectrum was collected at room temperature;
then the sample was heated to 80 °C, and spectra were acquired every
10 min up to 1 h. The sample cell was then cooled to 45 °C, and
spectra were acquired every 10 min up to 1 h. Three scans were
averaged for each spectrum. The buffer and PEG spectral background
were subtracted from the spectra.
Quantification of Lysozyme Aggregation. LYZ and LYZ

+PEG solutions were heated at 80 °C for 1 h, followed by filtration
with 50 kDa cutoff Amicon ultra-4 centrifugal filters (Millipore
UFC805024) after cooling to room temperature. The enzyme
concentrations of the filtrates were measured by UV−vis at 280 nm
(the extinction coefficient is 38940 cm−1 M−1) and compared with
original solutions at room temperature. The difference of LYZ
concentration prior to heating and after filtration of the aggregate was
used to estimate the fraction of aggregated LYZ.
Dynamic Light Scattering of LYZ and PEG Solutions.

Dynamic light scattering (DLS) of protein and PEG solutions was
analyzed with a Zetasizer Nano-ZS (Malvern Analytical). A 0.2 mg/
mL LYZ solution with no PEG, with 60 mg/mL PEG3k, and with 50

mg/mL PEG10k were separately analyzed at 25 and 80 °C (Figure
S1).

Molecular Dynamic Simulations. The effect of PEG concen-
tration on the thermal stability of lysozyme was assessed by using
atomistic MD simulations at high temperatures. To accelerate the
LYZ unfolding, the temperature of 500 K70−72 was chosen; notably,
high-temperature MD simulations are often used to accelerate
unfolding.70,71,73−84 It had been shown that for the two-state proteins
the high temperature does not alter the pathway of the unfolding, but
only its rate.76,77 In all simulations at 500 K (NVT ensemble), the
density of water was chosen to be equal to that at 300 K.38,70,72,84 The
crystal structure of LYZ was taken from RCSB protein data bank
(http://www.rcsb.org, PDB ID 3TXJ). 3TXJ consists of 129 residues;
the secondary structure encompasses six α-helices and three stranded
antiparallel β-sheets. PEG (degree of polymerization of 21) was
constructed and optimized with Gaussian 09 as detailed in our prior
studies.36,85 The CHARMM force fields86,87 were employed for the
protein and PEG.

We fixed the number of PEG chains (237 chains) and varied the
number of water molecules (and correspondingly, the size of the
simulation box as detailed in the Supporting Information) for
different concentrations considered below. The lysozyme and PEG
chains were solvated in water (CHARMM TIP3P88 water model). A
NVT ensemble and a V-rescale thermostat were used. All the
simulations were performed by using the GROMACS Molecular
Dynamics package.89,90 The LYZ−PEG−water system was first
subjected to equilibration and then production runs. Simulation
strategies were applied as reported in our previous studies;36,85

additional details are provided in Supporting Information (Figures
S2−S4 and Table S1).

Small-Angle X-ray Scattering (SAXS). SAXS measurements
were performed on a custom-built instrument (Saxslab, Amherst,
MA) equipped with a copper rotating anode (Bruker AXS) and a
300K Pilatus area detector. We used a 0.6 m nominal sample to
detector distance. The actual distance was calibrated with silver
behenate. Data reduction was performed with GUISAXS software.
Temperature control was performed with an adapted Linkam
HFSX350 stage.

Enzyme solutions of 3 mg/mL LYZ and 1.5 mg/mL LYZ with 30
mg/mL PEG3k and 25 mg/mL PEG10k were analyzed with SAXS.
The samples were placed in 1 mm diameter capillaries (Charles
Supper Company, Natick, MA) and sealed. The exposure time for
temperature controlled measurements was kept at 1 h (unless
otherwise indicated). We used 0.1°/s for the temperature ramp. The
equilibration time at each temperature was set to 2 min. A longer
equilibration time was not necessary due to long exposure time. The
data fitting was done by using Irena SAXS fitting package91 (Figures
S5 and S6).

■ RESULTS AND DISCUSSION

Thermal Stability via Catalytic Activity. The effect of
PEG on LYZ stability was studied with two PEG crowders,
PEG3k (C* = 122 mg/mL) and PEG10k (C* = 54.4 mg/mL),
at 0−140 and 0−60 mg/mL aqueous solutions, respectively.
After incubation at 80 °C for 1 h, native LYZ (control) was
denatured with only 15% residual activity. Notably, here and
below we refer to native LYZ as LYZ in water only, with no
PEG crowders added. The addition of 20 mg/mL of PEG3k
resulted in a residual activity of 25%. The thermal stability of
LYZ improved with increasing PEG3k concentration by
leveling off the PEG concentration effect at 100 mg/mL of
PEG3k with about 40% of residual activity (Figure 1a). Adding
PEG10k had an even more pronounced stabilizing effect,
which was leveled off at 40 mg/mL of PEG with 55% of the
residual activity compared to 15% of native LYZ (Figure 1b).
The half-life of LYZ in the solutions reveals the thermal
stabilization effect of PEG on enzyme catalytic activity. Adding
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PEG extends the half-life of LYZ at 80 °C from 20.5 min to
28.6 min and 48.2 min for PEG3k and PEG10k solutions,
respectively (Table 1 and Figure S7).
For reference, we analyzed the thermal stability of LYZ

