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1. Introduction

An eminent approach towards next generation
solvents for sustainable packaging and stability of
enzymes: a comprehensive study of ionic liquid
and deep eutectic solvent mixturesf

Urooj Fatima,® Nirmala Deenadayalu® and Pannuru Venkatesu (2 *®

Hybrid ionic fluids (HIFs) are newly emerging and fascinating sustainable solvent media, which are
attracting a great deal of scientific interest in protecting the native structure of proteins. For a few
decades, there has been a demand to consider ionic liquids (ILs) and deep eutectic solvents (DESs) as
biocompatible solvent media for enzymes; however, in some cases, these solvent media also show
limitations. Therefore, this work focuses on synthesising novel HIFs to intensify the properties of existing
ILs and DESs by mixing them. Herein, HIFs have been synthesised by the amalgamation of a deep
eutectic solvent (DES) and an ionic liquid (IL) with a common cation or anion. Later on, the stability and
activity of hen's egg white lysozyme (Lyz) in the presence of biocompatible solvent media and HIFs were
studied by various techniques such as UV-vis, steady-state fluorescence, circular dichroism (CD), Fourier
transform infrared spectroscopy (FT-IR) and dynamic light scattering (DLS) measurements. This work
emphasises the effect of a DES (synthesised using 1:2 choline chloride and malonic acid) [Maline], ILs
(1-butyl-3-methylimidazolium chloride [BMIMICL or choline acetate [Chn][Ac]) and their corresponding
HIFs on the structure and functionality of Lyz. Moreover, we also studied the secondary structure,
thermal stability, enzymatic activity and thermodynamic profile of Lyz at pH = 7 in the presence of
varying concentrations (0.1 to 0.5 M) of [BMIMICl and [Chn][Ac] ILs, Maline as a DES, and Maline
[BMIMICL (HIF;) and Maline [Chn][Ac] (HIF,). Spectroscopic results elucidate that ILs affect the activity
and structural stability of Lyz. In contrast, the stability and activity are inhibited by DES and are enhanced
by HIFs at all the studied concentrations. Overall, the experimental results studied explicitly elucidate
that the structure and stability of Lyz are maintained in the presence of HIF; while these properties are
intensified in HIF,. This study shows various applications in biocompatible green solvents, particularly in
the stability and functionality of proteins, due to their unique combination where the properties
counteract the negative effect of either DESs or ILs in HIFs.

amyloids, which are insoluble protein fibrils.> Consequently, the
mechanism of protein folding should be keenly observed. Protein

Enzymes are often responsible for catalyzing a chemical reaction;
these are specific for their substrate and show remarkable
catalytic power." They are found in cells and are vital in various
biological functions.”> The misfolding of such an enzyme has a
deleterious effect which causes inactivation of the enzyme and
achieves an aggregated state, which also leads to the formation of
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folding is driven and strengthened via the formation of various
bonds, which include hydrogen bonding, di-sulfide bonding, and
ionic and hydrophobic attractions in localized conditions, and
these bonds are affected by the properties of the solvent, which
include temperature, pH, ionic strength and polarity." Therefore,
to preserve the native state of the protein, numerous approaches
are involved. The most classic and contemporary approach for
their stabilization is their interaction with additives.

Additives have the property of enhancing the rate of correct
protein folding.»” Herein, a co-solvent, a kind of additive, is also
responsible for preserving the native state of the protein in vitro.
Among them, ionic liquids (ILs), commonly considered to be
green solvents, have drawn considerable attention for stabilizing
the native structure of proteins,** since the properties of these
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novel green solvents can be tailored by tuning either their cation
or anion to obtain the desired changes. ILs induce protein
refolding from an unfolded protein®** and act as protein stabi-
lizing co-solvents. They have also proven themselves to be
potential biocompatible solvents for the long-term stability of a
protein, enhancing refolding and preventing aggregation.” Apart
from this, Byrne et al.™® reported the refolding of thermally
unfolded lysozyme (Lyz) in the presence of ILs, and Mangialardo
et al.’ again reported the refolding of Lyz in the presence of an
ionic liquid (IL) through spectroscopic studies.

Similarly, deep eutectic solvents (DESSs), considered analogues
of ILs, have been reported for stabilizing, enhancing refolding,
and preventing protein aggregation.'® Along with all the distinc-
tive and unique properties of ILs, they also show low toxicity,
volatility, and biodegradability. Again, the desired property can
be tuned by tuning the hydrogen bond acceptor (HBA), hydrogen
bond donor (HBD), or their mixing in appropriate ratios. DESs
show a lot of potential applications in the field of bioinformatics.
Little literature is available in which a DES has proven itself as a
potential candidate for enhancing the activity and stability of
proteins'”° Likewise, Esquembre et al.*' reported the thermal
unfolding and refolding of Lyz in DESs and their aqueous
dilutions via intrinsic fluorescence and CD spectroscopy. Despite
the enormous advantages discussed above, these two novel green
solvents also have some limitations.>* For instance, barriers to
the widespread adoption of ILs are that some are solid at room
temperature, some possess high viscosity and require complex
preparation methods, some are also toxic (an inappropriate
combination of ions) and some are non-biodegradable.”*>®
DESs also show limitations as their data on behavior and
properties are limited. However, an alternative green solvent
medium must be developed to address such pivotal issues that
limit their applicability.

