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Bayan Alkhawaja,

*ab Faisal Al-Akayleh,

@ Saifeddin Daadoue,® Nour Alkhawaja,®

Ghayda AlDabet,© Jehad Nassereden,® Muna Bustami,® Nidal Qinna,?® Mayyas Al-
Remawi® and Andrew G. Watts®

Monoclonal antibodies (mAbs) are susceptible to physical and chemical instabilities, which compromise
their therapeutic efficacy and shelf life. This study investigates the potential of renewable choline-amino

acid-based ionic liquids (Ch-AA ILs), specifically choline valinate (CV) and choline glycinate (CG), to

enhance the stability of the aglycosylated IgGl antibody, Atezolizumab (Amab). Amab was formulated in
varying concentrations of the ionic liquids (ILs) and subjected to ambient, thermal (40-70 °C), and
chemical (urea) stress conditions. Stability was assessed using Dynamic Light Scattering (DLS) to measure
the hydrodynamic diameter (D,), UV-visible spectroscopy to determine the Aggregation Index (Al), and
Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) to analyse the

secondary structure. The results demonstrated that CV, particularly at a 30% w/w concentration, confers

superior colloidal stability to Amab compared to both CG and a conventional Tris—HCLl buffer. Under
significant thermal stress (70 °C for 24 hours), the 30% CV formulation maintained minimal aggregation

(Al = 17), whereas Amab in Tris buffer underwent extensive aggregation (Al > 160). However, an MTT
assay employed to assess the biological activity of the stabilised antibody yielded inconclusive results.
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The ILs themselves caused a pronounced, nonspecific increase in apparent cellular metabolic activity,

indicating that the assay is unsuitable for evaluating these formulations and may overestimate cell
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1 Introduction

The advent of monoclonal antibodies (mAbs) has created
a significant impact on the pharmaceutical field, becoming
fundamental and serving as a cornerstone in the treatment of
several diseases, including different malignancies, autoim-
mune disorders, and infectious diseases.* Their exquisite
specificity and targeted mechanisms of action have contributed
to the steep growth of their industry, with significant expansion
anticipated in the years to come.** Atezolizumab (Amab),
a humanised IgG1 monoclonal antibody targeting programmed
cell death ligand 1 (PD-L1), is an example of this class of ther-
apeutics. It functions as an immune checkpoint inhibitor,
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viability. This work highlights the significant promise of the green and renewable solvent CV as
a stabilising excipient, enhancing the colloidal and structural stability of mAbs.

restoring anti-cancer immunity by inhibiting PD-L1:PD-1 and
PD-L1:B7.1 interactions.>®

Belonging to biological drugs and being of proteinous
nature, mAbs are susceptible to various physical and chemical
instabilities. These vulnerabilities pose considerable challenges
to their formulation, long-term storage, and overall shelf life.”*
These instabilities present as conformational modifications,
including unfolding, colloidal aggregation, and chemical
degradation processes, such as oxidation and deamidation.”®
Ultimately, any form of degradation inresults to compromised
therapeutic effectiveness, increased immunogenicity, and
unsatisfactory product safety and efficacy of the product.®*® For
instance, Amab is an IgG1 antibody that lacks an oligosaccha-
ride associated with its Fc portion." This aglycosylation char-
acteristic makes such antibodies more susceptible to
aggregation and instability."”” Thus, this inherent vulnerability
highlights the critical need for stabilization approaches to
maintain the consistent effectiveness of therapeutic mono-
clonal antibodies.

Given the concerning stability issues in biopharmaceuticals,
the investigation of innovative excipients, environmentally
friendly systems and techniques has garnered considerable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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attention.” One of the most promising candidates is ionic
liquids (ILs),** which possess unique physicochemical proper-
ties such as low vapor pressure, high thermal stability, and great
versatility.’>'® In comparison to conventional organic solvents,
many ionic liquids (ILs) are often referred to as “green solvents”
due to their biocompatibility and biodegradability, which can
be derived from natural sources such as amino acids.*>"
Despite the promise of ILs as “green solvents,” their application
is associated with significant complexities. While ILs could
enhance the thermal stability of proteins by increasing their
melting temperature, they may also compromise conforma-
tional stability, potentially leading to protein unfolding and
aggregation, which is a major concern for drug safety and
efficacy.™

