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Enhancing protein stability under stress:
osmolyte-based deep eutectic solvents as a
biocompatible and robust stabilizing medium
for lysozyme under heat and cold shockf

Anja Damjanovi¢,i® Marijan Logarusic, 2+ Lidija-Marija Tumir, 2 °
Thanos Andreou, %)< Marina Cvjetko Bubalo (2 *® and Ivana Radoj¢i¢ Redovnikovi¢?

In biomedical and biotechnological domains, liquid protein formulations are vital tools, offering versatility
across various fields. However, maintaining protein stability in a liquid form presents challenges due to
environmental factors, driving research to refine formulations for broader applications. In our recent
study, we investigated the relationship between deep eutectic solvents (DESs) and the natural presence
of osmolytes in specific combinations, showcasing the effectiveness of a bioinspired osmolyte-based
DES in stabilizing a model protein. Recognizing the need for a more nuanced understanding of
osmolyte-based DES stabilization capabilities under different storage conditions, here we broadened
the scope of our osmolyte-based DES experimental screening, and delved deeper into structural
changes in the enzyme under these conditions. We subjected lysozyme solutions in DESs based on
various kosmotropic osmolytes (TMAO, betaine, sarcosine, DMSP, ectoine, GPC, proline, sorbitol and
taurine) paired either with another kosmotropic (glycerol) or with chaotropic osmolyte urea to rigorous
conditions: heat shock (at 80 °C) and repetitive freeze—thaw cycles (at —20 and —80 °C). Changes in
enzyme activity, colloidal stability, and conformational alterations were then monitored using bioassays,
aggregation tests, and spectroscopic techniques (FT-IR and CD). Our results demonstrate the
remarkable effectiveness of osmolyte-based DES in stabilizing lysozyme under stress conditions, with
sarcosine- and betaine-based DESs containing glycerol as a hydrogen bond donor showing the highest
efficacy, even at high enzyme loadings up to 200 mg ml~. Investigation of the individual and combined
effects of the DES components on enzyme stability confirmed the synergistic behavior of the
kosmotrope—urea mixtures and the cumulative effects in kosmotrope—glycerol mixtures. Additionally,
we have shown that the interplay between the enzyme’s active and stable (but inactive) states is highly
influenced by the water content in DESs. Finally, toxicity assessments of osmolyte-based DESs using cell
lines (Caco-2, HaCaT, and Hela) revealed no risks to human health.

and biocatalysis, which all rely on stable proteins throughout
all stages of manufacturing (expression, purification, and for-

Within biomedical and biotechnological domains, liquid pro-
tein formulations have emerged as invaluable tools due to their
inherent versatility and practical advantages. They play pivotal
roles across diverse fields, spanning from the development of
biopharmaceuticals and protein-based drugs to biotechno-
logical processes like enzyme production, diagnostic assays,
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mulation), shelf-life management, and product administration/
application.”™ One notable characteristic of liquid protein
formulations is their capacity to ensure superior sample homo-
geneity, as proteins in solution are uniformly distributed, thus
guaranteeing consistent sample quality. Additionally, the liquid
form facilitates seamless mixing, dilution, and aliquoting of
proteins, eliminating the need for cumbersome reconstitution
steps and enhancing operational efficiency.

However, for proteins in a liquid form, the delicate balance
of their structure can be easily disrupted by environmental
factors such as changes in temperature and pH, as well as
mechanical stress. These disruptions often lead to denatura-
tion, inactivation, and aggregation of proteins, resulting in a
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loss of functionality and product quality.>® To evaluate protein
formulation stability, heat- and freezing-induced protein dena-
turation has emerged as rapid and reliable methods. These
processes disrupt the native structure of proteins when exposed
to extreme temperatures, allowing researchers to quickly
observe changes in protein stability and gain insights into
potential degradation pathways. Additionally, this type of dena-
turation simulates conditions that proteins may encounter
during storage or processing, enhancing its relevance for
evaluating formulation stability."”"®

To aid in the folding or refolding of proteins in liquid
protein formulations, especially under stressful conditions,
chemical chaperones are frequently used.”'® Naturally occur-
ring osmolytes, including methylamines, sugars, alcohols, and
amino acids, have been demonstrated as excellent chaperons of
proteins in numerous cases.' When incorporated into formu-
lations, these molecules mimic their natural role in vivo, which
is to protect biological systems (such as extremophilic bacteria,
marine organisms, sporulating microorganisms, and plants)
from stressful environmental conditions by providing thermo-
dynamic stability to biomacromolecules, particularly proteins,
without compromising their natural functionality."> Another
relatively new class of chemical chaperones that also effectively
mimic the natural environment of biomolecules to stabilize
them are non-toxic and highly versatile systems known as deep
eutectic solvents (DESs).">'* Originally, the term DES was
coined to describe a physical mixture of two or more compo-
nents, usually from natural sources, that solidifies at a single
temperature lower than the crystallization point of any indivi-
dual component.’® With time, these solvents/systems have
evolved to include mixtures of two or more components that
demonstrate properties similar to a eutectic system,'® with one
fixed criterion: remaining in a liquid state at a specified
temperature, even if one of its components would normally
be solid and unsuitable for use as a solvent.'” The chaperon-
like activity of DESs for various proteins, such as lysozyme,®2°
lipases,*"** collagen peptide,>® a-chymotrypsin,>* laccases,
bovine serum albumin,®” various peroxidases,”® cellulases,>
human interferon,*® B-galactosidase,® immunoglobulin G,*?
and ubiquitin,** has been reported so far.

In our recent study,”* for the first time, a connection was
established between two previously parallel approaches to
protein stabilization: osmolytes- and DES-assisted protein
stabilization. Intrigued by the structural similarity between
osmolytes and common DES components, as well as the fact
that osmolytes are typically present in cells and tissues in
certain combinations and molar ratios, we investigated a set
of natural osmolytes and patterns of their natural distribution,
preparing new bioinspired two-, three-, and multi-component
DESs based on osmolytes. The newly prepared bioinspired
solvents were further assessed as a protein stabilization med-
ium at room temperature. The results indicate superior stabili-
zation compared to conventional DESs and the standard buffer
used for protein storage. Building upon that research, in this
study we subjected lysozyme solution in various DESs to
rigorous conditions, including heat shock at 80 °C and multiple
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freeze-thaw cycles at —20 °C and —80 °C. The stabilizing effect
of DESs was examined using bioassays and spectroscopic
methods. Finally, as osmolytes accumulate in times of stress,
the results are discussed within the framework of osmolyte-
based presence in vivo, suggesting a universal mechanism of
action used by living systems during periods of stress.

