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Therapeutic hydrophobic deep eutectic solvents (THDESs) are an emerging class of eutectic mixtures
gaining significant attention in the biomedical field. Solidifying these THDESs into bioactive eutectogels
broadens their application in transdermal drug delivery (TDD). To showcase the potential of these
sustainable materials, we have developed a supramolecular eutectogel within THDESs. The investigated
eutectogels were formed by dissolving pharmaceutically active compounds, cetylpyridinium chloride
(CPCl and cetylpyridinium bromide (CPBr), in THDESs, which were formed by the interaction of
menthol (Mth) with fatty acids (FAs) such as lauric acid (LA), palmitic acid (PA), and oleic acid (Ole)
through hydrogen bonding. The resulting supramolecular eutectogels, which form solely via reversible
noncovalent interactions in response to temperature, exhibit a sol—gel-sol transition, highlighting
their reversible temperature responsiveness. Furthermore, these eutectogels remain stable at room
temperature for approximately four months, with no alteration in their physical properties. Notably,
the mechanical properties of these eutectogels vary according to the chain length of the FAs used to
form the specific THDES, with longer chain lengths imparting greater mechanical strength, following
the order (Mth + Ole-DES) MeOle > (Mth + PA-DES) MePA > (Mth + LA-DES) MelA. These
eutectogels also show excellent adhesive properties on various substrates, including skin. Moreover,
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they retain the bioactivity of the THDESs and enhance skin penetration, facilitating the delivery of the
anticancer drug curcumin in an ex vivo goat skin model via a Franz diffusion cell. These eutectogels
DOI: 10.1039/d5tb01470k exemplify the relationship between the system’s hydrophobicity and its influence on curcumin
loading capacity and skin permeation ability, paving the way for the development of innovative

rsc.li/materials-b therapeutic soft materials.

formation’™ and progression'®™* in various animal models of

carcinogenesis. Recent clinical trials focusing on patients with

1. Introduction

Curcumin, a polyphenol found in the rhizome of Curcuma
longa (turmeric), is an o,B-unsaturated diketone (diferuloyl-
methane) known for its keto-enol tautomerism. Traditionally
used in medicine for its health benefits, curcumin exhibits
antioxidant,' anti-inflammatory,” anti-microbial,® anti-cancer,*
nephroprotective,” and anti-diabetic® properties. Among its
diverse pharmacological properties, the anti-cancer properties
of curcumin have gained considerable interest in the past five
decades. Studies have demonstrated its ability to inhibit tumor
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familial adenomatous polyposis have further supported its
potential in reducing cancer progression across multiple organ
sites, thereby positioning it as a promising agent for both
cancer prevention and treatment.”® However, curcumin’s poor
aqueous solubility, low bioavailability, and susceptibility to
gastrointestinal degradation limit its therapeutic appli-
cation." To address these limitations and enhance its thera-
peutic efficacy, higher doses of curcumin (12 to 20 grams daily)
are often recommended, which consequently increase the risk
of side effects like gastrointestinal irritation.'>'® Therefore,
developing new drug delivery systems is crucial for enhancing
its therapeutic efficacy and minimizing side effects, particularly
through the use of simple solvents to bypass expensive and
time-intensive processes. This necessitates the exploration of
new solvents that offer enhanced solubility of the active com-
pound while ensuring environmental and health safety. In this
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regard, ionic liquids (ILs) and deep eutectic solvents (DESs)
have emerged as a particularly intriguing group of solvents. For
instance, Goto’s group improved curcumin’s solubility to
~8 mg mL ' and extended its half-life to 260 minutes by
encapsulating it within the [Ch][Ole] IL."” Similarly, our pre-
vious work demonstrated that DES-based eutectogels can solu-
bilize 42-45 mg g~ of curcumin,"® and Jelinski et al. showed
that a DES of choline chloride and glycerol (1:1) dissolves up to
7.25 mg mL~" of curcumin.” These findings underscore the
superior drug solubilizing capacity of DESs. Furthermore, DESs
offer additional benefits over conventional ILs, including mini-
mal toxicity, cost-efficiency, simple preparation and handling,
justifying our focus on DES-based solutions.

