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The stability and activity of a model protein, lysozyme, in 1:2
choline chloride : glycerol was characterised across a wide range of
protein concentrations, i.e., between 4 and 143 mg ml™, where
the protein is soluble and physically stable. Lysozyme folds into a
globular conformation in this deep eutectic solvent like that in the
native state, but with subtle variations in its internal structure. The
protein remained stable even after 40 days of storage at room
temperature and retrieved its native conformation and activity
upon rehydration. These results show the potential of deep eutec-
tic solvents as sustainable, non-toxic, and synthetically accessible
media for the storage and preservation of proteins in a concen-
trated regime without the requirement of other excipients.

The protection of vulnerable biomacromolecules (e.g., pro-
teins) poses a major challenge for the current logistic and
storage technologies." This becomes especially challenging
when requiring high protein concentrations as these are prone
to degrade faster than dilute solutions.” The goal is to protect
those against the different chemical and physical degradation
routes, and various methods have been developed to increase
the stability of labile biomolecules. Aqueous environments
often present a harsh environment where e.g., deamidation
and aggregation can have a critical impact on the integrity of
proteins.’ The addition of neutral osmolytes, such as glycerol,
can improve the stability of proteins due to the changes in the
protein dynamics and structure, thus hindering chemical reac-
tions and the unfolding propensity.*”® The use of lyophilisa-
tion to store proteins as dry powders is also a common
method. However, many proteins are prone to degradation
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through physical/interfacial stress and they cannot be stabil-
ised through lyophilisation or precipitation.” Moreover, further
development of new methods for protein preservation is
required to make formulated biologics (e.g., therapeutic pro-
teins) widely available without requiring costly refrigeration or
cryo-preservation technologies. In this sense, deep eutectic sol-
vents (DESs) and ionic liquids have emerged as promising sus-
tainable alternatives for the stabilisation of proteins.*™*

DESs are sustainable liquids obtained through the com-
plexation of simple organic compounds (e.g., choline chloride
and glycerol) at the mixture’s eutectic composition.">> They
are synthetically accessible, tailorable through the chemical
selection of the constituents, chemically stable, and often
show negligible toxicity."®® Previous reports have shown that
proteins follow non-native folding pathways in anhydrous
DESs, often decreasing the backbone mobility and increasing
their stability."®>> Also, recent reports have shown that the
functional integrity of proteins can be retained in DESs. The
stability of human interferon increases in sugar-based DESs
compared to that in aqueous buffers during long-term storage
(90 days), even at elevated temperatures.”> A 1:2 choline:
geranate solution was shown to preserve the physical integrity
of insulin while retaining its activity.>* Similarly, the stabilities
of a-chymotrypsin and Trp-cage protein at high temperatures
increase in choline-based DESs compared to aqueous
solutions.>**® DESs have also been proposed to act as cryo-pro-
tectants of biomolecules in biological systems.>” The restricted
solute mobility in DESs has been also hypothesised to hinder
the chemical degradation of beta-lactams, resulting in an
increase in their stability by several orders of magnitude.?®
Therefore, DESs pose a novel approach for the protection of
sensitive biomolecules against chemical, physical and thermal
denaturation.

However, these investigations are limited to very dilute con-
ditions (e.g., nM to pM protein concentrations), and the behav-
iour of proteins in DESs at technologically relevant concen-
trations has remained unexplored until now. This knowledge
gap limits the prospective applications of DESs in protein
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stabilisation, as very large amounts of solvents would be
required to store or formulate proteins in dilute conditions,
which would be inefficient. Here, we report the ability of 1:2
choline chloride : glycerol (ChCl : Glyc) to preserve the physical
integrity of lysozyme (Lyz) at high protein concentrations. Lyz
has extensively been used as a robust model to study the stabi-
lity of proteins under different conditions. For instance, Lyz is
often used to test the behaviour of high concentrations of pro-
teins in aqueous solutions.>® In addition, the stability of Lyz
has been previously studied in organic solvents, ionic liquids
and deep eutectic solvents.”'**® Therefore, Lyz constitutes a
valuable model protein to investigate its conformation and
function over a wide concentration range when dissolved in a
DES.

