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There is broad interest in functionalizing solid surfaces with lysozyme, which is a widely studied antimicrobial
protein. To date, most efforts have focused on developingmore effective immobilization schemes to promote ly-
sozyme attachment in fully aqueous conditions, while there remains an outstanding need to understand how
tuning the solution-phase conformational stability of lysozyme proteins can modulate adsorption behavior and
resulting adlayer properties. Inspired by the unique conformational behavior of lysozyme proteins in water-
ethanolmixtures,we conducted quartz crystalmicrobalance-dissipation (QCM-D) and localized surface plasmon
resonance (LSPR)measurements to systematically investigate the adsorption behavior of lysozyme proteins onto
silica surfaces across awide range ofwater-ethanolmixtures. Our findings revealed that lysozyme adsorption be-
havior strongly depended on the ethanol fraction in a non-monotonic fashion and this trend could be rationalized
by taking into account how competing effects of water and ethanol solvation influence solution-phase protein
size and conformational stability. Integrated analysis of theQCM-D and LSPRmeasurement trends enabled quan-
titative determination of the solvent mass within lysozyme adlayers, which tended to decrease at higher ethanol
fractions and supported that the hydrodynamic properties of lysozyme adlayers aremainly influenced by the de-
gree of protein conformational flexibility as opposed to solvation effects alone.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The noncovalent adsorption of biological macromolecules such as
proteins and peptides onto solid surfaces is pertinent to various applica-
tions, including biosensors [1,2], drug delivery [3,4], and enzyme cataly-
sis [5,6]. Within this scope, there has long been interest in scrutinizing
how various parameters affect protein adsorption behavior [7–9] as
well as in translating fundamental knowledge into advanced design
strategies such as the nanoarchitectonics concept to precisely control
the fabrication of protein-coated surfaces [10,11]. While it is widely in-
vestigated how protein adsorption depends on protein-surface interac-
tions, which can be tuned based on material properties of the solid
support (e.g., atomic composition, surface charge, and topography
[12–15]), another important, yet often underappreciated factor is the
conformational properties of the protein structure itself, which are
closely related to the strength of intramolecular interactions within the
protein and affect the extent of adsorption-related protein unfolding
[16–18].
an@skku.edu (J.A. Jackman).
In recent years, there has been extensive interest in understanding
how the solution-phase conformational properties of proteins affect ad-
sorption behavior as mounting evidence indicates that such issues are
important not only for fundamental knowledge but also for practical ap-
plications such as antifouling coatings. An early study demonstrated
how engineered variants of a human enzyme with greater conforma-
tional stabilities underwent less irreversible adsorption on various
solid surfaces [19]. Building on this concept, another study compared
the adsorption behavior of bovine serum albumin (BSA) protein with
human and rat protein analogues and demonstrated that BSA had the
lowest solution-phase conformational stability and underwent the
greatest extent of denaturation in the adsorbed state [20]. Moreover,
BSA has been used as amodel protein to study how environmental con-
ditions such as ionic strength and temperature as well as how the pres-
ence of amphipathic stabilizers such as fatty acids and monoglycerides
can influence protein conformational stability and resulting adsorption
behavior and coating performance [21–24]. It has also been observed
that the solvent environment has a significant effect on solution-phase
conformational stability, and BSA proteins in water-ethanol mixtures
can exhibit increased conformational flexibility that leads to the forma-
tion of denser protein adlayers [25,26]. This latter finding emphasizes
the importance of not only stabilizing protein secondary structure but
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also intentionally modulating, and in some cases destabilizing, protein
conformational properties via the solvent environment to tailor the
molecular-level properties of protein-based coatings.

