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Biocompatible, injectable and self-healable
MOF-based anti-freezing eutectogels for higher
encapsulation and sustained release of the
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Inspired by the antifreeze proteins found in the blood of Trematomus borchgrevtnki, a fish from the
Antarctic Ocean, herein we developed metal organic framework (MOF) based ‘waterless’ eutectogels with
impermeable nano-domains as antifreeze “soft” materials. The eutectogels were successfully developed
through dissolving sodium alginate and ZIF-8, a known MOF, within deep eutectic solvents (DESs) pre-
pared from the environmentally benign biocompatible cryoprotectants glucose and fructose as the HBDs
and choline chloride as the HBA. The structural integrity of ZIF-8 and DES was preserved during the
eutectogel formation and so also their properties. The eutectogels showcased notable attributes, includ-
ing antifreeze properties, self-healing capabilities, injectability, adhesiveness, substantial drug loading
capacity (~75000 and ~71 000 fold higher curcumin than in water) and efficient sustained drug release
behaviour. Moreover, the eutectogel also demonstrated antibacterial and antioxidant attributes, along
with hemocompatibility evidenced by hemolysis levels below 2%. Furthermore, the eutectogel exhibited
biocompatibility even at very high concentrations (50 mg mL™). Leveraging on its robust colloidal forces
and an environmentally benign composition, the studied eutectogel proves its suitability not just for
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1. Introduction

Hydrogels, with superior hydrophilicity, biocompatibility, and
customizable viscoelastic properties, are ideal for a range of
modern engineering applications. These include drug delivery,
flexible electronics, wound dressing, tissue engineering, and
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pharmaceutical applications but also for high-performance applications that prioritize ecological

soft robotics, among others."”” Due to their water-rich nature
resembling biological tissues, hydrogels play a vital role in
advanced fields such as drug delivery. However, their water
rich composition poses challenges, especially at freezing temp-
eratures. Sub-zero conditions cause hydrogels to freeze, result-
ing in fragility and loss of flexibility and strength, compromis-
ing their efficacy. To mitigate water freezing, conventional
approaches such as introducing cryoprotectants (ethylene
glycol, glycerol, and dimethyl sulfoxide) into aqueous solu-
tions are followed to substantially lower the freezing point.>*
However, there are concerns about the environmental impact
and health hazards as a result of the toxicity of these liquids
and the tedious process of separating these cryoprotectants
after usage. Inspired by the antifreeze proteins (AFPs) present
in Antarctic Ocean fish, several synthetic polymers have been
developed that show excellent adsorption over an ice surface
and hinder ice crystallization and reduce the sizes of ice crys-
tals. For instance, polyvinyl alcohol (PVA) and polyglycerin
(PGL) have undergone investigation as substitutes for AFPs.”
According to a study, trehalose and alginate oligosaccharides
have also been shown to significantly improve ice inhibition.*’
Another study revealed that introducing PVA into a solution
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not only proficiently restrains ice nucleation but also hampers
the growth of ice nuclei.® Nonetheless, the freezing process
tends to lead to the crystallization of a majority of water mole-
cules in the polymer solution, rather than allowing them to
remain in a supercooled state below sub-zero temperature.

In contemporary research, new age solvents with excep-
tional anti-freezing characteristics have surfaced in the scienti-
fic literature, and they are labeled as deep eutectic solvents
(DESs).””"® DESs are a mixture of two or more components:
one being a hydrogen bond donor (HBD) and the other a
hydrogen bond acceptor (HBA) that form a eutectic mixture
with a melting point lower than that of each of the individual
components.'*'® They offer remarkable characteristics such as
low viscosity at room temperature,'® excellent thermal stabi-
lity,’” reasonable vapor pressure,'® and most importantly cost-
effective manufacturing’® along with exceptional anti-freezing
characteristics.” These exceptional attributes make them valu-
able in numerous applications, including drug delivery, owing
to their adjustable biocompatibility and low-to-nil toxicity. For
instance, DES based transdermal drug delivery systems with
improved drug (ibuprofen) solubility (7917 times than water)
have been recently reported. These DESs when combined with
alginate-based hydrogels exhibited improved drug penetration
over a 24-hour period, surpassing commercial formulations.
This enhancement in solubility and diffusivity was attributed
to the synergistic effect of the DESs and alginate.>® But these
DES based hydrogels have limited functionality because of the
involvement of water as one of the solvents at freezing temp-
eratures. Circumventing this limitation, DES based eutectogels
as drug carriers for the anticancer drug sunitinib malate have
been reported. These gels were formed using a choline chlor-
ide (ChCl)/ascorbic acid (AA) based natural DES using 2-hydro-
xyethyl methacrylate (HEMA) as a gelator.”! Similar to this,
2-hydroxyethylmethacrylate (HEMA) in a NADES of ChCl-fruc-
tose was used to develop a pH responsive drug immobilized
ion gel for the delivery of the anti-inflammatory drug indo-
methacin.?* Likewise, a system using hydroxylated fullerene
(TEGs-C60) in a DES (choline chloride/malic acid)-agarose gel
was found to have improved elasticity, conductivity, and
thermal stability compared to agarose alone. The study also
evaluated drug (ibuprofen) release and the antibacterial effects
of the gel.*

With DESs already showing promise in the biomedical field
due to their minimal toxicity, we can take a step forward by
combining DESs with metal-organic frameworks (MOFs) to
form a hybrid system. MOFs consisting of metal ions or clus-
ters coordinated with organic ligands boast of an exceptionally
porous structure and a vast surface area, which enable them to
efficiently load drugs with varied polarities.>**> By combining
eutectogels and MOFs, we aim to develop a highly efficient
system that has synergistic advantages such as the unique
anti-freezing properties of eutectogels with the superior drug
encapsulation capabilities of MOFs, thereby addressing the
gap for improved drug delivery performance over a wide temp-
erature window. This novel system holds significant promise,
not only in delivering therapeutics but also in diverse fields,
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where its versatility and efficacy can be maximized even at
lower temperatures.