Having shown promise in the field of biomedical applica-
tions, DESs find utility in enhancing the solubility, skin pene-
tration, and absorption of active pharmaceutical ingredients
(APIs).*® These APIs can themselves serve as counterparts to
DESs, forming what are referred to as therapeutic deep eutectic
systems (TDESs).>"** This study aims to provide insights into
the therapeutic hydrophobic DES (THDES) formulated with
menthol (Mth) and various fatty acids (FAs). Although FA-
based THDESs have been previously reported in the literature,
primarily for purposes such as wastewater treatment, bio-
electronics, enzyme activation, microalgal biomass and plant
material extraction, as well as antibacterial and wound healing
applications, there is a scarcity of literature regarding eutecto-
gel formulations based on these THDESs for TDDSs, leaving
ample space for innovative biomedical materials. Mth with its
extremely low solubility in water (0.46 mg mL™ " at RT) and
effectiveness as a skin penetration enhancer (PE) along with its
established anti-inflammatory and antimicrobial characteris-
tics has emerged as an ideal candidate for designing sustain-
able and cost-effective THDESs.>®> On the other hand, FAs are
frequently derived from plant and animal fats, and their strong
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antimicrobial properties have also been reported.”*>> The
European Food Safety Authority (EFSA) has published an
opinion regarding FAs as food additives, stating that they
are deemed safe at the generally recognized as safe (GRAS)
level.”® They also play a significant role in the natural self-
disinfection process of human skin.>* Therefore, even if they
penetrate the skin, their biocompatibility suggests they may
not induce skin inflammation.?” Thus, these FA-based
THDESs for TDD are anticipated to act as PEs without causing
skin irritation. When THDESs form supramolecular eutecto-
gels solely via reversible noncovalent interactions, they pre-
sent an appealing choice for biomedical applications. Due to
the involvement of noncovalent interactions, these gels fre-
quently exhibit stimulus-responsive and self-healing charac-
teristics. Moreover, their gel phase prolongs contact with the
skin, facilitating sustained and controlled drug release in
TDDSs. To the best of our knowledge, no studies have yet
explored the application of Mth-FA THDES-based supramole-
cular eutectogels in TDDSs.

In our pursuit to develop nanocarriers with biocompatible
features such as IL-based micelles-vesicles,”® hydrogels®**° and
aerogels®' here we present the development of supramolecular
eutectogels. The proposed eutectogels are developed by self-
assembling the two long-chain surfactants CPCl and CPBr in
the THDESs comprising of Mth and FAs, i.e., LA, PA and Ole,
through intermolecular non-covalent bonds. Fig. 1(i) illustrates
the structures of the components used in the preparation of the
eutectogels. These eutectogels offer several advantages, includ-
ing simple preparation and handling, skin penetration cap-
ability, biocompatibility, and stimuli-responsiveness. This
study focuses on curcumin as a model hydrophobic drug due
to its known transdermal delivery limitations; however, the
developed eutectogel platform is expected to be applicable to
other poorly soluble hydrophobic drugs in future studies.

Heating
—p

THDESs + water

Fig. 1

(i) Chemical structures of components; (ii) formation of THDESs and phase separation with water; (iii) visual representation of eutectogel

formation by vial inversion: (a) MeLA-CPCIl, (b) MeLA-CPBr, (c) MePA-CPCl, (d) MePA-CPBr, (e) MeOle-CPCl, and (f) MeOle-CPBr.
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2. Experimental section

2.1. Materials

t-Menthol was acquired from Sigma-Aldrich), lauric acid from
TCI Chemicals), palmitic acid from Merck, and oleic acid,
cetylpyridinium chloride, cetylpyridinium bromide, and curcu-
min from SRL. All chemicals were of reagent grade and used as
received without additional purification.

2.2. Methods

2.2.1. General preparation of THDESs. The THDESs used
in this study were prepared according to the established
procedure.’*™* In summary, the HBA (Mth) and HBDs (LA,
PA, Ole) were mixed in a specific molar ratio outlined in
Table 1. Subsequently, the mixture was heated using a mag-
netic stirrer until a homogeneous solution was formed
(~70 °C). The resultant DESs, devoid of discernible fine
particles and air bubbles, were then stored in a sealed con-
tainer at room temperature. Fig. 1(ii) demonstrates the for-
mation of hydrophobic THDESs. The observed difference in
required ratios to form THDEDs arises from the physicochem-
ical properties of the used FAs. PA (C16:0) is highly crystalline,
with a higher melting point and stronger van der Waals
interactions compared to lauric acid (C12:0), hence requiring
a larger excess of menthol to sufficiently disrupt its lattice. In
contrast, oleic acid (C18:1, cis) contains a double bond that
introduces a kink in the chain, lowering its melting point and
disrupting crystalline packing. This enhances miscibility with
menthol and favors near-equimolar association (1: 1), allowing
MeOle to form a stable THDES without requiring a large excess
of menthol. Thus, the ratios reflect the balance between chain
length, saturation, and molecular packing of the fatty acids
rather than a simple chain-length trend.

2.2.2. General preparation of eutectogels. Six eutectogels
were prepared by a simple one-step hot dissolution/cooling
process. Specific amounts of surfactants (CPCl or CPBr) were
added to THDESs in a sample vial, and the mixtures were
heated in a water bath at 60-65 °C until a clear transparent
solution was obtained. The vials were then cooled to room
temperature, resulting in the formation of eutectogels. Gel
formation was evaluated using the vial inversion method
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(Fig. 1(iii), a-f) and the falling ball method (Video S1).
To optimize the composition, different concentrations of CPCl
and CPBr were tested. We found that at 3% w/v concentration,
both surfactants consistently produced stable eutectogels with
non-flowing properties, whereas at concentrations below 3%
the system remained in the sol state. From an economical
perspective, the minimum concentration of 3% was therefore
selected and used in all further studies (Table 1).