From a macromolecular perspective, it is important to extend such
investigations to other proteins with distinct physiochemical features
and one promising candidate is the antimicrobial lysozyme protein.
While lysozyme's antimicrobial activity stems from its ability to catalyze
the hydrolysis of glycosidic bonds in bacterial cell walls, it also demon-
strates a lectin-like ability to bind to carbohydrates, which suggests its
involvement in the immune system aswell [27]. Indeed, such biological
activities have contributed to the growing interest in controlling lyso-
zyme adsorption to fabricate protein-coated antimicrobial surfaces
[28–31] and to functionalize nanoparticle surfaces [32,33]. To date, the
effects of various experimental parameters, such as temperature, solu-
tion pH, ionic strength, and protein concentration, on lysozyme adsorp-
tion onto solid surfaces in fully aqueous environments has been
extensively studied [34–37]. In addition to its adsorption properties,
the solution-phase properties of lysozyme, such as its propensity for
oligomerization and fibrillation in certain conditions, have been studied
using various techniques, including nuclear magnetic resonance (NMR)
spectroscopy, X-ray crystallography, light scattering, and molecular
modeling [38–40]. Within this latter scope, it has also been established
that the addition of organic solvents such as ethanol to aqueous lyso-
zyme solutions can impact solution-phase conformational stability
[41,42]. Interestingly, due to these conformational changes and compet-
ing solvent interactions, recent findings have shown that the molecular
size of monomeric lysozyme proteins in water-ethanol mixtures tends
to oscillate by over two-fold (1.3- to 2.9-nm hydrodynamic radius)
with increasing ethanol fraction [43]. This oscillatory trend in lysozyme
size is distinct from the monotonic size behavior of BSA in water-
ethanol mixtures (i.e., stable BSA monomer size until aggregation com-
mences at and above a critical ethanol fraction [26]) and thusmotivates
investigating lysozyme adsorption onto solid surfaces across a range of
water-ethanol mixtures.

Herein, we conducted quartz crystal microbalance-dissipation
(QCM-D) and localized surface plasmon resonance (LSPR) experiments
to track lysozyme adsorption onto silica surfaces in water-ethanol mix-
tures ranging from 0 to 40% (v/v) ethanol in 10% increments. Particular
focus was placed on scrutinizing the adsorption kinetics and final
adlayer properties in terms of optical, acoustic, and solvent masses in
order to rationalize how tuning the ethanol fraction in water-ethanol
mixtures influences not only solution-phase lysozyme conformational
properties but also dictates the formation of precisely controlled lyso-
zyme adlayers.

2. Materials and methods

2.1. Protein sample preparation

Lysozyme from chicken egg white (L6876) was obtained in lyophi-
lized powder form from Sigma-Aldrich (USA). Water-ethanol mixtures
from 0 to 40% (v/v) in 10% increments were prepared by using Milli-Q
deionized water (MilliporeSigma, USA). Protein powders were dis-
solved in the water-ethanol mixtures to a bulk protein concentration
of 0.72 mg/mL (50 μM) and filtered through a polyethersulfone mem-
brane filter with 0.2-μmdiameter pores (Thermo Fisher Scientific, cata-
log no. 595–4520) and stored at 4 °C until use.

2.2. Quartz crystal microbalance-dissipation (QCM-D)

QCM-D measurements were conducted using a QSense E4 instru-
ment (Biolin Scientific AB, Sweden) with silica-coated AT-cut quartz
crystal sensor chips (QSX 303, Biolin Scientific AB). Before experiment,
the sensor chips were sequentially rinsed with 1% (w/v) aqueous so-
dium dodecyl sulfate (SDS) solution, deionized water, and ethanol,
followed by nitrogen gas drying. The sensor chips were then treated
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with oxygen plasma for 1 min at 50 W radiofrequency power by using
a CUTE-1MPR machine (Femto Science Inc., Hwaseong, Republic of
Korea). A peristaltic pump (Reglo Digital MS-4/6, Ismatec, Glattbrugg,
Switzerland) was used to inject liquid samples into the measurement
chamber at a flow rate of 50 μL/min. The resonance frequency (Δf)
and energy dissipation (ΔD) shifts were recorded as a function of time
with a time resolution of 0.9 Hz. Data collection was controlled using
the QSoft software program (Biolin Scientific AB) and data processing
was conducted using the Q-Tools (Biolin Scientific AB) and OriginPro
(OriginLab, Northampton, MA) software programs. All measurements
were conducted at 25 °C and the normalized data at the fifth overtone
are reported. The rates of change of resonance frequency (dΔf/dt)
were obtained by calculating the first-order time derivative.