Therefore, this work intends to synthesize novel hybrid sol-
vents, commonly termed hybrid ionic fluids (HIFs), a greener
alternative to conventional volatile solvents. HIFs are prepared by
mixing an equimolar ratio of an IL and a DES, which have either a
common cation or a common anion. The process of amalgama-
tion of two solvents was based on the concept of a double salt
ionic liquid (DSIL).***” Very little literature is available on the
applications of HIFs; likewise, Huang et al.*® and Lian et al.*
reported an ionic liquid formulated as a hybrid solvent for CO,
capture. Nevertheless, Maka et al.** communicated the applica-
tion of a mixture of a molecular IL 1-butyl-3-methyl imidazolium
thiocyanate and a choline-chloride-based DES for an epoxy resin
curing agent. Furthermore, Banjara et al’' investigated the
micellization behavior in the presence of an IL-DES mixture.
On the other hand, a combined IL-DES was also employed for
the extraction and separation of platinum, palladium and rho-
dium reported by Lanaridi et al.** Very recently, Wang et al. used
a novel mixture of DES/IL/water for selective extraction and
separation of natural products from Rosamarinus officinalis
leaves.*® In addition, HIFs have proven themselves to be a
greener substitute in biological applications, including enzymatic
efficiency, stability, and activity. Nakka et al>* explained the
enhancement of the properties of an HIF in the presence of stem
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bromelain. The biotechnological process plays a pivotal role in
imparting stability and activity to biological elements; however,
based on the protein, they suffer from low stability, require low
temperatures, and use excipients for storage and transformation.
Thus, there is an urgent need to study novel solvents and
excipients employed to stabilize proteins.

As far as we know, the HIFs synthesized here are novel and have
not yet been reported for protein stabilization. To gain insight into
a comparative study of choline chloride-malonic acid-based DESs,
choline and imidazolium-based ILs and their HIFs were employed
to explore the stability of hen’s egg white protein. To assess the
structural stability of Lyz in various concentrations of novel
biocompatible solvents, different biophysical techniques were
employed, including UV-visible, steady-state fluorescence, thermal
fluorescence, circular dichroism (CD) spectroscopy along with
Fourier transform infrared (FI-IR), dynamic light scattering
(DLS) and enzymatic activity studies. These studies help the
researcher develop better and new solvents to counteract the
adverse effects of some ILs and enhance the properties of DESs
and ILs, making them more biocompatible solvents for various
biochemical processes.

2. Materials and methods
2.1. Materials

Commercially lyophilized powder of hen egg white lysozyme
(=90%, >14-15 kDa) was procured from Sigma Aldrich, USA,
while choline chloride (ChCl) and malonic acid were purchased
from Aldrich with a purity of 99.5%. Ionic liquids, namely, 1-
butyl-3-methylimidazolium chloride [BMIM]Cl and choline
acetate [Chn][Ac], were obtained from Aldrich and had a high
purity grade. Further, Micrococcus lysodeikticus (ATCC No. 4698)
was also obtained from Sigma Aldrich for performing studies
on enzyme activity.

2.2. Synthesis and characterization of DES and HIFs

2.2.1. Synthesis of choline-based deep eutectic solvent
(DES). The DES was prepared by combining two economically
and environmentally sustainable components,* i.e., choline chlor-
ide (ChCl), a quaternary ammonium salt, which acts as an HBA,
and malonic acid, which serves as an HBD. Here, the two
components with a molar ratio [1:2] undergo mixing with con-
stant stirring at about 80 °C for 1 h to attain a uniform liquid. The
DES of ChCl with malonic acid is referred to as Maline.

2.2.2. Synthesis of hybrid ionic fluids (HIFs). To prepare
HIFs, an equimolar ratio of IL and Maline (0.5 mol each) was
mixed in a round-bottom flask. To obtain a homogenous
solution of HIF, both components were heated at 80 °C with
continuous stirring for 2 h.** Herein, two different HIFs were
synthesized by combining DES Maline with IL [BMIM]CI, form-
ing HIF,;, while Maline on combining with [Chn][Ac] formed
HIF,. The characterization of the DES and HIFs was assessed by
FT-IR spectroscopy.

2.2.3. Sample preparation. In this work, a 10 mM sodium
phosphate buffer of pH 7 was prepared in double-distilled
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deionized water with a resistivity of 18.3 Q cm and was used to
prepare all the samples. The stability of a protein was studied
by incubating the protein samples (0.5 mg mL ") in a 2 mL
screw-capped vial in different solvents, including DES, ILs and
HIFs at varying concentrations, ranging from 0.1, 0.2, 0.3, 0.4
and 0.5 M for half an hour to attain equilibrium at 25 °C. The
protein concentration was fixed at 0.5 mg mL™" for all the
studies except for the DLS measurement, in which 1 mg mL ™"
of protein concentration was employed. All the samples for the
DLS measurements were filtered through a 0.2 pm pore size
disposable syringe filter.

2.2.4. Fourier transform infrared (FT-IR) spectroscopic analysis
of ILs, DES and HIFs. Infrared spectroscopy is a standard technique
used for assessing liquid structures. The intra-molecular vibrational
modes of ions constituting the materials are quite sensitive to their
local potential environment. This technique is used to analyse the
strength of hydrogen bond interaction and identify the structures of
ILs, DES, and HIFs. FT-IR spectral responses are studied to under-
stand the H-bonding between IL and DES through spectral
shifts. The structural analysis of pure ILs [BMIM]Cl and
[Chn][Ac], DES [Maline], and HIF; and HIF, were recorded by
FT-IR under precise conditions at room temperature, and the
spectra are displayed in Fig. 1.

The FT-IR spectrum in black represents an IL such as
[BMIM]C]; here, the peaks are observed at 1120, 1415 and
1518 cm™ ', which resemble the peaks of -C-C-N, -CH, and
component chloride, respectively. However, the red color shows
the spectrum of another IL, [Chn][Ac], which shows three differ-
ent peaks, one each at 1336, 1432 and 1569 cm™ ", suggesting the
presence of -OH bending, -CH, and N-Oy,, respectively. Further-
more, the FT-IR spectrum in blue represent the four spectral
peaks of Maline, which shows a peak near 1219 ecm ™', which is
for C-Og, 1379 ecm ™!, which resembles O-H bending, though the
peaks at 1479 and 1715 cm ' suggest the presence of C-H
bending and C—0Og.. FT-IR supported the new chemical environ-
ment developed in HIF; and HIF,. As depicted in Fig. 1, On