Furthermore, the biocompatibility of these compounds is
often misunderstood. At the same time, some natural-source
ILs show promise; many are cytotoxic, and their toxicity is
highly dependent on their specific chemical structure and
concentration.”® Therefore, the successful application of ILs is
not a one-size-fits-all solution but rather requires a case-by-case
analysis to identify the optimal IL and concentration that
balances the enhancement of thermal stability with the pres-
ervation of a protein's functional integrity." For example,
choline chloride-based ILs were utilised to stabilise immuno-
globulin G4 (IgG4) antibodies and found to reduce the protein
aggregation propensity.*

Choline-based ILs (Ch-ILs) and amino acid-based ILs (AA-
ILs) are distinguished as “third-generation ILs” due to their
non-toxicity and great potential for use in pharmaceutical and
biomedical applications, from drug delivery to protein stabili-
zation.?**! Previous research has already highlighted the posi-
tive impact of choline-based deep eutectic solvents and ILs on
improving the conformational and colloidal stability of IgG
antibodies.” However, a comprehensive understanding of how
the diverse amino acid anions within Ch-AA ILs, specifically
non-polar AA-ILs, influence the stability and, critically, the
biological activity of therapeutic mAbs, especially under various
stress conditions, remains an area requiring further rigorous
exploration. This knowledge gap is pivotal for the rational
design of next-generation biopharmaceutical formulations.

This research aims to prepare and characterize the choline-
amino acid-based ionic liquids choline valinate (CV) and
choline glycinate (CG) and use them to stabilize the aglycosy-
lated IgG1 antibody, namely, Amab. The study evaluated the
antibody's stability under ambient, thermal, and chemical
stress conditions, comparing the results with those obtained
using a conventional Tris-HCI] buffer. A key focus was to
understand how the amino acid's functional group influences
protein secondary and tertiary structures, thereby affecting
stability. Furthermore, the research verified the retention of
Amab's biological activity in the most promising formulations
after thermal stress. This work highlights the potential of these
ionic liquids to enhance antibody stability and informs the
rational design of future biopharmaceutical formulations with
improved stability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Materials

Choline chloride (ChCl) and potassium Hydroxide (KOH) pellets
were purchased from Tokyo Chemical Industry Co., Ltd (TCI,
Japan). t-Amino acids (valine and glycine) were purchased from
Sigma-Aldrich Chemical Company (USA). HPLC-grade ethanol
(EtOH) was purchased from VWR (USA). Atezolizumab (Tecen-
triq) was kindly given from Pharmaxo Scientific. Phosphate-
buffered saline (PBS) was obtained from EuroClone® (Nether-
lands). Trypsin/EDTA was purchased from Biowest® (USA) and
MTT was obtained from PhytoTech Labs (USA).

2.2 Ionic liquid synthesis

The ILs used in this study were synthesized following the
procedure outlined by phase 1 study.*** In summary, potas-
sium hydroxide was first dissolved in ethanol, after which
choline chloride was introduced into the solution. Immediately
following this, the amino acid was dissolved in the same
mixture. The reaction in eqn (1), between potassium hydroxide,
choline chloride, and the amino acid, was carried out at a molar
ratio of 1:1:1.05 and allowed to stir overnight. Subsequently,
the precipitated potassium chloride was removed by filtration,
and the water and ethanol were evaporated using a rotary
evaporator. The resulting IL was then washed with acetonitrile
to precipitate any residual unreacted amino acid, followed by
filtration and evaporation in a vacuum oven. The samples were
characterized by NMR (Fig. S1). The pH of the ILs were reported
in phase 1 study.

EtOH

R-CHNH,COOH + KOH + ChCl —2%, R-CHNH,COOCh
+KCL+H,0 (1)

2.3 Preparation of Amab-IL

Atezolizumab 1200 mg (Tecentriq) powder was reconstituted in
deionized water. The concentration of Amab was quantified
by measuring its absorbance at 280 nm using a Thermo Scien-
tific Multiskan™ Sky plate reader at room temperature.
Before formulation, Amab was buffer-exchanged into deionized
water using an ultra-centrifugal filter (10 k MWCO). IL formula-
tions of Amab were prepared by mixing varying ratios of IL (30%,
50%, 70%, and 80%) to achieve a final Amab concentration of
5 mg mL " (Table 1).