The use of both CPCl and CPBr was intentional, as halide
counterions are known to influence the self-assembly and
physicochemical behavior of quaternary ammonium surfac-
tants. We initially anticipated that differences in ionic radius
and hydration between chloride and bromide could affect
gelation, stability, or drug loading. Although the outcomes
were comparable, this comparison suggests the robustness of
the eutectogel platform, which performs effectively irrespective
of the counterion.

2.2.3. FTIR. FTIR spectra for Mth and associated fatty acids
(LA, PA, Ole) were obtained using a Shimadzu FT-IR-8400S
spectrophotometer with KBr pellets (1 wt% sample), in the
range of 400-4000 cm ™~ '. The establishment of hydrogen bond-
ing between the HBD and HBA to form a THDES was inferred
from the FTIR spectra by comparing the spectra of individual
components with the spectra of their respective THDES. Addi-
tionally, the eutectogels were also subjected to FTIR analysis to
investigate the interactions accountable for gel formation,
following a similar procedure.

2.2.4. SANS. SANS analysis of representative eutectogels
(MeLA-CPBr, MePA-CPBr and MeOle-CPBr) from each THDES
(MeLA, MePA and MeOle) was conducted using a SANS-1
diffractometer at the Guide Tube laboratory, Dhruva reactor,
BARC, Mumbai, India. The experimental data were analyzed with
SasView software, employing various fitting models. The sample
data were fitted using an empirical functional form for SANS data,
characterized by a broad scattering peak. The scattered intensity,

I(g), is calculated using the following eqn (1):**7°
A C
=24 & 13 1
A S VEPIE W

The first term accounts for scattering observed in the low-q
range, which provides information from larger objects in the

Table 1 Molar ratios of individual components used for DES formation and composition of surfactants for eutectogel formation, along with their

abbreviations as used in the manuscript

THDES HBA HBD Molar ratio (HBA: HBD) Gelator Gelator (% w/v) Observation
MeLA Menthol (Mth) Lauric acid (LA) 4:1 CPCl 1-2% Sol
3% Gel (MeLA-CPCI)
CPBr 1-2% Sol
3% Gel (MeLA-CPBr)
MePA Palmitic acid (PA) 12:1 CPCl 1-2% Sol
3% Gel (MePA-CPCI)
CPBr 1-2% Sol
3% Gel (MePA-CPBr)
MeOle Oleic acid (Ole) 1:1 CPCl 1-2% Sol
3% Gel (MeOle-CPCl)
CPBr 1-2% Sol
3% Gel (MeOle-CPBr)
14456 | J Mater. Chem. B, 2025, 13, 14454-14469 This journal is © The Royal Society of Chemistry 2025
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sample, while the second term, which describes a broad peak,
reflects the inner structure of the objects and conveys informa-
tion on the average separation between scattering inhomogene-
ities within the eutectogel network. Parameters A and C are
multiplying constants that weight the contribution of each term
(power law and broad peak) to the total scattering, while B is an
additive constant that accounts for incoherent scattering. The
exponent n provides information on the fractal dimensionality
of objects, while the exponent m provides information on
solvation. Additionally, g, indicates the interference peak posi-
tion, which can be used to retrieve the average separation
through the Bragg law, d = 2m/q,. Parameter ¢ represents the
correlation length, which represents the degree of order in the
structure: the higher the value of £, the greater the correlation
between inhomogeneities in the inner structure.

2.2.5. SEM. The SEM images of the supramolecular eutec-
togel were obtained using a Hitachi S-3400N scanning electron
microscope operating at 15 kV. The samples were affixed to a
copper disc using double-sided carbon tape, and a layer of gold
coating was applied to the gel samples.

2.2.6. Turbidity measurements. Turbidity measurements
of each eutectogel were conducted using a Varian Cary 50 UV
spectrophotometer, recording changes at a wavelength of
500 nm over time within the temperature range of 30-70 °C.
For standard measurements, samples were introduced into
a quartz cuvette, and spectra were recorded until the gel
formation became apparent. Subsequently, the gel phase,
observed at the end of the measurement, exhibited stability
during the tube (cuvette) inversion test. The measurements are
performed in triplicate to ensure accuracy.

2.2.7. Rheology. A Physica MCR 301 rheometer was
employed for rheological measurements. Frequency scans were
conducted over the range of 0.01-100 rad s~ under a fixed
strain of 0.25%. Additionally, strain scans were performed at a
constant frequency of 1 rad s™', spanning from 0.01 to 10%.
The point at which G’ begins to deviate from linearity
and eventually intersects with G”, leading to gel breakdown,
corresponds to the critical strain.