We have embarked on an endeavor to develop nano-vehicles
with biocompatible characteristics, such as surfactant-based
vesicles,®?” coacervates,*® hydrogels,”® and MOF-based com-
posites.*® In this study, we present the development of MOF-
based eutectogels with remarkable properties including self-
healing, adhesive nature, injectability and, hemocompatibility.
The eutectogels were fabricated using choline chloride (ChCl)
and glucose (Glu)/fructose (Fru) based DESs. The preparation
involved two steps: first, suspending the MOF (ZIF-8) in the
DES, and then introducing sodium alginate (SA) to form the
eutectogel through intermolecular non-covalent interactions.
Scheme 1 shows the structures of the components used in the
gel preparation, accompanied by a representative image
showing the formed eutectogel. The SA utilized here to form
the gel in DESs originates from natural seaweed and is being
extensively used in numerous biomedical and pharmaceutical
applications due to its biocompatibility and low toxicity.*'*?
Amongst the constituents of DESs, ChCl is a well-recognized
HBA, is biodegradable, has low toxicity, and is significantly
less expensive,* whereas Glu/Fru employed as the HBDs are
naturally occurring sugars found in many fruits, vegetables,
and other plant-based sources. They are remarkably useful in
many different fields, including but not restricted to materials
science research.

2. Experimental section

2.1. Materials

Choline chloride (Merck, >98.0%), p-fructose (Merck, >99.0%),
p (+) glucose (TCI, >98.0%), sodium alginate (SRL, >98.0%),
2-methylimidazole (Merck, >99.0%), zinc nitrate hexahydrate
(Merck, >98.0%) and curcumin (SRL, >99.0%) were used as
received without further purification.

I CH,OH omH,0H,,
i 0,
HO/\’N\ OH HO
Cr N 1. [ o CH,OH
ChCl OH OH
Glu

CG Gel CF Gel

— —H-bonding

Scheme 1 Structure of the components used in the preparation of
eutectogels along with the visual image of the eutectogels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Methods

2.2.1. Preparation of DESs. The DESs used in the present
investigation were prepared using a reported procedure.**
Briefly, DESs were prepared using ChCl as the HBA in combi-
nation with two HBDs i.e., glucose and fructose in a 2: 1 ratio
and the respective DESs were labeled as CG and CF for Glu
and Fru DES respectively. The HBA and HBD were weighed
into a suitable beaker and thoroughly mixed with a spatula.
With the aid of a magnetic stirrer, they were heated at
60-65 °C until the particles were dissolved and a clear and
transparent solution was obtained. Once the components were
fully dissolved, the heat source was removed and the mixture
was allowed to cool slowly at room temperature. The resultant
DESs were hydrophilic and hygroscopic in nature and were
stored in a desiccator in the presence of an adsorbent.

2.2.2. Preparation of ZIF-8. In accordance with our pre-
vious article,®® ZIF-8 was prepared using a specific procedure.
Briefly, 0.6672 g of Zn (NO;),-6H,0 and 12.89 g of 2-MeIm
were individually dissolved in 8 mL and 42 mL of deionized
water, respectively. The solutions were then stirred at 30 °C for
5 hours before being combined. The resulting solution exhibi-
ted a milky turbid appearance. To isolate ZIF-8, the solution
was subjected to centrifugation at 10 000 rpm for 10 minutes,
resulting in a white precipitate. The precipitate underwent
three washes with deionized water, followed by two washes
with methanol. Each wash step involved centrifugation at

Table 1 Composition of ZIF-8 and the gelator used in the formation of
eutectogels in the present investigation

DES (1 ml) MOF Gelator Gel
CF ZIF-8 (1% w/v) SA (3% w/v) CF Gel
CG ZIF-8 (1% w/v) SA (3% w/v) CG Gel
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10 000 rpm for 10 minutes. Finally, the product was dried in a
convection oven at 80 °C for 12 hours.

2.2.3. General preparation of eutectogels. Table 1 presents
the composition of the components used in this investigation
for the preparation of eutectogels. First, the suspension of
ZIF-8 in the DESs was prepared before forming the eutectogels.
Briefly, a specific amount of ZIF-8 powder was added to the
prepared DESs and mixed in a magnetic stirrer to ensure that
the ZIF-8 particles were well dispersed throughout the DES. To
enhance dispersion further, ultrasonication was employed for
30 min to achieve a better suspension. Following the prepa-
ration of the suspension, a certain amount of sodium alginate
was added to the mixture, which was then heated at 60 °C in a
magnetic stirrer until the particles were dissolved. The mixture
was then allowed to cool at room temperature and it formed
the eutectogel. A schematic representation of the preparation
of the eutectogel is shown in Scheme 2. While examining with
various ZIF-8 concentrations, we found that up to 10 mg (1%
w/v), ZIF-8 forms a suspension with evenly distributed par-
ticles. However, when the concentration goes beyond this
point, the particles began to settle, causing an uneven distri-
bution. Thus, we opted for 1% ZIF-8 concentration to achieve
an optimal suspension. After considering the suspension with
1% ZIF-8 concentration, we tried different concentrations of
SA to study its effect on gel formation and found that at 3%
w/v SA concentration, it forms a gel with non-flowing pro-
perties. Table S1f shows the effect of different compositions
on eutectogel formation.

2.2.4. Fourier transform infrared (FT-IR) spectroscopy.
FT-IR spectra of individual components of DESs such as ChCl
and related HBDs (Glu and Fru) and their respective DESs
were recorded on a Shimadzu FT-IR-8400S spectrophotometer
with KBr pellets (1 wt% sample) in the 400-4000 cm™" region.
By comparing the FT-IR spectra of the constituent components
and their corresponding DESs, it was possible to infer that the

Preparation of DES
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Scheme 2 Schematic representation of the preparation of the eutectogel.
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hydrogen bond between the HBD and HBA was responsible for
the formation of the DESs. The same method was used to
analyse the eutectogels in order to determine any potential
interactions that may have contributed to gel formation.

2.2.5. Crystal structure characterization by powder X-ray
diffraction (XRD). X-ray measurements were performed using a
Philips X’pert MPD system equipped with CuKa radiation (4 =
1.54056 A) at 40 kv and 30 mA. The measurements covered a
26 range of 5-50°, with a scanning rate of 3° per minute. This
allowed us to analyze the X-ray diffraction (XRD) patterns of
both ZIF-8 and the eutectogel, providing valuable insights into
their structural characteristics. Furthermore, the signal-to-
noise ratio for the eutectogels was determined and found to be
4:1.

2.2.6. Scanning electron microscopy (SEM). A Hitachi
S-3400N scanning electron microscope with a 15 kV operating
voltage was used to capture SEM images of the ZIF-8 powder
and eutectogels. Double-sided carbon tape was used to secure
the samples to a copper disc once they had dried under
ambient temperature. The samples had gold coating on them.

