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This work demonstrates a sustainable strategy to enhance enzyme robustness using
zwitterionic ionic liquids (ZILs). ZIL conjugation markedly extends chymotrypsin lifetime
under thermal, ionic, and solvent stress, reducing enzyme consumption, waste generation,
and operational costs. Molecular tunability via alkyl substituents enables distinct binding
modes, ranging from electrostatic/hydrogen bonding to hydrophobic insertion, allowing
rational, enzyme-specific stabilization without resource-intensive trial-and-error. Unlike
conventional immobilization, ZILs form reversible, non-covalent complexes that preserve
protein structure and activity while avoiding harsh additives. Notably, catalytic activity is
retained or marginally enhanced, improving process throughput across multiple cycles. The
recyclability, low toxicity, and compatibility with aqueous/low-organic media position ZIL-
enzyme composites as promising platforms for green biocatalysis, circular manufacturing,
and environmental biotechnology.
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ABSTARCT

Stabilizing proteolytic enzymes such as chymotrypsin (CHT) remains a major challenge due
to their susceptibility to denaturation and loss of activity under non-physiological conditions.
Herein, we demonstrate the use of triazolium-appended zwitterionic ionic liquids (ZILs) as
efficient stabilizing agents that not only preserve but also modulate the functional properties
of CHT. Spectroscopic and kinetic studies reveal distinct structure-function effects dictated
by alkyl substituents. IL1, with a linear substituent, binds through electrostatic and hydrogen-
bonding interactions, inducing ~3.2-fold fluorescence quenching while preserving the
secondary structure. Importantly, the CHT-IL1 composite retained and even marginally
enhanced catalytic activity toward a pyrenylated tyrosine substrate, underscoring the creation
of a favorable microenvironment for turnover. In contrast, IL3, bearing a branched alkyl chain,
inserted into hydrophobic protein pockets and stabilized a long-lived exciplex-type charge-
transfer emission at 405 nm (lifetime extended from 7.8 to 13.5 ns). Docking simulations
corroborated these findings, showing IL1 stabilized CHT via hydrogen-bond/electrostatic
contacts (—6.7 kcal mol™) whereas IL3 engaged an extended hydrophobic-aromatic network
with stronger binding (-7.9 kcal mol™). These results establish how structural variations in
ZILs dictate protein interactions, offering valuable strategies for enzyme stabilization and
functional modulation in biocatalysis.

KEYWORDS: Zwitterionic liquids; Chymotrypsin; Hydrogen bonding; Hydrophobic
interaction; Charge transfer; Catalytic activity

INTRODUCTION

Stabilizing chymotrypsin (CHT), like many proteolytic enzymes, is challenging because of its
inherent susceptibility to denaturation, autolysis, and activity loss under non-physiological
conditions such as elevated temperature, extreme pH, or in the presence of organic solvents
[1]. The tertiary and quaternary structure of protein (enzyme) is maintained by a delicate
network of hydrogen bonds, hydrophobic interactions, and disulfide linkages, which can be
disrupted by minor environmental changes, leading to loss of catalytic activity. For instance,
native CHT in aqueous buffer can lose over 50% of its activity within 2-4 hours at 45 °C, and
its half-life in organic solvent systems is often less than 1 hour [2]. Stabilization strategies, such
as ionic liquid (IL) conjugation, immobilization, or polymer encapsulation, are crucial as they
can increase the half-life of the enzymes by several folds [3]. Such stability improvements not
only extend the functional lifespan of the enzyme but also enable its application in harsher
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industrial, biomedical, and environmental conditions, where operational efficiengg‘al@gogg%gfgs‘g%g;

effectiveness are directly tied to enzyme durability.