Table 1 The prepared ILs and their structure, ratios and codes

Structure Sample code  Composition
| 0] CV30 30% choline-valine IL
N _  CV50 50% choline-valine IL
HO™ >~ O  cvro 70% choline-valine IL
NH, CV80 80% choline-valine IL
| o) CG30 30% choline- glycine IL
N+ _ CG50 50% choline- glycine IL
HO "~ /)J\O CG70 70% choline- glycine IL
HoN CG80 80% choline- glycine IL
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Table 2 Average D, and PDI for IL formulations, after incubation for 7
days at RT

CV30 RT CV50 RT CV70 RT CV80 RT

D, PDI D, PDI D, PDI D, PDI
Day0 11 0.458 12.6  0.58 12.62 0.774 15.06 0.639
Day1 13 0.386 21.44 0.69 21.85 0.315 17.89 0.48
Day4 1429 1 49.49 0.4 50.61 0.382 15.27 0.349
Day7 12.91 0.483 11.2 0461 160.6 0.364 32.38 0.49
2.4 Stability

The colloidal and structural stability of Amab-IL formulations
containing 30%, 50%, 70%, and 80% of the IL was evaluated
using three analytical techniques: UV-visible spectroscopy,
dynamic light scattering (DLS), and attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR). A control
sample of Amab was prepared in Tris-HCI buffer and included
in all tests for comparison. Initial stability screening was con-
ducted at room temperature over a period of 7 days to identify
the most stable IL concentrations for further evaluation. Based
on the colloidal and conformational performance under

(A)
16
= CV30 RT day 0
14 == CV30 RT day 1
~ CV30 RT day 4
CV30 RT day 7
12
__10
X
© 84
B
=
[=} N
ge |
4 4
24
04 L8 > —
T T T T T
0.01 0.1 1 10 100 1000 10000
Size (d.nm)
(®))
14
= CV70 RT day 0
= CV70 RT day 1
12 4 = CV70 RT day 4
CV70 RT day 7
10 -
< 8-
@
€ o
°
>
44
i
24 I
'J.\‘
0+ : { .l» - —— =
0.01 0.1 1 10 100 1000 10000
Size (d.nm)

View Article Online

Paper

ambient conditions, selected formulations were subjected to
thermal and chemical stress. For thermal testing, formulations
were incubated at 40 °C, 50 °C, 60 °C, and 70 °C for defined time
points of 3 hours and 24 hours to simulate accelerated storage
conditions. To assess stability under chemical denaturation,
additional samples were incubated with 3.5 M and 7 M urea at
50 °C for 1 hour. After each condition, aliquots were withdrawn
and analyzed by DLS to determine hydrodynamic diameter (D)
and polydispersity index (PDI), UV-visible spectroscopy to
calculate the aggregation index (AI), and ATR-FTIR to evaluate
secondary structure changes.

2.4.1 Measuring hydrodynamic diameter using DLS.
Dynamic light scattering (DLS) was used to evaluate the
propensity of the protein to aggregate in ILs. Measurements
were taken using a Zetasizer Nano Series ZS (Malvern Instru-
ments, UK) equipped with a 633 nm laser. Detection was ach-
ieved via a non-invasive back-scattering configuration at a fixed
angle of 173°. Prior to measurement, 50 pL aliquots of each
sample were diluted with deionized water to a standardized
concentration of 0.5 mg mL . Particle size distributions were
determined through five replicate measurements, with each
replicate consisting of 15 acquisition cycles. Samples were
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Fig.1 Amab particle size distribution incubated in increasing ratio of CV ILs after incubation for 7 days at RT. (A) CV30, (B) CV50, (C) CV70 and (D)

Cv80.

5550 | RSC Adv, 2026, 16, 5548-5560

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08395h

Open Access Article. Published on 26 January 2026. Downloaded on 3/10/2026 6:15:09 AM.

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

(cc)

Paper

Table 3 Average D, and PDI for CG formulations, after incubation for 7
days at RT

CG30 RT CG50 RT CG70 RT CG80 RT

D, PDI D, PDI D, PDI D, PDI
Day0 11.92 0.603 10.42 0.484 11.76 0.339 12.11 0.462
Day1 11.09 0.142 1111 0.145 1215 0.157 12.11 0.248
Day4 13.29 0281 20.12 0.524 13.71 0.345 47.19 0.395
Day7 10.17 0228 11.57 0.567 13.33 0.351 44.59 0.439

equilibrated for 30 minutes at 25 °C to ensure thermal stability
prior to analysis. The D, and PDI were derived from the
measurements. The instrument employed cumulant analysis to
compute the z-average diffusion coefficient and the PDI, the
latter quantifying the extent of the size distribution. The D, was
computed from the diffusion coefficient (D) by applying the
Stokes-Einstein equation, which considers the dispersant
medium's viscosity and the calibration parameters specific to
the instrument utilized.