2.2.7. Differential scanning calorimetry (DSC). Differential
scanning calorimetry (DSC) was employed on DSC STARe 3
from Mettler Toledo to study the thermal behavior of the
eutectogels. The samples were subjected to temperature
changes from 20 °C to —140 °C and heated up to 250 °C at a
rate of 10 °C per minute, while being continuously purged
with nitrogen. Standard aluminum pans were employed, with
an empty pan used as a reference and sealed in the same
manner as the sample.

2.2.8. Rheology measurements. The rheological properties
of the eutectogel were investigated using an Anton Paar MCR
302e rheometer. A plate-plate geometry with a diameter of
49.973 mm and a standard spacing of 0.4 mm was utilized. To
maintain a constant strain of 0.5%, frequency scans were con-
ducted within the range of 0.01-100 rad s~". Strain scans were
performed at a fixed frequency of 1 rad s, with the strain
ranging from 1 to 100%. The rheological measurements were
recorded using a strain-controlled rheometer equipped with a
Peltier temperature controller and a plate-plate tool.

2.2.9. In vitro biocompatibility assay. Hemocompatibility
assays were performed on the DESs, ZIF-8, and eutectogels
using healthy human blood collected from the Lok Samarpan
Blood Bank in Surat, Gujarat, India. The well-established
method by Li et al. was implemented with minor modifi-
cations.®® The assay involved the centrifugation of blood at
10000 rpm for 10 minutes, followed by multiple washes in
PBS solution with pH 7.4 to separate red blood cells (erythro-
cytes) from blood. Samples (DESs, ZIF-8 and eutectogels) were
prepared at 37 °C in a PBS solution with pH 7.4. Erythrocytes
(50 pL) were added to the samples, as well as to negative
control (PBS media) and positive control (water). All the mix-
tures were incubated at 37 °C for 24 hours, followed by cen-
trifugation at 10 000 rpm for 10 minutes. The absorbance of
the supernatant was measured at a wavelength of 540 nm
using a UV-vis spectrophotometer to determine the rupture of
erythrocytes. The hemolysis percentage was subsequently cal-
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culated using eqn (1). The experiments were performed in
triplicate.

Sample absorbance — Negative control
Positive control — Negative control

x 100

(1)

Hemolysis(%) =

We further assessed the biocompatibility of the studied gels
with human keratinocyte (HaCaT) cells using an MTT cell via-
bility assay. HaCaT cells were thawed at 37 °C, from storage at
—80 °C. The old cell culture media was replaced with fresh
media after centrifugation, and a cell suspension was pre-
pared. This suspension was then transferred to a T-25 culture
flask with 5 mL of fresh media and incubated at 37 °C with
4% CO, until enough cell growth was achieved. Once a mono-
layer of cells had formed it was rinsed with PBS and then the
monolayer was disrupted by treating it with trypsin-EDTA solu-
tion. After 2 minutes, fresh media was added to stop the tryp-
sin’s action, and the solution was centrifuged. The suspended
cells were mixed with fresh media and transferred to a T-75
culture flask for further growth. Subsequently, these cells were
placed in a 96-well plate to evaluate the cytotoxicity of the gels
at different concentrations using an MTT assay, and cell viabi-
lity was assessed by measuring absorbance at 570 nm with a
microplate reader after 48 hours.

2.2.10. Curcumin encapsulation within the investigated
system. The encapsulation study employed consists of the fol-
lowing steps: initially, acetone, a volatile solvent, was chosen
as the medium. Subsequently, a specific quantity of curcumin
was added to the acetone based on its solubility (20 mg m1™).
By adding the curcumin solution onto the eutectogel (0.5 g),
effective encapsulation of curcumin within the matrix was
achieved. The eutectogel acted as a host, absorbing the curcu-
min particles and securely retaining them within its structure.
Upon completion of the encapsulation process, the eutectogel
underwent a thorough rinsing with acetone to remove any
unbound curcumin, ensuring that only the curcumin encapsu-
lated within the eutectogel matrix remained. A known quantity
of the drug loaded eutectogel was collected and subsequently
dissolved into a precisely measured volume of methanol. The
amount of curcumin loaded within the eutectogel was deter-
mined by UV-Vis spectroscopy, involving the comparative
assessment of absorbance with the standard calibration curve.

2.2.11. Curcumin release profile and drug release kinetics.
Curcumin-loaded eutectogel samples were kept in various PBS
solutions, such as PBS 7.4 and 5.0. At predetermined intervals,
a sample was withdrawn from each solution and replaced with
an equal volume of fresh medium. The curcumin concen-
tration in the collected samples was measured using a UV
spectrophotometer at a specific wavelength (4.x) of 431 nm
after appropriate dilution. To determine the total amount of
released curcumin, a calibration curve for curcumin was
employed. This enabled an accurate quantification of the
released drug throughout the experiment.

To understand the release mechanism of curcumin from
the eutectogel, various kinetic models were employed. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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models included zero-order, first-order, Higuchi, Hixcon-
Crowell and Korsmeyer kinetic model. This comprehensive
evaluation aimed to determine the precise mechanism under-
lying the release of curcumin from the eutectogel. For the
modeling and comparison of drug release profiles, an add-in
program for Microsoft Excel was utilized. This software tool
facilitated data analysis and provided a comprehensive under-
standing of the release behavior of curcumin from the formed
eutectogel.

2.2.12. Antibacterial activities. All systems, including DESs
and their corresponding gels with or without curcumin, were
assessed for antibacterial activity against pathogenic Gram-
positive bacteria (Bacillus subtilis, Staphylococcus aureus) and
Gram-negative bacteria (Salmonella typhi, Escherichia coli)
using the qualitative agar disc diffusion approach. Different
agar plates were cultured with distinct pathogens and incu-
bated with a specific concentration of the system under study.
The zone of inhibition was assessed after 18-20 hours of incu-
bation at 37 °C. The experiments were conducted in triplicate.

2.2.13. Antioxidant activities. The DPPH radical scavenging
activity assessment was performed in compliance with the
established methodology outlined in the literature.>®*” The
reaction system consisted of 0.5 mL of samples (CG DES, CF
DES, CG Gel, CF Gel, CG Gel + Cur, and CF Gel + Cur), 3 mL of
methanol, and 0.3 mL of 0.5 mM 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical solution in methanol. After incubation for
45 minutes, the absorbance was measured at 517 nm using a
UV-Vis spectrophotometer. The (%) percentage inhibition was
calculated using eqn (2).