Compared to conventional stabilization strategies such as immobilization on solid supports
or polymer encapsulation, ionic liquid (IL) conjugation offers a more versatile and efficient
approach for preserving protein structure and activity [4]. Immobilization often results in
mass transfer limitations and restricted conformational flexibility, leading to partial loss of
activity (typically 10-30% reduction compared to native enzyme), while polymer
encapsulation can induce diffusional barriers and heterogeneous microenvironments,
slowing catalytic rates by up to 40%. In contrast, IL conjugation can provide a molecularly
uniform, hydrophilic-hydrophobic balanced microenvironment that shields proteins from
denaturation while maintaining high substrate accessibility [5]. For example, studies have
shown that IL-protein conjugates retain >90% of their initial activity even after 30 days at 50
°C, whereas immobilized enzymes often drop below 60% under similar conditions. Moreover,
IL conjugation can enhance thermal stability by increasing the melting temperature (T,,) of
the protein by 5-12 °C and reducing aggregation rates by over 70%, outperforming polymer-
based systems [6]. These improvements are attributed to the ability of IL to form stabilizing
ionic and hydrogen-bond interactions with surface residues, preserving the native-like
hydration shell of the protein while minimizing conformational fluctuations essential for
catalytic turnover [7].

Interestingly, Zwitterionic ionic liquids (ZILs) offer a superior platform for stabilizing
proteins (enzymes) compared to conventional cationic or anionic ILs due to their balanced
charge distribution, which minimizes electrostatic perturbation of the native conformation of
protein [8]. Unlike purely cationic ILs that may excessively interact with acidic residues or
purely anionic ILs that may bind too strongly to basic residues, both of which can induce

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

partial unfolding, ZILs maintain near-neutral net charge, reducing structural stress [9]. This
charge neutrality, combined with strong hydration shell formation, can enhance retention of
catalytic activity [10]. The studies suggested that ZIL-treated enzymes can retain >90% activity
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after 10 days at 45 °C, compared to ~60% in cationic ILs and <40% in anionic ILs under
identical conditions [11]. Additionally, ZILs can preserve secondary structure more

(cc)

effectively, with far-UV CD spectra indicating <5% a-helix loss over a week, whereas cationic
ILs often lead to >15% loss. Their tunable polarity also allows selective stabilization of
hydrophobic pockets and prevention of aggregation, leading to ~2-3x higher residual activity
after repeated thermal cycles compared to other IL types [12].
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Destabilization of CHT (IL3)

Figure 1. Schematic diagram shows molecular structures of zwitterionic liquids involved in
the present study. Also, Enzymatic hydrolysis of amide linkage by Chymotrypsin (CHT).

Considering these, herein, we have studied interaction of three different triazolium appended
ZILs (IL1 - IL3) with Chymotrypsin at pH 7 in buffered medium. The spectroscopic studies
indicated the nature of alkyl substituent on the triazolium residue could dictate the
contribution of different non-covalent interactions and thereby influencing its stability and
catalytic activity. The IL3 with branched alkyl chain resided into more hydrophobic pocket of
the protein, facilitating charge transfer interaction between triazolium ion and aromatic side
chains of the amino acids. On the contrary, IL1 could be engaged more into hydrogen bonding
and/or charge-paring kind of interaction, which exposed the aromatic amino acids to a more
polar, solvent-accessible environment. Along with investigating the stability, we also
explored its catalytic activity of CHT-IL composite in buffered medium. When a pyrene-based
fluorogenic probe with tyrosine as the amino acid residue (Py-Tyr) was considered as
substrate, we observed a slight improvement in the rate of hydrolysis. This is indeed an
important observation, as unlike of most of cases, herein we didn’t lose the catalytic activity
of CHT (rather improved marginally) at expense of its superior stability.