covalently conjugated to PEG−NHS ester (Mw = 10000 g/
mol). The thermal stability of LYZ was improved up to 80% of
the residual activity with only 10 mg/mL of PEG in solution
(Figure 1c). This result evidently demonstrated the critical role
of PEG−protein interactions for the thermal stabilization of

the protein when the depletion effect is overcome by the
covalent conjugation. In the latter case, the stabilization was
approached at a PEG concentration significantly below the
critical overlap concentration C*, while a similar stabilizing
effect for noncovalently conjugated PEG is approached at
ratios C/C* close to 1.
The Michaelis−Menten kinetic model was used to analyze

biocatalytic kinetics for the native LYZ and LYZ+PEG
mixtures (Table 1). The LYZ+PEG solutions were prepared
at PEG concentrations C close to C*. After 1 h incubation at
80 °C, the samples were cooled to room temperature and 25-
fold diluted to C significantly below C*. In the reference
experiment, the same sequence of steps was performed with no
heating and incubation at 80 °C. At room temperature, both
PEG3k and PEG10k solutions showed higher KM (lower
affinity) compared to the native LYZ. This indicated a steric
hindrance of the LYZ reactive sites by PEG. The lower affinity
was compensated by greater turnover numbers (kcat) for LYZ
+PEG due to the increased biocatalytic activity of the active
sites of the enzyme. The boost of catalytic activity was stronger
for PEG10k. The steric hindrance and increased activity of
catalytic sites compensated each other so that kcat/KM
remained unchanged for all samples. However, the steric
hindrance and increased catalytic activity both demonstrate
soft PEG−LYZ interactions even in dilute solutions, when
PEG10k interacts with LYZ stronger than PEG3k, which is in
good agreement with the results published elsewhere.69

The kinetic characteristics evaluated after 1 h incubation at
80 °C revealed that the PEG−LYZ interaction provided
thermal stabilization of the protein with the same tendency but
a stronger effect of PEG10k than PEG3k. The enzyme catalytic
activity dropped after the heating because of denaturing.
However, the loss of activity was substantially lower in the
presence of PEG as can be concluded by comparing kcat and
kcat/KM for the samples (Table 1).

Thermal Stability via LYZ Conformational Changes.
The information about the conformational states of LYZ and
LYZ+PEG was collected by using CD spectra. CD spectra
were first acquired at 25 °C. Then the samples were heated to
80 °C, and CD spectra were acquired every 10 min of the 1 h
heating time. The sample was then cooled to 45 °C, and the
data were acquired every 10 min of the 1 h cooling step. CD
spectra showed unfolding of the enzyme during heating to 80
°C, and a fractional recovering of the conformation after
cooling down, indicating refolding of LYZ at lower temper-
atures (Figure 2). The secondary structures of LYZ in these
samples were analyzed by using the BeStSel online computer
program92,93 (Figure 3). Native LYZ showed a decrease in
both helix 1 and 2 structures at elevated temperatures as the
result of LYZ unfolding. The helix 2 structure was partially
recovered after cooling, but the helix 1 retained in the unfolded

Figure 1. Residual activity of LYZ and LYZ with different
concentrations of (a) PEG3k, (b) PEG10k, and (c) PEG−NHS
after 1 h incubation at 80 °C.

Table 1. Kinetic Constants and Half-Life of LYZ and LYZ+PEG Solutions

room temperature 80 °C, 1 h

sample
Vmax (nM/

min) KM (nM)

kcat
(×10−4
s−1)

kcat/KM (×104
M−1 s−1)

Vmax (nM/
min) KM (nM)

kcat
(×10−4
s−1)

kcat/KM (×104
M−1 s−1)

half-life at 80 °C
(±1 min)

LYZ 11.65 ± 0.38 28.40 ± 0.28 3.50 1.23 0.64 ± 0.15 33.75 ± 0.13 0.19 0.06 20.5
LYZ
+PEG3k

14.01 ± 0.65 31.44 ± 0.52 4.20 1.34 1.97 ± 0.23 34.32 ± 0.20 0.59 0.17 28.6

LYZ
+PEG10k

18.99 ± 0.55 44.68 ± 0.46 5.70 1.28 3.93 ± 0.38 21.11 ± 0.29 1.18 0.56 48.2
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conformation, which implied that the secondary structure was
not fully recovered to the original state (Figure 3a,b). This
change explains the observed loss of enzyme activity (Figure 1
and Table 1).
With the addition of both PEG3k and PEG10k, the helix

structures were also partially denatured at 80 °C, but with
much lower margins compared to the LYZ only. After cooling
to 45 °C, the helix portion recovered to much higher fraction
than that for LYZ (Figure 3a,b), which was consistent with the
LYZ catalytic activity tests results, where the introduction of
PEG could stabilize LYZ at the elevated temperature (Figure 1
and Table 1). A lower fraction of thermally generated strands
for LYZ+PEG compared to LYZ (Figure 3c) explains that the
presence of PEG could reduce LYZ aggregation due to
blocking the conformational changes that lead to the formation
of β-sheets. The formation of β-sheets is known to favor a
possible aggregation63,94 and as an indication of enzyme
denaturation.95

