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Introduction

In recent years,

significant progress and technological
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Biocompatible glycolipid derived from bhilawanol
as an antibiofilm agent and a promising platform
for drug delivery+t

Tohira Banoo,? Abhijit Ghosh,” Priyasha Mishra, (D}
Sanhita Roy® and Subbiah Nagarajan ®

Stimuli-responsive smart materials for biomedical applications have gained significant attention because of
their potential for selectivity and sensitivity in biological systems. Even though ample stimuli-responsive
materials are available, the use of traditional Ayurvedic compounds in the fabrication of pharmaceuticals is
limited. Among various materials, gels are one of the essential classes because of their molecular-level
tunability with little effort from the environment. In this study, we report a simple synthesis method for
multifunctional glycolipids using a starting material derived from biologically significant natural molecules
and carbohydrates in good yields. The synthesized glycolipids were prone to form a hydrogel by creating a
3D fibrous architecture. The mechanism of bottom-up assembly involving the molecular-level interaction
was studied in detail using SEM, XRD, FTIR, and NMR spectroscopy. The stability, processability, and
thixotropic behavior of the hydrogel were investigated through rheological measurements, and it was
identified to be more suitable for biomedical applications. To evaluate the potential application of the self-
assembled hydrogel in the field of medicine, we encapsulated a natural drug, curcumin, into a gel and
studied its pH as a stimuli-responsive release profile. Interestingly, the encapsulated drug was released both
in acidic and basic pH levels at a different rate, as identified using UV-vis spectroscopy. It is worth
mentioning that the gelator used for fabricating smart soft materials displays significant potential in
selectively compacting the biofilm formed by Streptococcus pneumoniae. We believe that the reported
multifunctional hydrogel derived from bhilawanol-based glycolipid holds great promise in medicine.

targeted delivery profile. The smart DDS does not release the
drug before reaching the specific targeted organ or cell and
only releases it in a specific manner in response to external

advancement have been achieved in developing drug delivery
systems that aim to enhance the therapeutic effect with
higher efficiency and target drug delivery." Conventional drug
delivery systems, however, follow a non-specific distribution
path in living systems and pose adverse side effects, including
toxicity in healthy tissues and development of multi-drug
resistance.” To overcome these limitations and decrease the
exposure of healthy organs and cells to the drug dose, an
advanced and smart stimuli-responsive drug delivery system
(DDS) has been developed to achieve a controlled and
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stimuli.>* Thus, smart DDS are considered fascinating
interventions for various diseases owing to their lower drug
concentrations, minimum drug toxicity, and better
therapeutic efficiency.” In this work, we synthesized a low
molecular weight gelator-based pH stimuli-responsive drug
delivery system from carbohydrates and a molecule
represented in a traditional system of medicines. pH trigger
is one of the important stimuli among the different stimuli-
responsive DDSs, as in living systems, different parts have
different pH values, which provides a great scope for pH-
stimulated drug delivery systems. Carbohydrates are versatile
compounds displaying a broad range of applications in food,
pharmaceuticals, cosmetics, and other sectors owing to their
non-toxic, biodegradable, and biocompatible properties. The
growing interest in carbohydrate research stems from their
critical role in biological systems, such as glycoproteins found
in the extracellular matrix, which are involved in signalling
pathways, cell-cell interactions, and cell-matrix interactions.
By considering the increasing demand for glycoconjugates in
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biological applications, this study focuses on gluconamide-
based amphiphiles derived from renewable resources such as
o-gluconolactone and bhilawanol. In particular,
glycoconjugates are one of the most essential drug delivery
systems (DDSs) utilized for many years, and they have gained
significant importance over time.®® It is worth mentioning
that gluconamide-based amphiphiles wused for the
construction of stimuli-responsive drug delivery systems have
been evaluated for their cytotoxic behaviour as well. We
further explored the antibacterial properties by considering
most health issues caused by different bacteria, ranging from
minor health risks to major ones in animals and plants.’

The formation of valuable chemical commodities using
renewable resources is a topic of great interest."” Our
research aims to develop building blocks from natural
resources to generate soft nanomaterials such as hydrogels,
organogels, and surfactants.'’ In the present investigation,
we generated a series of amphiphiles from biologically
relevant molecules such as bhilawanol and glucono-d-lactone.
Bhilawanol is a natural phenolic compound found in
Semecarpus anacardium, a plant well-known for its
antimicrobial, antidiabetic, and anti-arthritic properties in
the Ayurvedic and Siddha systems of medicine."””™* Glucono-
o-lactone is one of the important naturally occurring
carbohydrates, widely used in food additives as a sequestrant,
acidifier, or a curing, pickling, or leavening agent.">™” In
addition, carbohydrates are widely used for biological
applications owing to their superior properties such as
biodegradability, nontoxicity, renewability, and abundant
availability."®'® The judicious conjugation of glucono-é-
lactone with bhilawanol furnished a bio-based building
block, which, upon molecular self-assembly utilizing various
intermolecular interactions, generated a hydrogel.”**' It is
worth mentioning that molecular self-assembly is a powerful
tool to develop highly functional and molecularly defined
materials. Among the various assembled materials, hydrogels
are one of the important types and possess a wide range of
applications in pharmaceuticals and medicine, including
medical implants, drug delivery systems, drug formulations,
and tissue engineering.>> To date, the synthesis of glycolipid
from bhilawanol, otherwise called urushiol, is not known in
the literature. Nevertheless, the design strategy is based on
the significance of glycolipid derived from cardanol.*® Unlike
polymers, small amphiphilic molecules self-assemble
simultaneously into a complex structure without the
involvement of any external energy.”* The forces that direct
the molecular self-assembly are noncovalent
interactions such as hydrogen bonds, van der Waal forces,
and m-n stacking.”® These forces are tunable by external
stimuli such as temperature, pressure, pH, receptors, and
interactive and instructive species.>® Several research reports
have documented the fabrication of gels from carbohydrates,
displaying promising applications in tissue engineering,
biomedical applications, semiconductor devices, sensors,
etc.””*® However, in this report, we developed a simple
strategy for the synthesis of glycolipid by conjugation of

weak
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bhilawanol with glucono-d-lactone in good yield. The bottom-
up assembly of bhilawanol glycolipid in various solvents led
to gel formation, utilizing intermolecular interactions such as
H-bonding, n-m interaction, and van der Waals forces.
Interestingly, the biologically significant supramolecular
hydrogel derived from bhilawanol glycolipid encapsulated a
natural drug, curcumin, and displayed pH-responsive release
profile. Antibacterial and cytotoxicity studies revealed the
promise of using bhilawanol glycolipid in the field of drug
delivery and biology.