RESULTS AND DISCUSSION

Spectroscopic Investigation with ILs: The UV-visible spectrum of chymotrypsin (CHT) in
aqueous medium displayed a broad absorption band with a maximum centered at ~278 nm,
arising from the n-1* electronic transitions of its aromatic amino acids, primarily tryptophan
and tyrosine [13]. Upon titration with IL1, a marked hypochromic effect was observed at the
280 nm band along with a concomitant increase in absorbance near 258 nm (Figure 2a). The
hypochromic effect at 280 nm suggested a reduction in the transition probability of the
aromatic chromophores, which might occur due to cation-m interaction with the triazolium
headgroup, leading to partial stacking, restricted electronic delocalization, or changes in local
polarity [14]. The new absorption band at 258 nm band might be contributed by phenylalanine
residues or a blue-shifted Trp band caused by changes in hydrogen-bonding interactions
within the protein microenvironment [15]. These spectral features collectively indicate that
IL1 binding induces conformational rearrangements around the aromatic residues, modifying
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their electronic transitions. When the titration was performed with IL2 (Figure 2b% 5 rmex
qualitatively similar spectral changes were observed, but with a more pronounced
hypochromic shift, implying either stronger binding or a more extensive perturbation of the
aromatic residue environments compared to IL1. In contrast, exposure of CHT to IL3 did not
produce a hypochromic shift at 280 nm, and the 258 nm region remained largely unaffected
(Figure 2c). This absence of the expected aromatic perturbation suggests that IL3 interacts with
CHT through a different mode, possibly binding to surface hydrophobic domains without
significantly altering the electronic transitions of Trp/Tyr in their ground state. Such
differences in UV-visible response hint at distinct spatial orientations or binding sites for IL3

compared to IL1 and IL2.
(b)
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Figure 2. UV-visible titrations of CHT (0.1 mg/mL) with (a) IL1 (b) IL2 and (c) IL3 (0 - 220
uM) at pH 6.5 in buffered medium. (d) Changes in fluorescence intensity of CHT (0.1 mg/mL,
Aex = 280 nm) with time upon addition of IL1 at pH 6.5 in buffered medium.

The fluorescence spectrum of CHT in aqueous medium exhibited a dominant emission
maximum at 335 nm, characteristic of tryptophan residues in a relatively non-polar
environment (Figure 3a). Addition of IL1 resulted in a concentration-dependent (0-220 uM)
quenching of emission intensity (~3.2-fold) with a ~10 nm red shift in A,.«. This bathochromic
shift suggests that Trp residues become more solvent-exposed upon IL1 binding, experiencing
a more polar and hydrogen-bonding-rich environment due to conformational rearrangement
[16]. Fluorescence titration with IL2 (Figure 3b) produced a similar overall quenching (~3.5-
fold), but was accompanied by a small hump at ~405 nm, indicating the formation of a minor
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long-wavelength emissive species, likely an exciplex or excited-state charge-transfer, Y€ T) 5 7iex

complex [17]. Interestingly, titration with IL3 caused a ~3.7-fold decrease in the 335 nm band
with the simultaneous growth of a pronounced new emission at ~405 nm (Figure 3c). The
prominent long-wavelength band is consistent with efficient excited-state CT between Trp
(electron donor) and the triazolium ring (electron acceptor) of the IL [18]. The branched alkyl
group in IL3, with its greater hydrophobic surface area compared to straight-chain analogues,
likely promotes deeper insertion into hydrophobic protein cavities near aromatic residues.
This positioning fixes the triazolium moiety in close proximity to Trp, strengthening cation-
11 interactions and stabilizing the CT complex, thereby enhancing its emission (Figure 3d). The
interactions of CHT with ILs were found to be a time-dependent phenomenon. To examine
this, we incubated CHT with excess IL1 (0.25 mM) for 30 mins, and changes in fluorescence
intensity (at 335 nm band) were recorded at an interval of 2 min (Figure 2d). The saturation in
fluorescence response was observed at ~20-22 min. This gradual, time-dependent quenching
behaviour suggests that IL1 initially forms a weak encounter complex with CHT through
diffusion-controlled interactions, which subsequently evolves into a more stable, ground-state
association as the enzyme undergoes slower conformational rearrangements around the
bound ionic liquid, consistent with a static quenching mechanism.
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Figure 3. Fluorescence titrations of CHT (0.1 mg/mL, Aex = 280 nm) with (a) IL1 (b) IL2 and
(c) IL3 (0 - 220 uM) at pH 6.5 in buffered medium. (d) Changes in fluorescence intensity of
CHT (0.1 mg/mL, Aex = 280 nm) upon addition of various ILs at pH 6.5 in buffered medium.
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Effects of Microenvironment on IL Binding: To gain mechanistic insight into_the opticalss i
response, a series of spectroscopic studies were carried out with IL1. First, the effect of ionic
strength on the fluorescence response of IL1 toward CHT was examined. In the presence of 5
M NaC(l, the extent of fluorescence quenching was markedly reduced, with only ~1.25-fold
quenching observed compared to the salt-free condition (Figure 4a). This attenuation suggests
that electrostatic interactions play a significant role in the IL1-CHT association. Next,
fluorescence titration of CHT with IL1 was performed at an elevated temperature (50 °C)
under otherwise identical conditions. At this temperature, the addition of IL1 produced only
~1.43-fold quenching of the emission intensity, approximately 2.2-fold lower than that
observed during titration at 25 °C (Figure 4b). The reduced quenching efficiency at higher
temperature is likely due to partial thermal unfolding of CHT, which disrupts the native
aromatic microenvironment and may weaken specific noncovalent interactions between IL1
and the protein [19]. To further quantify the temperature-dependent interaction between IL1
and CHT, the binding constant (K,) was determined from the modified Stern-Volmer
equation. The binding constant values were obtained as 2.4 x 102M™ at 25 °C and 1.3 x 10* M-
L at 50 °C, respectively (Figure S11). The sharp decline in Kpwith temperature confirms that
the quenching mechanism is predominantly static, as elevated temperature disrupts the
ground-state IL1-CHT complex. The thermodynamic analysis based on the van’t Hoff relation
yielded AH = +167 k] mol"! and AS = +0.53 k] mol! K-, giving AG values of +9.3 k] mol* (25
°C) and +23.3 k] mol* (50 °C). The positive AH indicates an endothermic process that weakens