Thermal Stability via LYZ Aggregation Character-
ization. Thermal denaturing of LYZ develops by unfolding
and aggregation stages. We estimated the hydrodynamic
diameter (DH) of LYZ, LYZ aggregates, and LYZ+PEG
associates at 25 and 80 °C using DLS. For LYZ, DH = 3.1
nm as estimated with DLS at room temperature. A rapid
aggregation of LYZ was observed at 80 °C, where the DH was
increased to about 212 nm (Table 2). For PEG, the DLS
estimated DH was close to that of LYZ. Practically, these two
molecules could not be discriminated by using DLS in
solutions containing LYZ+PEG (Figure S1). However, after
incubation of LYZ+PEG solutions at 80 °C, DLS revealed two
different sizes of the scattering particles with DH = 3.2 nm and
about 164 nm in the presence of PEG3k and 4.1 nm and about
208 nm in the presence of PEG10k (Table 2).
LYZ and LYZ+PEG solutions incubated at 80 °C were

filtered by using 50 kDa cutoff filters once cooled to room

Figure 2. CD spectra of (a) LYZ, (b) LYZ+PEG3k (60 mg/mL), and
(c) LYZ+PEG10k (50 mg/mL) at various temperatures. Figure 3. Fraction of secondary structure (a) helix 1, (b) helix 2, and

(c) strands for LYZ vs LYZ+PEG.
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temperature. The filtrate contained nonaggregated LYZ. Its
concentration was estimated with UV−vis spectra to calculate
fractions of aggregated LYZ during the high-temperature
incubation. The results revealed that 84% of native LYZ, 58%
LYZ in the presence of PEG3k, and 42% LYZ in the presence
of PEG10k formed irreversible aggregates (Table 2).
LYZ and LYZ+PEG solutions were probed with SAXS. All

experiments were conducted at PEG concentrations below the
critical overlap concentration to minimize the impact of
scattering from PEG. X-ray scattering for LYZ was satisfactorily
fitted with a spherical particle model, 2Rg = 3.6 nm, with a
narrow size distribution approaching zero (Table 3). Upon

heating to 80 °C, the scattering showed both an increase in the
particle size, which could be attributed to a partial unfolding,
and an increase in the particle polydispersity to about 27%
(Gaussian distribution), which decreased to 12% when the
sample was brought back to room temperature. The upturn in
the scattering intensity at scattering vectors below 0.03 A−1 was
indicative of aggregation (Figure 4a); however, at the
measured scattering vector range, we could not obtain the
quantitative measurement of aggregate sizes or structure. On
the basis of the scattering intensity change with the
temperature at low Q, at the plateau region, and assuming a
constant scattering contrast of lysozyme, we estimated that
only ∼22% of the enzyme remained in the solution in the
nonaggregated form upon cooling to 25 °C after heating.
A solution of 25 mg/mL PEG10k stabilized LYZ even after 3

h of incubation time at 80 °C. After cooling from 80 to 25 °C,

the scattering profile showed only small changes compared to
the native LYZ at room temperature (Figure 4c). However,
change in morphology was more pronounced at 80 °C, likely
due to partial unfolding. Unlike scattering profiles in Figures
4a, when the scattering signal was exclusively originating from
LYZ, the scattering data in Figure 4b,c represented
contributions from both LYZ and PEG, with PEG contributing
about 30% to the total signal. Interestingly, at room
temperature, the mathematical sum of the scattering from
separate LYZ and PEG solutions and the scattering from the
LYZ and PEG mixture, while very similar, showed subtle
deviations that may indicate either small conformational
changes of LYZ in PEG solutions or interactions of PEG
with LYZ surface. To delineate these two effects, additional
studies using neutron scattering may be required.
PEG3k at 30 mg/mL also provided some improvement to

LYZ thermal stability (Figure 4b), albeit to a much smaller
degree than PEG10k. After the heating and cooling cycle, only
about 26% of free enzyme remained (estimated from the
relative intensity at low Q and corrected for PEG3k
contribution to scattering), in contrast to 22% of LYZ and
41% of LYZ+PEG10k in PBS solution (Table 3).
Similar to the model for LYZ in PBS solution, the SAXS data

for LYZ in the presence of PEG can be fitted by using the
model of spheroidal particles with Gaussian size distribution.
The PEG contribution to the scattering was taken into account
for the fitting (Figure S5). However, unlike LYZ in PBS, LYZ
in PEG produced significantly better fit results when LYZ was
modeled with elongated spheroidal particles instead of
spherical particles (Figure S6). In addition, for LYZ in
PEG10k, it was necessary to use two populations of particles
to model the scattering data upon heating.
With SAXS, we probed changes of the PEG conformation

with temperature (Figure 4d). At 80 °C, the scattering
intensity increased at small scattering vectors, indicating the
presence of larger particles in the solution, which indicated a
slight association between PEG molecules (Table 4). This
association was fully reversible with the temperature (not
shown).
SAXS experiments with PEG solutions demonstrated the

tendency for PEG aggregation with temperature (Figure 4d
and Table 4), indicating that water becomes a progressively
poorer solvent. The sizes of the PEG molecules aggregates are
small. We did not observe macroscopic phase separation or
precipitation of larger aggregates because the experiment was
conducted at the temperature well below the PEG lower
critical solution temperature (LCST is around 150 °C for
PEG3k and 110 °C for PEG10k).96 This tendency was better
pronounced for PEG10k than for PEG3k, which is in good
agreement with DLS, CD spectra, and activity assay tests. We
observed a strong irreversible aggregation of LYZ at the
elevated temperature, while the aggregation was partially
reversible for LYZ+PEG3k and LYZ+PEG10k solutions, where
the stabilizing effect of PEG10k was much stronger than that of
PEG3k.