Experimental section

Materials and general methods

All the required chemicals and solvents used for the
synthesis of bhilawanol glycolipids were purchased from
Sigma-Aldrich, TCI Chemicals, Alfa Aesar, Avra, SRL, and
Spectrochem, and were used as such without further
purification. Bhilawanol was extracted from Semecarpus
anacardium seeds. LR-grade solvents were purchased and
used for column chromatography and the required
purification processes of the compounds. AR-grade solvents
were used for gelation studies. The pre-coated Merck silica
gel plates were used to monitor the reaction progress by thin-
layer chromatography (TLC) and the spots were visualized
using any one or a combination of the following visualizing
agents such as UV detection, KMnO,, p-anisaldehyde, H,SO,
spray, or molecular iodine.

'H and "*C NMR spectra for bhilawanol glycolipids and all
other starting materials were recorded on a Bruker Avance
400 MHz instrument in either CDCIl; or CDCI; with a few
drops of DMSO-dg or DMSO-ds at room temperature. TMS
was used as an internal standard; chemical shifts (J) are
reported in parts per million (ppm) with respect to the
internal standard. TMS and coupling constants (/) are given
in Hz. Proton multiplicity is assigned using the following
abbreviations: singlet (s), doublet (d), triplet (t), quartet (q),
and multiplet (m). Electrospray ionization mass spectra (ESI-
MS) were recorded in the positive mode with a Thermo
Fisher LCQ Advantage Max. Instrument by dissolving the
solid sample in acetonitrile or methanol.

The gelation ability of bhilawanol glycolipids was
identified by the “stable to inversion method” in a broad
range of organic solvents, water, and vegetable oils. To
evaluate the gelation ability, the appropriate amount of
gelator and solvent/oil was taken in a vial and sealed. Upon
heating the vial, a complete dissolution of the gelator
occurred, and the solution became homogeneous. The
homogeneous solution was cooled to room temperature, and
gelation was observed. In the end, the vial was inverted and
investigated; the stage of no gravitational flow in the inverted
vial denotes the gelation, “G.” Instead, if it remains in
solution, it is referred to as “S”; if it remains as a precipitate,
it is indicated as precipitation, “P” and if the gelator does not
dissolve upon heating, it is referred to as insoluble (I).

This journal is © The Royal Society of Chemistry 2025
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The morphology of the gel obtained from bhilawanol
glycolipids was obtained by optical microscopy and scanning
electron microscopy (SEM) using a Carl Zeiss AXIO ScopeAl
fluorescent/phase contrast microscope. The xerogel obtained
was subjected to X-ray measurement using an Xpert-PRO
Diffractometer system. UV/vis spectra were recorded on a
Thermo Scientific Evolution 220 UV/visible spectrophotometer.
The spectra were recorded in the constant mode between 200
and 700 nm, with a wavelength increment of 1 nm and a
bandwidth of 1 nm. Infrared (IR) spectra were recorded in the
range of 400-4000 cm ™' using KBr in a PerkinElmer spectrum
100 spectrophotometer. The visco-elastic characteristics of the
gel prepared from bhilawanol glycolipids were investigated by
carrying out rheological measurements at 23 °C using a stress-
controlled rheometer (Anton Paar Modular Compact Rheometer
302) with a 25 mm diameter steel-coated parallel-plate
geometry. Rheological measurements for the gel were recorded
by placing the gel sample over the parallel plate with 1 mm gap
between the plates and subsequently trimming the excess gel.

Cytotoxicity studies

Human corneal epithelial cells (HCEC) were seeded in 96
well-plates in DMEM-F12 (Lonza, Walkersville, MD) media
supplemented with 10% fetal bovine serum (FBS; Lonza,
Walkersville, MD), 4 ug mL™" insulin (HiMedia Laboratory,
Maharashtra, India) and 20 ng mL™' of EGF. To test the
cytotoxicity, different concentrations of compound 4b were
added to the cells and incubated for 6 h and 24 h at 37 °C in
a 5% CO, incubator. The culture media was aspirated, and
the wells were washed with sterile 1x PBS to remove the non-
adherent cells. 100 uL of 5 mg mL™" MTT solution was added
to the wells. The plates were incubated further at 37 °C in a
5% CO, incubator for 2 h. The media was removed, 200 pL of
DMSO was added and mixed properly, and absorbance was
recorded at 595 nm.

Anti-microbial study

Compound 4b was dissolved in DMSO at a 20 mg mL™"
concentration. The pathogen was grown in the media (Luria
Bertini broth for P. aeruginosa and E. coli; and Todd Hewitt
broth for S. pneumoniae to log phase) and then centrifuged at
10000 rpm for 10 min. It was then resuspended in the
respective growth media to get the desired concentrations.
The pathogen was incubated with different concentrations of
4b (100, 250, 500, and 1000 pg mL ™) for 24 h. The growth of
the pathogen was determined by recording the absorbance at
600 nm. For the determination of biofilm formation, the
culture supernatant was gently removed, and the wells were
washed with distilled water to remove any trace of the culture
media or the non-adherent pathogen. The biofilm was fixed
with 95% methanol for 10 min. After removing methanol, the
wells were air dried, and then the biofilm was stained with
0.5% crystal violet for 15 min. The crystal violet was removed,
washed with distilled water, 30% acetic acid was added to
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the wells, incubated for 10 min to dissolve the crystal violet
stain, and absorbance was recorded at 595 nm.