% inhibition = [(Acontrol 7Asample)/Acontrol} % 100 (2)
where Aconirol 1S the absorbance of the negative control at the
time of solution preparation and Agampie is the absorbance of a
sample after 45 min.

The time-dependent DPPH scavenging activity was assessed
using 0.5 mL of the collected samples from the drug release
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Fig. 1 FT-IR spectra of (a) ChCl, Glu and, CG; (b) CG, SA, ZIF-8, CG Gel.
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study at different time intervals (4, 8, 16, 32, and 48 hours).
The samples were mixed with 3 mL of methanol and 0.3 mL of
DPPH solution and then incubated for 45 minutes, followed
by measuring the absorbance at 517 nm using a UV-Vis
spectrophotometer. The experiments were conducted in
triplicate.

3. Results and discussion

3.1. Characterization of DESs and eutectogels

We utilized FT-IR analysis to examine each DES and compared
its spectra to those of its respective individual components
(Fig. 1(a) and S1(a)}) to investigate the molecular interaction
responsible for DES formation. ChCl spectra revealed distinc-
tive vibrational bands at 3324 cm™', 1475 cm™', 1092 cm™},
and 950 cm™', which are attributed to N-H stretching, C-H
bending, C-N stretching, and C-O stretching vibrations,
respectively.*® However in the Glu spectra, peculiar bands at
3354 cm™?, 2939 em ™Y, 1432 em™?, and 1049 cm ™! are attribu-
ted to O-H stretching, C-H stretching, C-O-H bending, and
C-O stretching vibrations, respectively. When ChCl and Glu
combine to form a DES, it exhibited combinations of peaks
observed at 3318 cm ™}, 2917 cm™?, 1476 cm™?, and 1030 cm ™.
The O-H vibrational band of glucose at 3354 cm™' widened
and shifted to 3318 cm™" in CG DES. Glucose, being rich in
hydroxyl groups, acted as a hydrogen bond donor and inter-
acted with CI” and the O-H group of ChCl, which acted as
hydrogen bond acceptors. This interaction led to the shifting
of the OH band in the DES.*® The formation of hydrogen
bonds caused the vibrational bands of CO at 1049 cm™" and
CH, at 2939 cm™' in glucose to shift to 1030 cm™" and
2917 em™ ", respectively, in CG DES. This shift was a result of
the influence of hydrogen bonding interactions on these
specific functional groups. Similarly, in CF DES vibrational
bands were obtained at 3312 ecm™, 2927 cm™, 1056 cm™},
1050 cm ™" and 1475 ecm ™" which are attributed to O-H stretch-

1
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ing, C-H stretching, C-O stretching (from Fru), C-N stretching
(from ChCl), C-H bending (from methyl group of ChCl)
respectively. In CF DES, the OH vibrational band of fructose,
initially at 3351 cm ™", shifted to 3312 cm™". This demonstrates
that the components established hydrogen bonds to form the
DES.**

To further investigate the interactions responsible for eutec-
togel formation, we conducted FT-IR investigations, comparing
eutectogel spectra with those of their respective DES and
gelator used in gel formation. Also, to validate the existence of
ZIF-8 in the formed eutectogel, we conducted FT-IR analysis
on ZIF-8 powder and compared the spectra with those of the
eutectogel (Fig. 1b and S1bt). SA spectra revealed characteristic
vibrational bands at 3369 cm™, 1061 cm™!, and 1412 cm™?,
which are attributed to O-H stretching, C-O stretching, and
C-H bending respectively.”® The FT-IR spectra of ZIF-8,
revealed distinctive vibrational bands ie., a broad band at
3200-3500 cm ™', 2923 cm ™', 1604 cm™?, 756 cm™!, 671 cm™,
and 417 cm™" corresponding to N-H stretching,*® C-H stretch-
ing, C=N stretching (imidazole), C-N bending (imidazole),
Zn-O stretching, and Zn-N stretching, respectively.’’ The
interaction of DES molecules with the SA in the eutectogel is

f=— CF Gel

Count

.
10 15 20 25 30
2 theta

Fig. 2 XRD pattern of ZIF-8 and eutectogels.
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evident from the -OH stretching frequency of DESs that is
shifted from 3318 cm™ (from CG) to 3303 cm™" in CG Gel and
3312 em™" (from CF) to 3283 em™" in CF Gel, which suggests
the establishment of the hydrogen bond that results in the for-
mation of the eutectogels.>® The spectra of the eutectogel
closely resemble those of the respective DESs, except for
specific changes such as the OH band shift due to the inter-
action of SA with the DES. This suggests that the DES remains
intact within the eutectogel structure. Moreover, it is note-
worthy that the N-H band in ZIF-8 merges with the O-H band
following gel formation. The appearance of distinctive peaks at
671 cm " and 417 cm ™" in both gels, which are attributed to
Zn-0O and Zn-N coming from ZIF-8, confirms the presence of
ZIF-8 in eutectogels, as shown in XRD results vide infra.*"*>

To further confirm the integrity of ZIF-8 within the eutecto-
gels, we performed XRD analysis of neat ZIF-8 and eutectogels
(Fig. 2). The prominent diffraction peaks of ZIF-8 are observed
at 7.39°, 10.42°, 12.76°, 16.48°, and 18.08°, corresponding to
the crystal planes (011), (002), (112), (013), and (222),
respectively.”**> Remarkably, these diffraction peaks are well
preserved in both the eutectogel samples. The XRD peaks of
ZIF-8 and eutectogel showed no discernible differences,
suggesting that the stable structure of ZIF-8 was maintained
even after the formation of the eutectogel. This indicates the
robustness and structural integrity of ZIF-8 within the eutecto-
gel framework.>>**2

To investigate the morphology of the prepared ZIF-8 and
representative eutectogel (CG Gel), we employed scanning elec-
tron microscopy (SEM). Fig. 3a depicts ZIF-8 as individual par-
ticles, displaying its dodecahedral shape and size as evident in
literature. The surface of ZIF-8 may exhibit a textured appear-
ance, with features that can range from smooth to rough and
irregular shapes. Additionally, it provides valuable information
about the spatial arrangement and even distribution of ZIF-8
particles.*® Fig. 3b revealed a three-dimensional (3D) network
structure with a rough or textured surface which could be
attributed to the presence of suspended ZIF-8 particles in the
eutectogel. The SEM image confirms the successful incorpor-
ation of ZIF-8 particles into the eutectogel, validating their
existence within the gel matrix.***

S3400 15.0kV 7.4mm x10.0k SE

WD =17.4 mm Signal A = SE2

Fig. 3 SEM image of (a) ZIF-8 and (b) representative CG Gel.
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3.2.