MD Simulations of LYZ−PEG−H2O: Effect of PEG
Concentration in the Vicinity of LYZ. MD simulations
were performed to probe the effect of PEG concentration on
the thermal stability of LYZ. We only focused on the dynamics
in the close vicinity of a single LYZ. PEG chains in simulations
were significantly shorter than those used in the experiments. It
had been previously shown that the long PEG chains exhibit
partially amphiphilic (instead of hydrophilic) character at

Table 2. LYZ Dimensions at 25 and 80 °C and Fraction of
Irreversible Aggregates of LYZ vs LYZ+PEG after 1 h
Incubation at 80 °C

DH (nm)

sample 25 °C 80 °C
irreversible aggregation of

LYZ (%)

LYZ 3.1 ± 0.8 211.8 ± 33.0 84 ± 6
LYZ
+PEG3k

3.4 ± 0.7 3.2 ± 0.4;
163.8 ± 15.3

58 ± 9

LYZ
+PEG10k

3.9 ± 0.7 4.1 ± 0.4;
208.4 ± 53.8

42 ± 11

PEG3k 2.5 ± 0.6 3.3 ± 0.7 NA
PEG10k 3.8 ± 0.5 5.2 ± 0.3 NA

Table 3. SAXS Fitted Results for LYZ and LYZ+PEG
Aqueous Solution

aggregation of LYZ
(±5%)

sample temp ( °C)
2Rg (±0.1

nm) SAXS
filtration
experiment

LYZ 25 3.6 0 0
80 4.2 65 NA
cooling to 25 °C after
heating

4.2 78 84

LYZ
+PEG3k

25 3.5 0 0

80 4.8 NA NA
cooling to 25 °C after
heating

4.2 74 79

LYZ
+PEG10k

25 3.5 0 0

80 3.6; 7.6 NA NA
cooling to 25 °C after
heating

3.2; 6 59 71
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ambient temperatures and thereby interact with proteins.66,97

To mimic the effect of the longer PEG chains used in
experiments and their interactions with proteins,66,97 a range of
relatively high concentrations of PEG was chosen in our
simulation studies. Specifically, we chose the systems with
three concentrations of PEG in water (90%, 80%, and 50% w/
w of PEG) at high temperature (500 K). In each independent
simulation run, we calculated the time evolution of a root-
mean-square deviation (RMSD) of LYZ with respect to its
initial state and the number of intraprotein hydrogen bonds
(H-bonds). The RMSD at each moment of time is defined as

= ∑ −=t tr rRMSD( ) ( ( ) (0))
N i

N
i i

1
1

2 1/2Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ , where ri(t) and ri(0)

are the coordinates of the backbone Cα atom i at a time t and
at initial time, respectively, and N is the total number of Cα

atoms in the backbone. While calculating RMSD, we
performed the rotational and translational superposition of
the center of mass of the LYZ with respect to its initial
structure. RMSD quantifies the deviation of LYZ conformation
from its initial conformation; an increase in RMSD indicates
unfolding of the protein globule. Notably, in nonequilibrium
simulations, the stability of the enzyme can be related to the
response time after the external perturbing stimulus, such as

high temperature, is applied: the slower the enzyme reacts to
the perturbing forces, the more stable it is.101

For native LYZ at high temperature, a sharp increase in
RMSD (Figure 5a, black curve) and a corresponding decrease
in the number of intraprotein H-bonds (Figure 5b) indicated a
strong structural deviation from its initial structure due to the
unfolding. Notably, in LYZ−PEG systems at T = 300 K, the
LYZ crystal structure remained stable, similar to that of pure
LYZ at room temperature (Figure S2). With the addition of
90% w/w of PEG chains (the highest concentration
considered), both RMSD and the number of H-bonds showed
that LYZ retained its secondary structures at high temperatures
(Figures 5a,b, red curves). The DSSP (Dictionary of
Secondary Structure in Proteins) analysis (Figure 5c) and a
simulation snapshot (Figure 5e) confirmed that the secondary
structures remained mainly intact in the simulation runs with
the highest concentration of PEG (90% w/w). Specifically, the
α-helices (blue horizontal stripes) and β-sheets (red horizontal
stripes) remained largely intact during the entire simulation
run (Figure 5c) with relatively small deviations from that for
native LYZ at room temperature (Figure S2). For the
remaining cases, with the decrease in the concentration of
PEG chains, the deviations of the secondary structures were
clearly observed via the increase of RMSD (Figure 5a) and the
decrease of the number of intraprotein H-bonds (Figure 5b).
The DSSP analysis (Figure 5d) and a simulation snapshot
(Figure 5f) confirmed that LYZ secondary structures were
strongly disrupted at early times and completely lost at 150 ns
with 50% of PEG as evident from the disappearance of the α-
helices (blue horizontal stripes) and β-sheets (red horizontal
stripes) by this time instant in DSSP plots in Figure 5d. In all

Figure 4. SAXS data for LYZ, LYZ+PEG, and PEG solutions at different temperatures. (a) 3 mg/mL LYZ at 25 and 80 °C; 1.5 mg/mL LYZ with
(b) 30 mg/mL PEG3k, and (c) 25 mg/mL PEG10k at 25, 50, and 80 °C. Samples were kept for 1 h at each temperature point for (a) and 3 h for
(b) and (c). (d) SAXS data of 60 mg/mL PEG3k and 50 mg/mL PEG10k at 25 and 80 °C.