|BMIM|CI
|Chn][Ac]
Maline
HIF,

HIF,

1000 1200 1400 1600 1800 2000
1

Wavenumber cm™

Fig.1 FT-IR of ILs: [BMIMICI (black), [Chn][Ac] (red); DES: [Maline] (blue);
and HIFs: HIF; (dark cyan) and HIF; (pink).
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comparing the [BMIM]CI with HIF,, the peaks are shifted: the
-C-C-N frequency is shifted from 1120 to 1169 cm™*, while the
peak of the chloride component is also shown to be shifted from
1518 to 1568 cm ™. Similarly, for Maline to HIF1 the wavenum-
ber shifts from 1219 to 1229 cm ™" for the C-O, frequency, from
1379 to 1375 cm ' for O-H bending, and from 1715 to
1711 em ' for C=O0y,. Meanwhile, 1219, 1379, 1479 and 1715
to 1236, 1366, 1482 and 1711 cm ™! for Maline to HIF, represent
C-Ogy, O-H bending, C-H bending and C—=O,,, respectively;
however, in contrast to [Chn][Ac], 1562 cm " was shifted to
1522 cm™ ', revealing N-Oy. The spectral frequency shifts in
HIF, and HIF,, in comparison to ILs and DES, support the
formation of HIFs.*®

2.3. Methods

The experimental techniques used in the present study were
explained in earlier work®**” and are briefly described in ESLt

3. Results and discussion

3.1. Spectroscopic studies of Lyz in the presence of ILs, DES
and HIFs

The absorption spectra of Lyz in ILs, DES, and HIFs provide
information about conformational changes, in particular revealing
the variation in microenvironment, which generally results in
modification in aromatic residues, such as phenylalanine (Phe),
tyrosine (Try) and tryptophan (Trp). The absorption maximum for
Lyz was observed at 280 nm, attributed to the n-n* transition of
aromatic amino acid residue.”” As depicted in Fig. $1(a)-(e) (ESIt),
no peak shift was observed for Lyz in ILs, DES and HIFs, indicating
no significant structural perturbation of the structure of Lyz.
Fig. S1(a) and (b) (ESIt) show the absorption spectra of Lyz in
ILs such as [BMIM]CI and [Chn][Ac], indicating an increase in
Amax- This may be attributed to reasonably unstable hydrophobic
pockets of amino acid residues ascribed to electrostatic repulsion,
leading to more exposure of these residues towards solvents.
However, in the case of [BMIM]CI], when the concentration of
[BMIM]CI increased from 0.1 to 0.5 M, the absorbance was found
to be more enhanced (Fig. S1(a), ESIt). A decrease in absorbance
with concentration was witnessed in the presence of [Chn][Ac]
(Fig. S1(b), ESIt); but it was still higher than for pure Lyz. Thus,
both [BMIM] Cl and [Chn][Ac] enhance absorbance, though the
concentration-dependent trend was opposite between the two
ILs. Moreover, the addition of [Maline] to Lyz again led to an
increase in Amax (Fig. S1(c), ESIT), although the concentration
trend was similar to [BMIM]CI, i.e., the absorbance increased
with the concentration increasing from 0.1 to 0.5 M.

The absorption spectra of Lyz were also probed in the presence
of HIFs, as depicted in Fig. S1(d) and (e) (ESIt). The absorption
spectra of Lyz in HIF, (Fig. S1(d), ESIT) show an abrupt pattern, ie.,
at lower concentrations, A,.. was found to be enhanced in
contrast to native Lyz, while a decrease in absorbance, making it
even less than its native form, was observed at higher concen-
tration. Moving forward, Lyz, in the presence of HIF, (Fig. S1(e),
ESIT), showed a decrease in absorbance in contrast to the native
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form of Lyz. As the concentration of HIF, increased from 0.1 to
0.4 M, Anax was found to be enhanced, though the absorbance
remained less than that of Lyz in the buffer. However, at 0.5 M
concentration, the absorbance was more reduced than when HIF,
was increased from 0.1 to 0.4 M. This reduction in absorbance
indicates decreased exposure of aromatic amino acid residues,
namely Phe, Try and Trp, to a solvent, which leads to certain
conformational changes in the native structure of Lyz due to its
interaction with the studied biocompatible solvents. Moreover,
Fig. 2(a) illustrates the comparative analysis of the impact of
different solvents on Lyz at 0.3 M. Strikingly, the effect of ILs,
Maline and HIF; on the absorbance of Lyz was almost similar, ie.,
enhanced A, was observed while HIF, molecules surround the
protein structure and minimize the exposure of aromatic amino
acid residues to the solvent environment. Subsequently, the overall
conclusion drawn was that the HIFs had overcome the deleterious
effect caused by ILs and DES on Lyz.

Fluorescence emission spectra were studied in the same
environment to gain deeper insight into the conformational
stability of protein in ILs, DES, and HIFs. The fluorescence
emission spectra of Trp residues in a protein are vulnerable to
the polarity of the local environment of the fluorophores, which

100 1

80

60

40 1

Intensity (a.u.)

20

——

320 340 360 380 400 420 440
Wavelength (nm)

(©

Ellipticity (mdeg)

~
w0 -
(=]
[N
-
=

190 200 210 220
Wavelength (nm)