Curcumin encapsulation into hydrogel and release studies

5 mg of curcumin is added into the hydrogel (CGC: 1.0% wt/
v), followed by heating to get a clear yellow solution, and
cooled to room temperature. The formation of the composite
gel was confirmed by observing no gravitational flow upon
test tube inversion. pH-responsive drug release studies were
performed in acidic, basic and neutral pH levels. To the
composite hydrogel derived from 4b, 10 mL of acidic buffer
(pH = 4) was added, and 1 mL of aliquots were retrieved at
different intervals. The concentration of curcumin drug
release was monitored by UV-vis spectroscopy by diluting 1.0
mL of the retrieved aliquot to 2.0 mL using double distilled
water. The same procedure was applied for basic and neutral
pH levels.

Synthesis

The synthesis of bhilawanol glycolipid consists of three steps:
converting bhilawanol to an ester (2), then to a hydrazide (3a,
3b), and finally to bhilawanol glycolipid (4a and 4b).

Synthesis of compound 2

To a stirred solution of bhilawanol (1.0 mmol, 1) in acetone,
2 mmol of methyl bromoacetate was added in the presence
of anhydrous potassium carbonate (3 mmol) and refluxed for
24 h. After confirming the completion of the reaction using
TLC, the reaction was stopped, cooled to room temperature,
and extracted using ethyl acetate. The desired product was
isolated by concentrating the extract using a rotary
evaporator.

Isolated as a golden brown viscous liquid; yield = 93% 'H
NMR (400 MHz, CDCl;) 6 6.86 (t, J = 7.9 Hz, 1H), 6.75 (d, J =
7.7 Hz, 1H), 6.58 (d, J = 8.1 Hz, 1H), 5.30-5.24 (m, 3H), 4.64
(s, 2H), 4.56 (s, 2H), 2.70-2.59 (m, 3H), 1.96-1.89 (m, 4H),
1.50 (t, ] = 7.2 Hz, 2H), 1.32-1.18 (m, 16H), 0.85-0.78 (m, 3H).
BC NMR (100 MHz, CDCl3) 6 173.35, 172.93, 143.24, 129.99,
129.68, 127.89, 121.82, 119.74, 112.70, 68.96, 62.13, 29.79,
29.72, 29.68, 29.55, 29.34, 29.13, 29.10, 27.23, 27.18, 22.69,
22.66, 14.08.

Synthesis of 3a

To a stirred solution of bhilawanol methyl ester 2 (2.0 mmol)
in ethanol, hydrazine hydrate (0.5 mmol) was added and
refluxed for 12 h. After confirming the completion of the
reaction, as identified by TLC, the reaction was stopped and
cooled to room temperature. Upon cooling, the desired
product was precipitated, filtered, washed with ethanol, and
dried. The off-white amorphous solid obtained was
recrystallized using methanol.

Isolated as an off white solid; m.p. 98-100 °C, yield =
93%. 'H NMR (400 MHz, DMSO-d¢) d 9.31 (s, 1H), 9.25 (s,
1H), 6.97 (t, ] = 7.9 Hz, 1H), 6.80 (t, J = 7.9 Hz, 2H), 5.65-5.12
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(m, 1H), 4.51 (s, 2H), 4.37 (s, 2H), 2.62-2.55 (m, 2H), 1.99
(dd, J = 12.4, 6.6 Hz, 2H), 1.50 (s, 2H), 1.26 (d, J = 16.4 Hz,
20H), 0.86 (s, 3H). *C NMR (100 MHz, CDCl;) 6 169.69,
168.24, 149.67, 145.21, 137.25, 130.03, 129.76, 125.11, 123.68,
111.36, 72.01, 67.69, 31.94, 29.88, 29.77, 29.71, 29.67, 29.64,
29.59, 29.55, 29.44, 29.37, 27.24, 14.13. HRMS (ESI, m/z): [M +
H]" caled. for CsH,,N,4O,: 462.3206; found 463.3289.

Synthesis of 3b

To a stirred solution of bhilawanol methyl ester 2 (1.0 mmol)
in ethanol, hydrazine hydrate (4.0 mmol) was added and
refluxed for 24 h. Initially, the formation of 3a was observed,
and refluxing was continued for about 24 h, generating the
corresponding saturated compound 3b. After confirming the
completion of the reaction, as identified by TLC, the reaction
was stopped and the reaction mixture was cooled to room
temperature. Upon cooling, the desired product was
precipitated, filtered, washed with ethanol, and dried. The
white amorphous solid obtained was recrystallized using
methanol.

Isolated as a white crystalline solid; m.p. 104-106 °C; yield
= 90%. 'H NMR (400 MHz, CDCl,) & 7.98 (s, 1H), 6.98 (t, ] =
7.8 Hz, 1H), 6.81 (d, J = 7.7 Hz, 1H), 6.66 (d, J = 7.2 Hz, 1H),
4.47 (d, J = 34.5 Hz, 6H), 2.84 (s, 5H), 2.24 (t, ] = 7.6 Hz, 1H),
1.50 (s, 3H), 1.21 (d, J = 17.4 Hz, 37H), 0.81 (t, ] = 6.7 Hz, 5H).
3C NMR (100 MHz, CDCl;) & 169.66, 168.20, 149.67, 145.21,
137.27, 125.11, 123.69, 111.35, 72.02, 67.71, 31.93, 30.75,
29.89, 29.70, 29.64, 29.55, 29.37, 22.70, 14.13. HRMS (ESI, m/
z): [M + H] caled. for C,sHy N,O4 464.3363; found:
465.3448.