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

at higher temperatures, while the large positive AS suggests an entropy-driven association

dominated by desolvation and hydrophobic rearrangement. Overall, the IL1-CHT binding is
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mainly governed by electrostatic and hydrogen-bonding interactions with favourable entropy
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gain, consistent with a static quenching mechanism. The fact that both high ionic strength and
elevated temperature diminish the quenching efficiency indicates that IL1-CHT binding is
governed by electrostatically mediated, conformation-dependent interactions. Furthermore,
the observed hypochromic shifts in the UV-visible spectrum and the red-shift in fluorescence
maxima upon IL1 binding suggest the formation of a ground-state complex between IL1 and

CHT, consistent with a predominantly static quenching mechanism [20].
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Figure 4. (a) Changes in FL intensity of CHT (0.1 mg/mL, Aex = 280 nm) with IL1 (220 pM) in
presence of NaCl (5 M) at pH 6.5 in buffered medium. (b) Changes in FL intensity of CHT (0.1
mg/mL, Aex = 280 nm) with IL1 (0 - 220 pM) at different temperatures in buffered medium
(at pH 6.5). (c) Effect of temperature on the stability of CHT (0.1 mg/mL) and CHT.IL1
composite in buffered medium (at pH 6.5). (d) Effect of pH on interaction of CHT (0.1 mg/mL,
Aex = 280 nm) with IL1 (220 pM) in buffered medium (at pH 6.5).

Further, to confirm the nature of the quenching phenomenon, we recorded time-resolved
fluorescence spectra of CHT in the presence of IL1 (Figure 5d). The average excited-state
lifetime of native CHT was found to be 2.1 ns (Tri-exponential decay). Despite the fluorescence
quenching observed in steady-state analysis, the average lifetime remained essentially
unchanged upon addition of IL1. This strongly supports the formation of non-fluorescent
ground-state electrostatic complex between CHT and IL1 [21]. Interestingly, when both native
CHT and the CHT IL1 complex were subjected to temperature-dependent fluorescence
studies (25-90 °C), the extent of fluorescence quenching was less prominent for the complex
than for the native protein (Figure 4c). This observation suggests that IL1 binding confers
partial conformational stabilization to CHT, likely by shielding key aromatic residues from
solvent exposure and reducing thermally induced unfolding.