DSC was employed to study the thermal behavior and pro-
perties of the eutectogel across a wide temperature range. The
results revealed that the gel-to-sol transition temperatures (Ty,)
were 79 °C for CG Gel and 74 °C for CF Gel (Fig. 4b).
Additionally, through rheological analysis, we carried out
measurements for the storage (G') and loss (G”) modulus over
a temperature range from 25 to 90 °C (Fig. 4c and d). It is note-
worthy that the transition from a gel to a sol phase was dis-

Gel-to-sol transition and freezing behavior of eutectogels

View Article Online
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cernible when the crossover point was detected around 74 °C
for CG Gel and ~80 °C for CF Gel. Remarkably, these findings
corroborated the DSC data and the observations from manual
heating experiments, where the gel exhibited a gel-to-sol trans-
formation within the corresponding temperature range (Video
S1t). Furthermore, the freeze-tolerance ability of the eutecto-
gels was assessed through DSC, revealing the freezing tempera-
tures (T¢) of —102 °C for CG Gel and —90 °C for CF Gel as seen
in Fig. 4a. Furthermore, in a manual experiment the as-pre-
pared representative eutectogel (CG Gel) was kept in a refriger-
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(a), (b) DSC thermograms of CG Gel and CF Gel; temperature sweep measurement of (c) CG Gel and, (d) CF Gel; (e) schematic representation
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ator (—20 and —50) for 6 hours to observe its anti-freezing be-
havior. As depicted in Fig. S2,7 the eutectogel remained stable
without freezing at the specified temperatures, exhibiting no
shrinkage or alteration in its physical appearance. These find-
ings highlight the remarkable capability of the eutectogels to
withstand extremely low temperatures, further expanding their
potential applications. The antifreezing characteristics of
eutectogels can be attributed to the DESs used as a solvent in
gel formation. DESs exhibit strong intermolecular interactions,
primarily through hydrogen bonding between the HBD and
HBA components as already shown in FTIR analysis vide-supra
(Fig. 1). These interactions disrupt the formation of a regular
crystalline lattice structure that typically occurs during freez-
ing, thereby preventing the DES from solidifying at lower temp-
eratures.! Fig. 4e depicts a schematic representation illustrat-
ing the mechanism behind the antifreezing behavior of the
eutectogel. Our findings align with prior research on anti-
freezing characteristics of DES-based systems across various
fields.*>™*” However, our study presents a novel approach in
the biomedical field by utilizing a composite of DES and MOF
with antifreezing capabilities and high encapsulation
efficiency for the anticancer drug curcumin.

3.3. Mechanical properties of the eutectogels

We conducted rheological tests to examine the mechanical
properties of the eutectogels. The loss modulus (G") denotes
the energy dissipation and viscous behavior, whilst the storage
modulus (G') depicts the elasticity and strength of the gel.”
The G' to G" ratio offers insights into the mechanical pro-
perties of the gel, indicating its softness or stiffness. Herein,
we conducted strain- and frequency sweeps as part of the oscil-
latory rheological measurements for our eutectogels. The
linear viscoelastic area for both gel samples were determined
using the angular frequency sweep test (Fig. 5b, S3b}). The
findings indicate that the eutectogel is elastic at a broad range
of frequencies since G’ is higher than G” for both eutectogels
up to a wide range of frequencies (up to 100 rad s~ at 0.5%
fixed strain).*®

Furthermore, we conducted strain sweep measurements at
a constant angular frequency of 1 rad s~ (Fig. 5a and S3aft).
Results showed that both gel samples displayed higher G’
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values compared to G” within the linear viscoelastic area,
suggesting gel-like behavior.”® In the case of CG Gel, initially,
G' was higher than G”, and these values remained consistent
across various frequencies, indicating a linear viscoelastic
region with constant elasticity and viscosity. However, as the
strain exceeded 4%, a crossover was observed where G”
exceeded G', indicating the breakdown of the gel structure due
to disrupted hydrogen bonding. In the case of CF Gel, cross-
over was observed approximately at 3% strain, suggesting a
sligtly less mechanical strength compared to CF Gel. In our
previous study, surfactant-based supramolecular eutectogels
exhibited lower mechanical strength than the studied eutecto-
gel, i.e., y. = 1%.>* When studied for mechanical strength, the
amino acid-based eutectogels revealed G” surpassing G' as
strain exceeded 1% at a constant 1 rad s™' frequency.*®
Similarly, self-assembled eutectogels with DBS (5% w/w)
showed weak mechanical behavior, crossing over at approxi-
mately 0.5% for the eutectogel.>® Fracto-eutectogels exhibited
0.3% crossover, transitioning from gel to sol.>* Collectively,
these findings suggest the improved mechanical strength of
the investigated eutectogels.

Furthermore, we found that following a significant ampli-
tude oscillatory breakdown, the gel demonstrated rapid recov-
ery, known as thixotropic behavior.*****® This remarkable
ability allows the gel to regain its original structural integrity
and mechanical characteristics after breakdown. In both cases,
we observed that the G’ values of the eutectogels decreased sig-
nificantly in response to a large-amplitude oscillatory strain
(20% strain; 1 rad s™"), causing them to exhibit liquid-like be-
havior. However, when the strain amplitude was decreased
(0.1% strain; 1 rad s™'), the eutectogels quickly regained their
quasi-solid state, and G’ recovered to its initial values as can be
observed in Fig. 5c¢ and S3c.T This ability of the eutectogels to
transition between a nearly liquid state and a quasi-solid state
highlights their remarkable responsiveness to changes in
strain amplitude. These findings provide compelling evidence
for the injectable and self-healing properties of eutectogels. In
order for a gel to be injectable, it must be able to restore its
dynamic moduli after strain release and exhibit liquid-like
flow under applied pressure. The observed thixotropic behav-
ior confirms the injectability of the studied eutectogels.
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(a) Strain sweep measurement (CG Gel); (b) frequency sweep measurement (CG Gel); and (c) thixotropic behavior (CG Gel).
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Moreover, these findings also confirm the remarkable ability
of the gels to self-heal and recover their original form without
external stimuli (Video S27).