Experimental part
Materials

Lysozyme extracted from hen egg white and Micrococcus lyso-
deikticus (ATCC No. 4698) was purchased from Sigma-Aldrich
(St. Louis, MI, USA). All components of the DESs were also
procured from Sigma-Aldrich. All chemicals were of at least
99% purity and were used without additional purification.

DES preparation and characterization

DESs were prepared in the way that two or more components in
specific ratios with a certain amount of water (20, 40, 60 or 80%
of water (w/w)) were placed in a glass flask, stirred, and heated
at 50 °C until a clear homogeneous liquid was formed (Table 1).

Upon cooling to room temperature, the mixture was left on a
bench for a week to observe possible solidification or precipita-
tion. Before use, DES forming compounds choline chloride,
TMAO and sarcosine were dried in a vacuum drier (Memmert
GmbH + Co. KG) at 40 °C and 100 mbar for 24 h. The pH of all
DESs was measured at room temperature using a pH electrode
(InLab® Micro Pro-ISM pH electrode, Mettler-Toledo). The
density at room temperature was measured by using a pycn-
ometer (V = 1 ml). To determine the polarity and molar
transition energy (ENR) of the DESs Nile red was used as a
solvatochromatic probe.*®

Extent of lysozyme aggregation

Heat-induced aggregation of lysozyme solution (5 mg ml™") in
DESs and the referent solvent (50 mM potassium phosphate
buffer, pH 6.4) was studied using a temperature-controlled
UV/vis spectrophotometer (Lambda 35, PerkinElmer). A sample
was placed in a quartz cuvette and covered with mineral oil to
retard evaporation. Turbidity changes (1 = 600 nm) were
monitored at a temperature of 80 °C.

Lysozyme activity assay

Lysozyme activity was determined according to the method of
Shugar et al.*® Briefly, 30 pl of Micrococcus lysodeikticus bacteria
suspension in sterile PBS buffer (7 mg ml™*) and 30 ul of the
lysozyme solution were added to 525 pl of 50 mM potassium
phosphate buffer solution (pH 6.4) in a cuvette. Immediately
after mixing, the cuvette was placed in a UV/vis spectrophot-
ometer (Thermo Fisher Scientific, GenesysTM10S) and the
absorbance was measured at a wavelength of 450 nm over a
period of linear turbidity decline. Relative activity was calcu-
lated as a ratio of activity measured in the DES and the activity
measured in the reference buffer.
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Table 1 Physicochemical properties and cytotoxicity of DESs used for lysozyme stability screening. The water content for all used DESs was 40% (w/w)

ECs, (mg ml ™)

pH Exr p (20 °C)
DES Abbreviations® Molar ratio (20 °Q) [keal mol ] [g em™?] HaCaT Caco-2 HeLa
Choline-based DES ChCl:U 1:2 7.7 48.98 1.13 ND ND ND
ChCL:Gly 1:2 6.2 49.60 1.14 ND ND ND
Betaine-based DES Bet:U 1:1 8.1 49.96 1.14 ND ND ND
Bet:Gly 1:2 6.0 49.72 1.15 ND ND ND
Sarcosine-based DES Sar:U 2:5 5.6 49.75 1.19 >1000 >1000 >1000
Sar:Gly 1:2 5.2 49.48 0.88 >1000 >1000 >1000
Ectoine-based DES Ect:U 1:2 6.8 48.92 1.20 >1000 >1000 >1000
Ect:Gly 1:2 6.3 49.78 1.15 >1000 >1000 >1000
TMAO-based DES TMAO:U 1:1 9.6 49.79 1.09 >1000 >1000 >1000
TMAO:Gly 1:2 9.1 50.43 1.14 >1000 >1000 >1000
Proline-based DES Pro:U 1:2 7.2 49.81 1.16 >1000 >1000 >1000
Pro:Gly 1:2 6.2 49.93 1.18 >1000 >1000 >1000
DMSP-based DES DMSP:U 1:2 5.6 48.67 1.19 >1000 >1000 >1000
DMSP:Gly 1:2 1.0 48.54 1.18 310.2 335.5 380.9
Bioinspired Bet:Sor:Tau:GPC:U 1:3.1:0.1:2.8:7.1 7.0 49.24 1.18 >1000 >1000 >1000
multicomponent DES TMAO:Bet:Tau:U 1:6:0.5:15 6.8 49.34 1.16 >1000 >1000 >1000

“ Choline-chloride (ChCl), betaine (Bet), sarcosine (Sar), ectoine (Ect), trimethylamine N-oxide (TMAO), proline (Pro), dimethylsulfoniopropionate
(DMSP), urea (U), glycerol (Gly), sorbitol (Sor), taurine (Tau), glycerophosphocholine (GPC).

Residual activity of lysozyme after heat shock and freeze-thaw
conditions

Lysozyme solutions at a concentration of 5 mg ml~" (0.1 mg ml ™"
for preliminary screening on the influence of the water content
on DES ability to stabilize lysozyme; 50, 100 and 200 mg ml ™"
for experiments related to the stability of highly concentrated
lysozyme solutions) were prepared in different DES and in
50 mM potassium phosphate buffer solution (pH 6.4). Enzyme
solutions were subjected to different storage conditions:
(i) incubation for 1 hour at 80 °C; and (ii) freeze-thaw condi-
tions: 24-hour freeze-thaw cycle at —20 °C or —80 °C, total of
5 cycles.

Residual lysozyme activity after each storage condition was
determined according to the method of Shugar et al>®
described above. In brief, an aliquot of lysozyme solution in
DES was withdrawn, and the residual activity was measured.
The residual activity (%) was calculated from the initial reaction
rate obtained by the enzyme after incubation, compared to the
one obtained without previous exposure.

Circular dichroism (CD) measurements

CD spectra of lysozyme dissolved in 50 mM potassium phos-
phate buffer solution (pH 6.4) or relevant DESs (final protein
concentration of 0.2-0.75 mg ml~") were recorded on a JASCO
J815 spectrophotometer (Jasco Coorp., Tokyo, Japan), with a
Peltier cell holder for temperature control.