Synthesis of 4a and 4b

In an RB flask, one or two drops of pyridine were added to a
methanolic solution of glucono-d-lactone (1 mmol) and
bhilawanol hydrazide 3a or 3b (0.5 mmol) and refluxed for 24
h. After the reaction was completed, as identified by TLC, it
was stopped and cooled to room temperature. A sticky solid
was filtered and washed very well with methanol to ensure
the complete removal of pyridine. The pure product suitable
for self-assembly studies was obtained by recrystallization
using methanol.

Compound 4a. Isolated as a white solid; m.p. 103-105 °C;
yield = 87%; 'H NMR (400 MHz, DMSO-dg) § 10.17 (s, 1H,
-NH), 9.96 (s, 1H, -NH), 9.64 (d, J = 7.3 Hz, 2H, -NH), 6.98 (t,
J =7.9 Hz, 1H, Ar-H), 6.86 (d, J = 8.2 Hz, 1H, Ar-H), 6.80 (d, J
= 7.5 Hz, 1H, Ar-H), 5.46 (t, 2H, sac-H), 5.33 (s, 1H, alk-H),
4.67 (s, 1H, sac-H), 4.65-4.58 (m, 1H sac-H), 4.56-4.50 (m,
3H, sac-H), 4.47 (s, 2H, sac-H), 4.36 (d, J = 1.8 Hz, 4H, sac-H),
4.15 (dt, J = 5.8, 3.9 Hz, 2H, sac-H), 3.94 (dq, J = 6.8, 3.4 Hz,
2H, sac-H), 3.64-3.56 (m, 2H, sac-H), 3.55-3.47 (m, 4H, sac-
H), 3.39 (q, J = 5.9 Hz, 4H, sac-H), 2.65-2.58 (m, 2H, —-CH,),
1.99 (d, J = 5.6 Hz, 2H, -CH,), 1.52 (s, 2H, -CH,), 1.26 (d, J =
15.9 Hz, 18H, -CH,), 0.86 (dd, J = 6.6, 4.4 Hz, 3H, -CH3).

C NMR (100 MHz, DMSO-ds) § 171.40, 171.08, 167.41,
167.00, 150.93, 145.78, 136.49, 130.14, 130.09, 124.46, 122.82,
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112.25, 73.51, 73.39, 72.28, 72.17, 72.08, 71.97, 71.22, 70.87,
70.81, 66.91, 63.89, 63.85, 31.76, 31.60, 29.63, 29.55, 29.52,
29.48, 29.18, 28.74, 27.07, 22.56, 14.42. HRMS (ESI, m/z): [M +
H]" caled. for C;,Hg,N,014:818.4161; found: 841.4053.

Compound 4b. Isolated as a white solid; m.p. 117-119 °C;
yield = 82%; 'H NMR (400 MHz, DMSO-d¢) § 10.17 (s, 1H,
-NH), 9.97 (s, 1H, -NH), 9.65 (s, ] = 7.3 Hz, 2H, -NH), 6.98 (t,
J = 7.9 Hz, 1H, Ar-H), 6.83 (dd, J = 21.6, 6.9 Hz, 1H, Ar-H),
6.82 (dd, J = 21.6, 6.9 Hz, 1H, Ar-H), 5.47 (t, J = 5.6 Hz, 2H,
sac-H), 4.67 (s, 1H, sac-H), 4.64 (s, 1H, sac-H, sac-H), 4.56 (d,
J = 5.0 Hz, 1H, sac-H), 4.53 (s, 1H, sac-H), 4.48 (s, 2H, sac-H),
4.36 (s, 4H, sac-H), 4.24-4.12 (m, 2H, sac-H), 3.93 (s, 2H, sac-
H), 3.58 (d, J = 2.8 Hz, 2H, sac-H), 3.51 (d, J = 5.7 Hz, 4H, sac-
H), 3.37 (s, 4H, sac-H), 2.68-2.57 (t, 2H, -CH,), 1.52 (m, 2H,
CH,), 1.26 (d, J = 14.8 Hz, 23H, CH,), 0.86 (t, J = 6.8 Hz, 3H,
-CHj,).

BC NMR (100 MHz, DMSO-dg) 6 171.50, 171.41, 167.44,
167.02, 150.92, 145.76, 136.49, 124.47, 122.83, 112.23, 73.51,
72.28, 72.16, 71.96, 70.86, 63.89, 63.84, 31.76, 29.53, 29.48,
29.18, 22.57, 14.43. HRMS (ESI, m/z): [M + H]" caled. for
C3,HgaN,O6 = 820.4317; found: 843.4231.

Results and discussions
Synthesis of glycolipids

Hydrogels are cross-linked 3-dimensional materials with
trapped water molecules, which display unique physical and
chemical properties.” This class of biocompatible materials
is highly appealing for a wide range of applications such as
drug delivery, gene therapy, and tissue engineering.’*>?
Generally, a biocompatible system is non-toxic to living cells
and penetrates smoothly in tissues; hence, DMSO-water
systems are considered solubilizing agents in drug discovery
and delivery applications.* Recent research on biotechnology
and pharmaceuticals has revealed that hydrogels are one of
the most efficient drug delivery methods, with negligible
cytotoxic effects and good bio-compatibility.>> In the present
study, we developed a multifunctional hydrogel system
displaying stimuli-responsive drug delivery for curcumin, one
of the traditional natural drug molecules, and anti-microbial
properties. Owing to the hydrophobic nature of curcumin,
low bioavailability is displayed, and a suitable delivery system
is necessitated. Even though only a handful of literature on
the delivery of curcumin is available, small molecular
glycolipid-based hydrogels for the delivery of curcumin in a
stimuli-responsive manner with antimicrobial properties have
not been reported.>*™°