View Article Online

PCCP

is one of the major factors responsible for the decrease in the
fluorescence intensity of Trp.>' The unfolding of the protein
tends to broaden the spectrum due to the large variety of local
environments of the fluorophores, which gives rise to different
shifts in emission wavelengths. However, Lyz contains six Trp
residues in various domains, two of which are Trp 62 and Trp
108, which are partially exposed to the co-solvents and behave
as an intrinsic fluorescence probe.*® Thus, changes in intrinsic
fluorescence were employed to understand the conformational
changes caused by incorporating the protein into the studied
ILs, DES and HIFs in contrast to a buffer. Herein, Lyz in the
buffer was excited at 290 nm, and the emission maximum
(Amax) Was observed at 340 nm.*° A small blue shift was
observed in all the study systems in contrast to the buffer, as
depicted in Fig. S2(a)-(e) (ESIT), which suggests the location of
the Trp side chain in the lower polarity and higher homogeneity
surroundings in comparison to a fully denatured environment
where the emission spectrum shifted towards the red.*
Adding ILs to the protein leads to a substantial change in
the emission spectra of Lyz (Fig. S2(a) and (b), ESIt). A sharp
decrease in fluorescence intensity (I,.x) was observed in the
presence of both ILs, [BMIM]CI and [Chn][Ac], also suggesting a
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Fig. 2 Spectroscopic analysis: (a) UV-vis, (b) steady-state fluorescence, (c) far UV-CD of Lyz (0.5 mg mL™Y) in a buffer (black) and in the presence of
0.3 M of ILs: [BMIMICIL (blue), [Chn][Ac] (dark cyan); DES: Maline (red); HIFs: HIF; (pink), HIF (olive); and (d) % secondary structure of Lyz in the buffer and in
the presence of 0.3 M of Maline, [Chn][Ac], HIF; and HIF,; the secondary composition was not obtained for Lyz in [BMIM]CL
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decrease in hydrophobicity around the Trp residues. Mean-
while, as the concentration of ILs increased from 0.1 to 0.5 M,
the I« of Lyz was not significantly altered in either [BMIM]CI
or [Chn][Ac]. For Lyz in the presence of [Maline] (Fig. S2(c),
ESIY), appreciable quenching of fluorescence was observed at
all the studied concentrations of DES. Emission spectra were
also probed for Lyz in the presence of HIFs, as illustrated in
Fig. S2(d) and (e) (ESIt); a similar quenching trend was
observed for the protein in HIF, (Fig. S2(d), ESI{) where the
quenching effect was quite a bit less when analyzed in the
presence of HIF, in contrast to ILs, DES and HIF,. This
quenching could be due to the exposure of the Trp residue to
the biocompatible solvent or it may be due to the interaction of
co-solvents with the functional groups of the protein; thus, the
biocompatible solvents lead to a substantial change in the
microenvironment of Trp residues, which are responsible for
fluorescence quenching.

Additionally, Fig. 2(b) illustrates a comparative analysis of
0.3 M of different biocompatible solvents at a fixed concen-
tration of Lyz (0.5 mg mL '). The biocompatible solvent
induced quenching on the intrinsic fluorescence of Lyz, thus
suggesting the presence of a novel green solvent which imparts
an appreciable change to the microenvironment of Trp residues.
In monitoring Fig. 2(b), the highest quenching was observed in
[BMIM]CI, while quite a lesser extent of quenching was observed
in the case of HIF,. As summarized from the steady-state
fluorescence spectroscopy, the perturbation that occurred in
or around the Trp moiety directly alters the secondary structure
of Lyz; hence, the influence caused by the ILs and DES has been
tuned by the HIFs. Therefore, it can be concluded that among
ILs, DES, and HIFs, HIF, proved to be more biocompatible and
maintained the conformational stability of Lyz.

CD spectroscopy was performed to obtain deeper insights and
to comment on the extent and nature of protein-biocompatible
solvents. Far UV-CD was employed to understand the alteration
in the secondary structure, including o-helical and B-sheets of the
protein due to folding and refolding, along with a quantitative
estimation of the o-helical content of the protein.*>*" The CD
spectra of Lyz exhibit two distinctively negative peaks due to the
transition of the amide group of the peptide bond of the protein
additives.””** Therefore, the two negative bands at 208 and
222 nm represent the m-n* and n-n* protein transition,
respectively.*® Fig. 2(c) portrays the far UV-CD analysis of Lyz at
0.3 M of all the studied biocompatible solvents. Fig. S3(a)-(e)
(ESIT) represent the spectral curves of Lyz in the absence and
presence of ILs, DES and HIFs, and it was noticed that the
spectral shape of the CD signal does not change significantly in
the presence of Maline, HIF, or HIF,. However, the spectral shape
is abruptly changed in the presence of [BMIM]CI and [Chn][Ac].
Fig. S3(a) and (b) (ESIt) display the CD spectral curves in the
presence of ILs such as [BMIM]CI and [Chn][Ac]; the peaks at 208
and 222 nm vanished and diminished, which indicates the
structural denaturation of the protein.** Further, Fig. S3(c) (ESIt)
depicts the far CD spectral curve of Lyz in the presence of Maline
in which the negative ellipticities of Lyz for all the concentrations
are quite a bit smaller than the native form of Lyz, indicating that

14770 | Phys. Chem. Chem. Phys., 2024, 26, 14766-14776

View Article Online

Paper

Maline has a stabilising influence on the secondary structure of
Lyz. In the case of the HIFs, Fig. S3(d) and (e) (ESIT) suggest a
similar pattern for the spectral curve and ellipticity in the
presence of Maline. Interestingly, in HIF,, the ellipticities are
found to be more negative, at a concentration from 0.2 to 0.4 M in
contrast to the buffer, while at 0.1 M and 0.5 M, the CD spectral
ellipticities are similar to those in Maline and HIF;. The study
mentioned above intimates the secondary structural stabilisation
of Lyz in the presence of the HIFs.

DICROWEB online was employed to estimate the variation
in the secondary structure of Lyz in the absence and presence of
biocompatible solvents. Fig. 2(d) represents the percent secondary
structure at 0.3 M, while the concentration-dependent effect of
these co-solvents on the secondary structure of Lyz is exemplified
in Fig. S4(a)~(d) (ESIT). The values of a-helical, -sheets, turns, and
unordered composition of the native form of Lyz in a buffer at
pH = 7 were found to be 35.5%, 11%, 23.3% and 32.1%, respec-
tively, which reveals good agreement with the literature.** How-
ever, due to the diminished characteristic peak of Lyz in [BMIM]CI,
the secondary structure composition was not procured. In obser-
ving Fig. 2(d), a major variation in the composition of the
secondary structure of Lyz was observed in the presence of
[Chn][Ac], Maline and HIFy; the a-helical component was found
to slightly decrease to 33.9% in [Chn][Ac], 33.4% in Maline, 34.5%
in HIF;. However, B-sheets were found to be slightly increased in
[Chn][Ac] (12.2%), Maline (11.8%) and HIF, (11.7%). In addition to
this, the turns and unordered content were also found to be higher
than in the native form, ie., 25%, 25.4% and 27.9% turns for
[Chn][Ac], Maline and HIF;, respectively, while the unorderedness
was found to be up to 33.9%, 33.4% and 32.5% for [Chn][Ac],
Maline, and HIF,, respectively. This indicates the negative impact
of these biocompatible solvents, such as [Chn][Ac], Maline and
HIF;, towards the stability of the protein. Interestingly, HIF,
boosted the o-helical protein content up to 37%, decreasing the
B-content and unorderedness to 10.5% and 32%, respectively.
Therefore, the comparative analysis of both HIFs illustrates that
HIF, provides more secondary structural intactness than HIF;.
These results agree well with the results obtained from far UV-CD.