CD spectra in the near UV region (250-350 nm) were
obtained at a fixed temperature (20 °C, 80 °C or 95 °C) with a
scan rate of 200 nm min~', a bandwidth of 1 nm and a
response time of 1 s. Near UV CD spectra were recorded using
appropriate 1 cm path quartz cuvettes, except for Ect:Gly
solution (path of 0.5 cm). Concentrations of lysozyme were
0.75 mg ml~" (52 pM). Each spectrum was accumulated for
2 scans. Baselines taken with DES or buffer under the same
conditions were subtracted from each spectrum.

21042 | Phys. Chem. Chem. Phys., 2024, 26, 21040-21051

CD spectra in the far UV region (190-250 nm) were mea-
sured at room temperature in the wavelength range of 200-
250 nm with a scan rate of 200 nm min ', bandwidth of 1 nm
and a response time of 1 s. Due to the high absorbance of
DES,*”*® far UV CD spectra were recorded using appropriate
0.1 mm path quartz glasses to avoid HT voltage above 600 V.
The concentration of lysozyme was 0.2 mg ml~" (15 uM). The
study of far-UV spectra of lysozyme after storage in the DES was
performed by hydration:** diluting of DES with buffer, to
achieve a final DES content of 0.5% (w/w). The spectra after
hydration were recorded using 1 cm path quartz cuvettes.

Thermal CD-scans were collected at a fixed wavelength
(227 £ 5 nm) in a temperature range 20 °C to 95 °C in
appropriate 1 mm path quartz cuvettes at a heating rate of
1 °C per minute. The concentration of lysozyme was 0.3-0.4 mg
ml~" (20-26 pM). Ellipticities ([0]) were expressed in observed
mdeg and in units of deg cm® dmol !, using the protein
concentration.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of the mixtures, spectra of the pure starting com-
pounds, and spectra of lysozyme solutions in DESs (20 mg ml ™)
and 50 mM potassium phosphate buffer solution (pH 6.4) were
recorded on an FT-IR spectrometer equipped with an attenuated
total reflection module (Tensor II, Bruker, Ettlingen, Germany)
with diamond ATR crystal from 4000-400 cm ™, with a resolution
of 4 cm™ . The spectra are the average of 16 scans. For measure-
ments of protein solutions (20 mg ml™), the samples were left to
equilibrate for 1 h prior to measurements, with all measurements
being made in the next 1 h. FI-IR spectra of each solvent, without
the protein present, were acquired under the same conditions and
used for solvent subtraction.

Cytotoxicity assay

The cytotoxicity of DESs was tested against three human adherent
cell lines: cancer cells derived from the colorectal adenocarcinoma

This journal is © the Owner Societies 2024
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(Caco-2 - ATCC No. HTB-37™), normal human keratinocyte cells
(HaCaT - CVCL No. 0038), and epithelial cells from cervical
carcinoma (HeLa - ATCC No. CCL-2™). Cells were maintained
in DMEM - Dulbecco’s modified Eagle’s medium (Capricorn
Scientific GmbH), supplemented with 5% (v/v) FBS - fetal bovine
serum (GIBCO by Life Technologies) in an incubator with 5% CO,
and a humidified atmosphere at 37 °C. The impact of synthesized
DESs on cellular proliferation was investigated in vitro utilizing
the CellTiter96® AQueous One Solution Cell Proliferation assay
(Promega), also known as the MTS assay. Briefly, cells were seeded
in 96-well plates at a density of 3 x 10" cells per well in 100 ul
of media. Following overnight incubation, cells were exposed to
the prepared DESs at three concentrations spanning from 100 to
500, and ultimately 1000 mg ml™', and then incubated for
72 hours. A 10 pl volume of MTS reagent was added to each well
and the absorbance was measured at 492 nm on the microplate
reader after the 3-hour incubation period. Cell viability percentage
was calculated by comparing the absorbance of treated cells to
that of untreated control cells. The experiments were conducted
in triplicate with four replicates for each concentration. The
corresponding EC50 values, defined as the concentration of tested
compounds leading to 50% growth inhibition, were calculated
from the dose-response curves.

Results and discussion

In our previous work, we showcased the ability of novel
osmolyte-based DESs based on kosmotropes sarcosine, ectoine
and DMSP (all HBAs), when paired with glycerol as a HBD, to
stabilize a model protein (lysozyme) at 25 °C to a greater extent
than the conventional choline chloride-based DES (ChClL:Gly)
and the reference buffer.>* This was also confirmed for bioin-
spired multicomponent DES replicated from an osmolyte cock-
tail in mammalian kidneys comprising chaotrope urea. To gain
a deeper understanding of novel osmolyte-based DESs’ capacity
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to stabilize lysozyme, this study expanded both the range of
DESs utilized and the incubation conditions applied to enzyme
solutions in DESs. Lysozyme was once again chosen for its cost-
effectiveness, the accessibility of rapid and reliable spectro-
photometric methods for activity measurement, and the wealth
of information available on its behaviour under various condi-
tions in vitro.*® In this research, we first prepared and char-
acterized various osmolyte-based DESs in terms of their
physicochemical properties and cytotoxicity (Table 1). Follow-
ing this, lysozyme solutions in DESs were subjected to stressful
conditions, including heat shock or repeated freezing-thawing
cycles (Fig. 1), whereby the stabilizing effect of DESs was
examined using bioassays and spectroscopic methods.