For glycolipid synthesis, we selected bhilawanol as one of the
starting materials because of its traditional medicinal uses,
such as antineoplastic, antiarthriticc immunomodulatory,
anthelmintic, and hypocholesterolemia activities. Bhilawanol
methyl ester was prepared from bhilawanol and methyl bromo
acetate in the presence of K,CO; under reflux conditions.*® The
bhilawanol methyl ester thus obtained was treated with
hydrazine under reflux conditions, yielding the corresponding
bhilawanol hydrazide in excellent yields even without the need

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of bhilawanol-based glycolipids, 4a and 4b.

for column chromatography (Scheme 1).*' The corresponding
saturated version, 3b, was synthesized, and the formation of the
desired product was confirmed by NMR spectral analysis. The
reaction of bhilawanol hydrazides 3a and 3b with
gluconolactone in methanol and pyridine furnished the
N-(bhilawanol hydrazide)-p-gluconamides, 4a and 4b, in good
yields (Scheme 1). The formation of 4a and 4b was confirmed
by NMR and mass spectroscopy (refer ESIt).

Gelation studies

Despite the limitations of polymer-based gels, such as
irreversibility, difficulty in processability, lack of fine-tuning,
and high molecular weight, they were widely used to fabricate
hydrogel-based drug delivery systems. To overcome these
limitations, recently, the employment of small amphiphilic
molecules that undergo supramolecular self-assembly has
gained broad interest in the construction of smart delivery
systems via intermolecular interactions to form 3D aggregates
entrapping the solvents. The introduction of advancements
in pharmaceutical technology by designing a new gelator
based on clinically significant molecules is crucial. With
bhilawanol glycolipid on hand, we further investigated the
gelation behavior in various solvents and oils using the
“stable to inversion method”.*" A broad range of solvents,
such as water, vegetable oils, ethylene glycol, polyethylene
glycol (PEG), and some other polar and non-polar organic
solvents, were used for gelation studies. Interestingly,
bhilawanol glycolipids 4a and 4b displayed gelation in

This journal is © The Royal Society of Chemistry 2025
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DMSO-CHClI; (3:7) and DMSO-water (4:6) with CGC of 2.0,
1.0, 1.5 and 1.0% wt/v, respectively (Table S1}). Investigation
of the gelation behaviour of bhilawanol glycolipid displayed
uniqueness in forming a gel in DMSO-based systems. A
complete dissolution is observed in DMSO, which renders a
transparent solution upon heating and cooling to room
temperature. At room temperature, the further addition of
either hydrophilic solvent (H,O) or a hydrophobic solvent
(CHCI;) delivered a gel by molecular self-assembly at room
temperature (Fig. 1a). It is worth mentioning that this type of
room-temperature gelation is one of the important criteria
for tissue engineering, cell proliferation, and other advanced
biotechnological research. The thermoreversible nature of
the gel (Tg) formed by 4a and 4b in DMSO-water (4:6) was
identified by repeated heating and cooling cycles and found
to be 106 and 118 °C, respectively. An increase in the
concentration of gelator 4b enhances the Tg, indicating the
tunability of gel strength (Fig. S197). It is worth mentioning
that the hydrogel obtained from compound 4b displayed
better CGC and exceptional gel strength when compared to
4a. The presence of kink in compound 4a interferes with the
molecular assembly process; hence, increased CGC and
decreased gel strength were observed.

Morphology and assembly mechanism

Molecular aggregation of bhilawanol glycolipid in DMSO-water,
a biocompatible system to generate a self-assembled fibrillar
network (SAFIN), is one of the interesting features in
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Fig. 1 (a) Gel images of (i) compound 4a and (ii) 4b in DMSO-chloroform (3:7 v/v) and (iii) 4b in DMSO-water (4:6 v/v). (b) (i-iii) SEM images of

the hydrogel formed by 4b.

supramolecular chemistry. The assembly of molecules due to
the intermolecular interactions displayed by hydroxyl and
amide groups, n-n stacking, and other hydrophobic interactions
are responsible for the formation of SAFIN. We recorded the
optical and scanning electron microscopy (SEM) images of the
hydrogel of 4b for morphological studies. Optical microscopy
investigation of the hydrogel formed by 4b in DMSO-water
revealed the existence of distinctly different microstructures;
however, it did not provide any conclusive architecture (Fig.
S181). We performed SEM analysis to understand the distinct
morphology shown by the hydrogel deeply, which revealed the
formation of a dense fibrillar network with width ranging from
100 to 200 nm (Fig. 1b).

Molecular assembly of 3D materials is a fascinating research
area and has received attention in biomaterials field because of
its tunable properties arising at the molecular level. The various
intermolecular interactions governing the assembly process
deliver clear-cut molecular design parameters correlating to the
crystallization process. Variable-temperature NMR studies of the
gel reveal the influence of various groups in molecular
assembly. Fortunately, compound 4b displayed gelation in the
DMSO-H,0 system, facilitating the molecular-level investigation
of intermolecular interactions. The 'H NMR spectrum of
compound 4b in DMSO-d, displayed peaks at 6 = 10.17, 9.97,
and 9.66 ppm corresponding to the NH protons, J = 7.00-6.80
ppm corresponds to aromatic protons, J = 5.74-3.50 ppm for
the carbohydrate unit and -OCH, protons, and ¢ = 2.64-0.84
ppm corresponding to the hydrophobic alkyl chain (Fig. 2a).
Since our compound forms a gel in a DMSO-H,0 system, upon
the addition of D,O, a clear transparent gel formation was
observed at room temperature, which was then used to record
the variable temperature NMR spectrum. The *H NMR spectra
of the gel formed in DMSO-ds-D,O at 60 °C displayed the
broadening of signals corresponding to the carbohydrates, the
disappearance of the exchangeable proton and aromatic peaks,
along with the infinitesimally small shifts in the peaks