3.4. Self-healing, adhesive and injectable properties of
eutectogels

For a clearer insight, Fig. 6d provides a visual depiction
showing the injectable characteristic of the eutectogel which is
complemented by the depiction of its thixotropic behavior
seen in Fig. 5¢ and S3ct (vide supra). When the strain applied
to the eutectogel remains within the region of the compressed
plunger of the injection (53 psi for the 10 mL syringe with
27-gauge needle),>>** the H-bonding network within the gel
structure breaks down and it exhibits a fluid-like behavior,
smoothly flowing from the needle. However, once the pressure
is released, the gel swiftly reverts back to its original state
(Video S21). This reversible transformation showcases excellent
adaptability, making it a promising material for various appli-
cations. The eutectogel exhibits a remarkable self-healing
property, similar to biological tissues, where it can regenerate
its noncovalent interactions after sustaining damage. To evalu-
ate the self-healing ability of the eutectogel, it was divided into
two fragments and dyed with two distinct dyes as shown in
Fig. 6a. Subsequently, we intentionally brought the fragments
into contact to assess their self-healing capacity. Remarkably,
the eutectogel demonstrated self-healing along the cut line, as
evidenced by the inverted microscopic image (Fig. 6b). In
addition, we conducted a comprehensive investigation into the
adhesive capabilities of the eutectogel with various surfaces.
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Our study encompassed glass, plastic, aluminum, and skin as
substrates. The visual representation of our findings is shown
in Fig. 6¢c, providing a concise depiction of the adhesive per-
formance of the eutectogel across different surfaces.
Furthermore, the lap shear displacement test was conducted
to assess the strength of representative eutectogel (CG Gel) to
adhere to various surfaces (i.e., rubber, glass and skin)
(Fig. S47). A contact area of 15 mm was maintained between
the eutectogel and the specific surface where the eutectogel
was stretched at a regulated rate of 100 mm min~" while the
surface was fixed. The eutectogel showed highest adhesion on
rubber (8.78 kPa) due to its flexibility, conforming to the
surface. Adhesion on skin was slightly lower (8.11 kPa) due to
variable mechanical properties of skin. On glass, adhesion was
lowest (6.83 kPa) due to its rigid and smooth nature, limiting
the contact area and adhesive strength.

3.5. Invitro biocompatibility assay

The drug delivery vehicle used in clinical applications must
exhibit good biocompatibility to ensure it does not pose any
risks or adverse effects. In the in vitro hemolysis assay, the
DESs, ZIF-8, and eutectogels were discovered to be hemocom-
patible compared to the positive control (water). They exhibited
minimal hemolysis, as evidenced by the results shown in
Fig. 7a. The hemolysis % for CG DES, CF DES, ZIF-8, CG Gel,
and CF Gel at a concentration of 10 mg mL™" was found to be
0.85%, 0.76%, 0.90%, 0.98% and 0.92%, respectively. In con-
trast, the positive control (water) demonstrated complete
hemolysis, with a hemolysis level of 100%. Hemolysis levels

Fig. 6

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Visual image of self-healing, (b) inverted microscopic images of self-healing, (c) adhesive and, (d) injectable capability of the eutectogel.
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below 5% are regarded non-toxic.’® In our study, all samples
showed less than 5% hemolysis across a range of increasing
concentrations. Notably, eutectogels (CG and CF) exhibited
minimal hemolysis even at high concentrations (50 mg mL™)
as shown in Fig. 7b. Therefore, all eutectogel samples demon-
strated high hemocompatibility. The hemolysis (%) level with
increasing concentration of the eutectogel sample are sum-
marized in Table S2.1 ChCl, Glu, Fru, ZIF-8, and SA are all con-
sidered biocompatible materials which are used in the investi-
gated system, suggesting that they are unlikely to induce
adverse reactions or trigger immune responses upon contact
with blood.?**”>° Furthermore, Glu and Fru are natural
sugars commonly found in physiological solutions. Their pres-
ence in the eutectogel helps to maintain osmotic balance,
thereby preventing hemolysis or disruption of RBCs when the
gel comes into contact with blood components. ChCl, in
addition to its biocompatibility, exhibits remarkable anti-
thrombotic properties. It acts by inhibiting blood clot for-
mation, thereby reducing the risk of thrombosis within the
eutectogel. ChCl and natural sugar Fru based DES were used
for the preparation of an ion gel, as reported in the literature.
This ion gel has been demonstrated to be hemocompatible
and oblivious to human RBCs.?? While ChCl, Glu, and Fru
play significant roles in ensuring the hemocompatibility of the
eutectogel, the inclusion of ZIF-8 and SA offers additional
functionalities. ZIF-8, provides structural integrity that
enhances the drug loading property. SA, on the other hand,
contributes to the biodegradability of the eutectogel and can
facilitate controlled release of drugs.

Furthermore, the biocompatibility of the studied eutecto-
gels was assessed using the human immortalised keratinocyte
cell line (HaCaT). At a concentration of 15 mM, the biocompat-
ibility assessment of the eutectogels showed a remarkable cell
viability of about 94 and 93% for CG Gel and CF Gel, respect-
ively (Fig. 8a and b). These findings strongly suggest the bio-
compatibility of the eutectogels, which makes them highly
appealing for tissue engineering and drug delivery.
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3.6. Drug loading and release profile in eutectogels
Their adhesive and injectable properties, coupled with biocom-
patibility, make eutectogels ideal for drug delivery applications.
Consequently, we conducted a comprehensive investigation
into the efficacy of incorporating curcumin, a potent medicinal
compound, into the gel. Curcumin, derived from turmeric, is a
natural compound with anti-inflammatory, antioxidant,*® anti-
cancer,®" antimicrobial,®” and neuroprotective properties.®® It
is promising towards treating various diseases like cancer,
cardiovascular conditions,*® neurodegenerative disorders,*®
arthritis,®® and diabetes.®® However, curcumin’s clinical use is
hindered by limitations including poor solubility and low bio-
availability, which affect its delivery and -effectiveness.””
Another significant limitation of curcumin is its inherent
instability, especially in water-based environments. It tends
to degrade, compromising its desired concentration and
activity.””®® This instability undermines its pharmaceutical
effects and overall efficacy as a drug. Given the aforementioned
limitations, it becomes imperative to investigate a suitable
assembly that can effectively encapsulate curcumin, ensuring
its stability within the delivery vehicle. To comprehend the
potential of a eutectogel (CG Gel) as a drug delivery system, we
investigated the stability of curcumin. Maintaining the
pharmaceutical efficacy of curcumin requires understanding
its time-dependent stability. Therefore, we stored curcumin-
containing samples in a dark environment at room tempera-
ture within the CG Gel for a duration of 30 days. Remarkably,
curcumin underwent only 38% degradation during this period
(Fig. 9). In contrast, it takes only 24 hours for it to degrade by
more than 90% when in water. Additionally, the absorbance
maxima of curcumin did not exhibit any noticeable shifts, indi-
cating the preserved molecular structure of the remaining cur-
cumin. These findings contribute to our understanding of cur-
cumin’s stability within the CG Gel as a potential drug carrier.
To support this, we employed FTIR to assess the degra-
dation behaviour of curcumin in both water and the represen-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Stability of curcumin within a representative eutectogel system
studied by UV-Vis spectroscopy.