Osmolyte-based DESs preparation and characterization

Versatile DESs were prepared for analysis by combining a range
of components, such as kosmotropic osmolytes (trimethyla-
mine-N-oxide (TMAO), betaine, sarcosine, dimethylsulfonio-
propionate (DMSP), ectoine, glycerophosphocholine (GPC),
proline, glycerol, sorbitol, and taurine) and chaotrope urea
(Table 1). It is important to note that the osmolytes utilized
in this study span across all kingdoms of life, ranging from
deep-sea fish (TMAO, sarcosine, and urea), plants (betaine),
fungi (ectoine and glycerol), algae (DMSP), to mammals (GPC
and urea). DESs based on choline chloride and the osmolyte
betaine, which have already been established as effective lyso-
zyme stabilizers*'™** were prepared and tested as well.
Preliminary experiments investigating the impact of water
content on the solvent’s ability to stabilize lysozyme at 80 °C,
conducted on a limited selection of DESs (ChCl:Gly, Sar:Gly and
Ect:Gly), revealed that lysozyme was either more effectively or
equally stabilized in DESs containing 40% water (w/w) com-
pared to those with 20% water (with a difference of £10%; data
not shown). A water content of 40% was also considered
beneficial from a practical standpoint: water helps reduce the

080°C m-20°C m-80°C

Fig. 1 Residual lysozyme activity (Ag) after incubation in DESs (40% of water, w/w) and 50 mM potassium phosphate buffer solution (pH 6.4) after: heat
shock (1 hour at 80 °C) or five freeze/thaw cycles at —20 °C and —80 °C (c.ys = 5 mg ml™). The residual lysozyme activity (Ag) was calculated from the
initial reaction rate obtained by the enzyme after incubation, compared to the one obtained without previous exposure.
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solvent’s viscosity*> making it easier to handle and potentially
suitable for larger-scale applications.*® At this point, dilutions
of DESs beyond 40% were not considered, as additional water
would result in a solvent behaving more like a solution of its
components in water."”

In accordance with the above, a total of fourteen two-
component osmolyte-based DESs and two bioinspired multi-
component DESs, all containing 40% water (w/w), were pre-
pared and characterized (Table 1). The pH value of the prepared
DESs ranged widely: from 1.0 (DMSP:Gly) to 9.8 (TMAO:U).
In general, the most acidic DESs were those with DMSP (pH 1.0
and 5.6) and sarcosine (pH 5.2 and 5.6) as HBA, while TMAO-
based DESs were shown to be basic (pH 9.1 and 9.6). This is not
surprising, as it is well-established that the acidity/basicity of a
DES originates from its starting components, which in this case
significantly differ from one another (e.g., the pK, values of
sarcosine, ectoine, TMAO, glycerol, and urea are 2.2, 3.1, 7.7,
13.5, and 13.9 respectively). Furthermore, DMSP was utilized in
its HCI salt form, and its acidity predominantly originates from
the protonation of the sulfonate group (-SO;H). All the tested
DES were more polar than ethanol (ENR < 52.17 kcal mol ™)
and less polar (or of similar polarity) than water (ENR <
48.20 kcal mol").*® The measured densities of the DESs were
in the range from 0.9 and 1.2 g cm ™, with the majority falling
in the 1.1-1.2 ¢ cm > range at room temperature. Finally, we
utilized FT-IR analysis for the chemical characterization of the
prepared DESs, aiming to confirm the presence of strong
interactions within the components. As anticipated, the FT-IR
spectra of pure methylamines (betaine, TMAO and sarcosine)
and amino acids (ectoine and proline) showed characteristic
bands: the NH bond stretching ({NH)) between 3300-3500 cm ™
and the carbonyl bond stretching ({C—O)) between 1600-
1800 cm™ " (Fig. S1-S2, ESIf). In the DESs spectra, we observed
signals reminiscent of the starting materials, but with distinct
features suggesting the formation of mixtures where hydrogen
bonding predominates. Specifically, when methylamines or
amino acids were paired with HBD (glycerol and urea) we noticed
a broad, strong peak spanning from 3650 to 3000 cm ™', indicat-
ing the formation of robust NH-O—C hydrogen bonds between
the components. Additionally, a shift towards higher wavenum-
bers in the carbonyl stretching (:{(C—0)) band in the DESs spectra
further supported the occurrence of hydrogen bonding.*’

The heat shock: quantitative monitoring of lysozyme colloidal
and conformational stability in osmolyte-based DESs

Heat induced aggregation and inactivation of lysozyme. The
propensity of novel osmolyte-based DESs to prevent aggrega-
tion of lysozyme during heat shock (80 °C) was monitored by
measuring the time-dependent optical density of the enzyme
solution containing a relatively high concentration of the
enzyme (5 mg ml '). Heat-induced aggregation of proteins
above their melting point (<70 °C for lysozyme, depending
on the pH value),®® accelerates the aggregation rate while
mitigating complications associated with structural alterations.
This phenomenon is frequently leveraged to investigate the

21044 | Phys. Chem. Chem. Phys., 2024, 26, 21040-21051
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stabilizing effects of potential protein chaperones and under-
stand the underlying principles guiding their mode of action.*"

As can be seen in Fig. S3 (ESIt), in the reference buffer,
a rapid increase in optical intensity signifies aggregation of the
enzyme. Conversely, in DESs tested (including reference choli-
nium- and betaine-based DESs) no time-dependent aggregation
of lysozyme was observed, except for TMAO:U (only data for
buffer, TMAO:U, and a bioinspired multicomponent DES are
shown). This chaperone-like activity of conventional cholinium-
based DESs containing urea and polyols has already been
observed for lysozyme'® and immunoglobulin G.*>> Remarkably,
even in DMSP:Gly with a pH value as low as 1.0, no aggregation
was observed. This is noteworthy considering that, according to
the literature, at temperatures of 80 °C aggregation in lysozyme
solutions typically initiates immediately at pH levels below 4.0.*

This simple and rapid aggregation test gave us valuable
hints on osmolyte-based DESs’ potential to act as chemical
chaperons. Furthermore, the recovery of enzymatic activity after
heat treatment was measured upon dilution in the buffer.** It is
crucial to emphasize herein that in all bioactivity experiments,
lysozyme solutions were incubated in DESs, and aliquots were
subsequently withdrawn to measure the residual enzyme activ-
ity in the buffer.*>® This procedure was applied both at the initial
time point (“zero”), where each enzyme solution in DES served
as its own reference for subsequent activity measurements, and
after treatments such as heat or cold shock. Thus, any potential
effects of osmolytes on enzyme activity were minimized using
this approach. Furthermore, enzyme activities measured imme-
diately after dissolving lysozyme in DES (initial lysozyme activ-
ity in DES) were comparable to the initial activity of lysozyme in
the reference sample. This suggests that the concentrations of
osmolytes present during the enzyme activity measurements
had no significant effect.