Further, we examined the interaction of CHT with IL1 under different pH conditions in
buffered media. For better comparison, the fluorescence intensity of free CHT at each pH was
normalized to unity, and the extent of quenching upon IL1 addition was expressed as the ratio
F/F, at 332 nm (Figure 4d). The quenching efficiency was found to be maximum at pH 6 and
decreased progressively towards both acidic and alkaline conditions. This pH dependence
can be explained by changes in the ionization state of key amino acid residues and the net
surface charge of both CHT and IL1. At pH 6, which is close to the isoelectric point of CHT,
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electrostatic repulsion is minimized, enabling closer association and stronger, compleks i

formation between CHT and IL1, leading to more efficient quenching. Under acidic conditions
(pH < 6), excess protonation of acidic side chains increases the net positive charge on CHT,
possibly enhancing repulsion with positively charged groups of IL1 and disturbing the
optimal orientation for interaction. Conversely, under alkaline conditions (pH > 6), partial
unfolding or loosening of the tertiary structure of protein may disrupt the integrity of the
hydrophobic binding pocket, reducing the affinity for IL1 [22]. Additionally, increased
solvation of both protein and IL at high pH might weaken hydrophobic interactions, while
enhanced conformational flexibility may reduce the stability of any transient complexes
formed, thereby lowering quenching efficiency despite favorable electrostatics [23].
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Figure 5. Determination of hydrodynamic diameter of CHT (0.1 mg/mL, Aex = 280 nm) in (a)
absence and (b) presence of IL1 (220 pM) at pH 6.5 in buffered medium using DLS. (c) FT-IR
spectra of CHT (0.1 mg/mL) with and without IL1. (d) Fluorescence decay spectra of CHT
(0.1 mg/mL, Aex = 280 nm) at 335 nm upon addition of IL1 (220 uM) at pH 6.5 in buffered
medium.

Mechanistic Investigation: Dynamic light scattering (DLS) analysis of native CHT revealed a
dominant intensity-weighted hydrodynamic diameter of ~380 nm (PdI = 0.12), with a low-
intensity tail toward larger sizes, consistent with a predominantly monomeric enzyme
population and a minor fraction of transient oligomers (Figure 5a). Upon addition of IL1, the
principal peak shifted to ~433 nm, accompanied by an increase in PdI to 0.34 (Figure 5b). This
shift reflects the formation of IL-protein complexes, likely arising from IL adsorption and the
development of IL-rich assemblies on the enzyme surface. Mechanistically, the cationic

8
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triazolium ring of IL1 can engage in electrostatic and cation-m interactions with negatively s iex

charged and aromatic residues (e.g., Trp, Tyr) on CHT, while its hydrophobic alkyl chain can
insert into nonpolar surface pockets. These interactions enlarge the hydrodynamic radius and,
at higher local IL concentrations, may promote weak multimerization or bridging between
enzyme molecules [24].

FT-IR spectroscopy of native CHT showed amide I and amide II bands at 1631 cm™ and 1516
cm™, respectively, characteristic of a predominantly a-helical/ turn-rich secondary structure
(Figure 5c). Upon incubation with IL1, the amide I band downshifted to 1625 cm™,
accompanied by a noticeable change in band contour. The amide II band shifted to higher
energy region, at 1585 cm™. Such shifts point to perturbations in backbone C=0 stretching
and N-H bending modes, indicative of altered hydrogen-bonding patterns and a partial
reorganization or loosening of the secondary structure, likely increasing the fraction of
solvent-exposed peptide segments [25]. New absorption bands appeared in the fingerprint
region at ~1387 cm™ and ~1353 cm™, assignable to the asymmetric and symmetric stretching
modes of the S=O/CF;-SO3™ groups, confirming adsorption of IL1 onto the protein surface.
In addition, the broad -NH/-OH stretching band originally centred at ~3277 cm™ became
broader and shifted higher energy-zone (~3287 cm™), consistent with modification of the
hydrogen-bonding network, possibly due to increased solvation or electrostatic interactions
introduced by the IL1 anions and cations. Collectively, the DLS and FT-IR results indicate that
IL1 associates with CHT through a combination of electrostatic, cation-11, and hydrophobic
interactions, positioning the triazolium headgroup near aromatic residues and embedding the
alkyl tail within hydrophobic patches, leading to modest increases in hydrodynamic size and

minor secondary structure rearrangements, without extensive denaturation.
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Figure 6. (a) Fluorescence excitation spectra of CHT (0.1 mg/mL) with IL3 (220 uM) at 33355 ier
and 405 nm at pH 6.5 in buffered medium. (b) Fluorescence anisotropy of CHT (0.1 mg/mL)
with IL1 and IL3 (220 uM) at 335 and 405 nm in buffered medium (at pH 6.5). Fluorescence
decay spectra of CHT (0.1 mg/mL, Aex = 280 nm) upon addition of IL3 (220 pM) at (c) 335 and

(d) 405 nm in buffered medium (at pH 6.5).