2.4.2 UV-visible spectroscopy. Amab-IL samples were
assessed for antibody aggregation by measuring their
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Fig. 3 Amab particle size distribution in incubated in Tris buffer after
incubation for 7 days at RT.

absorbance using a Thermo Scientific Multiskan™ Sky plate
reader. The samples were injected into a uDrop plate, and the
absorbance was measured within the 245 nm to 600 nm
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Fig.2 Amab particle size distribution incubated in increasing ratio of CG ILs after incubation for 7 days at RT. (A) CG30, (B) CG50, (C) CG70 and

(D) CG80.
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Table 4 Calculated Al for Amab formulations at RT

Zero-time RT 1 day RT 4 days RT 7 days RT
Tris buffer 10 10 16 15
CV30 17 14 16 17
CG30 27 32 40 44
CV50 17 16 22 23
CG50 33 37 51 58
CV70 19 26 26 27
CG70 36 40 49 57
CV80 19 24 19 25
CG80 39 43 56 60

wavelength spectrum. Samples were not subjected to any pre-
processing procedures before analysis. The Al was determined
using absorbance values at 280 nm and 340 nm, as indicated by
eqn (2).

A340

Al= (4280 — A340)

x 100 @)
2.4.3 Attenuated total reflectance - Fourier transform infrared
spectroscopy (ATR - FTIR)

2.4.3.1 Freeze drying. The antibodies were dried using

a Labconco FreeZone Benchtop Freeze Dryer (Labconco Co.,
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Missouri, United States). The antibody samples were first stored
in a —90 °C freezer overnight until frozen, then transferred to
the freeze dryer. Freeze drying was carried out using a temper-
ature of —50 °C and a vacuum pressure of 0 torr. Freeze-dried
samples were then stored in a tightly sealed container at 4 °C.

ATR-FTIR spectra for both the freeze-dried and in-solution
antibodies (reconstituted in 10 pL D,0O) were acquired using
a PerkinElmer UATR Spectrum II (PerkinElmer, Massachusetts,
United States) infrared spectrometer. Spectra were acquired in
Absorbance mode across a wavenumber range of 4000 cm ™'~
500 cm ™' using a resolution of 2 cm ™" and 32 scans per sample.
The acquired spectra were then exported in comma-separated
values (CSV). The CSV data was then imported into the Spec-
trogryph Spectroscopy Suite version 1.21.

2.5 Cell activity assay

EMT6/P cells (CRL-2755, ATCC) were maintained in high-
glucose Dulbecco's Modified Eagle Medium (DMEM; Eurocl-
one, Netherlands) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Cytiva), 1% penicillin-streptomycin,
1% r-glutamine, and 1% non-essential amino acids. A 96-well
plate was seeded with 1 x 10° cells per well and incubated
under standard culture conditions (5% CO,, 95% humidity, 37 °
C) for 24 hours. Following incubation, cells were treated with
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Fig. 4 UV-visible absorbance spectra of Amab IL formulations incubated at RT. (A) CV30 (B) CV50 (C) CV70 (D) CV80.
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Fig. 5 UV-visible absorbance spectra of Amab IL formulations incubated at RT. (A) CG30 (B) CG50 (C) CG70 (D) CG80.
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Fig.6 UV-visible absorbance spectra of Amab in Tris buffer incubated
at RT.

100 puL of Amab antibody to determine its ICs,. After 48 hours of
exposure, cell activity was assessed using the MTT assay, as
described by Alkhawaja et al.** (Fig. S2). Upon confirmation of
the ICs, value for the Amab, control antibody, the assay was

© 2026 The Author(s). Published by the Royal Society of Chemistry

repeated using the various prepared formulations. The cell
activity of the untreated control group was defined as 100% and
used as a reference for calculating the relative absorbance of the
treated samples.