2.3. Localized surface plasmon resonance (LSPR) sensing

LSPR experiments were conducted using an Insplorion XNano in-
strument (Insplorion AB, Sweden) in optical transmission mode with
sensor chips consisting of embedded silver nanodisk transducers on a
fused silica substrate with a 10 nm-thick silicon nitride coating. Before
experiments, the sensor chips were sequentially rinsed with 1% (w/v)
aqueous sodium dodecyl sulfate (SDS) solution, deionized water, and
ethanol, followed by nitrogen gas drying. The sensor chips were then
treated with oxygen plasma for 1 min at 50 W radiofrequency power
by using a CUTE-1MPR machine (Femto Science Inc.), which resulted
in the formation of a silica overlayer on the sensor surface. A peristaltic
pump (Reglo Digital MS-4/6, Ismatec) was used to inject liquid samples
into the measurement chamber at a flow rate of 50 μL/min. The peak of
the optical extinction spectrum was calculated based on centroid anal-
ysis [44] and the peak shifts (Δλ) were recorded with a time resolution
of 1 Hz. Data collection and processing were controlled using the
Insplorer (Insplorion AB) and OriginPro (OriginLab) software programs,
respectively. The rates of change of peak shift (dΔλ/dt) were obtained
by calculating the first-order time derivative.

3. Results and discussion

3.1. Measurement strategy

As amodel protein, we selected lysozyme, which is a widely studied
antimicrobial protein that typically has a net positive charge (isoelectric
point: ~11.4) and relatively high conformational stability [45]. The basic
experimental strategy is presented in Fig. 1A and involved tracking lyso-
zyme adsorption onto silica surfaces in different water-ethanol mix-
tures by QCM-D and LSPR measurements. As mentioned above, it has
been reported that lysozyme exhibits oscillatory size trends as a func-
tion of ethanol fraction in water-ethanol mixtures [43] and such varia-
tions are expected to influence the adsorption kinetics and adlayer
properties.

QCM-D experiments were conducted using silica-coated sensor
chips, whereby real-time shifts in the resonance frequency (Δf) and en-
ergy dissipation (ΔD) signals were tracked and reflect themass and vis-
coelastic properties of the protein adlayer, respectively. Quantitatively,
a negative Δf shift indicates mass adsorption while a positive ΔD shift
indicates greater viscoelastic character of an adsorbate. A representative
QCM-Dmeasurement protocol is presented in Fig. 1B and consists of the
following stages: (i) an initial baseline in water was established; (ii) the
appropriate water-ethanol mixture was introduced; (iii) 50 μM lyso-
zyme in the equivalentwater-ethanolmixturewas added under contin-
uous flow conditions; (iv) a washing step was conducted using the
same water-ethanol mixture without protein; and (v) another washing
step was conducted using water alone. Note that the difference in the
signal responses between stages i and ii is due to the difference in the
viscosity and density between water and the water-ethanol solvent
mixture rather than due to protein adsorption. As such, we focused on
analyzingmeasurement shifts related to protein adsorption in a solvent



Fig. 1. Experimental strategy for tracking lysozyme adsorption in water-ethanol mixtures. (A) Overview of the study design. The lysozyme protein structure was rendered from Protein
Data Bank (PDB) file 1IEE. (B, C) Representative graphs for (B) QCM-D and (C) LSPR experimental protocols to track lysozyme adsorption in water−ethanol mixtures with 40% (v/v)
ethanol. In panel (B), the Δf and ΔD signals are distinguished by square and circle symbol markers, respectively. QCM-D and LSPR experimental protocols consisted of the following
stages: (i) water baseline; (ii) exchange to the appropriate water−ethanol mixture; (iii) exchange to the equivalent water−ethanol mixture containing 50 μM lysozyme; (iv) wash
with the equivalent water−ethanol mixture (without protein); and (v) wash with water. All steps were performed under continuous flow conditions with brief pause for solvent
exchange.

B.K. Yoon, G.J. Ma, H. Park et al. International Journal of Biological Macromolecules 182 (2021) 1906–1914
vs. the baseline signal in equivalent solvent without protein. More spe-
cifically, the following three sets of protocol steps were analyzed:
(1) protein adsorption in the water-ethanol mixture before solvent
washing relative to the corresponding baseline in the equivalent
water-ethanol mixture (stages ii vs. iii), (2) protein adsorption after sol-
vent washing relative to the corresponding baseline in the equivalent
water-ethanol mixture (stages ii vs. iv), and (3) protein adsorption up-
take afterwaterwashing relative to the initial baseline inwater (stages i
vs. v).