The origin of the new emission band at ~405 nm was probed using excitation, fluorescence
anisotropy, and lifetime measurements. The excitation spectrum of native CHT monitored at
335 nm displayed the expected maximum around 280 nm, characteristic of aromatic residues,
and remained essentially unchanged upon IL3 addition, indicating that the ground-state
absorption of Trp/Tyr residues was not significantly perturbed (Figure 6a). In sharp contrast,
when the emission was monitored at 405 nm in the presence of IL3, a distinctly different
excitation profile emerged with a maximum shifted toward 290-300 nm and significantly
higher intensity. This spectral separation clearly suggests that the 405 nm band does not
originate from conventional Trp fluorescence but rather from a new excited-state species.
Fluorescence anisotropy measurements provided further evidence (Figure 6b). Native CHT
exhibited an anisotropy of 0.2911 at 335 nm, consistent with localized Trp emission in a rigid
environment, which slightly increased to 0.3031 upon IL3 addition, reflecting reduced Trp
mobility due to binding. At 405 nm, native CHT displayed a much lower anisotropy of 0.1495,
indicative of depolarized emission from a flexible or delocalized excited state [26,27].
Strikingly, the anisotropy increased to 0.2108 for the CHT-IL3 system at 405 nm, suggesting
stabilization of this long-wavelength emissive species within the protein matrix [28,29]. By
contrast, IL1 addition caused negligible anisotropy change (0.2917 at 335 nm), underscoring
the unique role of IL3. Time-resolved fluorescence analysis reinforced these findings. The
average lifetime of native CHT at 335 nm was 2.18 ns, typical for Trp emission, and remained
nearly unchanged upon IL3 addition (2.05 ns), confirming that the intrinsic Trp excited state

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

was not perturbed (Figure 6c) [30]. In contrast, when monitored at 405 nm, native CHT
exhibited a much longer lifetime of 7.8 ns, consistent with emission from a secondary excited-
state species distinct from Trp. Remarkably, the lifetime of the 405 nm band increased to 13.5
ns in the CHT-IL3 system (Figure 6d), demonstrating that IL3 stabilizes this long-lived
emissive state. Taken together, the distinct excitation profile, enhanced anisotropy, and

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 5:10:04 AM.
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prolonged excited-state lifetime strongly support assignment of the 405 nm band to an
exciplex-type charge-transfer state formed between Trp residues (electron donor) and the
triazolium moiety of IL3 (electron acceptor) [31]. The branched alkyl chain of IL3 likely
promotes deeper insertion into hydrophobic protein pockets, positioning the triazolium
group in close proximity to Trp, enhancing donor-acceptor orbital overlap, and thereby
stabilizing the CT state. This close spatial arrangement accounts for the emergence, rigidity,
and long-lived nature of the prominent 405 nm emission.

10


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00755k

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 5:10:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