3 Results
3.1 Study design

Previously, our group employed AA-ILs to stabilize therapeutic
antibodies, where non-polar ILs (AA-ILs) were found optimal in
maintaining the structural and colloidal stability of therapeutic
antibodies (phase 1).* This study aims to expand upon our
prior findings and address the gap in understanding the
optimal conditions and their effects on the thermal and
chemical stability of therapeutic antibodies (phase 2).

The design of this work is to utilize valine and glycine-based
ILs as non-polar amino acids and explore various ratios with
antibodies to find the optimum ratio and subsequently utilize
the optimum ratio in thermal and chemical stability studies
using DLS and VIS-UV spectroscopy as colloidal stability indi-
cators. Following this, a selected group of samples was tested
using FTIR to assess their secondary structure and their bio-
logical activity using the MMT assay.

RSC Adv, 2026, 16, 5548-5560 | 5553
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Table 5 Average D, and PDI for CV formulations, after incubation at Table 6 Calculated Al for Amab formulations at increasing
increasing temperatures temperatures
CV30 40 °C CV30 50 °C CV30 60 °C CV30 70 °C 40 °C 50 °C 60 °C 70 °C
D, PDI D, PDI D, PDI D, PDI 3h 24 h 3h 24 h 3h 24 h 3h 24 h
3h 15.5 0.589 16.2 0.411 31.83 0.262 40.02 0.313 CV30 15 15 18 16 12 13 14 16
24h 5537 0.656 32.24 0.578 36.32 0.905 339.3 0.95 CV50 21 22 16 17 15 18 19 25
Tris buffer 15 12 14 14 24 49 48 161
CV50 40°C CV50 50°C CV50 60°C CV50 70°C
3h 51.32 0.522 61.24 0.323 22.4 0.352 21.4 0.744
24h 89.97 0.732 48.09 0.538 28.3 0.745 421.3 0.358
0, 0, i i
Tris buffer Tris buffer Tris buffer Tris buffer PD.I. At room tempe'frature, CV at 30% and 50% W/VY maintained
40°C 50°C 60°C 70°C D, in the monomeric range (~10-14 nm) over a period of 7 days,
3h 1031 1 10.7  0.899 9.77  0.851 1701 0.996 with moderate PDI values (<0.5), indicating colloidal stability.
24h 7.146 0.558 10.87 0.813 12.49 0.956 973.7 0.618

3.2 Colloidal stability assessment

3.2.1 Stability at room temperature using various ratios of
IL. Four formulations of increasing ratios of IL were prepared,
ranging from 30% to 80%. The colloidal behavior of Amab-IL
was evaluated using DLS, providing insight into the D, and

Notably, CV50 exhibited a decrease in size from 21.4 nm on day
1 to 11.2 nm by day 7 (PDI = 0.461), suggesting a possible
reorganisation toward a monomeric state. Size exclusion chro-
matography, SDS-PAGE and other techniques are usually used
to understand the change in hydrodynamic diameter and
confirm the formation of monomers or other lower molecular
weight species.?” Previously, in the phase 1 study, SDS PAGE
experiment confirmed that monomers are the main observed
species.”*
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Fig. 8 UV-visible absorbance spectra of Amab formulations at increasing temperatures. (A) CV30 (B) CV50 (C) Tris buffer.

In contrast, higher concentrations of CV (70% and 80%) led
to a sharp increase in size (up to 160.6 nm), indicating the
formation of aggregates (Table 2, Fig. 1).

At RT, CG ILs showed favorable outcomes. The initial
particle sizes (day 0) ranged from 10.4-12 nm across concen-
trations, with only minor increases observed over time, except
for 80% w/w formulations, where sizes exceeded 50 nm by day 7.
These increases coincided with PDIs near or above 0.5, sug-
gesting increased polydispersity and aggregate formation (Table
3 and Fig. 2). It is worth noting that Amab in Tris buffer showed
results comparable to CV30 IL, with D, increasing over time
(Fig. 3).

The Al, derived from UV-visible spectrophotometric data,
was used to enhance the assessment of colloidal stability and
identify subtle conformational changes. An Al value below 10
usually indicates low aggregation.>**® At room temperature, Al
values for Amab in CV formulations were lower than those for
CG, resulting in significantly lower aggregation. In particular,
the Al values for CV30 remained below 17 for 7 days, indicating
minimal increment of aggregation over time and consistent
with stable DLS profiles. In contrast, the values for CG formu-
lations increased significantly over time, especially at higher

© 2026 The Author(s). Published by the Royal Society of Chemistry

concentrations (50-80%), where the values surpassed 50 by day
4, indicating progressive aggregation (Table 4 and Fig. 4-6).