tative euetctogel (CG Gel). The comparative FTIR spectra of
curcumin powder, curcumin in water at 0 hours, and curcumin
in water at 24 hours are shown in Fig. S5a.1 Curcumin exhibits
specific bands at 3506 cm™' (phenolic O-H stretching),
1624 cm™' (aromatic C=C stretching), 1592 cm™" (benzene
ring stretching), 1504 cm™' (C=0 and C=C stretching),
1423 cm™' (C-H bending), 1270 cm™" (aromatic C-O stretch-
ing), and 1024 cm™' (C-O-C stretching). These distinct
vibrational bands of curcumin are present in the spectrum of

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Cell viability (%) of HaCaT cells for CG and CF Gel; (b) Microscopic image of cytotoxicity on HaCaT cell (i) before treatment (control), (ii)
after treatment with CG Gel and, (iii) after treatment with CF Gel after 48 h.

curcumin dissolved in water at 0 hours. However, the intensity
of these vibrational peaks is reduced, likely due to the low cur-
cumin concentration in water because of its poor solubility in
an aqueous environment. In contrast, these distinctive peaks
are absent in the spectrum of curcumin in water after
24 hours, indicating that curcumin has undergone degra-
dation during this period. Likewise, we examined the FTIR
spectra of curcumin with CG Gel, both at the beginning (day 0)
and after a 10-day period, as depicted in Fig. S5b.f The find-
ings showed that even after 10 days, curcumin remained stable
within the eutectogel.

We conducted further investigations to explore the effective-
ness of the studied systems in loading curcumin. In CG Gel,
curcumin exhibited an encapsulation of 45.60 mg g™ ', while in
CF Gel, the encapsulation efficiency was 42.34 mg g~
Interestingly, the hydrophobic drug curcumin, which had an
aqueous solubility of only 0.0006 mg mL™", showed a signifi-
cant increase in solubility when encapsulated within the eutec-
togel. The enhanced curcumin encapsulation -efficiency
observed in the eutectogel can be attributed to the presence of
ZIF-8 dispersed within the gel matrix. ZIF-8 possesses unique
properties such as porosity and a high surface area.’®*>*?
These characteristics enable it to effectively load a greater
amount of drug, curcumin. Additionally, the encapsulation
within the eutectogel matrix further contributes to the
improved encapsulation efficiency of curcumin. The combi-
nation of ZIF-8 and the eutectogel matrix creates a favorable
environment for curcumin encapsulation, resulting in higher
loading capacity and improved drug delivery potential.
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Additionally, we conducted a comparative analysis of curcumin
loaded eutectogel with other curcumin loaded systems
(Table S31), to gain valuable insights into the superior encap-
sulation efficiency and stability achieved by the studied eutec-
togels, highlighting its potential as an effective and reliable
carrier for curcumin and other encapsulated drugs.

Furthermore, we conducted an investigation on the curcu-
min-loaded gel samples to assess their sustained release pro-
perties. Analysing the release profile of the drug enables con-
trolled and programmed delivery, ensuring the drug is released
over a specific duration. Drugs that undergo rapid metabolism
can be quickly eliminated from the body after administration.
However, by utilizing sustained release mechanisms or adjust-
ing the rate of drug release, it becomes possible to maintain a
constant concentration of the drug in the targeted organ. This
is particularly beneficial for conditions like cancer, where a
consistent dosage of the drug is not only advantageous but
also cost-effective and safe. Considering these factors, we
investigate the drug release potential of the eutectogel under
physiological pH and temperature conditions. The release
profile of curcumin from the CG Gel was examined, and the
results revealed that approximately 64% of the encapsulated
curcumin was released at pH 7.4. However, in acidic pH 5.0, a
higher release of curcumin was observed, with approximately
86.5% being released. Similarly, in the CF Gel, the release of
curcumin was investigated. At pH 7.4, approximately 67% of
the curcumin was released from the gel matrix. However,
when the pH was lowered to 5.0, a significantly higher release
of curcumin was observed, with approximately 88% being
released as shown in Fig. 10a and b. These findings indicate
that the release of curcumin from both eutectogels is influ-
enced by the pH of the surrounding environment. This can
be attributed to the pH-responsive nature of ZIF-8, which
allows for increased release under acidic conditions. The pH
influence on the release behaviour of drug opens up possibi-
lities for targeted and controlled drug delivery, particularly in
applications where pH conditions vary, such as in certain
disease environments.
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To better understand the release of curcumin, we employed
different kinetic models (as shown in Table S47) to analyze its
release behavior. These models aid in providing insights into
the release kinetics of curcumin from the system under investi-
gation. By comparing the data to different models, we found
that the Higuchi Model provided the best fit for the curcumin
release profile in both systems having higher r* value com-
pared to other kinetic models (Fig. S61). This model has been
widely used to analyze and predict the release behavior of
drugs from gel-based drug delivery systems.’”®® It suggests
that the drug release mechanism is primarily governed by
diffusion. This diffusion-controlled release mechanism
implies that the drug molecules are gradually released from
the gel matrix as they diffuse through the gel structure,
leading to a sustained and controlled release over time.