3.2. Fourier transform infrared (FT-IR) spectroscopic studies
of Lyz in the presence of ILs, DES and HIFs

FT-IR spectroscopy was employed to gain a deep understanding
of the secondary structure of a protein in the absence and
presence of biocompatible solvents such as ILs, DES and HIFs.
This technique is sensitive to secondary structure and represents
the two-absorption bands for a protein conventionally termed
amide I and amide II at wavenumbers 1700-1600 cm ' and
1600-1500 cm ™, respectively. Amide I commonly characterises
the secondary structure of a protein due to the C=O0 stretching
vibration of the peptide bond that helps to regulate the secondary
structure (a-helical and B-sheets) of Lyz. The spectral contribution
leads to a broad band with overlapping subspectra.*’ Fig. 3
portrays the representative change in the FT-IR secondary struc-
ture of Lyz in the buffer and in 0.3 M of ILs, DES and HIFs.
In Fig. 3, the spectra of Lyz in the buffer are significantly
changed in the presence of biocompatible solvents. Herein, in
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Fig. 3 FT-IR spectroscopic analysis of Lyz (0.5 mg mL™) in buffer (black)
and in the presence of 0.3 M of ILs: [BMIMICI (red), [Chn][Ac] (blue); DES:
[Maline] (dark cyan); HIFs: HIFy (pink), HIF, (olive).

the black-coloured spectra, peaks between 1700 cm '

and
1600 cm™ !, and between 1600 cm ' and 1500 cm™' were
observed, reflecting the presence of amide I and amide II bands.
Additionally, upon further observation of the spectra, the addi-
tion of all studied solvents led to a change in the secondary
structure of Lyz: the amide I and amide II bands of the protein
became smaller, and new peaks arose.

As depicted in Fig. 3, the addition of [BMIM]CI into Lyz leads
to the rise of three peaks. Among them, two shifted peaks at
1214 cm ™' and 1450 cm ™', representing C-H bending and
C-Ogy, may be due to the intermolecular interaction of
[BMIM]CI and Lyz, while one peak between 1700 em™ " and
1600 cm ™" was also observed to show the presence of an amide
I band, which may be due to the intermolecular interaction of
[BMIM]CI and Lyz.

Nevertheless, Lyz in the presence of [Chn][Ac] shows three
shifted peaks in contrast to [Chn][Ac] and native Lyz; the peaks
are at 1214 ecm ' (O-H bending), 1446 cm ' (-CH,) and
1565 cm™ ' (amide II). Further, the addition of Maline to Lyz
again leads to three shifted peaks: one at 1206 cm ™' shows O-H
bending, while a peak at 1446 cm™ "' represents C-H bending,
whilst one broad peak between 1642 cm ' and 1711 cm !
shows resemblance to the amide I band. On the other hand,
when observing Fig. 3, HIF; in Lyz reveals one peak at
1196 cm™ ', representing the -C-C-N frequency. However, the
peak at 1453 cm ™' suggests C-H bending and a broad peak
between 1653 cm™ ' and 1714 cm ™" reveals the presence of an
amide I band. Interestingly, four peaks were observed in Lyz in
the presence of HIF,: at 1203 cm ™ for C-Ogy, at 1446 cm™* for
C-H bending, at 1558 cm™ ' N-Oy,, and a broad small peak
between 1653 cm ™" and 1714 cm™ ' represents the presence of
amide I. However, the peaks of amide I and amide II were weaker
in the presence of all the studied solvents than in the buffer.
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Furthermore, in conclusion, the exposure of Lyz to all the consid-
ered biocompatible solvents revealed more or less similar significant
changes, which suggests the solvent may disrupt the local environ-
ment due to the exposure of amino acid residue to the co-solvent,
which leads to intermolecular interactions between them.

3.3. Thermal stability analysis of Lyz in the presence of ILs,
DES and HIFs

Temperature plays a vital role in the stability and activity of a
protein. Hence, we also studied the thermal stability of Lyz in the
absence and presence of biocompatible co-solvents. However, to
evaluate the thermal stability of the protein, the change in the
transition temperature (7,) was determined using thermal
fluorescence spectroscopy, which helps to describe the thermal
unfolding of Lyz. The T, values for Lyz in [BMIM]C], [Chn][Ac],
Maline, HIF;, and HIF, as a function of concentration are
depicted in Fig. 4 and collected in Table S1 (ESIT), while the
thermal transition curves of Lyz in the above-mentioned solvents
are reported in Fig. S5(a)-(e) (ESIt). The T, value of the native
structure of Lyz was found to be 70.87 °C, which correlates well
with the available literature.>” On observing Fig. 4 and Table S1
(ESIY), we perceive that the Ty, of Lyz in [BMIM]CI were found to
be lower than the value in the native state. But, intriguingly, T\,
was found to be higher only at 0.1 M. It was also noticed that as
the concentration of [BMIM]Cl increased, the 7, values
decreased, which suggests that the higher concentration of IL
destabilises the protein structure. However, the T;, values of Lyz
in [Chn][Ac] were found to be higher than for Lyz in buffer at all
the studied concentrations while, with the rise in the concen-
tration of [Chn][Ac], the values were slightly decreasing. This
illustrates that [Chn][Ac] thermally stabilises the native structure
of Lyz. In other words, the addition of Maline shows a drastic fall
in the Ty, value of Lyz with concentration, revealing that Maline
disrupts the structure of Lyz and leads to destabilisation in the
confirmation of the protein.