2.2.8. Drug loading. For the curcumin encapsulation, initi-
ally, the eutectogels were subjected to heating beyond their Tgel
temperature, followed by gradual cooling to room temperature.
Just prior to the beginning of the transformation of the sol
phase into the gel phase, curcumin was introduced into the sol
phase at a temperature ranging between 30 and 35 °C, with an
initial concentration of 25 mg mL™". During this phase, a portion
of the curcumin solubilized while the remainder settled at the
bottom of the vial. Following the sol-to-gel transition, curcumin
became entrapped within the gel phase, with some residual
curcumin remaining in the settled portion. To measure loading
efficiency, a predetermined quantity of eutectogel was collected
and dissolved in a known quantity of methanol, carefully avoiding
inclusion of settled curcumin. The loading efficiency was subse-
quently quantified using UV-vis spectroscopy by comparing the
absorbance with a standard calibration curve.

2.2.9. Drug permeation study. Whole-thickness goat
skin from the ear pinna was collected for the investigation.

This journal is © The Royal Society of Chemistry 2025
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Non-dermatome skin was excised using a scalpel after being
cleaned with cold tap water. For skin permeation studies, a
Franz diffusion cell was utilized, with an effective diffusion
zone of 7.85 mm?. In the receptor chamber, 10 ml of pH 7.4 PBS
(30% PEG 400 v/v) was added and stirred using a magnetic
stirrer (250 rpm). The temperature of the receptor chamber was
maintained at 32 + 1 °C with the assistance of an external
constant temperature circulator water bath. The stratum cor-
neum (SC) layer of the skin faced the donor chamber, situated
between the donor and receptor compartments of the Franz
diffusion cell. Next, curcumin-loaded eutectogels (500 ug g~ )
were introduced into the donor compartment, maintaining
continuous contact with the SC for 48 h. Samples (1.0 mL)
from the receptor chamber were collected at specified intervals,
ensuring the maintenance of the sink state by replacing them
with an equivalent amount of fresh buffer solution.

The cumulative amount of drug permeated per unit area (Q,
g cm™?) was plotted against time (¢, h). The steady-state flux (J,
pg cm > h™ ') was obtained from the slope of the linear portion
of the plot according to

dQ

J:E

The permeation coefficient (K,, cm h™') was calculated
using the equation
k=L
Co
where Q = cumulated amount of drug permeated per unit area
(ng cm™?), ¢ = time, J = steady-state flux (ug cm > h™"), K, =
permeability coefficient (cm h™") and C, = initial drug concen-
tration in the donor compartment (ug cm )

2.2.10. Effect of eutectogels on the SC layer of skin (per-
meation mechanism). Following the drug permeation experi-
ment, goat skins were removed from the Franz diffusion cell
and carefully cleansed with methanol and water, followed by
thorough drying. Subsequently, ATR-FTIR spectroscopy was
employed to examine the impact of eutectogel on the lipid
and keratin composition of the skin. The stratum corneum (SC)
layer of the skin was placed facing downward onto the surface
of the ATR crystal, and spectra were recorded within the range
of 4000-400 cm ™' using a Jasco FTIR-ATR spectrophotometer.

2.2.11. Cytotoxicity assessment of eutectogels. We evalu-
ated the biocompatibility of each eutectogel with human ker-
atinocyte (HaCaT) cells using the MTT cell viability assay.
HaCaT cells were thawed at 37 °C after being stored at
—80 °C. Upon thawing, the old cell culture medium was
replaced with fresh medium following centrifugation, and a
cell suspension was prepared. This suspension was then trans-
ferred to a T-25 culture flask containing 5 mL of fresh media
and incubated at 37 °C with 4% CO, until sufficient cell growth
was achieved, forming a monolayer. Afterward, the monolayer
was rinsed with PBS and disrupted by treatment with trypsin-
EDTA solution for 2 minutes. The trypsin’s action was halted
by adding fresh media, and the solution was then centrifuged.

J. Mater. Chem. B, 2025, 13, 14454-14469 | 14457
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The suspended cells were mixed with fresh media and trans-
ferred to a T-75 culture flask for further growth. These cells
were subsequently seeded into a 96-well plate to assess the
cytotoxicity of the eutectogel using the MTT assay. Cell viability
was determined by measuring absorbance at 570 nm with a
microplate reader after 48 hours.

To evaluate the efficacy of the studied eutectogels against
A431 human epidermoid carcinoma cells, the following proce-
dure was employed. A431 cells were cultured in 10% complete
media, comprising a mixture of fetal bovine serum and
Dulbecco’s minimal essential media, and maintained at 37 °C
in a humidified atmosphere using a carbon dioxide incubator
(Eppendorf CellXpert) until they reached confluency. Subse-
quently, the cells were exposed to increasing concentrations of
eutectogels containing curcumin (5, 10, 15, 20, and 25 puM),
along with eutectogels devoid of curcumin. After a 48-hour
incubation period, the culture medium was carefully aspirated,
and the cells were thoroughly washed with PBS buffer. The cells
were then incubated for an additional 4 hours in fresh MTT
media (2 mg mL ™). Following the removal of the MTT media,
100 pL of DMSO was added to each well, and the plates were
incubated at 37 °C for approximately 10 minutes to ensure
complete solubilization. Subsequently, the absorbance of the
resultant solution in each well was measured using a micro-
plate reader.