We also conducted LSPR experiments using a sensor chip that had a
silica-coated array of plasmonic silver nanodisks to track the real-time
shifts in the optical extinction peak wavelength (Δλ) due to changes
in the local refractive index near the sensor surface, which were related
to lysozyme adsorption. While the QCM-D technique is sensitive to
adsorbed protein mass and hydrodynamically-coupled solvent mass, a
noteworthy aspect of the LSPR technique is that it is sensitive to
adsorbed proteinmass only alongwith related conformational changes.
As such, a larger Δλ shift typically indicates a greater “dry” mass of
adsorbed proteins and/or the proteins adsorbing, on average, closer to
the sensor surface. A representative LSPR measurement protocol is pre-
sented in Fig. 1C, whichmirrors the QCM-D protocol and the same three
sets of protocol steps were analyzed as described above for the QCM-D
experiments.

Before proceeding to discuss the QCM-D and LSPR adsorption mea-
surements, we first provide more specific information about the exper-
imentally observed oscillatory trend in lysozyme size in water-ethanol
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mixtures as a function of ethanol fraction. Chattoraj et al. reported
that the lysozyme diameter in water-ethanol mixtures with 0, 9, 19.5,
32.5, and 38% ethanol fractionswas 3.8, 4.2, 3.4, 5.2, and 4.4 nm, respec-
tively [43]. Hence, to a first approximation, these data support that the
lysozyme size tends to oscillate back and forth in magnitude across
the range of 0–40% ethanol fractions used in this study.

3.2. QCM-D measurements

Real-timeQCM-DΔf andΔD signals for lysozyme adsorption kinetics
in different water-ethanol mixtures are presented in Fig. 2A, B. After es-
tablishing a stable baseline signal in the appropriatewater-ethanolmix-
ture, 50 μM lysozyme in the equivalent water-ethanol mixture was
added (see first arrow), followed by a washing step (see second
arrow). In general, the measurement responses showed rapid, one-
step kinetics until adsorption saturation was reached, which is likely
due to strong electrostatic attraction between positively charged lyso-
zyme (isoelectric point around pH 11; see Ref. [46]) and the negatively
charged silica surface (isoelectric point around pH 3.9; see Ref. [47]).
Notably, the magnitudes of the Δf and ΔD shifts depended on the etha-
nol fraction in a non-monotonic manner.

In 0% ethanol, lysozyme adsorption yielded Δf and ΔD shifts of
−15.2 ± 0.5 Hz and 0.22 ± 0.12 × 10−6, respectively, at saturation. In
10% ethanol, larger Δf and ΔD shifts of −17.6 ± 0.3 Hz and 0.96 ±
0.06 × 10−6, respectively, were observed and indicate greater adsorp-
tion uptake. On the other hand, in 20% ethanol, noticeably smaller Δf



Fig. 2.QCM-D tracking of lysozyme adsorption inwater-ethanolmixtures. (A) Time-resolvedΔf shifts for lysozyme adsorption onto a silica surface in differentwater-ethanolmixtures as a
function of ethanol fraction. The baseline was recorded in the appropriate water-ethanol mixture, followed by 50 μM lysozyme addition from t=5min onwards and then a washing step
in the equivalent water-ethanol mixture (without protein) from t=25min. The inset shows amagnified view of the normalizedΔf shifts due to solventwashing. (B) Corresponding data
for the time-resolved ΔD shifts that were measured simultaneously in the QCM-D measurements.
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and ΔD shifts of −14.4 ± 0.1 Hz and 0.05 ± 0.04 × 10−6, respectively,
were obtained, while, in 30% ethanol, relatively larger Δf and ΔD shifts
of −15.1 ± 0.2 Hz and 0.66 ± 0.03 × 10−6, respectively, were again
observed. In 40% ethanol, the corresponding Δf and ΔD shifts were
− 13.9 ± 0.1 Hz and 0.50 ± 0.04 × 10−6, respectively. Together, these
data support that adsorbed lysozyme proteins form a protein mono-
layer on the silica surface on account of the adsorbed mass density
(~260 ng/cm2) and relatively small ΔD shifts (<1 × 10−6) [37]. Another
interesting observation is that the magnitudes of the Δf and ΔD shifts
tended to oscillate up and down as the ethanol fraction in the water-
ethanol mixture was varied in 10% increments, whereby larger re-
sponses corresponded to solvent conditions in which solution-phase
lysozyme proteins had a relatively larger hydrodynamic diameter and
vice versa.