Table 4. PEG 2Rg Extracted from Guinier−Porod Fits

sample 2Rg (±0.1 nm)

PEG3k, 25 °C 2.4
PEG3k, 80 °C 3.0
PEG10k, 25 °C 3.4
PEG10k, 80 °C 4.6
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cases in PEG-LYZ simulations, the unfolding time significantly
exceeded that of pure LYZ (black curves in Figures 5a,b),
indicating that the addition of PEG resulted in stabilizing the
secondary structures of the enzyme for a limited time, with the
more pronounced effect at higher PEG concentrations.
Notably, the error bars for RMSD and for the number of

intraprotein H-bonds (Figure 5a,b) are relatively small for 90%
of PEG, indicating similar dynamics in all independent
simulation runs. On the contrary, the error bars are large for
the remaining concentrations, indicating that unfolding
occurred at distinctly different time instants. Representative
examples of time evolution in independent simulation runs are
shown in Figure S3. The simulation results in Figure 5 show
that the addition of PEG could preserve the secondary
structure of the enzyme to some degree for a limited time. This
effect increases with an increase in PEG concentration, while
only at the highest concentration in the close vicinity of the
lysozyme (red curves in Figure 5a,b) is the stabilization of the
secondary structures of LYZ at elevated temperatures
observed.
The reason for thermal stabilization of a single lysozyme at a

high concentration of PEG can be understood by comparing
the simulations snapshots for the highest (Figure 5e) and

lowest (Figure 5f) concentrations of PEG considered in
simulations. At late times a single pure water domain
containing LYZ (Figure 5f) and another domain that mainly
containing PEG were formed. An onset of unfolding
corresponded to LYZ located within the water domain (Figure
S4). At the high temperatures chosen herein to model
unfolding, we observed the phase separation between PEG
and water for a range of concentrations of PEG (80% and 50%
w/w). The hydrophobic character of PEG in our simulations
was consistent with prior studies that showed that at
sufficiently high temperatures PEG became immiscible with
water.96,98−100 Specifically, it had been shown that there is an
enhancement of hydrophobicity for shorter PEG chains at
elevated temperatures;97 similar dehydration behavior had
been reported for long PEG chains.96,98−100 For the highest
concentration of PEG (90% w/w), we no longer observed
phase separation, and the LYZ was buried within PEG (Figure
5e). Hence, our results showed that lysozyme’s thermal
denaturation is prevented, and the secondary structures remain
largely intact due to the reduced water access for the
sufficiently high concentration of PEG in the vicinity of the
enzyme. These results are consistent with prior studies that
showed that reducing the accessibility of water to

Figure 5.MD simulations. Time evolution of (a) RMSD and (b) number of intraprotein H-bonds at T = 500 K for the native LYZ (black line) and
LYZ with different concentrations of PEG chains as given in the legend (red/blue/green for 90%/ 80%/ 50% of PEG). The data are averaged over
four independent simulation runs. DSSP plots for lysozyme with 90% w/w of PEG in (c) and 50% w/w of PEG in (d). Snapshots in the vicinity of
lysozyme with 90% w/w of PEG in (e) and 50% w/w PEG in (f) at late times (250 ns). Only a portion of the simulation box is shown for clarity in
(e) and (f); PEG chains are shown in blue, and water molecules are hidden. Entire simulation boxes are depicted in the Supporting Information.
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proteins41,46,85,102 or using organic solvents instead of water103

results in significant improvement of their stability at high
temperatures.

■ CONCLUSIONS
We utilized a combination of the experimental methods and
MD simulations to characterize conformational changes of
LYZ and their aggregation in PEG solutions. The activity assay
proves that native LYZ denatures at 80 °C, pH 7.4, with only
15% of residual activity after 1 h incubation (Figure 1 and
Table 1). CD spectra showed that in the latter case LYZ
irreversibly lost an essential fraction of the secondary structure
elements forming a larger fraction of strands favoring protein
aggregation due to the hydrophobic effect (Figures 2 and 3).
DLS and SAXS confirmed the irreversible formation of large
aggregates that consumed about 80% of LYZ (Figure 4, Tables
2 and 3).
PEG was used as a crowder additive. PEG aqueous solutions

are characterized by LCST typically exceeding 100 °C.96 While
no macroscopic phase separation was observed in our
experiments, water becomes progressively poor solvent with
temperature increase from room temperature to the temper-
ature of the experiments, 80 °C. This change in solvent quality
resulted in more compact PEG coils and the formation of their
small aggregates due to the hydrophobic effect. The
aggregation effect was more pronounced with an increase of
the molecular mass of PEG. This was supported by SAXS
experiments (Figure 4d and Table 4).
The analysis of the biocatalytic reaction kinetics at room

temperature showed some decrease of LYZ−substrate affinity
but an increase of the reaction turnover at the same time
(Table 1). These changes can be explained by PEG−LYZ soft
interactions. The formation of LYZ−PEG associates was
detected with DLS and SAXS experiments via increase in
particle size (Tables 2 and 3).
The temperature-driven formation of LYZ aggregates in