2.2.12. Skin compatibility test. The skin compatibility of
the representative eutectogels from each THDES (i.e., MeLA-
CPBr, MePA-CPBr and MeOle-CPBr gels) was assessed through
a primary skin irritation test conducted on human volunteers.
Six healthy volunteers of both genders, aged between 18 and
40 years, were selected. The exclusion criteria for the study
included the presence of skin marks or lesions in the test area
that could interfere with the assessment, a history of eczema-
tous conditions, allergy or sensitivity to the components being
tested, dermographism, increased skin reactivity, atopy, allergy
to adhesives, recent use of topical corticosteroids in the test
area, pregnancy, lactation, or ongoing treatment with anti-
inflammatory or antiallergic medications.’” For each of the
three eutectogels, two volunteers were assigned per formula-
tion. A 1.0 g sample of the eutectogel was applied to a 2-square-
inch area on the back of the hand for up to 4 hours. The
treatment sites were then evaluated for any signs of irritation or
redness using a four-point grading scale (Table S1) proposed by
the International Contact Dermatitis Research Group (ICDRG)
at 24, 48, and 72 hours post treatment.*® Informed consent was
obtained from all volunteers prior to their participation in the
experiments.

3. Results and discussion

The THDES-based supramolecular eutectogels were prepared
by dissolving CPCl and CPBr at the concentrations listed in
Table 1 within each of the THDESs. Their formation was first
confirmed using FTIR, which verified both the successful
preparation of the THDESs and the subsequent supramolecular

14458 | J Mater. Chem. B, 2025, 13, 14454-14469
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eutectogels. To further support this, SANS measurements were
carried out, confirming the presence of aggregates in the
THDESs that drive eutectogel formation. In FTIR analysis, the
FTIR spectra of the THDESs were compared with those of
the individual components (Mth, LA, PA, and Ole). As a
representative system, the obtained spectra for the MeLA
THDES and its corresponding components are shown in
Fig. 2a and b, while additional spectra for other systems are
provided in the SI (Fig. S1a-d). The components used as a HBD
to form DESs have a carboxylic acid group in their structure,
displaying a distinctive band (ketone or carbonyl group) at
~1700 cm™' in their spectra. Conversely, the HBA, Mth,
exhibits a characteristic band at ~3224 cm™", indicating the
presence of the -OH group in its structure. Additionally, FTIR
spectra of DESs showed intermolecular hydrogen bonding
between HBDs and Mth, mostly in the carboxyl group
region.*® In Fig. 2a, the carbonyl band at ~1683 cm™ " in LA
is shifted to ~1708 cm™" in the MeLA DES. This significant
change strongly indicates the formation of a new hydrogen
bond, playing a crucial role in the formation of the DES. This
was further supported by the physical state of the components.
For instance, in the case of MeLA (DES) composed of Mth and
LA, both individual compounds were initially in a solid state.
However, after DES formation, a stable liquid state was
achieved, indicating the establishment of hydrogen bonding
between them.

The gelation of these DESs occurred through the addition of
surfactants, driven by noncovalent interactions such as hydro-
phobic interactions, hydrogen bonds, and van der Waals forces.
This was confirmed by comparing the FTIR spectra of powder
CPCI and CPBr with the spectra of their corresponding eutec-
togels. For instance, we compared MeLA-CPCl and MeLA-CPBr
gels with the MeLA DES, and CPCl, CPBr surfactants, respec-
tively (Fig. 2b). The frequencies associated with the asymmetric
and symmetric vibration of the -CH, group in CPCl (2960,
2894 cm ') and CPBr (2947, 2881 cm™ ') are shifted to 2909,
2843 cm ™' in the MeLA-CPCl gel and to 2906, 2840 cm™ " in the
MeLA-CPBr gel, due to the hydrophobic interaction between the
alkyl chains of surfactants. The interaction of DES molecules
with the surfactant in the eutectogel is evident from the -OH
stretching frequency which is shifted from 3343 cm ' in
the MeLA DES to 3329 cm™ ' in the MeLA-CPCl gel and to
3330 ecm~ ' in the MeLA-CPBr gel (Fig. 2b). Similarly, FTIR
analysis of the remaining eutectogels was conducted and is
presented in the SI, Fig. S1b and d. The observed shifts in
frequencies associated with the interactions between alkyl
chains are crucial, as they indicate that the surfactants are
self-assembling within the DES to form aggregates, leading to
eutectogel formation. This important finding prompted us to
conduct further studies using SANS analysis to confirm the
formation of aggregates within the DES. As illustrated in
Fig. 2c, the experimental SANS curves for the representative
eutectogels—MeLA-CPBr, MePA-CPBr, and MeOle-CPBr—align
well with the broad peak model. According to this model, the
Lorentzian parameters are primarily derived from the higher Q
region and are applicable when a broad scattering peak,

This journal is © The Royal Society of Chemistry 2025
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MePA-CPBr and MeLA-CPBr at 298.15 K.