Upon solvent washing with the equivalent water-ethanol mixture
(without protein), the adsorbed lysozyme proteins underwent modest
structural rearrangement, whichwas also captured in theΔf andΔD sig-
nals. In 0–10% ethanol, the Δf shift increments due to solvent washing
were nearly negligible (<−1 Hz) while larger shift increments of
around −1 to −3 Hz were observed in 20–40% ethanol (see Fig. 1A
inset). Together with experimentally observed drops in the correspond-
ing ΔD shifts, these findings support that the lysozyme adlayers in
20–40% ethanol underwent densification upon solvent washing. These
findings are striking because solvent washing typically induces protein
desorption as opposed to densification, providing further evidence of
strong protein-surface interactions in this system.

The QCM-Dmeasurement trends are summarized in Fig. 3. For lyso-
zyme adsorption in water-ethanol mixtures, the corresponding Δf and
Fig. 3. Summary of QCM-D results for lysozyme adsorption inwater-ethanol mixtures. TheΔf a
washing (relative to baseline in the appropriate water-ethanol mixture), (B) lysozyme adlaye
water-ethanol mixture), and (C) lysozyme adlayer after water washing (relative to baseline in
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ΔD shifts before solvent washing both indicate oscillatory behavior as
a function of ethanol fraction (Fig. 3A). While the variation in the Δf
shift magnitudes was relatively small, a clear trend was observed
and more pronounced variation in the ΔD shift magnitudes was
also observed. These trends agree well with the reported trend in
the hydrodynamic diameter of solution-phase lysozyme proteins,
supporting that protein conformational flexibility and its depen-
dence on the solvent condition plays an important role in dictating
the adlayer properties.

Fig. 3B shows the Δf and ΔD shifts for lysozyme adsorption after sol-
ventwashing relative to the initial signal in the equivalentwater-ethanol
mixture prior to protein addition. TheΔf shifts were relatively small and
similar, reflecting that solvent washing tended to have negligible effect
in the 0–10% ethanol range while causing a modest additional decrease
in the 20–40% ethanol range due to protein densification. Likewise, the
ΔD shifts tended to decrease in most cases and the final values were
quite small, indicating rigid attachment to the silica surface. The only
exception was lysozyme adsorption in 20% ethanol, in which case
solvent washing led to a larger ΔD shift and might relate to an in-
crease in ethanol solvation as competing protein-water and
protein-ethanol interactions are particularly significant around
this solvent condition [43].

We also plotted the final Δf and ΔD shifts after a subsequent water
washing step relative to the initial baseline in water at the beginning
of the experiment (Fig. 3C). The final Δf shifts were in the range of
−15 to −19 Hz and the largest values were observed for lysozyme
adlayers in the20–30% ethanol range. The results indicate tight coupling
of the lysozyme adlayers to the silica surfaces while the comparatively
ndΔD shifts are reported for (A) lysozyme adlayer inwater-ethanol mixture before solvent
r in water-ethanol mixture after solvent washing (relative to baseline in the appropriate
water). Data are reported as mean ± standard deviation (s.d.) for n = 3 replicates.
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larger ΔD shift in the 30% ethanol condition supports that the lysozyme
adlayer in that case exhibited relatively greater viscoelastic properties.

3.3. LSPR measurements

The corresponding LSPRmeasurement data for lysozyme adsorption
kinetics in different water-ethanol mixtures are presented in Fig. 4A.
While the QCM-D measurements are sensitive to adsorbed protein
mass and hydrodynamically-coupled solvent mass, the LSPR measure-
ments are sensitive to adsorbed protein mass only, which provides a
complementary viewpoint to characterize adlayer properties. After es-
tablishing a stable baseline signal in the appropriatewater-ethanolmix-
ture, 50 μM lysozyme in the equivalent water-ethanol mixture was
added (see first arrow), followed by a washing step (see second
arrow). In line with the QCM-D results, the LSPR measurement re-
sponses also showed rapid, one-step kinetics until adsorption saturation
was reached while theΔλ shift values tended to increase moderately at
higher ethanol fractions. In 0% ethanol, lysozyme adsorption yielded a
Δλ shift of 0.73 nm and the correspondingΔλ shifts in 10% and 20% eth-
anol were 0.82 and 0.81 nm, respectively. Lysozyme adsorption in 30%
ethanol yielded the largest Δλ shift of 1.04 nmwhile the corresponding
Δλ shift in 40% ethanol decreased slightly, but was still relatively high,
to 0.93 nm.