UV-visible spectroscopy enables the inference of conforma-
tional changes in proteins and the influence of ILs media on the
tertiary structures of Amab, as evidenced by variations in An,.x (2
peak at around 280 nm attributable to the response of aromatic
residues). Shifts in A, may indicate protein unfolding or
aggregation, resulting from changes in the microenvironments
of the aromatic amino acids. To this end, Amab prepared in Tris
buffer did not affect Anax when incubated at RT for 7 days.
Interestingly, the incubation with CV formations (30-80%) at
RT did not cause any changes in the Ay, In contrast, CG
formations (30-80%) exhibited a hypsochromic shift, particu-
larly after 7 days of incubation at RT (Fig. 4-6).

3.2.2 Thermal stability. Under thermal stress, CV30
formulation demonstrated superior stability, with D, main-
tained below 17.7 nm and PDIs =0.589 after 3-24 h at 40-50 °C.
Even at 60 °C and 70 °C, the size increase remained modest
compared to Tris buffer (Fig. S3), in which the diameter
increased sharply at =60 °C (up to 161 nm at 70 °C, 24 h),
accompanied by a significant increase in polydispersity.

The standard melting temperature of IgG antibodies ranges
between 60 and 70 °C, which explains the observed sharp

RSC Adv, 2026, 16, 5548-5560 | 5555
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increase in the D, at 70 °C Amab in Tris buffer. This observation
is consistent with prior studies reporting the thermally induced
aggregation of IgG in aqueous buffer."” Thereby reinforcing the
protective efficacy of CV ILs, especially at high temperature (70 °
C), with a plausible increase in the melting temperature as
previously observed** (Table 5 and Fig. 7).

According to Table 6, the AI value of Tris buffer samples
displayed a significant increase in AI at 60 °C and 70 °C (Al =
48.98 and 161.4, respectively, at 24 h), indicative of conforma-
tional destabilisation and aggregate formation.” On the other
hand, the CV30 formulation maintained AI values at or below
17, even after 24 hours at 70 °C, whereas the CV50 showed an

5556 | RSC Adv, 2026, 16, 5548-5560

increase (Al = 24.9), relatively low comparing with tris buffer
(161), indicating that it retained its structural integrity under
stress. This finding aligns with recent studies demonstrating
the thermal resilience of IgG1 antibodies in CV ionic liquids,
likely attributed to favourable hydrogen bonding and van der
Waals interactions that enhance protein stability.>*>*

The incubation with CV formations (30 and 50%) at
increasing temperature did not cause any notable changes in
the Anax In contrast, samples prepared in Tris buffer and sub-
jected to thermal stress exhibited minor divergence in Ay, with
a profound hypsochromic effect observed at 70 °C for 24 hours

(—6) (Fig. 8).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Peak positions of the antibody samples relative to the Amab
control sample (fresh sample)

OH stretching C=0O0 stretching NH bending
Sample (amide A) (amide I) (amide II)
CTRL 3391 cm™* 1638 cm ™" 1566 cm ™"
CV30 50 3403 cm™* 1637 cm ! 1568 cm "
CV50 50 3391 cm ™t 1612 cm ™! 1568 cm !
Tris 50 3401 cm ™! 1637 cm ™" 1539 cm ™!
CV30 RT 3404 cm ™t 1637 cm ™! 1568 cm ™!
CV50 RT 3401 cm™* 1615 cm ™ * 1568 cm ™"
CV30 4 3370 cm ™t 1639 cm ™! 1566 cm ™!
CV50 4 3393 cm™* 1615 cm™* 1568 cm ™"

Table 8 Average D, and PDI for CV formulations, after incubation with
urea

3.5 M urea 50 °C 7 M urea 50 °C

D, PDI D, PDI
CV30 20.1 0.882 17.13 1.00
CV50 28.26 0.859 18.44 1

Tris buffer 11.24 0.83 10.09 0.52

Table 9 Calculated Al for Amab formulations in the presence of urea

3.5 M urea 50 °C 7 M urea 50 °C

CV30 12 12
CV50 12 14
Tris buffer 11 10

3.3 Attenuated total reflectance - Fourier transform infrared
spectroscopy

Fig. 9 shows the FTIR spectra of the freeze-dried antibodies
following reconstitution in D,O. The room temperature
samples (Fig. 9A) were plotted after 24 hours and 4 days against
fresh Amab as a control (CTRL), while the samples incubated at
50 °C are plotted against the CTRL sample, as well as the sample
incubated in Tris buffer, which was similarly held at 50 °C.