Catalytic Activity of CHT-IL Composite: Since the experimental evidence indicated imprdyed
stability of the CHT.IL1 composite compared to native CHT, we further investigated its effect
on catalytic efficiency. For a typical experiment, we used a pyrenylated tyrosine derivative
(Py-Tyr) in an aqueous medium and monitored the hydrolysis in the presence of CHT and the
CHT.IL1 composite (Figure 7a). The fluorescence spectrum of Py-Tyr displayed a broad
emission band with a maximum at ~472 nm. The addition of both CHT and CHT.IL1 resulted
in a time-dependent (0-18 min) quenching of fluorescence intensity (Figure 7b). When the
changes in fluorescence intensity at the 472 nm band were plotted against the incubation time,
a pseudo-first-order kinetic response was observed in both cases. The formation of the
expected hydrolysis product was further confirmed by LC-MS analysis, which revealed a
molecular ion corresponding to the cleaved derivative (Figure S10). Interestingly, CHT.IL1
showed a slightly improved hydrolysis rate compared to native CHT (Figure 7c). This
enhancement could be attributed to the ability of ionic liquid to create a more favorable
microenvironment, possibly improving substrate accessibility and maintaining an active
conformation of the catalytic site [32]. The IL may also facilitate more efficient solubilization
and orientation of the substrate, leading to faster turnover. Thus, the presence of IL1 not only
stabilized the secondary structure of the protein but also contributed to improved catalytic
activity. To further contextualize these results, we compared our observations with previously
reported studies employing imidazolium and phosphonium-based ionic liquids (ILs) for
similar proteolytic systems. Prior reports indicate that while imidazolium ILs enhance the
thermal stability of a-chymotrypsin through cation-n and hydrophobic interactions, they
frequently lead to partial rigidification of the catalytic domain and reduction in activity.
Similarly, phosphonium ILs have been shown to confer high thermostability but at the cost of
diminished catalytic turnover. In contrast, the ZILs designed in this work provide a balanced
electrostatic-hydrophobic microenvironment that preserves secondary structure and even
enhances catalytic efficiency. A detailed comparative summary of these systems is provided

in Table S2 (Supporting Information).
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Figure 7. (a) Schematic diagram shows enzymatic cleavage of PYR-TYR. (b) Changes in
fluorescence spectra of PYR-TYR (10 mM) with time upon addition of CHT.IL composite at
pH 7.4 in buffered medium. (c) Changes in fluorescence intensity of PYR-TYR at 472 nm upon
addition of CHT (0.1 mg/mL) with IL1 (220 pM) in buffered medium (at pH 7.4).

Computational Insights: Docking analysis revealed that IL1 localized near the catalytic triad
region of chymotrypsin, engaging in multiple stabilizing interactions (Figure 8a). Prominent
hydrogen bonds were observed with Tyr146 (2.3 A) and Ser195 (2.8 A), along with an
electrostatic contact with His57 (3.1 A). Several neighboring residues contributed to the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

stability of this binding mode: Asp194 added polarity near the oxyanion hole, Gly214-216
provided flexible loop contacts, and Leul43 and Phe41 flanked the hydrophobic face of the
alkyl chain. Additionally, Met192 and Gly193 formed a shallow groove, partially embedding

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 5:10:04 AM.
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the triazolium group, while Trp215 stabilized the IL via cation-mr interaction (~3.4 A),
consistent with the observed ~3.2-fold quenching and 10 nm red shift in Trp fluorescence [33].
The overall binding affinity was —6.7 kcal mol™, reflecting moderate but specific stabilization.
Importantly, this interaction network preserved the protein’s secondary structure and
enhanced catalytic efficiency: hydrolysis of the pyrenylated tyrosine substrate exhibited an
apparent rate constant of 0.041 min™ compared to 0.032 min™ for native CHT (~28%
improvement), indicating that IL1 provides an electrostatically balanced environment that
retains and even enhances enzymatic function.

In contrast, IL3 inserted more deeply into hydrophobic cavities, forming a broader network
of predominantly aromatic and nonpolar interactions (Figure 8b). Strong hydrophobic and n-
1 stacking contacts were observed with Phe39 (3.6 A), Phe41 (3.8 A), and Phe142, while Trp141
at ~3.5 A acted as an electron donor to the triazolium headgroup, directly contributing to
exciplex stabilization. The branched alkyl substituent was anchored by Leul43 and Met192,
while Thr151 and Pro152 added steric support that locked the ligand into place. Peripheral
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residues such as Asp35 and His40 modulated local polarity, whereas Gly193 &%1910@33@3@
Ser195 (3.1 A) provided weak hydrogen-bonding contacts. This extended hydrophobic-
aromatic cage accounted for the stronger binding affinity of —7.9 kcal mol™ and the
emergence of a distinct long-wavelength emissive species at 405 nm. Fluorescence anisotropy
increased from 0.1495 (native CHT) to 0.2108 (CHT-IL3) at 405 nm, and the excited-state
lifetime was prolonged from 7.8 ns to 13.5 ns, confirming stabilization of a long-lived charge-
transfer state between Trp and the triazolium ring [34]. Thus, while IL1 promotes catalytic
stability through electrostatic and hydrogen-bonding interactions, IL3 directs its effect toward
stabilization of an exciplex-type CT state by embedding into an aromatic-rich hydrophobic
pocket, illustrating how structural variation of the alkyl substituent drives divergent
functional modulation of chymotrypsin.