= - == Bu ffer ¥
8= [BMIM]CI
Ta=[Chn][Ac]
= Maline]

Transition Temperature (OC)
(=)
[—

451 wir,
Y malt |
0.0 0.1 0.2 0.3 0.4 0.5

Concentration [M]

Fig. 4 Transition temperature of Lyz (0.5 mg mL™Y in buffer (black) and in
the presence of varying concentrations of ILs: [BMIMICL (red), [Chn][Ac]
(blue); DES: [Maline] (dark cyan); and HIFs: HIF; (pink), HIF, (olive).
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Conversely, upon the addition of HIF, to Lyz, the T}, values
were pronounced only at 0.1 M (T, = 72.62 °C) whereas, as the
concentration increased from 0.2 to 0.5 M, the T, values were
found to be lower than that of pure protein, which may suggest
that only at 0.1 M, is the effect of IL distinct; at 0.1 M, the T}, of
Lyz in [BMIM]CI was reported as 72.49 °C in contrast to Maline
(T, = 54.25 °C). Altogether, upon observing Fig. 4 and Table S1
(ESIf), [BMIM]CI thermally stabilises the structure of Lyz at
lower concentrations, while DES leads to destabilisation at all
concentrations of Maline. Interestingly, the results of Fig. 4
explicitly elucidate that HIF, drastically enhanced the thermal
stability of Lyz at all the studied concentrations, though it was
found to be reduced at higher concentrations of HIF,; however,
it was still found to be higher than that in the buffer as well as
in the ILs and DES. The reported T,, for HIF, ranged from 73.69
to 78.48 °C while in the case of their parent component, that is
[Chn][Ac], the Ty, values were found between 72.96 to 74.97 °C
and in Maline, it fluctuated between 43.57 and 54.25 °C, which
are much lower than the T;, value of native Lyz. Therefore, we
suggest that [Chn][Ac] intensifies the properties of HIF, over
Maline and stabilises the structure of Lyz. Thus, the combi-
nation of [Chn][Ac] and Maline leads to tremendous properties
in HIF, compared to [BMIM]CI and Maline in HIF,. Therefore,
the novel HIF, intensifies the thermal stability of native Lyz in
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comparison to ILs and DES, as the formation of HIFs counters
the negative effects of either DES.

Hence, based on the observations of Table S1 (ESIT), one can
conclude that the effect of the HIFs on thermal stability was
highly concentration-dependent. Fascinatingly, these results
illustrate that [BMIM]CI, Maline and HIF, lowered the T, value
while [Chn][Ac] and HIF, displayed elevated T;, values, empha-
sising that thermal stability has to be induced in the structure
of Lyz by these solvents, where we observed the pronounced
effect of ILs over Maline in the HIFs.

The thermal unfolding mechanism of a protein can be
understood by studying various thermodynamic parameters,
such as the Gibbs free energy change of unfolding (AG,), and
the changes in entropy (ASy,), enthalpy (AH,,) and heat capacity
(ACp,), which are acquired from the standard thermodynamic
profile,*® as reported in ESLt The changes in the thermody-
namic parameters of Lyz in the absence and presence of co-
solvents are displayed in Fig. 5(a-d), and Table S2 (ESI})
summarizes all the thermodynamic factors related to the
stability of Lyz in the presence of the studied co-solvents (ILs,
DES and HIFs). A positive value of AG, signifies the native state
of Lyz, whereas a negative value signifies the denatured state.**
The values of AG, and AH,, of the protein in its native state
were 3.63 and 65.36 k] mol™", respectively. On monitoring

AG, (kJ.mol")

0.0 0.1 0.2 0.3 0.4 0.5

Concentration [M]

M Buiter  [IChniAcl ] HIF,
30 I (BMIMICI [ Maline [ HIF,

254 (d)

204

AC, (kJ.mol'K-)

0.0 0.1 0.2 0.3 0.4 0.5

Concentration [M]

Fig. 5 Thermodynamic parameters, (a) Gibbs free energy, (b) enthalpy (c) entropy and (d) heat capacity, of Lyz (0.5 mg mL™%) in buffer and in the
presence of varying concentrations of ILs: [BMIMICI, [Chn][Ac]; DES: [Maline]; and HIFs: HIF;, HIF,.
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Fig. 5(a), the AG, values of Lyz in [BMIM]CI were found to first
decrease and then increase at higher concentrations, except at
0.5 M of [BMIM]CL. In contrast to this, the values of AG, of Lyz
in the presence of [Chn][Ac] and Maline were not found to
follow an appropriate trend. However, the AG, values in the
presence of HIF; were found to be lower than the value of AG,
in its native state except at 0.2 M, whereas, in HIF,, the value
of AG, was observed to be slightly lower than its native form
(3.63 k] mol ).

Fig. 5(b and c) illustrate the variations in AH,, and AS,, in
the presence of all the studied co-solvents at all concentrations
(0.1-0.5 M). It is observed that the values of AH,, and AS,, in
ILs, Maline and HIF, reveal an increasing trend except at 0.4 M
of [Chn][Ac], which shows quite a decrease in the values of AH,,
and AS,,; while Lyz in HIF,; demonstrates no particular trend,
and at a higher concentration of HIF, the values of AH,, and
AS,, are found to be lower than for native protein. This suggests
that Lyz in HIF, shows an unfavourable interaction between the
functional group of the protein and the solvent, whereas ILs,
Maline and HIF, interfere with the functional moiety of the
protein, leading to its unfolding. In addition to the above-
mentioned thermodynamic parameters, AC,, play an essential
role in determining the energetics of the structural stabilisation
of the native protein.**™*® Normally, protein unfolding is
accompanied by a positive value of AC},, which is a maximum
for stability of its native structure with marked ramifications for
AG,.*** Fig. 5(d) displays the AC,, of Lyz in the presence of
different solvents as a function of their concentration. The
calculated AC, value was 10.04 k] mol ' for the thermal
unfolding of Lyz. In the case of Lyz in [BMIM]C], it is observed
that at an initial concentration (0.1 M), there was a rise in the
values of AC, and then they decreased and remained constant
up to 0.3 M of IL. After this, the value was again raised with a
higher concentration of [BMIM]CL. The value of AC, in
[Chn][Ac] first increased, and then remained constant.