Initially, we investigated the behaviour of Lyz in ChCl: Glyc
in dilute conditions using second-derivative UV-vis absorption
spectroscopy and small-angle neutron scattering (SANS).
Importantly, no signs of aggregation were found during
sample preparation or measurement. It should be noted that
SANS experiments were performed using isotopically labelled
DES, i.e., 1:2 dy-choline chloride : dg-glycerol, and the deuter-
ium labelling has previously been shown to not affect the
behaviour of Lyz in DESs.>° The data are displayed in Fig. 1
and the main results are presented in Table 1. The results for
Lyz in aqueous buffer (10 mM sodium phosphate, pH 7) are
presented for comparison. Details on the analysis of the data
are provided in the ESL¥
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Fig. 1 (a) UV-vis and (b) second-derivative UV-vis absorption spectra of
1.43 mg ml™* (100 uM) Lyz in ChCl: Glyc and aqueous buffer. (c) SANS
data and best models, (d) Kratky representations of the SANS data and
(e) pair—distance distribution functions (P(r)) of 3.5 mg ml™ (244 pM)
Lyz in deuterated ChCl: Glyc and buffered D,O. The legend of the graph
is presented in (a). Where not seen, the error bars are within the
markers. Data and models have been offset for clarity: (a) +0.05; (b)
+0.003; (c) x8; (d) +1; and (e) +0.0001. The dummy atom bead models
of Lyz in ChCl: Glyc and aqueous buffer are shown in the inset of (c).
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Table 1 Parameters derived from the analysis of the SANS and spec-
troscopy data presented in Fig. 1: maximum dimensions of the scatterer
— Dmax radius of gyration — Ry, aggregation number — N4, peak posi-
tion associated to the tyrosine (Tyr) residue — AgeapsTyr, and the ratio
between the amplitude of the Tyr and tryptophan (Trp) peaks —
d?Abs,g7/d?Abs g5

Dinax/A Ry/A Nagg Adeabs, /DM d°AbS;g,/d>AbS, g5
Lyz in ChCl: Glyc

41.7+1.0 13.3+£0.2 1.08+0.06 288.9+0.3 0.662 + 0.003

Lyz in aqueous buffer

39.8+£1.0 12.9+0.1 1.08+0.04 288.2+0.2 0.725 + 0.002

Our results show that Lyz in ChCl: Glyc folds into a globu-
lar structure with similar dimensions (Dpax, Rg) to those in an
aqueous buffer and retains its monomeric form (Nug).>!
However, the spectroscopy data shows a subtle bathochromic
shift in Agzaps,1yr for the protein in DES. This variation must be
attributed to a change in the solvation environment of the
protein chromophores, ie., tyrosine (Tyr) and tryptophan
(Trp), where the increase in the wavelength potentially results
from the exposure of those to a more apolar environment.***?
Similarly, a decrease in d’Abs,s,/d’Abs,qs results from a
decrease in the polarity of the Tyr and Trp environments. In
addition, the high g expansion of the scattering data, high-
lighted in the Kratky representation (gR, > 3), is different
between the signals in the DES and the aqueous buffer. This
change in the slope of the scattering data must relate to a
subtle disruption of the internal native structure of Lyz. A 3D
reconstruction of the conformation of the solvated Lyz has
been performed using ab initio bead modelling (see Fig. 1c).>*
These models confirm that Lyz remains folded in both the
DES and aqueous buffer, with minimal structural differences
in its overall conformation. Thus, the results from the charac-
terisation studies confirm that Lyz remains folded in the DES
with an internal structure somehow different to that in the
native state. This behaviour has been previously reported for
Lyz in 1:2 choline chloride:urea using MD simulations,
where the internal (secondary) structure of the protein was
altered but the overall globularity of Lyz was retained com-
pared to its native state.’®>* This variation in the internal
structure was attributed to specific interactions between
choline ions and the aromatic and charged residues of the
protein.*®