1720 | RSC Med. Chem., 2025, 16, 1715-1728

corresponding to carbohydrates. It is worth mentioning that a
gradual increase in temperature occurred from 60 to 90 °C. As
shown in Fig. 2a, gel-to-sol transition was observed. Upon the
increase in temperature, signals corresponding to the aromatic
peaks at about 0 = 7.0 ppm started displaying signals with an
upfield shift, and signals corresponding to the carbohydrates
were well resolved. NMR studies clearly reveal the participation
of various groups in molecular self-assembly, especially when
molecules were packed so that the hydrophilic sugar unit was
projected outwards and the hydrophobic aryl and alkyl chains
were buried inside the assembled structure. Generally, the
electronic environment of a proton decides the chemical shift
in NMR. Any phenomenon that increases the electron density of
a proton generates an increased induced magnetic field
(Binducea) On the proton, which effectively opposes the applied
magnetic field (B,). Thus, such an environment feels a less
applied magnetic field and hence a relatively lower frequency is
enough to cause resonance in such protons. In Fig. 2a, upon
self-assembly, an upfield shift in the signals of the aryl proton
reveals the involvement of m-m stacking. In addition, NMR
studies establish the existence of strong H-bonding to generate
the hydrogel.

To understand the self-assembly mechanism, molecular-level
insights are necessitated. Various intermolecular interactions
such as hydrogen bonding, n—r stacking, anion-r, cation-t and
van der Waals displayed by a molecule play a crucial role in the
assembly mechanism. Fourier transform infrared spectroscopy
is the best tool for studying intermolecular interactions with
respect to functional groups. We recorded the attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectrum for
the amorphous compound 4b and its xerogel (Fig. 2b). The
characteristic peak in the FTIR spectra of 4b in the amorphous
state displayed peaks at 3316, 3229, 2851, 1697, 1663, and 1096
em™, which correspond to ~OH, -NH, -CH (alkane), -C=0,
and -C-O (secondary alcohol), respectively. Typically, in the
amorphous state, various functional groups, alkyl moiety, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Variable-temperature *H NMR studies of the hydrogel derived from 4b. (b) FTIR spectra of the hydrogel of 4b in the amorphous and
assembled states. (c) XRD pattern of the xerogel of 4b. (d) Proposed bottom-up self-assembly mechanism.

aryl systems arrange randomly in a 3-dimensional lattice, with
minimal potential for intermolecular aggregation. Interestingly,
compound 4b, in its xerogel state, exhibited a distinct molecular
arrangement influenced by intermolecular interactions, which
was directly reflected in the ATR-IR analysis. In the xerogel state,
peaks observed at 3285, 3224, 2846, 1684, 1652, and 1083 cm !
correspond to -OH, -NH, -CH (alkane), -C=0, and -C-O
(secondary alcohol), respectively. A careful analysis of IR data
revealed that the characteristic peaks of functional groups
responsible for intermolecular interaction, such as -OH, -NH,
-C=0, and -C-O (secondary alcohol), displayed a lower region
shift and were in good accordance with the principle of IR
spectroscopy (Fig. 2b). Small angle XRD studies were also
carried out to further explore the molecular packaging in the
xerogel of compound 4b, given in Fig. 2c. Predicting the
molecular arrangement within the supramolecular gel is
exceptionally challenging as the structure and characteristics
depend on the geometry and arrangement of building blocks in
a three-dimensional lattice. Nonetheless, by understanding the
intermolecular interactions among the gelator from FTIR
analysis, we can predict the packing through the small angle-
XRD (SA-XRD) technique. The xerogel obtained from compound
4b displayed 26 = 1.96°, 2.26°, 3.11°, 3.92°, 4.66°, and 5.44°
corresponding to the interplanar spacing (d-spacing) at 4.51,
3.91, 2.84, 2.25, 1.90, and 1.62 nm, respectively. It is worth
mentioning that peaks displayed at 18.63°, 19.80°, 25.35°, and
26.58° correspond to n-m stacking and hydrogen bonding,
respectively (Fig. 2c). Intermolecular interactions facilitate
molecular self-assembly, creating a 3D fibrillar network
architecture measuring a length of 4.51 nm, as determined by

This journal is © The Royal Society of Chemistry 2025

XRD, which is higher than the end-to-end molecular length of
compound 4b (Fig. 2d).

The end-to-end molecular length of 4b is 2.88 nm, calculated
from the energy-minimized structure. XRD analysis clearly
reveals the existence of a double-layer assembly stabilised by
intermolecular interactions. As evidenced by NMR, FTIR and
XRD studies, the intermolecular hydrogen bonding between the
amide, hydroxyl groups and van der Waals forces facilitate the
molecular self-assembly, thereby forming a 3 dimensional
network architecture. During the process of gelation, the solvent
is trapped in the 3D network structure, thereby forming the gel.

Rheological studies

Rheological measurements were carried out to study the
macroscopic properties of gels, such as viscoelastic, injectable,
self-healing, thixotropic behaviors, and mechanical strength, in
response to the applied force. The extent of deformation of a
material from its original structure in response to applied force
could be identified by rheological measurement. The rheological
properties of the gel directly reflect the flow characteristics and
elastic behavior, which generally depend wupon the gel
microstructure, strength, and solvent interaction. The rheology of
gels was identified by measuring the storage modulus G’ (elastic)
and loss modulus G” (viscous) with respect to the applied
external stimulus. The deformation of this viscoelastic material
in response to stress or strain is due to changes in the internal
morphology or changes in the supramolecular arrangement of
small or macromolecules (Fig. 3). To realise the practical utility of
these gels in biomedical applications, a clear understanding of
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the physical properties of the molecular architecture in the gel is
required. The rheology of the hydrogel formed by compound 4b
is given in Fig. 3a-f. In the frequency sweep test, the linear
increase in both G' and G” with increasing values of applied
frequency and also a higher value of G’ than G” indicated the
stability and good tolerance towards the external forces. In the
strain sweep test, the higher values of G’ against G” reveal the
good mechanical strength of the gels. The thixotropy (a step
strain) experiment depicts exceptional mechanical behavior as
well as the structural recovery of the hydrogel due to the
application of different strains to the gel. By applying a constant
strain of 100%, the 3D network architecture holding the solvent
gets disturbed and the gel experiences a reduction in strength.
However, upon reducing the strain to 0.1%, the gels regained the
viscosity and returned to their gel state. Through a sequence of
continuous strain ramp-up and ramp-down experiments, we
observed a gradual deterioration in the gel's structural integrity
as the strain increased. However, the original state promptly
recovered as the strain was eased back to 0.1%. It is worth
mentioning that upon heating to 150 °C and cooling to RT, a sol-
to-gel transition was observed even after 15 cycles, demonstrating
the stability and thermal processability of the gel.