PEG solutions was observed with both DLS and SAXS at 80
°C (Tables 2 and 3, Figure 4). The analysis based on filtration
of the aggregates showed that about 50% of LYZ was
irreversibly aggregated with the addition of PEG (compare
with 80% for native LYZ). In SAXS experiments, we detected
by size the presence of three different particle populations:
about 3.5 nm, 6 nm, and large aggregates. We associate these
particles with LYZ, PEG−LYZ reversible aggregates, and
LYZ−LYZ irreversible aggregates. The amount of LYZ
consumed by the irreversible aggregates was about 59% as
estimated by SAXS for 25 mg/mL PEG10k compared to 71%
of the filtration experiment. This difference may be attributed
to the fact that estimates of aggregation using SAXS are based
on the assumption that after cooling the scattering originates
only from nonaggregated LYZ with no changes in its
conformation. Thus, the extent of aggregation may be
underestimated if there is an unquantified contribution of
larger aggregates to the total scattering.
CD spectra confirmed changes in the secondary structures of

LYZ in the presence of PEG, but these changes were less
expressed as compared to the control and some of the
conformational changes recovered after cooling the samples
(Figures 2 and 3). Such partial and reversible unfolding was
also observed in SAXS measurements at 80 °C (Figure 4 and
Table 3). The results were in good agreement with the residual
catalytic activity of LYZ in the presence of PEG (Figure 1 and
Table 1).

MD simulations also demonstrated much smaller changes of
LYZ secondary structures at high temperatures in the presence
of PEG. Specifically, simulations showed that a more
hydrophobic PEG shell in the close vicinity of the LYZ
reduces water molecule access to the LYZ globule. The
simulation results indicated that the addition of PEG could
preserve the secondary structure of the enzyme to some degree
for a limited time; the effect was more pronounced with an
increase in PEG concentration (Figure 5). Notably, only at the
highest concentration in the close vicinity of the enzyme the
secondary structures of LYZ were stabilized to a high degree at
elevated temperatures. The PEG concentrations considered in
simulations were chosen to be significantly higher than those in
experiments since much shorter polymer chains were
considered in the close vicinity of the single enzyme. Hence,
simulations confirm that the addition of PEG chains
contributes to the stabilization of the secondary structures;
the effect is more pronounced with the increase in PEG
concentration.
The biocatalytic activity experiments provided evidence for a

strong effect of PEG concentration. Residual activity after
heating increased with PEG concentration and then leveled off
at the critical overlap concentration. The effect of PEG
molecular mass was monitored by using different methods.
The residual catalytic activity (Figure 1 and Table 1) and PEG
aggregation (Table 4) after heating were greater, while LYZ
conformational changes (Figures 2 and 3) and LYZ
aggregation (Tables 2 and 3) were less pronounced with an
increase of PEG molecular mass. The possible interpretation of
this result is that with increasing molecular mass PEG becomes
more hydrophobic and interacts more strongly with LYZ.
Covalent conjugation of LYZ with PEG−NHS demon-

strated high efficiency of the conjugates in terms of thermal
stabilization and residual activity (Figure 1c). This reference
experiment underlines the importance of LYZ−PEG inter-
actions for preventing LYZ denaturing and aggregation. The
stabilizing effect of PEG is approached at much lower PEG
concentrations in the case of covalent PEGylation.
On the basis of the analysis of the obtained results, we may

draw general conclusions about the crowding effect in
protein−PEG−water solutions on protein thermal stability.
With an increase in temperature, PEG becomes more
hydrophobic; this tendency is stronger for a higher molecular
mass of PEG and concentration. The PEG−protein association
has a dual effect on thermal stabilization. First, the PEG−
protein interaction reduces the depletion attraction between
protein globules and minimizes irreversible protein aggrega-
tion. Our results show that the stabilizing effect of PEG
saturates at the critical overlap concentration. Second, the
formation of a PEG shell due to the PEG−protein hydro-
phobic interactions results in preventing the access of water
molecules to the protein globule at elevated temperature,
hence delaying protein denaturing.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00872.

A dynamic light scattering figure of enzyme solutions,
additional details about molecular dynamics simulations,
and small-angle X-ray scattering data fitting (PDF)

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00872
Langmuir 2021, 37, 8474−8485

8482

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00872?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00872/suppl_file/la1c00872_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ AUTHOR INFORMATION
Corresponding Author
Sergiy Minko − Nanostructured Materials Lab, University of
Georgia, Athens, Georgia 30602, United States;
orcid.org/0000-0002-7747-9668; Email: sminko@

uga.edu

Authors
Xue Wang − Nanostructured Materials Lab, University of
Georgia, Athens, Georgia 30602, United States

Jeremy Bowman − Nanostructured Materials Lab, University
of Georgia, Athens, Georgia 30602, United States

Sidong Tu − Department of Materials Science and
Engineering, Clemson University, Clemson, South Carolina
29634, United States

Dmytro Nykypanchuk − Center for Functional
Nanomaterials, Brookhaven National Laboratory, Upton,
New York 11973, United States

Olga Kuksenok − Department of Materials Science and
Engineering, Clemson University, Clemson, South Carolina
29634, United States; orcid.org/0000-0002-1895-5206

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.1c00872

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the support of the National Science
Foundation USA Award 1604526 and the National Science
Foundation EPSCoR Program Award OIA-1655740. O.K. and
S.T. thank Chandan K. Choudhury for valuable discussions.
Clemson University is acknowledged for compute time on
Palmetto cluster. This research, in part, used resources of the
Center for Functional Nanomaterials, which is a U.S. DOE
Office of Science Facility, at Brookhaven National Laboratory
under Contract DE-SC0012704.