Peaks characteristic of Amab were identified as the peak at
3391 ecm ', likely representing N-H stretching. The peak at
1638 cm !, likely representing C=0 stretching, and the peak at
1566 cm ', likely representing NH bending. In a secondary
protein structure, the aforementioned peaks are usually asso-
ciated with amide A, amide I, and amide II, respectively.>** The
amide I peak in particular is commonly used to monitor
changes in protein secondary structure, and is used to monitor
changes in B-sheets as a result of protein unfolding and
denaturing.*>*>

Observing the changes in the spectrum of Amab incubated
in Tris buffer at 50 °C, the amide A peak was seen shifted to
3401 cm ', likely a result of hydrogen bonding with the Tris
buffer. The amide II peak exhibited a significant (greater than

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Cytotoxicity assay (MTT) results using EMT6 cells. EMT6 cells
were incubated with various Amab formulations (left at RT) for 4 and 7
days. Statistical difference in comparison to Amab control with *: p <
0.05, **: p < 0.01, ***: p < 0.001. Data represented as mean + SEM (n =
4). Amab control: a fresh Amab sample.
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Fig. 11 Cytotoxicity assay (MTT) results using EMT6 cells. EMT6 cells
were incubated with various Amab formulations (subjected to thermal
stress) for 48 h *, **, ***: statistical difference in comparison to Amab
control with a p-value <0.05, <0.01, <0.001. The data represent the
mean + SD (n = 4). Amab control: a fresh Amab sample referred to as
Amab.

the 2 cm ' scan resolution) shift to 1539 cm ', while no
significant shift in the amide I peak. The observed shifting
suggests both secondary and tertiary structure modifications,
likely a result of Amab denaturing at 50 °C. The CV50 sample
incubated at 50 °C exhibited shifting in the amide A, likely
a result of hydrogen bonding, and another significant shift in
the amide I peak, which was seen at 1612 cm ', with no
significant shift in the amide II peak, which is indicative of
changes in Amab secondary structure. Similar changes were
seen in the FTIR spectra of CV50 samples incubated at room
temperature for 24 hours and 4 days, with the amide I peak seen
shifted to 1615 cm ™" in both samples, suggesting changes to
Amab secondary structure (Table 7).

Inversely, samples incubated in CV30 were found to be
largely stable; the sample incubated at 50 °C exhibited a shift in
amide A peak (3403 cm '), likely a result of hydrogen bonding
with the ionic liquid. No significant shifts, however, were seen

RSC Adv, 2026, 16, 5548-5560 | 5557
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Fig. 14 Cytotoxicity assay (MTT) results using EMT6 cells. EMT6 cells
were incubated with IL formulations for 48 h.

in the amide I and amide II peaks, both being observed
unshifted at 1637 ecm ™" and 1568 cm ', respectively. Similar
results were observed in the samples incubated at room
temperature for 24 hours and 4 days, with no significant shifts
seen in either the amide I or amide II peaks.

5558 | RSC Adv, 2026, 16, 5548-5560

The observed results corroborate the findings revealed by
DLS and UV spectroscopy, which suggest that IL CV30 has the
highest potential of stabilizing Amab.

3.4 Impact of urea-induced stress on Amab stability

Following the identification of CV30 and CV50 as the optimum
formulas, we tend to evaluate their ability to reduce chemical
denaturation. To this end, following 1 hour of exposure to urea
at 50 °C, Amab in CV formulations showed a slight loss in
colloidal stability. In the presence of 3.5 M urea, the D,
increased to 20.1 nm in CV30 and 28.26 nm in CV50, with PDI
values of 0.882 and 0.859, respectively. Under 7 M urea, the
particle size decreased slightly to 17.13 nm and 18.44 nm in
CV30 and CV30, but the PDI reached 1.00 in both, indicating
a highly polydisperse and aggregated system. In comparison,
Tris buffer maintained a more stable colloidal profile. The D,
remained close to 11.24 nm at 3.5 M and 10.09 nm at 7 M, with
lower PDI values of 0.83 and 0.52, respectively. This suggests
that CV formulation can maintain colloidal stability in the
presence of chemical denaturants, such as urea, up to a defined
limit without completely preventing it (Table 8 and Fig. S4).
CV30 showed an AI of 12.00 at both urea concentrations,
while CV50 increased slightly from 12.00 to 14.00. Tris buffer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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maintained lower values of 11.00 and 10.00 at 3.5 M and 7 M,
respectively (Table 9 and Fig. S5).