3.7. Antibacterial and antioxidant activities of eutectogels

The therapeutic benefits of curcumin are restricted due to its
poor solubility in water. Nonetheless, our study has effectively
shown that curcumin can be encapsulated at a high concen-
tration (~45 mg g~ ') within the studied eutectogel samples,
while maintaining its stability. Encouraged by these promising
findings, our aim was to investigate the antibacterial activity
of the studied systems. Table S5 summarizes the zone of
inhibition as a measure of antibacterial activity for DESs and
their corresponding gels, both with and without curcumin.
Meanwhile, Fig. 11 provides visual representations of agar
plates incubated for 18-20 hours at 37 °C. Upon examination
of the image, it is evident that CG and CF DESs shows low to
no zone of inhibition for both Gram-positive and Gram-nega-
tive bacterial strains. Likewise, our results agree with pre-
viously reported toxicological studies on this DES, specifically
the ChCl:Glu DES. In the aforementioned studies, disc
diffusion tests showed that ChCl:Glu DES had no harmful
effects on a variety of microorganisms, including Gram-posi-
tive and Gram-negative bacteria.®® Additionally, other research
has shown that ChCl: glucose DES is a non-toxic solvent for a
variety of microorganisms, such as fungi, Gram-positive and
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Fig. 10 Cumulative drug release (%) of (a) CG Gel and (b) CF Gel at pH 5.0 and 7.4.
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Images showing zone of inhibition of pathogen cultured agar plates for both the systems. The numerical codes in the images are being

used merely for the purpose of sample coding in each Petri dish. i.e., (1) CG DES, (2) CG Gel, (3) CG Gel + Cur; (I) CF DES, (ll) CF Gel, and (lll) CF Gel

+ Cur.

Gram-negative bacteria.”””> Since, the DESs themselves show

low to nil antibacterial activity, the gels derived from these
DESs also did not exhibit significant antibacterial activity. On
the other hand, we observed a notable increase in the antibac-
terial activity of the curcumin-loaded eutectogels compared to
the pristine eutectogels (Fig. 12). This enhancement is due to
the drug curcumin, which exhibits antibacterial activity
against many microorganisms by rupturing the bacterial cell
membranes. It affects both Gram-positive and Gram-negative
bacteria by increasing membrane permeability, which ulti-
mately leads to bacterial death.”® The lipophilic nature of cur-
cumin allows it to directly enter liposome bilayers, enhancing
their permeability. Additionally, curcumin can disorder mem-

branes and impact membrane fusion processes by inserting
deeply into the membrane in a trans-bilayer orientation.”* The
membrane permeabilization characteristic of curcumin con-
tributes to its direct antibacterial effect on both Gram-positive
and Gram-negative bacteria.”®

Curcumin also has potent antioxidant property, being able
to scavenge free radicals and minimize oxidative stress. It pro-
tects cells from damage by inhibiting lipid peroxidation and
scavenging reactive oxygen species (ROS) which are attributed
to its chemical structure and its ability to donate hydrogen
atoms or electrons to stabilize free radicals.”® Here, the anti-
oxidant activities of DESs and their gels, both with and
without loaded curcumin, were evaluated using DPPH scaven-
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Fig. 12 Comparative representation of antimicrobial activities of DESs and their respective gel with and without curcumin CF system for (a) CG

system and, (b) CF system.
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Table 2 Percentage radical scavenging of all systems at different time
intervals

Time (%) Time Inhibition
Sample (h) Inhibition Sample (h) (%)
CG Gel + 4 22.43 £1.12 CF Gel + 4 24.43 +1.22
Cur 8 36.60 +1.83 Cur 8 39.69 + 1.98
16 45.68 + 2.28 16 47.13 +1.35
32 66.93 + 2.34 32 69.84 + 2.49
48 83.74 £ 3.18 48 84.46 + 2.22
CG DES — 8.01 + 0.40 CF DES — 10.0 = 0.50
CG Gel — 9.20 + 0.46 CF Gel — 10.9 + 0.54

ging activity. As demonstrated in Fig. S7b,T DESs (CG DES, CF
DES) and gels (CG gel and CF gel) showed no significant anti-
oxidant activities. However, curcumin loaded gels (CG Gel +
Cur, CF Gel + Cur) demonstrated antioxidant activities reach-
ing up to 83.7% and 84.4% respectively, as shown in Table 2.
These enhancements were primarily achieved due to the
potent antioxidant activity of curcumin.”” Moreover, we carried
out time-dependent DPPH scavenging activities of curcumin-
loaded gels to investigate the antioxidant activity correlating to
the release of the drug at different time intervals. Fig. S7af
shows increasing antioxidant activity over time, attributed to
the sustained release of curcumin from the gel.

4. Conclusion

In summary, we successfully developed eutectogels by incor-
porating SA and ZIF-8 into DESs. The DESs and eutectogels
were characterized by FTIR spectroscopy, and the structural
integrity of ZIF-8 in the eutectogel was confirmed by XRD ana-
lysis. The dodecahedral shape of the synthesized ZIF-8 and the
3-D network of the eutectogel were assessed by SEM analysis.
Using DSC, we determined the melting temperatures (Tj,) to
be 79 °C for CG Gel and 74 °C for CF Gel, which were further
corroborated through visual observation and rheological
experiments. The freezing temperature (7;) was found to be
—102 °C for CG Gel and —90 °C for CF Gel. Investigation into
curcumin  encapsulation showed remarkable loading
capacities: 45.60 mg g~ for CG Gel and 42.34 mg g~ for CF
Gel. When exposed to cancerous cell pH (5.0), both eutectogels
showcased sustained release (64 h) of curcumin through
diffusion, which was confirmed through the Higuchi model.
The eutectogel exhibited excellent biocompatibility, with less
than 2% hemolysis when in contact with human blood during
in vitro hemolysis testing. When assessed for biocompatibility
using the keratinocyte cell line (HaCaT), both eutectogels
showed remarkable cell viability (94% for CG Gel and 93%
for CF Gel), suggesting their excellent biocompatibility.
Additionally, the curcumin-loaded eutectogels displayed
potent antibacterial and antioxidant properties. This study
holds promise in diverse fields, including environmental pro-
tection, advanced drug delivery, and tissue engineering. Their
substantial curcumin loading and adhesive qualities make the
eutectogels ideal for wound healing and localized drug deliv-
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ery applications, while their thixotropic behavior suggests their
potential as injectable drug delivery systems. Additionally,
their anti-freezing property holds promise for treating con-
ditions like frostbite in low-temperature environments, main-
taining therapeutic effectiveness.
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