■ REFERENCES
(1) Ansari, S. A.; Husain, Q. Potential applications of enzymes
immobilized on/in nano materials: A review. Biotechnol. Adv. 2012, 30
(3), 512−23.
(2) Ariga, K.; Ji, Q.; Mori, T.; Naito, M.; Yamauchi, Y.; Abe, H.; Hill,
J. P. Enzyme nanoarchitectonics: organization and device application.
Chem. Soc. Rev. 2013, 42 (15), 6322−45.
(3) Es, I.; Vieira, J. D.; Amaral, A. C. Principles, techniques, and
applications of biocatalyst immobilization for industrial application.
Appl. Microbiol. Biotechnol. 2015, 99 (5), 2065−82.
(4) Kirk, O.; Borchert, T. V.; Fuglsang, C. C. Industrial enzyme
applications. Curr. Opin. Biotechnol. 2002, 13 (4), 345−351.
(5) Min, K.; Yoo, Y. J. Recent progress in nanobiocatalysis for
enzyme immobilization and its application. Biotechnol. Bioprocess Eng.
2014, 19 (4), 553−567.
(6) Misson, M.; Zhang, H.; Jin, B. Nanobiocatalyst advancements
and bioprocessing applications. J. R. Soc., Interface 2015, 12 (102),
20140891.
(7) Khamari, L.; Pramanik, U.; Shekhar, S.; Mohanakumar, S.;
Mukherjee, S. Thermal Reversibility and Structural Stability in
Lysozyme Induced by Epirubicin Hydrochloride. Langmuir 2021,
37 (11), 3456−3466.
(8) Arakawa, T.; Prestrelski, S. J.; Kenney, W. C.; Carpenter, J. F.
Factors affecting short-term and long-term stabilities of proteins. Adv.
Drug Delivery Rev. 1993, 10 (1), 1−28.
(9) Bischof, J. C.; He, X. Thermal stability of proteins. Ann. N. Y.
Acad. Sci. 2005, 1066 (1), 12−33.

(10) Daniel, R. M. The upper limits of enzyme thermal stability.
Enzyme Microb. Technol. 1996, 19 (1), 74−79.
(11) Iyer, P. V.; Ananthanarayan, L. Enzyme stability and
stabilizationAqueous and non-aqueous environment. Process
Biochem. 2008, 43 (10), 1019−1032.
(12) Schulz, G. E.; Schirmer, R. H. Principles of Protein Structure;
Springer Science & Business Media: New York, 2013; p 320.
(13) Hummer, G.; Garde, S.; García, A. E.; Pratt, L. R. New
perspectives on hydrophobic effects. Chem. Phys. 2000, 258 (2), 349−
370.
(14) Kazlauskas, R. Engineering more stable proteins. Chem. Soc.
Rev. 2018, 47 (24), 9026−9045.
(15) Arnold, F. H. Directed Evolution: Bringing New Chemistry to
Life. Angew. Chem., Int. Ed. 2018, 57 (16), 4143−4148.
(16) Badenhorst, C. P. S.; Bornscheuer, U. T. Getting Momentum:
From Biocatalysis to Advanced Synthetic Biology. Trends Biochem. Sci.
2018, 43 (3), 180−198.
(17) Rothlisberger, D.; Khersonsky, O.; Wollacott, A. M.; Jiang, L.;
DeChancie, J.; Betker, J.; Gallaher, J. L.; Althoff, E. A.; Zanghellini, A.;
Dym, O.; Albeck, S.; Houk, K. N.; Tawfik, D. S.; Baker, D. Kemp
elimination catalysts by computational enzyme design. Nature 2008,
453 (7192), 190−5.
(18) Gauthier, M. A.; Klok, H.-A. Polymer−protein conjugates: an
enzymatic activity perspective. Polym. Chem. 2010, 1 (9), 1352−1373.
(19) Hwang, E. T.; Gu, M. B. Enzyme stabilization by nano/
microsized hybrid materials. Eng. Life Sci. 2013, 13 (1), 49−61.
(20) Zheng, G.; Liu, S.; Zha, J.; Zhang, P.; Xu, X.; Chen, Y.; Jiang, S.
Protecting enzymatic activity via zwitterionic nanocapsulation for the
removal of phenol compound from wastewater. Langmuir 2019, 35
(5), 1858−1863.
(21) Ma, X.; Sui, H.; Yu, Q.; Cui, J.; Hao, J. Silica Capsules
Templated from Metal−Organic Frameworks for Enzyme Immobi-
lization and Catalysis. Langmuir 2021, 37 (10), 3166−3172.
(22) Pelegri-O’Day, E. M.; Lin, E.-W.; Maynard, H. D. Therapeutic
protein−polymer conjugates: advancing beyond PEGylation. J. Am.
Chem. Soc. 2014, 136 (41), 14323−14332.
(23) Gonen-Wadmany, M.; Oss-Ronen, L.; Seliktar, D. Protein−
polymer conjugates for forming photopolymerizable biomimetic
hydrogels for tissue engineering. Biomaterials 2007, 28 (26), 3876−
3886.
(24) Masschalck, B.; Michiels, C. W. Antimicrobial properties of
lysozyme in relation to foodborne vegetative bacteria. Crit. Rev.
Microbiol. 2003, 29 (3), 191−214.
(25) Guez, V.; Roux, P.; Navon, A.; Goldberg, M. E. Role of
individual disulfide bonds in hen lysozyme early folding steps. Protein
Sci. 2002, 11 (5), 1136−1151.
(26) Lumry, R.; Eyring, H. Conformation changes of proteins. J.
Phys. Chem. 1954, 58 (2), 110−120.
(27) Ahern, T. J.; Klibanov, A. M. The mechanisms of irreversible
enzyme inactivation at 100C. Science 1985, 228 (4705), 1280−1284.
(28) Tomizawa, H.; Yamada, H.; Imoto, T. The Mechanism of
Irreversible Inactivation of Lysozyme at pH 4 and 100. degree. C.
Biochemistry 1994, 33 (44), 13032−13037.
(29) Tomizawa, H.; Yamada, H.; Tanigawa, K.; Imoto, T. Effects of
Additives on Irreversible Inactivation of Lysozyme at Netral pH and
100° C. J. Biochem. 1995, 117 (2), 369−373.
(30) Venkataramani, S.; Truntzer, J.; Coleman, D. R. Thermal
stability of high concentration lysozyme across varying pH: A Fourier
Transform Infrared study. J. Pharm. BioAllied Sci. 2013, 5 (2), 148.
(31) Ahern, T. J.; Klibanov, A. M. Analysis of processes causing
thermal inactivation of enzymes. Methods Biochem. Anal. 2006, 91−
128.
(32) Raccosta, S.; Manno, M.; Bulone, D.; Giacomazza, D.; Militello,
V.; Martorana, V.; Biagio, P. L. S. Irreversible gelation of thermally
unfolded proteins: structural and mechanical properties of lysozyme
aggregates. Eur. Biophys. J. 2010, 39 (6), 1007−1017.
(33) Green, R.; Hopkinson, I.; Jones, R. Unfolding and
intermolecular association in globular proteins adsorbed at interfaces.
Langmuir 1999, 15 (15), 5102−5110.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00872
Langmuir 2021, 37, 8474−8485