3.5 Cell activity assay

A cytotoxicity assay was conducted to evaluate the biological
activity of Amab formulations and to assess the effects of
temperature fluctuations and variations in the antibody-to-IL
ratio on Amab stability. Cells treated with Amab demon-
strated a significant reduction in activity. Conversely, cells
exposed to alternative formulations showed a diminished Amab
inhibitory effect, as evidenced by elevated cell activity. Such
a result aligned with the findings from phase 1 of this project,
wherein CV was identified as the optimal formulation for
maintaining Amab's structural stability with minimal observed
aggregation or degradation; however, it continued to exhibit
comparatively lower inhibitory activity than Amab alone.*

Formulations containing 50% CV retained higher Amab
activity compared to the 30% formulation, regardless of incu-
bation time (Fig. 10). However, this observation could be an
assay artefact as the cell activity of the 30% CV was exceeding
100%

In contrast, when incubated for 24 hours at two different
temperatures (25 °C and 50 °C), both valine concentrations
exhibited similar activity levels. However, cell activity was
notably higher at 50 °C, suggesting a loss of Amab stability
(Fig. 11). Tris buffer exhibited a relatively similar stabilising
effect to that of high valine concentration (50%), regardless of
the temperature variation (Fig. 12).

In Fig. 13, it is observed that treatment with a high
concentration of urea (7 M) leads to a significant increase in the
apparent metabolic activity of the cells. This effect is potentially
attributed to the impact of urea on the mitochondrial
activity,*** which in turn affects how much MTT is reduced by
viable cells. Moreover, valine appears to attenuate the increase
in apparent metabolic activity induced by urea in a dose-
dependent manner, possibly by interfering with urea's
reducing capacity or stabilising Amab against chemical
interference.*

Unexpectedly, treatment with the IL alone, irrespective of
concentration, led to a pronounced increase in cellular activity,
which may be attributed to non-specific interactions between
the ionic liquid and the MTT reagent or cellular components,
potentially resulting in an overestimation of metabolic activity.
This was further confirmed when the cells were incubated with
IL samples alone (Fig. 14). Consequently, the MTT assay may
not be a suitable method for evaluating IL-based formulations.
These findings warrant further investigation to confirm the
stability and biological activity of the Amab-IL formulation.

4 Conclusion

This research successfully demonstrated choline valinate (CV)
could be used as formulation for enhancing the thermal
stability of the therapeutic monoclonal antibody, Atezolizumab.
The study established that the role of the chemical nature of the
amino acid anion, with the valinate anion providing markedly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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superior protection against thermal aggregation and a possible
increase in the melting temperature compared to the glycinate
anion and a standard Tris buffer. Formulations containing 30%
choline valinate were robust, preserving the monomeric state
and structural integrity of the antibody even under severe heat
stress, likely due to favourable protein-solvent interactions that
shield vulnerable regions of the protein from unfolding. While
the ILs successfully mitigated thermal degradation, they were
less effective at preventing colloidal instability induced by urea-
mediated chemical denaturation, suggesting the addition of
excipients in future work. A major limitation of this work,
however, was the inability to definitively confirm the preserva-
tion of the antibody's biological function. The MTT cytotoxicity
assay, chosen for this purpose, proved to be incompatible with
the ionic liquid formulations, with an observed significant and
artifactual increase in apparent cell activity. This finding
renders the biological activity data inconclusive and under-
scores a critical challenge in the development of IL-based bi-
otherapeutics. Future research must prioritise performing
orthogonal MTT assays, such as real-time viability assays, ATP
assays, or cell membrane integrity assays, that are not suscep-
tible to such interference. Additionally, reporter gene assays or
direct binding assays could effectively demonstrate biological
activity. Successfully addressing this step is essential to fully
realise the potential of these promising and versatile excipients
in the development of next-generation biopharmaceutical
formulations with enhanced stability and shelf-life.
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