resulting from interactions between aggregates, is present in the
data. The Porod exponents obtained from the fitting parameters
were found to be 1.4 for MeLA-CPBr, 1.3 for MePA-CPBr, and 1.0
for MeOle-CPBr. These values suggest elongated assemblies
arranged into a network of branched fibers within the gel
structure.”® Furthermore, the correlation lengths, representing
the average distance between aggregates, were found to be 45.31 A
for MeLA-CPBr, 43.35 A for MePA-CPBr, and 40.05 A for MeOle-CPBr.
The higher hydrophobicity of MeOle-CPBr leads to enhanced hydro-
phobic interactions, which tend to result in more closely packed
structures. The observed lower correlation length of the MeOle-CPBr
system indicates that the average distance between aggregates is
reduced, meaning the aggregates are slightly more closely spaced
compared to the other two systems. All parameters of the fitting
models are summarized in Table 2.

To further investigate the morphology and gain a better
visual understanding of the structure of the studied eutectogels,
we performed SEM analysis on the representative eutectogels
(MeLA-CPBr, MePA-CPBr, and MeOle-CPBr) derived from three
distinct DESs (MeLA, MePA and MeOle). The result revealed a
distinctive 3-dimensional network structure (Fig. 3). Such mor-
phology could be attributed to the gelator (CPCl and CPBr), which

This journal is © The Royal Society of Chemistry 2025

MeLA-CPBr); and (c) SANS data of representative eutectogels MeLA-CPBr,

Table 2 SANS fitting parameter of representative eutectogels

Parameters

Peak Correlation  Porod
S.no. Eutectogel position (A™") length (A)  exponent x>
1 MeLA-CPBr 0.1292 45.31 1.4 1.2
2 MePA-CPBr 0.1395 43.35 1.2 1.3
3 MeOle-CPBr  0.1456 40.05 1.0 1.1

formed fiber-like aggregates. These aggregates are long enough to
intertwine and overlap with each other, thereby promoting the
formation of the observed eutectogel morphology. These results
correspond with the SANS data showing lower correlation lengths
for the MeOle-CPBr system, indicating a close spacing of aggre-
gates. This close arrangement supports the formation of a slightly
dense gel morphology, as seen in the SEM images, highlighting
the role of hydrophobic interactions in network formation.

3.1. Thermal stability and opacity measurement of
supramolecular eutectogels

The investigated eutectogels were expected to demonstrate tem-
perature responsiveness owing to their noncovalent interactions as
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Fig. 3 SEM images of eutectogel (a) MeOle-CPBr, (b) MePA-CPBr and (c) MeLA-CPBr (1.00kx magnification; 15.0 kV HV; scale bar = 50 pm).

inferred from the FTIR spectra (vide supra), which leads to the
association and dissociation of non-covalent interactions with the
change in temperature. To investigate this phenomenon, particu-
larly the temperature at which the gel-to-sol transition occurs
(Tgel), we utilized the falling ball method, and the findings are
outlined in Fig. S2. There is a limited temperature range difference
in the thermal stability of all the eutectogels, roughly 8 °C from the
lowest to the highest values. The transition from gel to sol could be
attributed to the disintegration of the gel network with increasing
temperature. In response to a decrease in temperature, the sol-to-
gel transition was consistently observed in all cases, as evident in
Video S1, thereby emphasizing the reversible temperature respon-
siveness of these materials. Furthermore, it is noteworthy that
the supramolecular eutectogels exhibit sustained stability for
~4 months at RT, with no impact on their physical properties.
To assess the gelation kinetics, we quantified the opacity
of the supramolecular eutectogels over time. Upon heating the
gel beyond its Tgel (Video S1), it transforms into a sol state
(transparent). Conversely, upon cooling to RT, the material
reestablished the gel state and became opaque. To elucidate
the gelation time, we monitored the opacity of each eutectogel
at various time intervals. Our observation revealed that gelation
occurs as a one-step process, and the duration required to reach
the plateau is considered as the time for complete gelation.
Among the studied systems, we noted that the MeOle-based
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system exhibited a slight rapid transition from sol to gel in
comparison to the MeLA- and MePA-based eutectogels, as
shown in Fig. 4a and b. This difference in gelation rates could
be attributed to structural unsaturation in oleic acid, a key
component of the DES (MeOle). This unsaturation imparts
increased hydrophobicity, resulting in the increased hydropho-
bic interactions with the surfactants. These increased interac-
tions contribute to a slightly more accelerated gelation process
in the MeOle-based system when compared with the MeLA- and
MePA-based eutectogels.