Subsequently, the behaviour of Lyz at concentrations
between 14 mg ml™" (0.98 mM) and 224 mg ml™" (15.7 mM)
was investigated. The sample originally containing 224 mg
ml~" of Lyz showed the presence of a solid residue after freeze-
drying. The sample was centrifuged and the amount of undis-
solved Lyz was determined. The solubility of Lyz in ChCl: Glyc
was found to be ca. 143 mg ml~" (10.0 mM). Thus, Lyz solubi-
lity at room temperature in this DES is of the same order of
magnitude as that in water.”® However, the presence of salts
significantly decreases its solubility.>® For instance, the solubi-
lity of Lyz is 64 mg ml™" and 9.4 mg ml™' at 250 mM and
350 mM salt concentrations, respectively. Considering that the

This journal is © The Royal Society of Chemistry 2022
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effective ionic strength of ChCl: Glyc is potentially higher than
those aqueous electrolytes,*” the solubility of Lyz in the DES is
significantly higher than that in saline aqueous buffers. Also,
the solubility of Lyz in ChCl:Glyc is higher than that in
glycerol.*®

The conformational landscape of Lyz at higher concen-
trations, ie., between 14 mg ml~" and 112 mg ml™" (7.83 mM),
in ChCl: Glyc was probed using SANS. This technique enables
the morphological characterisation of proteins in solution
(e.g., folding) as well as the interactions in the colloidal
domain (e.g., self-association), and it is very sensitive to
protein aggregation.’>*° In addition, the use of isotope-
labelled compounds in SANS is a suitable method to resolve
the structure of macromolecular systems in DES due to the
high contrast between the macromolecule and the solvent.”**!
Data and best models are presented in Fig. 2. For detailed
information on the data analysis, see the ESL.{

While retaining its globular conformation with no signs of
aggregation, Lyz only experiences a subtle change in the con-
formation (rp,0, 7eq) when increasing the volume fraction of the
protein. Considering the small magnitude of these changes,
they probably relate to subtle variations in the tertiary struc-
ture of the protein. Unlike the observations of the aqueous
behaviour of Lyz at high concentrations, no changes in self-
association were observed and Lyz remains as a monomer in
the DES.* The effective structure factor (S(q), obtained as the
ratio between the experimental scattering data and the form
factor of the protein, see the ESIT), attributed to the protein-
protein interactions in the concentrated regime, was analysed
using an apparent excluded volume effect. The results showed
that the volume fraction of the apparent interaction, parame-
terised as ¢g(q), should not be a constraint to ¢p(q) to obtain a
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Fig. 2 (a) SANS data, (b) effective structure factor (S(q)) and best
models for different concentrations of Lyz in ChCl: Glyc. The legend of
the graph is presented in (a). (c) and (d) present the main results from
the data analysis (effective structure factor volume fraction — ¢sq). polar
radius — rpo, and equatorial radius — reg) as a function of the protein
volume fraction — ¢pq). Where not seen, the error bars are within the
markers.
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good fit of the data. Thus, there are weak interactions that act
upon the system beyond the protein-protein excluded volume
(hard sphere) effects. This excess contribution could be attrib-
uted to the weak protein-protein electrostatic repulsion, which
in turn could sustain the colloidal stability of the system.?”
Another possible explanation for this effect could be the pres-
ence of a solvation layer with the DES constituents tightly
bound to the protein, which would affect the protein-protein
correlations.??

One of the key aspects of the potential use of DESs as
storage media is the capacity of the protein to remain stable in
DESs and retrieve the native conditions upon reincorporation
into an aqueous buffer. To test this, we have stored 28 mg
ml™" Lyz in ChCl: Glyc for a period of 40 days at room temp-
erature (ca. 22 °C) under dry conditions. For subsequent ana-
lysis, the samples were diluted to a working concentration of
1.43 mg ml™" (100 pM) after storage. The results from the UV-
vis and far-UV circular dichroism (CD) characterisation of Lyz
stored in ChCl: Glyc are presented in Fig. 3.