On the other hand, the AC, of Lyz in Maline tended to
decrease as the concentration increased, which indicates lower
solvation of the hydrophobic core of the native structure of Lyz.
Moreover, no particular trend was found in the presence of
HIF,. The value of AC, was found to be high at 0.1 M, then it
decreased and then again increased at 0.3 M, whereas in HIF,,
the value of AC,, was found to rise at all concentrations. These
results are consistent with other obtained thermodynamic
results. The overall conclusion is that HIF, enhances the con-
formational thermal stability of Lyz, which indicates [Chn][Ac]
offsets the Maline (DES) and intensifies the thermal stability of
the protein.

3.4. Dynamic light scattering (DLS) analysis of Lyz in the
presence of ILs, DES and HIFs

To elucidate the aggregation size, we studied the variation in
hydrodynamic diameters (dy) of Lyz in the presence of ILs, DES
and HIFs, and the data are presented in Fig. 6 and Fig. S6(a)—(e)
(ESIT). The dy for native Lyz in buffer was found to be 3.8 nm at
25 °C, consistent with the available literature.*” The dy; value of
Lyz in the presence of varying concentrations of biocompatible
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Fig. 6 Volume percent graph of DLS measurement of Lyz (0.5 mg mL™?)
in buffer (black) and in the presence of 0.3 M of ILs: [BMIMICI (blue),
[Chn][Ac] (dark cyan); DES: [Maline] (red); and HIFs: HIF; (pink) and HIF;
(olive).

solvents is tabulated in Table S3 (ESIt), where the presence of
ILs leads to a rapid increase in protein size, which is attributed
to the unfolding or aggregation of protein molecules (Fig. S6(a)
and (b), ESIt). For DES (Fig. S6(c), ESIt) a similar trend was
observed for variation in dH only at lower concentrations (0.1 M
and 0.2 M), while at higher concentrations, ie., 0.3 M and
0.4 M, the size was found to be reduced, whereas a rapid
increase in size was again observed at 0.5 M. Furthermore, a
similar trend in size was also observed in Lyz-HIF,, as depicted
in Fig. S6(d) (ESIt), and here the size was very close to that of
native Lyz at 0.1 M. Additionally, the dy; in HIF, reveals that at
0.2 M and 0.4 M, the size of the protein particle is quite close to
that of native Lyz. However, the dy values were higher than the
native conformation for the rest of the concentrations (0.1,
0.3 and 0.5 M). Overall, ILs enhance the dy; of Lyz due to the
formation of aggregates. However, no significant change was
observed in the presence of DES at all studied concentrations.
While HIFs can counteract the effect caused by ILs on the
protein, as in HIF,, the dy values were found to be less than
those of their parent ILs and close to the native conformation at
some concentrations.

Altogether, the results enumerate that the effects of those co-
solvents on Lyz ILs is devoid of any functional group, thus
causing deleterious effects on the Lyz structure and stability.
While DES also caused substantial perturbation to the structure
of the protein. Interestingly, the mixture of ILs and DES leads to
the formation of HIFs, causing marked stabilisation of the
protein, as reflected in the DLS measurements in the spectro-
scopic studies.

3.5. Proteolytic activity of Lyz in of DES, ILs and HIFs

To elucidate the feasibility of prolonged enzyme storage, the
enzymatic activity of Lyz was studied in the presence of ILs, DES
and HIFs using Micrococcus lysodeikticus as a substrate and
displayed in Fig. 7 and Fig. S7 (ESIt). Herein, the activity was

Phys. Chem. Chem. Phys., 2024, 26,14766-14776 | 14773


https://doi.org/10.1039/d4cp00931b

Published on 22 April 2024. Downloaded on 3/3/2026 7:02:08 PM.

View Article Online

PCCP Paper
400 4 ) ) .
> 3504
b~ | _
>
S 300-. I Buffer
< 250 1 I 0.3 M [BMIM]CI
o N7 [ 0.3 M [Chn][Ac]
S 2004 [_10.3 M Maline
= ! I 0.3 M HIF,
&z 150 - = I 0.3 M HIF,
N -
£ 100
(3]
g .
0-
1.0 2.0 3.0 4.0
Time (Week)

Fig. 7 Percent relative enzyme activity at different time intervals (in weeks) of Lyz (0.5 mg mL™) in buffer (orange) and at 25 °C in the presence of 0.3 M
of ILs: [BMIMICL (green), [Chn][Ac] (light blue); DES: [Maline] (yellow); and HIFs: HIF; (pink), HIF, (grey).

performed on the 1st day, 8th day (week 2), 16th day (week 3)
and 24th day (week 4), and the values are tabulated in Table S4
of ESLt Interestingly, the enzymatic activity of Lyz was
enhanced in the presence of ILs, DES, and HIFs, compared to
Lyz in the buffer (Table S4, ESIt). Moreover, the proteolytic
activity of Lyz also increased with increasing concentration of
[BMIM]CI, Maline, HIF; and HIF, whereas in the presence of
[Chn][Ac], the percent relative activity was more or less con-
stant, as depicted in Fig. S7(a) (ESIf). Later, the enzymatic
activity was obtained again on the 8th day (week 2) (Fig. S7(b),
ESIT). The activity showed a slight decrease and followed a
similar trend with concentration, in contrast to the 1st day
(week 1) in the presence of ILs, Maline, or HIF, and at lower
concentrations of HIF;. Interestingly, the enzymatic activity in
HIF, increased slightly with an increase in the concentration of
HIF;. Furthermore, on the 16th day (week 3) (Fig. S7(c), ESIt),
the activity of Lyz in buffer was found to be slightly increased;
however, for the enzymatic activity in the presence of ILs, DES
and HIFs, the percent relative activity increased as a function of
concentration and more enhanced activity was observed in the
cases of Maline and HIF; of ~1.58 fold and 1.42 fold, respec-
tively. Moreover, for the percent relative activity on the 24th day
(week 4) (Fig. S7(d), ESIt), the activity was observed to increase
slightly in contrast to the 16th day (week 3), and it also increased
as the concentration of the studied solvents increased.