Closer inspection of the solvent washing step showed that this pro-
cess involves reconfiguration of adsorbed lysozyme molecules in most
cases (Fig. 4B). In 0% ethanol, solvent washing led to a small, multi-
step response, resulting in a finalΔλ shift increment of 0.02 nm. By con-
trast, solventwashing led to sharp increases in theΔλ signal in the other
cases and the corresponding Δλ shift increments in 10% and 20% etha-
nol were 0.24 and 0.26 nm, respectively. In 30% ethanol, there was an
even larger Δλ shift increase of 0.38 nm, while the Δλ shift increase
was 0.27 nm in 40% ethanol. Since the LSPR measurement response is
sensitive to the amount and conformational properties of adsorbed pro-
teins and not sensitive to hydrodynamically coupled solvent, the posi-
tive Δλ shift increments support adlayer densification and it is also
noteworthy that the magnitudes of the Δλ shift increases upon solvent
washing are relatively larger than themagnitudes of the corresponding
QCM-D responses discussed above.

The LSPR measurement trends are summarized in Fig. 5. For lyso-
zyme adsorption in water-ethanol mixtures, the corresponding Δλ
shifts before solvent washing show a modest increase as a function of
ethanol fraction (Fig. 5A). The largest Δλ shift occurred in the 30% eth-
anol condition. These data support that, with increasing ethanol frac-
tion, adsorbed lysozyme proteins are more deformed on the sensor
surface. The surface coverage of adsorbed lysozyme proteins was also
calculated based on the LSPR measurement responses in different
water-ethanol mixtures and the fractional surface coverage increased
from ~0.35 in 0% ethanol to ~0.53 in 40% ethanol (see Supplementary
Fig. 4. LSPR tracking of lysozyme adsorption in water-ethanol mixtures. (A) Time-resolved Δ
ethanol mixtures as a function of ethanol fraction. The baseline was recorded in the appropria
and then a washing step in the equivalent water-ethanol mixture (without protein) from t =
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Material for calculation details). The maximum surface coverage was
~0.56 in 30% ethanol. Similar trendswere also observed for theΔλ shifts
after solvent washing relative to the initial signal in the equivalent
water-ethanol mixture prior to protein addition, as well as for the Δλ
shifts after a subsequent water washing step relative to the initial base-
line in water at the beginning of the experiment (Fig. 5B, C).

3.4. Mass characterization of lysozyme adlayers

We further analyzed the QCM-D and LSPR data to calculate the
acoustic, optical, and solvent mass properties of the lysozyme adlayers
in thedifferentwater-ethanolmixtures. Since the lysozymeadlayers ex-
hibited relatively low ΔD shifts (<1 × 10−6) in all QCM-D experiments,
the acoustic mass values of the lysozyme adlayers – encompassing the
mass of adsorbed protein molecules plus hydrodynamically-coupled
solvent molecules – were estimated by using the Sauerbrey equation,
which converts the Δf shifts into areal mass density values [48]. On
the other hand, the optical mass values of the lysozyme adlayers (pro-
tein mass only without coupled solvent mass) were calculated from
LSPR data by using the Lorentz-Lorenz equation (see Supplementary
Material for calculation details) [49–51]. The hydrodynamically-
coupled solvent mass within the lysozyme adlayers was then deter-
mined by calculating the difference between the acoustic and optical
mass values in each water-ethanol mixture. A summary of the acoustic,
optical, and solvent mass values for the lysozyme adlayers is presented
in Fig. 6.

In general, the amount of solvent mass within the lysozyme adlayer
showed a tendency to decrease at higher ethanol fractions across all the
test stages within the adsorption protocol (Fig. 6A–C). This tendency
agrees well with the larger Δλ shifts observed in the LSPR experiments
at higher ethanol fractions and supports that lysozyme proteins un-
dergo greater adsorption-related denaturation and have higher surface
coverages to form denser, protein-rich adlayers at higher ethanol frac-
tions. In another study involving multiple surface-sensitive measure-
ment techniques, Komorek et al. investigated lysozyme adsorption
onto a gold surface as a function of protein concentration [52]. In that
study, theQCM-D techniquewas utilized togetherwith the surface plas-
mon resonance (SPR) technique, which is another type of label-free op-
tical sensor with a longer penetration depth than the LSPR technique.
Similar to our findings, the authors reported that a decrease in the
amount of protein adlayer hydration is due to an increase in the lyso-
zyme adlayer surface coverage, although that finding was discussed
within the context of an increase in solution-phase bulk protein concen-
tration and consequently, a faster rate of diffusion-limited protein ad-
sorption to the gold surface. By contrast, in our study, the reduced
solvent mass and increased surface coverage occurs due to ethanol-
induced changes in the conformational flexibility of lysozyme protein
molecules. Of note, the trend in solvent mass for lysozyme adlayers
λ shifts for lysozyme adsorption onto a silica-coated nanodisk surface in different water-
te water-ethanol mixture, followed by 50 μM lysozyme addition from t = 5 min onwards
25 min. (B) Magnified view of the normalized Δλ shifts due to solvent washing.