Fig. 1 shows the residual activity (Ag) of lysozyme after the
heat treatment. In the reference buffer, Az decreased to approxi-
mately 20%, a value like the one observed for TMAO-based
DESs. However, the remaining DESs exhibited greater enzyme
stabilization. This effect was particularly notable in three DESs
variants, all incorporating glycerol as the HBD: Bet:Gly, Sar:Gly,
and Ect:Gly, where enzyme activity was fully preserved (Ag >
96%). Here, we have demonstrated that Sar:Gly (Ar = 120%),
functioning as a DES with superior lysozyme stabilization
ability, significantly surpasses ChCl:Gly (Agr = 78%), which has
previously been indicated to stabilize lysozyme during thermal
treatment at 80 °C.** The observation that glycerol-based DESs
function as excellent chemical chaperones aligns with previous
studies by Delorme et al.>® and Toledo et al.>® that highlighted a
positive relationship between higher counts of OH-groups in
the HBD and improved thermostability through hydrogen bond
formation between the OH-groups on the HBD and the enzy-
me’s amino acids. In glycerol-based DESs the same authors also
observed an increase in Ag values above 100%. To adequately
explain this phenomenon, a more in-depth analysis is neces-
sary. Although glycerol-based DESs herein demonstrated a
higher stabilization ability compared to their urea-based coun-
terparts, the latter still exhibited improved stabilization of
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lysozyme compared to the reference system (except for TMAO-
based DES).

Additionally, even though strongly acidic DES, specifically
DMSP:Gly, demonstrated lower lysozyme stabilization potential
compared to other glycerol-based DES, it unexpectedly exhib-
ited a comparable stabilization ability to the reference buffer
(AR ~ 25%). This occurrence might be attributed to the
abundance of HBA/HBD-acting groups, such as hydroxyl and
carboxyl, which contribute to buffering the system through the
formation of dense hydrogen bonds.> From the thermostabil-
ity results, it appears that the pH value of a DES is not a critical
factor in its ability to stabilize lysozyme. For example, despite
having similar pH values, Sar:Gly, Sar:U and DMSP:U (ranging
from 5.2 to 5.6), exhibited significantly different levels of
lysozyme residual activity after heat shock (120%, 87%, and
40%, respectively). This observation is intriguing and suggests
that other mechanisms may be at play, such as direct interac-
tions between DES components and proteins, or interactions
with water molecules in close proximity to the protein, thereby
altering the water activity of the medium.

Finally, two bioinspired multicomponent DESs, both based
on urea as an HBD, also showed excellent chaperon-like activity
with Ag > 85%. Similar to what was observed in our previous
work,** two-component DESs consisting of betaine and TMAO
with urea as the HBD demonstrated a lesser ability to stabilize
lysozyme compared to their multicomponent bioinspired DES
counterpart. This suggests once again that including additional
osmolytes in the cocktail, in molar ratios replicated from a
natural context, significantly enhances the DES’s ability to
stabilize lysozyme.

Impact of individual and combined effects of the DES
components on lysozyme stability. To explore the individual
and combined effects of DES components on enzyme stability,
we analysed the distinct impacts of these components while
keeping the water volume fraction constant at 40% (w/w)>’
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(Fig. 2A). As expected, we confirmed the synergistic behaviour
of the betaine-urea mixture in stabilizing lysozyme.** After the
heat shock, while the enzyme retained 10% and 43% of residual
activity in urea or betaine solutions, respectively, A of 65% was
observed in the Bet:U mixture. Similar trends were observed for
sarcosine-, TMAO-, and proline-based DES, where urea served
as the HBD: in terms of protein stabilization, these DESs (with
Ag = 87%, 18%, and 72%, respectively) not only attenuated the
deleterious effect of urea but also outperformed water solutions
of the corresponding individual HBA components (A = 75%,
4%, and 48%, respectively). In ectoine- and DMSP-based DESs,
the synergistic effect was less pronounced; however, both HBA
components attenuated the deleterious effect of urea, resulting
in enzyme stability superior to that in the reference buffer, with
Agr > 40%. It is noteworthy that the synergistic effects of the
components were most pronounced in the two multicompo-
nent bioinspired DESs: the addition of other components
counteracted the deleterious effect of urea to a greater extent
than corresponding binary mixtures, maintaining Az > 85%.
Overall, the presented results reaffirm once again that kosmo-
tropic osmolytes are effective in counterbalancing the deleter-
ious effects of the kosmotrope urea, in a molar ratio close to
1:2.** It has been proposed that such kosmotrope counter-
balancing is achieved through the attraction of urea molecules,
preventing their interaction with the protein surface, or by
hindering the mobility of urea molecules through hydrogen
bonding with kosmotrope, thereby restricting their access to
protein domains.>®*’

In DESs where glycerol acted as the HBD, this kind of syner-
gistic effect was only observed for Sar:Gly. Specifically, lysozyme
retained its activity completely in the glycerol-water mixture
(Ag ~ 100%), whereas in Sar:Gly, the enzyme was “‘overactivated”
with an Ag = 120%. However, in the other DESs, a cumulative effect
was noted: all glycerol-based DESs exhibited superior enzyme
stabilization capability compared to their HBA counterparts.

@50 mgml™
W200 mgml™

OS5 mgml™?

140 7 @100 mg ml™

120 4

100 4
80

A (%)

60 -
40

Sar:Gly

Bet:Gly

Bet:Sor:Tau:GPC:U

(A) Residual lysozyme activity (Ag) after incubation in DESs and corresponding individual components (40% of water, w/w) after heat shock for