3.2. Mechanical properties of supramolecular eutectogels
through rheology

The eutectogels were subjected to strain sweep and angular
frequency sweep measurements to investigate their mechanical
strength. Fig. 5¢ and d represent the change in the storage
modulus (G’) and loss modulus (G”) with angular frequency for
each eutectogel. Remarkably, under a constant strain of 0.25%,
G’ consistently exceeded G’ throughout the whole frequency
range for all investigated systems. This finding suggests the
presence of a stable gel network within this frequency range.
Further, we conducted strain sweep experiments at a fixed
angular frequency of 1 rad s~ to investigate the linear viscoe-
lastic region (LVR) of the eutectogels. In all eutectogels initially,
the gel samples displayed a higher G’ than G” as can be seen in
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Fig. 4 Opacity measurement through transmittance measurement as a function of time for (a) MeLA-CPCl, MePA-CPCl, and MeOle-CPCl and (b)

MeLA-CPBr, MePA-CPBr, and MeOle-CPBr.
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Fig. 5 Rheological study: (a) and (b) strain sweep measurement and (c) and (d) frequency sweep measurement.

Fig. 5a and b, indicating their gel-like behavior during the
strain sweep analysis. For the MeOle based eutectogel, we
observed that the values of G’ and G” remained independent
of frequency up to ~12% strain, suggesting that the gel was
within the LVR with consistent elasticity and viscosity. Beyond
this strain, a cross-over (y.) point at ~ 12.5% and ~12.1% was
observed for MeOle-CPCl and MeOle-CPBr respectively, repre-
senting the breakdown of the gel network. Based on the cross-
over data, MeOle-based eutectogels demonstrated higher
mechanical strength in comparison to those based on MeLA
and MePA, as highlighted in Table S2. This discrepancy in
mechanical properties can be ascribed to the structural unsa-
turation in oleic acid, which enhances hydrophobicity, thereby
promoting increased hydrophobic interactions within the
eutectogel matrix. Consequently, this accelerates gelation (vide
supra, Fig. 3) and contributes to the formation of a mechani-
cally strong gel as compared to other investigated systems.

3.3. Adhesive property of the eutectogel

The studied eutectogels could be a promising candidate for
TDD as the system comprises skin PEs, facilitating the penetra-
tion of drugs through the stratum corneum layer upon applica-
tion to the skin (vide infra), thereby enabling targeted drug

This journal is © The Royal Society of Chemistry 2025

release at the desired site. Consequently, the drug delivery
vehicle must possess adhesive properties, which play a pivotal
role in TDD. With this in mind, we conducted an investigation
into the adhesive capabilities of a representative eutectogel
(MeOle-CPBr) across various surfaces, including skin, glass,
plastic, and aluminum. The findings, visually shown in
Fig. 6a, offer valuable insights into the adhesive behavior of
the eutectogel. Moreover, we performed a lap shear displace-
ment test to evaluate the adhesive strength of the eutectogel on
different surfaces, namely glass, skin, and rubber. A consistent
contact area of 15 mm was maintained between the eutectogel
and each specific surface. During the test, the eutectogel was
subjected to controlled stretching at a rate of 100 mm min*
while the surface remained fixed. As shown in Fig. 6b, the
eutectogel exhibited the highest adhesion strength on rubber
(8.65 kPa), owing to the rubber’s flexible, deformable, and
viscoelastic nature, which increases surface conformity and
contact area, thereby enhancing adhesion.*' The adhesion
strength on skin was slightly lower (7.98 kPa), likely due to
variations in texture and moisture that affect its mechanical
properties. In contrast, the lowest adhesion (7.21 kPa) was
observed on glass, whose rigid, smooth surface limits contact
area and mechanical interlocking.**
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Fig. 6
different substrates.

3.4. Curcumin loading and stability within the eutectogel

We next examined the incorporation of curcumin into eutecto-
gels. Despite its broad pharmacological potential, curcumin
suffers from poor solubility, low bioavailability, and instability
in aqueous or alkaline environments, which limits its clinical
utility. Encapsulation within eutectogels offers a strategy to
enhance curcumin’s stability and delivery efficacy. Accordingly,
curcumin was loaded into eutectogels prepared from THDESs
composed of Mth and three different HBDs (Table 1), using the
procedure described in the Experimental section. Loading
varied slightly between eutectogels and increased with HBD
chain length (LA < PA < Ole), consistent with greater hydro-
phobicity. The quantified drug loading capacity, expressed as
the mass concentration of curcumin in the eutectogel, was then
compared to the reported solubility of curcumin in water,
which is shown to be 0.0006 mg g~ ' in the literature.*® This
led to the calculation of the solubility advantage of the inves-
tigated systems, defined as the ratio of curcumin solubility in
eutectogels to that in aqueous solution. The resulting drug
loading values, along with the calculated solubility advantage,
are presented in Table S3. It is evident that all studied eutectogels
significantly enhanced the solubility of curcumin compared to
water. In particular, MeOle-based eutectogels were found to be the
most successful in terms of solubility increase; the drug loading
capacity of curcumin was found to be 19.4 mg mL™" (MeOle-CPCl)
and 19.7 mg mL ™" (MeOle-CPBr), resulting in a solubility advan-
tage exceeding thirty thousand. Additionally, we also conducted a
comparative analysis of the curcumin loaded eutectogel with
other curcumin loaded DES-based systems (Table S4) to gain
valuable insights into the enhanced encapsulation efficiency,
highlighting its potential as an effective and reliable carrier for
curcumin encapsulation.