Fig. 5. Summary of LSPR results for lysozyme adsorption in water-ethanol mixtures. TheΔλ shifts are reported for (A) lysozyme adlayer in water-ethanol mixture before solvent washing
(relative to baseline in the appropriatewater-ethanolmixture), (B) lysozyme adlayer inwater-ethanolmixture after solventwashing (relative to baseline in the appropriatewater-ethanol
mixture), and (C) lysozyme adlayer after water washing (relative to baseline in water).
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before solvent washing (cf. Fig. 6A) is distinct from the pronounced os-
cillatory trend inΔD shifts for lysozyme adlayers before solventwashing
(cf. Fig. 3A), which additionally supports that the oscillatory response
behavior originates from variations in lysozyme adlayer properties –
reflective of changes in protein size and conformational flexibility in dif-
ferent water-ethanol mixtures – as opposed to variations in solvent
mass alone.

3.5. Lysozyme adsorption kinetics

We also evaluated lysozyme adsorption kinetics by calculating the
time derivatives of the Δf and Δλ shift responses from the QCM-D and
LSPR measurement data, respectively. The corresponding data are pre-
sented in Fig. 7A, B. Since protein adsorption occurs in the diffusion-
limited regime, the experimentally measured rates reflect the net rate
of protein molecules contacting the sensor surface (adsorption rate
minus desorption rate) plus the extent of adsorption-related protein de-
naturation [20,22,26]. As such, larger values of the |dΔf/dt| and dΔλ/dt
signals indicate a greater degree of adsorption irreversibility and/or
more extensive, adsorption-related denaturation. Since the probing vol-
ume of the LSPR technique is much smaller than that of the QCM-D tech-
nique, it is noted that the dΔλ/dt signal displays particularly high
sensitivity to detect variations in adsorption-related protein denaturation.

By taking into account variations in solvent viscosity and the hydro-
dynamic diameter of solution-phase lysozyme proteins, which depend
on the ethanol fraction in the water-ethanol mixtures, we next calcu-
lated the diffusion-limited adsorption rate of contacting protein mole-
cules that attached to the sensor surface based on the Stokes-Einstein
equation (see Supplementary Material for calculation details). This the-
oretically computed diffusion-limited adsorption rate was compared to
the experimentally measured maximum adsorption rates obtained in
the QCM-D and LSPR experiments and the normalized rate values are
plotted together as a function of ethanol fraction in Fig. 7C.
Fig. 6.Acoustic, optical, and solventmass properties of lysozyme adlayers inwater-ethanolmixt
water-ethanol mixture before solvent washing (relative to baseline in the appropriate water-
(relative to baseline in the appropriate water-ethanol mixture), and (C) lysozyme adlayer afte
the optical and solvent mass values.
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In general, the theoretically calculated, diffusion-limited adsorption
rate predicts that the normalized rate gradually decreases by up to
around 50% as the ethanol fraction changes from 0% to 40%. Interest-
ingly, in marked contrast, the QCM-D response shows an appreciable
oscillatory trend in the normalized rate behavior, which coincides
with the variation in protein hydrodynamic diameter [43] and exhibits
an overall tendency towards greater rates by up to around 60% at higher
ethanol fractions. This finding demonstrates that the conformational
properties of the solution-phase lysozyme proteins play a critical
role in dictating adsorption behavior, whereby increased levels of
protein conformational flexibility at higher ethanol fractions en-
hance adsorption irreversibility via adsorption-related denaturation
on the silica surface. This conformational effect is dominant over the
dependence on solvent viscosity and the LSPR response shows a sim-
ilar, albeit more modest, oscillatory trend in the normalized rate and
a tendency towards rate increases up to around 30%. The difference
in magnitudes of the normalized rate increases extracted from the
QCM-D and LSPR measurement results further supports that varia-
tions in lysozyme conformational flexibility affect the hydrodynamic
properties of lysozyme adlayers, which are detected in the QCM-D
measurements.