Encapsulation and stimuli-responsive drug release

For centuries, traditional and complementary medicines have
been an inherent source of health in communities. Curcumin is
an active pharmaceutical compound isolated from turmeric,
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one of the traditional natural medicines.”> Although curcumin
has significant benefits, such as anti-cancer, cardiovascular
diseases, inflammatory and neurological disorders, and
Alzheimer's disease, its clinical implications are limited because
of poor solubility, physicochemical instability, rapid
metabolism, and poor pharmacokinetics.”> Owing to this,
several research groups are actively involved in developing
biocompatible curcumin formulations for various human
diseases. Among the various methods, the encapsulation of
curcumin in hydrogel and its stimuli-responsive release are
highly fascinating. In the present studies, curcumin is
encapsulated into a hydrogel by a simple co-gelation method.
Adding 5.0 mg of curcumin onto the preformed hydrogel (1.0%
wt/v), followed by heating and cooling to room temperature,
generated the curcumin-encapsulated hydrogel. Upon
encapsulation of curcumin, a change in the morphology of the
gel fibres is observed because of the intercalation of curcumin
in the hydrophobic part of the gel fibres. The higher loading of
curcumin is observed because of the entrapment of curcumin
in the 3D fibrous network. SEM analysis of the curcumin-
encapsulated hydrogel revealed the existence of morphological
change because of the intercalation of curcumin into the
fibrous network structure (Fig. 4).

In the past decade, researchers have pioneered studies on
hydrogels displaying stimuli-responsive behavior, especially for
drug formulation, tissue engineering, and regenerative
medicine.**** This class of smart biomaterials holds promise in
modern medicine, and it is crucial to generate a library of smart
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Fig. 3 Angular frequency and strain amplitude dependence of G’ and G” of the gel formed by 4b (a and b) in DMSO-CHCl;s and (d and e) DMSO-
H,O, respectively. Thixotropic studies using continuous strain ramp-up and ramp-down measurements of the gel formed by 4b (c) in DMSO-

CHCls and (f) DMSO-H,0, respectively.
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(i) Image of curcumin-loaded hydrogel formed by 4b. (b) UV-visible spectra of drug release at different time intervals in the presence of a buffer

solution. (c) Curcumin release profile of the hydrogel derived from 4b.

delivery systems and conduct a detailed investigation.*® A
natural drug, curcumin, was encapsulated in the biocompatible
hydrogel and characterized entirely. After complete
characterization, the release profile of the entrapped curcumin
in the hydrogel was studied in the acidic, neutral, and basic pH.
The gel exhibited curcumin release in a basic medium (pH =
8.0). The gel releases the drug in a time period of 30 min, while
maintaining longer stability for over 24 hours with little
leaching of surface-entrapped curcumin in a neutral pH

This journal is © The Royal Society of Chemistry 2025

medium. A pH-dependent release kinetics study revealed the
steady release of curcumin at pH = 8, whereas at a neutral pH,
leaching of the encapsulated drug from the gel surface was
observed without gel-to-sol transition. It is worth mentioning
that using an acidic pH 4 solution, the encapsulated curcumin
was released slowly without losing its 3D architecture for more
than five days. This mechanism of curcumin encapsulation
within the gel can be attributed to its hydrophobic nature. In
the hydrogelation, compound 4b assembles in such a way that
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the polar sugar molecules orient themselves outward, and the
hydrophobic part intercalates to generate a fibrillar sheet-type
architecture. NMR, FTIR, and XRD analysis revealed that the
fibre's core is built of intercalated hydrophobic units, and the
surface is hydrophilic and stabilized by intermolecular
H-bonding. During curcumin encapsulation, the hydrophobic
curcumin molecule gets encapsulated in the hydrophobic core
of the fibre. pH as the stimuli-responsive release of curcumin
could be explained based on the structural tuning of the gelator,
which results in gel-to-sol transition, followed by the release of
a drug. The direct abstraction of the acidic proton of hydrazide
core by the basic buffer resulted in a significant change in the
3D structure and intermolecular H-bonding, facilitating gel-to-
sol transition.”” In addition, the excellent solubility of curcumin
under a basic pH solution than in an acidic pH may explain its
faster release in the basic environment. Another factor
influencing the slower release in acidic pH condition is the
higher degree of protonation of curcumin and the inertness of
the gelator.”® This phenomenon can also be attributed to the
exchange of solvent along with encapsulated curcumin and
swelling of the porous structure because of the tuning of
H-bonding in the molecular structure. Designing a system
holding various functional groups could display smartness in
tuning its architecture without undergoing any molecular
transformation. A literature review revealed that a basic pH is
developed in the body because of respiratory, metabolic,
hypochloremic and hypokalemic alkalosis, and acidic pH is
observed in the tumor microenvironment. The reported system
would be one of the potential candidates for basic pH stimuli-
responsive delivery of drugs and transdermal drug delivery, also
known as patch delivery systems and controlled delivery in
tumor sites.’”® Further, the hydrogels' drug release under basic
pH was examined using UV-vis spectroscopy (Fig. 4b). The time-
dependent release of encapsulated and intercalated curcumin
drugs was observed at pH 8.0. The UV-vis spectra of aliquots
collected at a time interval are displayed in Fig. 4. The time-
dependent UV-vis spectra corresponding to neutral and acidic
pH are provided in Fig. S20 (ESIf). The curcumin release profile
in different pH environments is illustrated in Fig. 4c. Under
basic pH conditions, curcumin is rapidly released, reaching
saturation within 30 minutes. In contrast, a slow drug release
profile is observed initially in neutral and acidic pH conditions.
In the later stage, a rapid release profile is observed, which is
attributed to the slow penetration of the buffer, followed by the
disassembly of the gelator.