For the samples with protein in DES, the absorbance data
and the second-derivative spectra exhibit only very minor
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Fig. 3 UV-vis, second-derivative UV-vis absorption and CD spectrum
of 1.43 mg ml™ (100 pM) Lyz in: (a, c and e) DES at day 0 and after 40
days of storage in the DES; and (b, d and f) aqueous buffer at day 0, and
reconstituted in aqueous buffer and hydrated sample after 40 days of
storage in the DES (3-fold dilution). Data have been offset for clarity: (a
and b) +0.05, 0.10; and (c and d) +0.003, +0.006. The legend of the
graph is presented in (a) and (b).
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differences between 0 and 40 days (Azabstyr = 288.9 + 0.4 nm,
d*Abs,5,/d*Abs,05 = 0.674 + 0.008 for the 40 days sample).
Similarly, the CD spectra of the protein in DES at 0 and 40
days are practically identical, showing that no changes in the
secondary structure of the protein occur during storage.

Subsequently, two approaches were followed to study the
activity of Lyz after storage in the DES: (i) reconstitution and
(ii) hydration. In the reconstitution approach (i), the DES com-
ponents were removed through extensive dialysis against
aqueous buffer (sample labelled as reconstituted). The second-
derivative spectra show that the position of the peaks from the
reconstituted Lyz are the same as those of the native protein in
aqueous buffer. Thus, the chromophores retrieve their native
environment upon the removal of ChCl:Glye, showing that
Lyz solvation in DES does not cause any irreversible changes
in the protein even after 40 days of storage. This recovery has
previously been shown for insulin in 1: 2 choline geranate and
for lysozyme in ChCl: Glye, both in dilute conditions; upon
dialysis of the DES components, the proteins retrieved their
native characteristics.>* Here, it is demonstrated that high con-
centrations of protein can also retrieve their native conditions
after being stored in DES without showing any aggregation or
degradation. Upon reconstitution in an aqueous buffer, a
decrease in the absorbed intensity is observed, as observed in
Fig. 3c. This is attributed to a decrease in protein concen-
tration because of the dialysis process. To increase the dialysis
rate, a 3-fold dilution of the protein solubilised in DES was
performed using water before dialysing the sample. Still, a
limitation associated with the dialysis process is that it is slow
(24 h).

To probe an alternative method (ii), we tested the possibility
of hydrating DES-containing Lyz (sample labelled as hydrated)
as it has been previously shown that high levels of DES
hydration prompt the recovery of the native behaviour of
proteins.'®?® This approach involves mixing the DES contain-
ing the protein (previously diluted to 1.43 mg ml™" using DES)
with water to a final water content of 67 wt%. The results from
the characterisation are presented in Fig. 3. The characteristic
parameters from the absorbance spectra for the hydrated
sample are very similar to those of the native protein (Agzabs,tyr
= 288.4 + 0.2 nm, d’Abs,s,/d*Abs,e; = 0.713 + 0.005). An
obvious reduction in protein concentration is observed, as
expected after the hydration process. Importantly, no evidence
of protein degradation is again observed. In addition, the far-
UV CD spectrum of the hydrated sample is identical to that of
Lyz and, hence, the protein secondary structure is unchanged.

Importantly, no signs of protein degradation or aggregation
were observed during any of these processes. The wide solubi-
lity range of Lyz in ChCl: Glyc allows relevant protein concen-
trations to be achieved a variety of technical applications, ie.,
up to 50 mg ml~".> The main difference resides in the result-
ing solution: (i) the dialysis product provides a practically DES-
free solution, although it is time consuming, and (ii) the
hydration product is comparatively much faster but a residual
amount of the DES components remains in the protein
solution.
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Fig. 4 Spectrophotometric determination of Lyz activity from the
reconstituted and hydrated samples. The activity from a freshly prepared
Lyz solution is presented for comparison and labelled as native. The
black dashed lines represent the linear fits used to determine the initial
rate of the lysis reaction. (a) Change in the absorbance at 450 nm of a
Micrococcus lysodeikticus cell suspension upon the addition of Lyz. (b)
Specific relative activities of Lyz under different conditons. The sample
activities (IU mg™ of Lyz) were normalized to the activity of the freshly
prepared sample. Error bars represent the standard deviation to the
observed mean from three repeats.

To demonstrate that the functionality of Lyz is retrieved
after storage in DES, we have measured the activity of reconsti-
tuted and hydrated Lyz after 40 days of storage in the DES at
room temperature. The results from the activity assays are pre-
sented in Fig. 4.