3.6. Schematic summary of lysozyme adsorption trends

Fig. 8 presents a set of schematic illustrations that summarize lyso-
zyme adsorption behavior in different water-ethanol mixtures. In 0%
ethanol, lysozyme proteins have relatively low conformational flexibil-
ity (high conformational stability) andhence did not undergo extensive,
adsorption-related denaturation. Upon solvent washing, the proteins
remained irreversibly adsorbed due to strong protein-surface interac-
tions that were mainly driven by attractive electrostatic forces and
adlayer densification was negligible in this case due to the protein's rel-
atively low conformational flexibility.
ures. The acoustic, optical, and solventmass values are reported for (A) lysozyme adlayer in
ethanol mixture), (B) lysozyme adlayer in water-ethanol mixture after solvent washing
r water washing (relative to baseline in water). Note that the acoustic mass is the sum of



Fig. 7. Evaluation of lysozyme adsorption kinetics and theoretical comparison. Time derivative plots of the (A) |Δf| and (B)Δλ signals that were tracked during lysozyme adsorption in the
QCM-D and LSPR experiments, respectively. (C) Comparison of the theoretically calculated, diffusion-limited adsorption rate and experimentallymeasured QCM-D and LSPR rates, which
reflect the maximum values of the time derivatives of the Δf and Δλ signals, respectively. The QCM-D data are reported asmean ± standard deviation (s.d.) for n=3 replicates. In panel
(C), all the presented rates are normalized whereby the rate value obtained in 0% ethanol was defined as 1 in each data set.
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On the other hand, in water-ethanol mixtures with higher ethanol
fractions, lysozyme proteins tend to exhibit greater conformationalflex-
ibility due to ethanol molecules solvating amino acid residues and
disrupting intramolecular hydrophobic interactions [43,53,54]. In such
cases, lysozyme proteins underwent greater adsorption-related dena-
turation and hence had stronger adsorption to the silica surface, which
led to a higher degree of adsorption irreversibility. With increasing eth-
anol fraction, the resulting lysozyme adlayers therefore tended to have
greater packing density and lower solvent mass amounts. Hence, lyso-
zyme adlayer properties could be adjusted based on the ethanol fraction
in the water-ethanol mixture used during the initial adsorption process
and this finding establishes the broad importance of protein conforma-
tional tuning to modulate protein adsorption behavior.

4. Conclusions

In this study, we investigated the adsorption behavior of lysozyme
proteins on silica surfaces in differentwater-ethanolmixtures and iden-
tified that solution-phase conformational stability plays a key role in
Fig. 8. Schematic illustration of lysozyme adsorption behavior in different water-ethanol mi
conformational flexibility (lower conformational stability) and hence underwent more exten
washing to remove weakly adsorbed protein molecules, significant adlayer densification was o
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dictating both adsorption kinetics and adlayer properties. A motivating
factor behind this study was the unique conformational behavior of
solution-phase lysozyme proteins in water-ethanol mixtures, whereby
it has been noted that the hydrodynamic diameter of protein molecules
tends to oscillate in magnitude with increasing ethanol fraction. This
feature was attributed to non-monotonic variations in conformational
stability – interpreted in termsof conformationalflexibility– on account
of competing water and ethanol solvation effects and is quite distinct
from the conformational properties of other well-known proteins such
as BSA in water-ethanol mixtures. Building on this knowledge, our ex-
perimental results demonstrate that lysozyme adsorption behavior
also strongly depends on the ethanol fraction in a non-monotonic fash-
ion and advances the importance of solution-phase conformational sta-
bility in dictating adlayer properties. By conducting QCM-D and LSPR
measurements, it was possible to determine the adsorbed protein
mass and hydrodynamically coupled solventmass, which led us to iden-
tify that the hydrodynamic properties of lysozyme adlayers are mainly
influenced by the degree of protein conformational flexibility as op-
posed to solvation effects alone. These findings have broad implications
xtures. At higher ethanol fractions, solution-phase lysozyme proteins exhibited greater
sive, adsorption-related denaturation and spreading on the silica surface. Upon solvent
bserved in water-ethanol mixtures with ≥10% ethanol fraction.
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for designing improved protein-based coatings based on tuning the
solution-phase conformational stability of proteins and could be applied
to enhance the functional performance of lysozyme-based coatings.
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