From Table S4 (ESI{), Maline (DES) and HIF, suggest majorly
enhanced enzymatic activity compared to ILs and HIF, as a
function of time and concentration. Therefore, this suggests
that Maline and HIFs provide prolonged storage for the enzyme
compared to ILs. Fig. 7 represents the activity of Lyz at 0.3 M of
all the biocompatible co-solvents as a function of time. From
Fig. 7 and Table S4 (ESIt), ~0.9-2.5-fold increase in enzymatic
activity of Lyz with time interval was observed in the presence of
[BMIM]CI and [Chn][Ac]. Moreover, ~1.74-2.5-fold increased
activity (from the 1st day (week 1) to the 24th day (week 4)) was
also found in the presence of Maline. However, in the case of

14774 | Phys. Chem. Chem. Phys., 2024, 26,14766-14776

HIF,, the enzymatic activity was found to be ~1.68-2.10 fold
higher than a native form of the enzyme when moving towards
the 4th week, while HIF, represents ~ 0.86-2-fold enhanced
proteolytic activity of Lyz. Taken together, maline and HIFs
provide better storage for the enzyme.

The majority of findings obtained from spectroscopic stu-
dies, DLS, and the enzymatic activity of Lyz suggest that the
novel HIFs stabilise the Lyz structure and intensify the enzy-
matic activity. In the present study, ILs had quite a disturbance
effect, while DES significantly perturbs the structure of the
native protein, whereas HIFs (the combination of IL and DES)
enhance the stability and activity of Lyz. Intriguingly, the
enzymatic activity of Lyz is also boosted even after weeks of
incubation in the presence of all co-solvents. HIFs behave as a
significantly biocompatible solvent for Lyz. Between the two
HIFs, HIF, is one of the most promising co-solvents for
stabilising and enhancing the properties of native Lyz. Later,
Maline, [Chn][Ac] also preserves the activity of Lyz while
[BMIM]CI destabilises the native state of Lyz; hence it perturbed
the structural and thermal stability of the protein. Upon
analysing the above-mentioned studies, [BMIM]CI manifests a
perturbation effect on the conformation of Lyz, which may be
due to the formation of hydrogen bonds with amino acid
residues of Lyz and ions of ILs. On the other hand, [Chn][Ac]
perpetuates the structural integrity to a certain extent. However,
DES (composed of 1:2 choline chloride and Maline) escalated
the structural stability and activity of the protein.

Interestingly, HIFs reveal the enhanced activity and stability
of the protein. DES preserves activity even after a month of
incubation; in contrast, HIFs provide stability to the native
structure of Lyz and escalate the activity due to the protective
property of Maline, which shows domination over the pertur-
bative nature of [BMIM]Cl. Moving forward, HIF, also enhances
the structural stability and activity of Lyz because both IL and
DES, such as [Chn][Ac] and Maline, provide stability to the
protein along with enhanced activity. Although in terms of
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activity, HIF; has a more pronounced effect than HIF,, other
studies reveal that HIF, intensifies the stability and activity of
Lyz. Therefore, the interpretation is drawn that the newly
synthesised HIFs show intensified properties over the limita-
tions of the individual components. Thus, one can say that HIFs
provide better biocompatibility for the protein in contrast to the
individual constituents (ILs and DES), which shows good agree-
ment with the literature** in which DES (1: 2 ChCl:glycerol) and
HIF ([EMIM]CI and ChCl:glycerol) stabilise and preserve the
native structure of stem bromelain. This represents an advanced
and feasible way of packaging a protein with improved stability
and activity, imparting schematic and robust bio-catalysis.

Hybrid ionic fluids, which are a combination of both an
ionic liquid and a deep eutectic solvent, have been found to
enhance the activity and stability of proteins compared to the
individual constituents. A probable reason may be attributed to
the synergistic effects, tuneable properties, enhanced solvation,
and reduced protein denaturation offered by this unique
combination of properties that these hybrid fluids possess.
Thus, this work is intended to provide a scope of applications
for eco-friendly solvents for proteins and promising sustainable
alternatives for stabilising proteins and various biotechnologi-
cal applications of enzymes.

4. Conclusions

The present work reports the remarkable potential of HIFs, which
overcome the limitations of the individual components and act
as alternative, greener, biocompatible solvent media for a native
protein structure. This work also provides a comparative analysis
of Lyz in the presence of ILs, DES and HIFs. Herein, the
investigated biocompatible solvents are ILs such as [BMIM]CI
and [Chn][Ac], while the DES was composed of choline chloride
as an HBA and malonic acid as an HBD, and HIFs such as
[BMIM]CIMaline and [Chn][Ac]Maline. From spectroscopic and
thermodynamic analysis, it was found that the HIFs behave as a
significant biocompatible solvent for Lyz, and among them, HIF,
is the most promising, followed by HIF;, Maline, and [Chn][Ac],
while [BMIM]CI disturbs the native state of Lyz. Conversely, in the
early weeks of incubation (1st day (1st week) and 8th day (2nd
week)), the enzymatic activity tends to increase with an increase
in the concentration of ILs, then it starts decreasing after the 16th
day (3rd week) of incubation. In contrast, in DES, the spectro-
scopic results, particularly those from far UV-CD, suggest that the
DES intensified the structural stability of Lyz and the enzymatic
activity also increased with the concentration of DES, even after
the 24th day (4th week) of incubation. Interestingly, the results
acquired for the HIFs reveal that they enhance the structural
stability and enzymatic activity of Lyz even after incubation.
Moreover, the FTIR studies supported the results obtained from
other spectroscopic analyses, suggesting that [Chn][Ac] and HIF,
significantly protect the native structure of Lyz. Comprehensively,
as a biocompatible solvent, it opens a way to recognise the role of
novel HIFs for providing protein stability and potential, eco-
friendly prolonged storage for Lyz. The present study also
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suggests that HIF, is a more biocompatible solvent for protein
structure than HIF;. Therefore, one cannot conclude that all HIFs
are biocompatible solvents for the native structure of proteins;
hence, more studies are essential to come to fundamental con-
clusions about the native structure of a protein.
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