Our results show that Lyz in the reconstituted and hydrated
samples effectively retains its normalised activity after storage
in neat DES within the error. This agrees with previous reports
on enzymatic activity in DES, as it has been shown that Lyz
retains its activity when dissolved or surface-immobilised in
DES."*** Similarly, other enzymes were shown to remain func-
tional in other choline-based neoteric solvents, such as
r-asparaginase,”® Lyz,** and lactate oxidase,> among others.
Although only a subtle decrease in activity is observed for Lyz
in aqueous buffers after long-term storage, this is not a
general case. For instance, Lyz loses ca. 40% of its activity in
choline dihydrogen phosphate ionic liquid after 4 weeks of
storage.** In addition, aqueous ionic liquids can have a nega-
tive impact on the activity of Lyz after long-term storage.*® The
stability and functional resilience are potentially attributed to
the physicochemical properties of ChCl:Glyc compared to
other neoteric solvents, as more cohesive solvents are
suggested to promote protein folding better than those less
cohesive and, thus, better preserve the integrity of the
protein.*” This parallels the behaviour of Lyz in glycerol, which
conforms into a stable and functional molten globule.” Thus,
DESs offer a new perspective on the design of suitable environ-
ments for a variety of labile biomacromolecules.

Conclusions

In summary, we have studied the behaviour of Lyz in
ChCl: Glyc over a wide range of concentrations, ranging from
dilute (1.4 mg ml™", 0.100 mM) to concentrated (142 mg ml™*,
9.9 mM) conditions. The internal structure of the protein in

This journal is © The Royal Society of Chemistry 2022
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the DES changes from that in aqueous buffer. This is probably
attributed to the change in the environment of the amino acid
residues, resulting in a rearrangement of the secondary struc-
ture of Lyz. Despite this, Lyz retains its globularity in the DES
with an overall structure similar to that in aqueous buffer,
which potentially enables the protein to remain physically
stable even after long periods of storage in the DES. After 40
days of storage in ChCl: Glyc at room temperature, the protein
showed the same characteristics as the native state, proving
the capacity of DES to preserve the integrity of Lyz.
Importantly, the enzymatic activity of the reconstituted and
hydrated Lyz solutions is totally retained after storage in DES.

These results show the potential of DES as suitable media
for proteins at high concentrations, overcoming the limitations
of molecular solvents where physical and chemical degra-
dation often affects the integrity of biomolecules. Thus, the
use of DESs for protein stabilisation presents several benefits:
(1) the wide variety of DESs and their concomitant wide range
of properties will allow to develop environments with design
properties to protect proteins with specific requirements; (2)
DES can solubilise a wider range of amphiphilic molecules of
importance in formulation technologies, e.g., lipids and
surfactants,*®*® than other organic solvents, such as glycerol;*
and (3) they can be produced from sustainably sourced
materials.®

Experimental section

1:2 choline chloride: glycerol and the deuterated analogue
were prepared by mixing the components and heating at 60 °C
until a transparent, homogeneous liquid had formed.'?
Samples were prepared using a freeze drying protocol using an
Epsilon 2-6D LSCplus from Martin Christ.>® Control samples
of the DES without protein were tested for water content using
Karl-Fischer titration. The “neat” DES contained 0.47 wt%
water and 0.58 wt% water before and after incorporating the
protein, respectively. The UV-vis absorption measurements
were performed using a Varian Cary 50 UV-vis spectrometer
(190-500 nm, 600 nm min~') at 25 °C. CD measurements were
performed using a Jasco J-715. The activity of Lyz was deter-
mined by measuring the turbidimetric rate of lysis of a
Micrococcus lysodeikticus suspension as catalysed by Lyz in
aqueous buffer using a Biochrom Libra S60 spectrometer.
SANS data were acquired on D22 (Institut Laue-Langevin,
France) at 25 °C in a g-range between 0.006-0.65 A™". Data are
available at https:/doi.org/10.5291/ILL-DATA.8-03-1049. The
analysis of the SANS data was performed using ATSAS 2.8.3
and SasView 5.0.3.%%>!
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