1 hourat 80 °C (c ys = 5mg ml™Y) and (B) residual lysozyme activity (Ag) at different enzyme loadings (5, 50, 100 and 200 mg ml™Y) after incubation in DESs
(40% of water, w/w) for 1 hour at 80 °C. The residual lysozyme activity (Agr) was calculated from the initial reaction rate obtained by the enzyme after

incubation, compared to the one obtained without previous exposure.
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Thermal stability of highly concentrated lysozyme solutions.
The current understanding of protein behaviour in DESs has
primarily focused on extremely dilute conditions, neglecting
their behaviour at concentrations relevant to technology
(>50mg ml ™). This knowledge gap hinders potential applica-
tions of DESs in protein stabilization, as storing or formulating
proteins in such dilute conditions would demand impractical
volumes of solvent.>* Namely, the primary hurdle in formulat-
ing protein solutions at elevated concentrations lies in navigat-
ing the intricate degradation pathway driven by concentration-
dependent aggregation.’® To the best of our knowledge, the
efficacy of DESs, specifically ChCL:Gly, in maintaining the
physical integrity of lysozyme at high protein concentra-
tions up to 143 mg ml~* has been demonstrated only in the
study by Sanchez-Fernandez et al.>’ Here, we evaluated the
effectiveness of the three most promising DES candidates
identified during the initial screening, Sar:Gly, Bet:Gly, and
bioinspired multicomponent DES Bet:Sor:Tau:GPC:U, in sta-
bilizing lysozyme across a broad concentration range, specifi-
cally from 5 to 200 mg ml ', while ensuring the protein
remained soluble. As shown in Fig. 2B, in the bioinspired
multicomponent DES there is a significant decrease in Ar
value after heat shock, correlating with the enzyme loading
(Ar = 45% at a loading of 200 mg ml™'). Additionally, above
a lysozyme concentration of 5 mg ml ' protein aggregates
were visibly formed in this DES after the heat shock. However,
in Sar:Gly and Bet:Gly, lysozyme activity was fully preserved
at loadings up to 50 mg ml ‘. At loadings of 100 and
200 mg ml™", a slight reduction in activity was observed in
both DESs, but still with excellent recovery (Ag > 75%) and no
observable aggregation.

Near- and far-UV circular dichroism analysis of lysozyme
solutions. To validate the effectiveness of the several most
promising osmolyte-based DES candidates in preventing the
denaturation of lysozyme, the thermal unfolding of the protein
was examined by monitoring changes in the enzyme’s second-
ary and tertiary structure in both the far- and near-UV regions
using circular dichroism (CD) spectroscopy.®®**>9°

First, both buffered and DES solutions of lysozyme were
monitored at a single wavelength in the far UV region. Upon
heating, the negative CD signal intensity decreased. The melt-
ing curve displayed a sigmoidal shape, indicating a cooperative,
two-state denaturation process for lysozyme in the buffered
aqueous solution (Fig. 3). The transition temperature (thermal
melting, T,,), which signifies the temperature at which the
protein undergoes structural transition or denaturation, resulting
in the unfolding of its secondary and tertiary structure, was
determined to be 75.9 °C. A similar cooperative shape was
observed for lysozyme solutions in DESs. All DESs tested (Bet:Gly,
Sar:Gly, Pro:Gly, and bioinspired multicomponent DES Bet:Sor:-
Tau:GPC:U) exhibited a strong stabilizing influence on the pro-
tein’s secondary structure. The T,, value of lysozyme in Pro:Gly
exceeded that in the buffered aqueous solution by 5 °C, and by
more than 10 °C in Bet:Gly, Sar:Gly, and Bet:Sor:Tau:GPC:U. The
highest T}, value of 91.5 °C was observed in Bet:Sor:Tau:GPC:U
(Fig. S4 and Table S1, ESIt).
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Sar:Gly

Bet:Gly

Bet:Sor:Tau:GPC:U
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—— buffer
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Fig. 3 Thermal CD scans of lysozyme in 50 mM potassium phosphate
buffer (pH 6.4) and DESs containing 40% of water, w/w (ciys = 0.3-0.4 mg ml;

A =227 £ 5 nm): ellipticity change is a consequence of secondary structure
change.

While the far UV CD spectral region reflects changes in
secondary structure, the near UV CD region (250-350 nm)
serves as a fingerprint of the protein’s tertiary structure. The
near UV CD spectrum is influenced by aromatic amino acids
and the rigidity of their surroundings, including intramolecular
interactions such as hydrogen bonding.*® Thus, following the
CD research conducted by Esquembre et al.,** we recorded the
near CD spectra of the enzyme’s solutions during thermal
treatment. This allowed us to determine whether renaturation
of lysozyme after heat shock occurs in DESs upon cooling, or
later upon dilution in buffer. At room temperature, the near CD
spectra of lysozyme in the buffer and DES exhibited triplet-
like signals attributed to tyrosine, tryptophan, and disulfide
residues,’®®* indicating a comparable tertiary structure of
lysozyme in these solvents (Fig. 4 and Fig. S5, ESIf). The
heating of the solution led to a featureless spectrum in all
tested solutions, attributable to the unfolding of the protein
and the exposure of the aromatic side chains of amino acids to
the isotropic environment.*""**** It is noteworthy that in DES
solutions the tertiary structure was partially maintained even at
80 °C, with complete protein unfolding occurring only at 95 °C.
Overall, CD studies confirmed that in osmolyte-based DESs
with glycerol as the HBD and in multicomponent bioinspired
DES lysozyme shows excellent thermostability and is able to
entirely regain its folded structure after cooling to room
temperature.

The cold shock: quantitative monitoring of lysozyme stability in
osmolyte-based DESs

To assess whether osmolyte-based DESs protect proteins during
freeze-thaw cycles in a similar way, lysozyme solutions
(5 mg ml™") underwent five consecutive cycles of freezing
(—80 °C and —20 °C) and thawing at room temperature. The
residual enzyme activity (Ag) was measured after each cycle, and
the results are presented in Fig. 1 and Fig. S6 and S7 (ESI¥).
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Fig. 4 Near UV CD spectra of lysozyme (c s = 0.2 mg ml™Y) dissolved in (A) 50 mM potassium phosphate buffer (pH 6.4), (B) Sar:Gly (40% of water, w/w),
and (C) Bet:Sor:Tau:GPC:U (40% of water, w/w) at 20 °C before thermal treatment (black line), at 80 °C (red line), 95 °C (green line) and at 20 °C after
cooling (blue dotted line). CD spectra are normalized according to the CD spectra of lysozyme before thermal treatment.