Cell cytotoxicity assay

The feasibility of utilizing the smart stimuli-responsive hydrogel
is based on the cytotoxicity of the gelator molecule. To evaluate
the cytotoxicity of hydrogelator 4b on the metabolic activity of
cells, HCEC were incubated with 400 pug mL ™" of the compounds,
and the cell viability and cell cytotoxicity were checked by the
MTT assay, as given in Fig. 5. Cytotoxic studies represent the
initial phase in assessing the -cytotoxicity of substances,
particularly bioactive compounds and plant extracts. Minimal to
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Fig. 5 Cytotoxicity studies of compound 4b.

negligible cytotoxicity is essential for successfully utilizing these
compounds in pharmaceutical and cosmetic formulations.”" It
was found from the cytotoxic studies that the percentage of cell
viability is almost 100% after an incubation period of 6 h and
more than 90% after 24 h of incubation of HCEC with 400 ng
mL™" of compound 4b. The good percentage of cell viability
(90%) at 1000 ug mL™* of compound 4b clearly displays the non-
cytotoxic behavior of 4b towards the cells.

Microbial growth and biofilm assay

Xu and coworkers have discussed the application of
supramolecular hydrogelators as molecular biomaterials, which
address societal requirements.>” Recently, Nayak and coworkers
highlighted the availability of a diverse class of glycolipid-based
gels and their potential biological properties.”® 1t is worth
mentioning that sugar-based monoesters, rhamnolipids,
sophorolipids, and other sugar-derived lipids display promising
antimicrobial properties and show significance in eradicating
biofilm.>*>® Traditionally, bhilawanol is used in Ayurvedic
medicine.®* To evaluate the multifunctional nature of the
hydrogel, we investigated the in vitro antibacterial and
antibiofilm activities.”>®> In our study, we assessed the
antibiofilm efficacy of compound 4b in its amorphous state
using the agar diffusion method against Streptococcus
pneumoniae (Fig. 6b), P. aeruginosa, and E. coli. Concentration-
dependent antibacterial and antibiofilm assays of compound 4b
revealed significant inhibition of biofilm growth against Gram-
negative P. aeruginosa by 30% at a concentration of 1000 ng
mL™, as depicted in Fig. $21.f When tested against Gram-
positive Streptococcus pneumoniae, compound 4b demonstrated
antibiofilm activity at a concentration of 1000 ug mL™, resulting
in a 70% reduction in biofilm formation, closely approximating
the positive control (Fig. 6), displaying promise in the
eradication of the biofilm formed by Streptococcus pneumoniae
ATCC 49619 strains. Conversely, no inhibition of growth or
biofilm was observed for E. coli (Fig. S227).

A detailed investigation revealed the potential of
compound 4b against Streptococcus pneumoniae ATCC 49619,
a Gram-positive bacterium that is very common in history
and a highly opportunistic pathogen to humans, animals,

This journal is © The Royal Society of Chemistry 2025
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and plants. In 2017, WHO released a list of bacteria
needing urgently developed antibiotics, categorising them
as critical, high, and medium priority groups. Streptococcus
pneumoniae is a medium-critical pathogen as it is a
penicillin-resistant ~ pathogen.® In the late 1960s,
researchers detected the penicillin-resistant and multi-
resistant strains of Streptococcus pneumoniae and found
them to be a major health concern worldwide, including
sepsis, bacteremia, meningitis, and community-acquired
pneumonia (CAP).** Antimicrobial investigation revealed the
potential of compound 4b in combating biofilms formed by
Streptococcus pneumoniae. Due to their colonial state,
biofilms are wusually stronger and more antibiotic-
resistant.®> Compound 4b has almost an equal effect to
that of the standard positive control, as shown in
Fig. 6c.°® The biofilm formed was determined by
measuring the absorbance at 590 nm. Fig. 6a-d represents
the pathogen's growth using the agar diffusion method and
concentration and time-dependent antibacterial and
antibiofilm studies of the compound 4b against
Streptococcus pneumoniae ATCC 49619.°>7° While no change

This journal is © The Royal Society of Chemistry 2025

was seen in the growth of S. pneumoniae, compound 4b
efficiently reduced biofilm formation significantly.

Conclusion

In summary, multifunctional glycolipids were synthesized
from biologically significant natural molecules, bhilawanol,
and carbohydrates in good yields. Detailed gelation studies of
glycolipids revealed hydrogel formation by the formation of a
3D fibrous architecture using a bottom-up assembly process.
The molecular-level self-assembly mechanism was thoroughly
investigated using various spectral techniques. Rheological
measurements ascertained the potential of hydrogel in
biomedical applications. This biocompatible hydrogel could
encapsulate a natural drug, curcumin, and deliver it in a
stimuli-responsive manner. Interestingly, the reported
glycolipid displayed significant potential in selectively
compacting the biofilm formed by Streptococcus pneumoniae.
Thus, the reported multifunctional hydrogel derived from
bhilawanol-based glycolipid could be a potential candidate in
pharmaceuticals and medicine.
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