CHT-ILA1 cvs

CHT-ILA

GLY TYR, AsSP
G216 1pp B:146 G:194
G215

0D,
wE
&m

GLY
c:193

PHE
B39 [is1 GLY
PHE B:142

CHT-IL1 ot

CHT-IL3 PHE
Eal

Figure 8. (a) 3D-Binding interaction between CHT and IL1. And 2D interaction of CHT with
IL1, highlighting type of bond and non-covalent interactions. (b) 3D-Binding interaction
between CHT and IL3. And 2D interaction of CHT with IL3, highlighting type of bond and
non-covalent interactions

CONCLUSION

This work demonstrates how triazolium-appended zwitterionic ionic liquids (ZILs) stabilize
and modulate the properties of chymotrypsin (CHT), with their effects strongly dependent on
the nature of the alkyl substituents. IL1 primarily engaged through electrostatic and
hydrogen-bonding interactions, evident from a ~3.2-fold quenching of Trp emission at 332
nm accompanied by a ~10 nm red shift and hypochromic perturbations in UV-visible spectra.
The quenching efficiency decreased under high ionic strength (only ~1.25-fold quenching in
5 M NaC(l) and elevated temperature (1.43-fold at 50 °C), confirming the electrostatic and
conformation-dependent nature of IL1 binding. DLS and FT-IR analyses further indicated
modest structural reorganization without extensive denaturation. Notably, the CHT-IL1
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composite retained enzymatic function and showed a slight improvement in, gatal§itic s ir
efficiency, as reflected in a faster pseudo-first-order hydrolysis of a pyrenylated tyrosine
derivative compared to native CHT, highlighting the ability of IL1 to create a more favorable
microenvironment for substrate accessibility and turnover. Docking simulations supported
these findings, showing that IL1 stabilized CHT via hydrogen bonds with Tyr146 (2.3 A) and
Ser195 (2.8 A), and electrostatic contact with His57 (3.1 A), along with additional support from
nearby residues such as Asp194, Gly214-216, and Trp215, resulting in a binding affinity of

—6.7 kcal mol™.

In contrast, IL3 exhibited a strikingly different behavior. While the ground-state absorption of
aromatic residues was unaffected, fluorescence studies revealed a ~3.7-fold quenching at 332
nm accompanied by a pronounced new emission at ~405 nm. Excitation spectra, anisotropy,
and lifetime data established this as an exciplex-type charge-transfer (CT) state between Trp
residues and the triazolium ring of IL3. Anisotropy at 405 nm increased from 0.1495 (native
CHT) to 0.2108 with IL3, while the excited-state lifetime was prolonged from 7.8 ns to 13.5 ns,
confirming stabilization of a long-lived CT state facilitated by deeper insertion of the branched
alkyl chain into hydrophobic pockets. Docking revealed that IL3 was anchored predominantly
by hydrophobic and aromatic interactions with Phe39, Phe41, Phel42, Trp141, Leul43, and
Met192, with weaker hydrogen bonds from Gly193 (2.9 A) and Ser195 (3.1 A), yielding a
stronger binding affinity of —7.9 kcal mol™. Overall, IL1 confers electrostatic stabilization
while preserving and modestly enhancing catalytic activity, whereas IL3 stabilizes a unique
CT emissive state through hydrophobic insertion. These insights, combining spectroscopic,
kinetic, and docking evidence, reveal a clear structure-function relationship in IL-protein
interactions, guiding the rational design of ILs for simultaneous enzyme stabilization and
functional modulation.
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