Overall, a decrease in enzyme activity was observed in all
DESs tested across consecutive freeze-thaw cycles at both
storage temperatures, except for Sar:Gly and DMSP:U at
—80 °C, and DMSP:U at both temperatures. Notably, DMSP:U
exhibited the best ability to stabilize lysozyme under cold
shock, with Ag = 100% after five freeze-thaw cycles at both
storage temperatures. In comparison, lysozyme in the reference
buffer exhibited a reduction in Ax to 45% and 75% at —80 °C
and —20 °C, respectively. Moreover, osmolyte-based DESs again
demonstrated chaperon-like activity superior to conventional
choline chloride-based DESs. In heat-induced stress experi-
ments, glycerol emerged as the most effective HBD among
those tested. However, in scenarios involving cold-induced
stress, DESs based on urea have proven to be equally effective
candidates for enzyme stabilization as glycerol-based ones. The
observation that DESs containing glycerol are effective in
cryoprotecting proteins comes as no surprise, considering
glycerol’s well-established reputation as a protein cryopro-
tectant.®®> However, since urea has previously been demon-
strated to promote enzyme inactivation during freeze-thawing,**
this discovery is rather exciting. The results suggest that kosmo-
tropes, such as sarcosine, ectoine, DMSP, and proline, effectively
counteract the detrimental effects of urea on lysozyme during
cold shock in deep eutectic environments: these mixtures pro-
vide more efficient protection for the enzyme compared to the
reference buffer. On top of that, urea-based bioinspired multi-
component DESs, especially TMAO:Bet:Tau:U, again showed
excellent chaperon-like activity with Az > 85%, much higher
than their two-component counterparts TMAO:U and Bet:U. This
observation aligns well with natural phenomena: to reduce the
cytoplasmic freezing point and fend off frost, psychrophilic
bacteria, diapausing insects, amphibians, and reptiles accumu-
late urea, alongside other osmolytes such as betaine, sugars,
sugar alcohols, and amino acids.?*

Balancing enzyme activity and stability in DES-water mixtures:
could transitions between dormant and active states of
enzymes in vivo be explained through the formation of a DES?

The results presented in this study demonstrate: (i) the remark-
able effectiveness of novel osmolyte-based DESs in stabilizing
the model protein under stress conditions, and (ii) observable

This journal is © the Owner Societies 2024

changes in the protein structure during stress in DESs, which
can nonetheless be fully restored upon returning the enzyme to
ambient conditions. However, in line with prior findings,***
we observed low or negligible enzyme activity in several of the
most promising osmolyte-based DESs in terms of stabilization
efficacy (<20% compared to the activity measured in the
reference buffer) (Fig. S8, ESIf) that could be completely
recovered after dilution of the enzyme in the buffer (see the
section ‘Heat induced aggregation and inactivation of lysozyme
in DESs’).

Hence, we delved deeper into the intriguing relationship
between enzyme activity and stability, focusing specifically on
the bioinspired DES (Bet:Sor:Tau:GPC:U), and the dependence
of these two enzyme’s properties on water content (20, 40, 60
and 80% of water in DES, w/w). Again, lysozyme showed slight
or no activity in the DES containing <40% of water (w/w), while
the activity increased upon the addition of water, peaking in the
highly diluted mixture (80% of water, w/w), however, the value
was still much lower than that observed in the buffer (about
40% of the activity observed in the buffer) (Fig. 5). Conversely,
enzyme stability (assessed by subjecting lysozyme to heat shock
to elicit a rapid response), was notably better preserved in
highly “concentrated” DES, reaching its peak at a water concen-
tration of 20% (w/w) (Fig. 5). Temperature-dependent CD
spectra of lysozyme solution in the DES in the temperature
range 20-95 °C confirmed the results: the stabilization effect of
DES with lower water content (<40%, w/w) is so strong that the
full unfolding of the protein does not occur under the measure-
ment conditions, as seen by the lack of a plateau in the melting
curve (Fig. 6A and Fig. S9, ESIf). On the other hand, when
approaching higher water concentrations, the unfolding of the
enzyme follows a trend more similar to that in the buffer.
Fig. 6B further highlights the observed dependence of lysozy-
me’s transition temperatures on water content, showing a peak
at 20% water in DES (w/w) with Ty, = 93 °C.

To investigate whether changes in the enzyme’s behaviour in
DES are associated with specific alterations in secondary struc-
ture, and whether these alterations can be reversed upon
enzyme dilution in buffer, we initially recorded the far UV CD
and FT-IR spectra of lysozyme in the “concentrated” Bet:Sor:-
Tau:GPC:U solution. Subsequently, we recorded the far UV CD
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exposure, while the relative enzyme activity (Ax) was expressed as a ratio of
activity measured in DES and activity measures in the reference buffer.

spectrum after diluting (rehydrating) lysozyme in buffer. Both
the far UV CD and FT-IR spectra of the enzyme in the “con-
centrated” DES revealed noticeable peak wavelength shifts in
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the Bet:Sor:Tau:GPC:U solution, indicating a greater presence
of B-sheets (a structure more resistant to unfolding than
a-helices®*) compared to lysozyme in its native state in buffer,
where a-helices predominate (Fig. 7A and B). Furthermore, the
far UV spectra confirmed that upon rehydration of lyso-
zyme preincubated in Bet:Sor:Tau:GPC:U into buffer, the
native lysozyme secondary structure was virtually fully restored
(Fig. 7A and Fig. S10, ESIY).

Overall, these findings suggest that the interplay between
the enzyme’s active and stable (but inactive) states is highly
influenced by the water content in DES, supporting our
hypothesis*® that osmolyte mixtures form DES at the nano/
microscale in vivo, preserving enzymes in a catalytically inactive
state during stressful conditions such as cryoprotection,
drought resistance, and germination, with the eutectic systems
becoming diluted upon overcoming these stressors and the
subsequent entry of water into the cell, leading to enzyme
activation. Such readily reversible transitions between inactive
and active enzyme states (dormancy and wake-up states) in
response to alterations in its microenvironment (reactivation of
lysozyme occurs within a minute following dilution from a
“concentrated” DES, as observed during stability tests) would
be energetically beneficial since metabolic regulation at the
level of enzyme degradation or synthesis would be avoided.®”
Most importantly, the in vivo fluctuations of water content in
the protein microenvironment and the resulting reversible
interplay between active/dormant states would open a new
window through which information flows in natural systems
could be understood, investigated or even monitored.