8483

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergiy+Minko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7747-9668
https://orcid.org/0000-0002-7747-9668
mailto:sminko@uga.edu
mailto:sminko@uga.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremy+Bowman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sidong+Tu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmytro+Nykypanchuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+Kuksenok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1895-5206
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00872?ref=pdf
https://doi.org/10.1016/j.biotechadv.2011.09.005
https://doi.org/10.1016/j.biotechadv.2011.09.005
https://doi.org/10.1039/c2cs35475f
https://doi.org/10.1007/s00253-015-6390-y
https://doi.org/10.1007/s00253-015-6390-y
https://doi.org/10.1016/S0958-1669(02)00328-2
https://doi.org/10.1016/S0958-1669(02)00328-2
https://doi.org/10.1007/s12257-014-0173-7
https://doi.org/10.1007/s12257-014-0173-7
https://doi.org/10.1098/rsif.2014.0891
https://doi.org/10.1098/rsif.2014.0891
https://doi.org/10.1021/acs.langmuir.1c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0169-409X(93)90003-M
https://doi.org/10.1196/annals.1363.003
https://doi.org/10.1016/0141-0229(95)00174-3
https://doi.org/10.1016/j.procbio.2008.06.004
https://doi.org/10.1016/j.procbio.2008.06.004
https://doi.org/10.1016/S0301-0104(00)00115-4
https://doi.org/10.1016/S0301-0104(00)00115-4
https://doi.org/10.1039/C8CS00014J
https://doi.org/10.1002/anie.201708408
https://doi.org/10.1002/anie.201708408
https://doi.org/10.1016/j.tibs.2018.01.003
https://doi.org/10.1016/j.tibs.2018.01.003
https://doi.org/10.1038/nature06879
https://doi.org/10.1038/nature06879
https://doi.org/10.1039/c0py90001j
https://doi.org/10.1039/c0py90001j
https://doi.org/10.1002/elsc.201100225
https://doi.org/10.1002/elsc.201100225
https://doi.org/10.1021/acs.langmuir.8b02001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b02001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504390x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504390x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2007.05.005
https://doi.org/10.1016/j.biomaterials.2007.05.005
https://doi.org/10.1016/j.biomaterials.2007.05.005
https://doi.org/10.1080/713610448
https://doi.org/10.1080/713610448
https://doi.org/10.1110/ps.3960102
https://doi.org/10.1110/ps.3960102
https://doi.org/10.1021/j150512a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.4001942
https://doi.org/10.1126/science.4001942
https://doi.org/10.1021/bi00248a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00248a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/jb/117.2.369
https://doi.org/10.1093/jb/117.2.369
https://doi.org/10.1093/jb/117.2.369
https://doi.org/10.4103/0975-7406.111821
https://doi.org/10.4103/0975-7406.111821
https://doi.org/10.4103/0975-7406.111821
https://doi.org/10.1002/9780470110546.ch3
https://doi.org/10.1002/9780470110546.ch3
https://doi.org/10.1007/s00249-009-0503-4
https://doi.org/10.1007/s00249-009-0503-4
https://doi.org/10.1007/s00249-009-0503-4
https://doi.org/10.1021/la981052t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la981052t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(34) Steinrauf, L. K.; Dandliker, W. B. A Study of the Reaction of the
Disulfide Groups of Bovine Serum Albumin during Heat Denatura-
tion1. J. Am. Chem. Soc. 1958, 80 (15), 3833−3835.
(35) Yang, M.; Dutta, C.; Tiwari, A. Disulfide-bond scrambling
promotes amorphous aggregates in lysozyme and bovine serum
albumin. J. Phys. Chem. B 2015, 119 (10), 3969−3981.
(36) Yadavalli, N. S.; Borodinov, N.; Choudhury, C. K.; Quiñones-
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