Finally, it is crucial to acknowledge that the mechanisms by
which protein structure is influenced by its environment are far
more intricate than what is presented here, where only solvent-
protein interactions are considered. In vivo, protein folding/
unfolding occurs within the crowded cellular milieu, charac-
terized by volume exclusion due to neighbouring soluble

B
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Fig. 6 (A) Normalized ellipticity for lysozyme (ciys = 0.4 mg ml~%; /. = 225 nm) in Bet:Sor:Tau:GPC:U at different water shares and 50 mM potassium
phosphate buffer solution (pH 6.4) as a function of temperature; (B) relationship between the transition temperatures (T,,) calculated for lysozyme and
varying water content in a Bet:Sor:Tau:GPC:U (20, 40, 60 and 80%, w/w) (cLys = 0.4 mg ml~% 4 = 225 nm).
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Fig. 7 (A) Far UV CD spectra of lysozyme dissolved in 50 mM potassium phosphate buffer (pH 6.4) (c.ys = 0.2 mg ml™Y) and hydrated lysozyme (dilution
of lysozyme solution pre-incubated in Bet:Sor:Tau:GPC:U (40% of water, w/w)) into the buffer, resulting in a final concentration of Bet:Sor:Tau:GPC:U in
the buffer of 0.5% (v/v) and (B) FTIR spectra of lysozyme (ciys = 0.2 mg ml™Y) at 25 °C dissolved in 50 mM potassium phosphate buffer (oH 6.4) and

Bet:Sor:Tau:GPC:U (40% of water w/w).

macromolecules, and within confined spaces, influenced by
rigid or fixed structures. These environments are distinctly
different. Models of crowding examine the effects of varied
concentrations of soluble crowding agents, such as polymers,
while confinement models involve molecular meshes, pores,
and channels, simulating cytoskeletal and extracellular matrix
structures.®®®® Given these considerations, it is reasonable
to assume that proteins encounter more complex landscapes
in vivo compared to those described here. These differences
likely play a significant role in the protein folding and unfold-
ing puzzle in DES environments and warrant further explora-
tion. In the context of using DES for protein stabilization, an
intriguing approach could involve designing solvent media that
combine macromolecular crowders®’ or confining proteins into
nanopores’® with DES technology. This hybrid strategy could
offer novel solutions for enhancing protein stability.

Cytotoxicity assessment of osmolyte-based DESs

Finally, to assess DESs biocompatibility, the newly synthesized
osmolyte-based DESs were tested at three different concentra-
tions (100 mg ml~*, 500 mg ml~*, and 1000 mg ml ") on three
cell lines: Caco-2, HaCaT, and HeLa. These cell lines were
selected to cover various potential applications of the tested
DES, ranging from oral administration (intestinal, Caco-2), to
topical (skin, HaCaT), to possible antiproliferative effects
(tumor cell line, HeLa). This evaluation serves as a preliminary
assessment of DES ecotoxicity as well as proof of their cyto-
compatibility with the used cells and whether they can proceed
to further application. Because none of the tested DES caused
50% growth inhibition in any of the used cell lines, the
EC50 values were declared to be higher than 1000 mg L™*
and DESs were considered to have low cytotoxicity and non-
antiproliferative activity (ECs, >2000 mg L' ie., >5 mM)
(Table 1). The only exception is DMPS:Gly, which significantly
inhibited the growth of all three cell lines at concentrations of
500 mg ml~" and 1000 mg ml~". This is probably due to the
extremely low pH value of DMPS:Gly (1.0) which can denature

This journal is © the Owner Societies 2024

membrane proteins and cause cell death.”" Despite the observed
decrease in cell survival associated with DMPS:Gly, it is impor-
tant to note that the tested concentrations ranging from
100 mg ml ™" to 1000 mg ml ™", are exceptionally high. By testing
these high concentrations, we took into account the estimation
that cell lines are approximately ten times less sensitive than
in vivo tests. Therefore, the overall conclusion is that the tested
DESs pose no environmental hazards or risks to human health.
However, additional investigations on other model organisms
are certainly desirable for final confirmation of the safety of
these newly synthesized solvents.

Conclusion

In conclusion, our study demonstrates that DESs based on
naturally occurring osmolytes, in all their variety, are excellent
biocompatible chemical chaperones promoting the correct
refolding of unfolded lysozyme in vitro after exposing the
enzyme to stressful conditions, such as heat shock and repeated
freezing-thawing cycles. Glycerol-based DESs with betaine, sar-
cosine, and ectoine as HBA stood out as the best candidates for
stabilizing lysozyme under heat shock conditions, while the urea-
based DES, specifically DMSP, provided the greatest stabilization
of lysozyme under freezing conditions. Interestingly multicom-
ponent bioinspired DESs (Bet:Sor:Tau:GPC:U and TMAO:Bet:-
Tau:U) were excellent stabilizing medium for lysozyme under
both storage conditions, showing excellent chaperon-like activity,
much higher than their two-component counterparts Bet:U and
TMAO:U. Through an analysis of the intriguing relationship
between enzyme activity and stability in DES, with a focus on a
bioinspired DES (Bet:Sor:Tau:GPC:U) and the dependency of
these enzyme properties on water content, we have demonstrated
that highly concentrated DES efficiently stabilize lysozyme in its
inactive form. Furthermore, lysozyme activation can be easily
achieved by diluting the enzyme-DES mixture in water, support-
ing our hypothesis that the formation of DES in vivo could
facilitate rapid and reversible transitions between inactive
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(dormant) and active (wake-up) states in response to changes in
their microenvironment. We propose that by mimicking the
natural landscape of a specific protein through tracking osmolyte
cocktails and replicating them in vitro through DES, it is feasible
to engineer the ideal medium for this specific protein to be stored
for a long term and resistant to fluctuations in storage tempera-
ture. The present study suggests that a template protein stability
can be enhanced by carefully tailored DES, and that further
experiments and careful optimization of DES formulations will
be needed to elucidate working combinations for additional
proteins beyond lysozyme. The ability to selectively tune a protein
microenvironment has the potential to foster manufacturing
sustainability “by design” across diverse industries.

The current study primarily focused on identifying and
reporting the observed stabilization effects by screening a large
number of DESs to showcase the concept of osmolyte-based
DESs as excellent protein stabilizers against heat and freeze
shock, rather than delving into the detailed mechanisms
underlying these behaviors. Therefore, designing a comprehen-
sive study that combines various experimental and computa-
tional techniques would provide detailed mechanistic insight
into how osmolyte-based DESs stabilize proteins. This
approach would help in understanding the specific interactions
and environmental factors that contribute to protein stabili-
zation, thereby guiding the development of more effective DES
formulations for biotechnological applications. Addressing this
aspect is a key goal for our future research endeavors.
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