To assess the potential of eutectogels as carriers for drug
delivery, we investigated the stability of curcumin when encap-
sulated within the eutectogel. Consequently, we placed curcu-
min loaded eutectogels in a dark environment at room
temperature for a period of 30 days. To draw a comparison,
curcumin was also dissolved in water based on its solubility
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Fig. 7 Curcumin degradation in each eutectogel.

and subjected to the same environmental conditions. The
concentration of curcumin was subsequently measured using
UV-Vis absorbance before and after the 30-day period. It is
worth mentioning that curcumin exhibited sustained stability
within the eutectogels, as evidenced by the absence of any
significant change in the curcumin peak at 423 nm after 30
days (Fig. S3a-f). In contrast, we observed a degradation of only
20-30% (Fig. 7a) in the eutectogel system, in comparison to the
approximately 90% degradation (Fig. 7a(i)) observed in water
within a mere 24-hour period. This finding underscores the
extended stability of curcumin within the eutectogels, suggest-
ing its potential as an effective means for sustained drug
delivery.

3.5. Drug permeation study

Permeation studies were conducted to evaluate the transdermal
delivery potential of curcumin-loaded eutectogels using goat
ear pinna skin in a Franz diffusion cell. All gels contained an
equivalent curcumin concentration of 500 pg g~ ' and were
tested at pH 7.4 and 32 £ 1 °C. Fig. 8 shows the cumulative
permeation profiles of curcumin from all gel formulations over

This journal is © The Royal Society of Chemistry 2025
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48 h. To quantify skin permeation, the flux (/) and permeability
coefficient (K;,) were calculated from the linear portion of the
cumulative permeation curves, and the results are summarized
in Table S5. MeLA-based eutectogels showed lower flux and
permeability, whereas MePA- and MeOle-based eutectogels exhib-
ited increasing flux and permeability coefficients. The enhanced
permeation observed in MeOle-based eutectogels relative to
MeLA-based gels aligns with previous findings reported by M.
Goto, where IL[Lev][Ole] demonstrated improved drug penetra-
tion compared to IL[Lev][Lau]. This effect can be attributed to the
increasing hydrophobicity of DES-based eutectogels with the
increasing chain length of FAs, which leads to an increase in
their interaction with the lipid-rich stratum corneum, and the
presence of penetration enhancers such as menthol (HBA), FAs
(HBDs: lauric acid, palmitic acid, oleic acid), and gelators (CPCl,
CPBr) that disrupt stratum corneum lipids. Overall, the systematic
increase in flux and K, across the eutectogels highlights the
importance of eutectogel composition in modulating curcumin
permeation. MeOle-based eutectogels, with higher hydrophobi-
city, exhibited the most efficient transdermal delivery, suggesting
their potential as a superior platform for hydrophobic drug
delivery. The findings, supported by Table S5 and Fig. 8, highlight
the enhanced curcumin permeation through eutectogels, with
a flux of 103-115 pug em™> h™", This is markedly higher than that
achieved by conventional carriers, such as liposomes (1.45 +
0.31 ug em > h™"),* curcumin membranes with or without the
bio-enhancer piperine (4.29 + 1.70 and 8.10 & 1.51 uygem > h™ %,
respectively),”> and optimized nanoemulsions (1.699 =+
0.050 pg cm > h™").*® The superior flux indicates that the DES-
based eutectogel, acting as both solvent and permeation enhan-
cer, is an efficient delivery platform. These results provide a strong
basis for further mechanistic studies to understand interactions
between eutectogel components and skin lipids.

3.6. Permeation mechanism

ATR-FTIR spectroscopy is a noninvasive tool that detects
changes in the molecular environment of skin components by

100

B McLA-CPCl
I MeLA-CPBr
80 { I MePA-CPC1
I MePA-CPBr
Il MeOle-CPC1
60+ I MeOle-CPBr

Drug permeation (%)

4 8 16 24 36 48
Time (h)

Fig. 8 In vitro curcumin permeation study through goat skin for each
eutectogel.
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monitoring functional group vibrations in the SC layer.*” In our
study, we focused our spectral analysis on vibrations related to
SC lipids and keratins. Previous research has shown that the
asymmetric CH, stretching (v,CH,) vibration and symmetric
CH, stretching (vsCH,) vibration can offer insights into the
organization of lipids, including ceramides, cholesterol, and
free fatty acids.*® An increase in vibrational frequency indicates
an increase in lipid disordering.”” Fig. 9a—f and Fig. Sda-f
depict the FTIR spectra of untreated skin (control) and skin
post-treatment with each eutectogel. To facilitate comparison
between control and treated skin samples, spectra were sub-
jected to Gaussian deconvolution and curve fitting using Origin
2023 software.*® Table 3 outlines the Gaussian bands represent-
ing characteristic regions of control skin and skin treated with
eutectogels. In the control skin, absorption bands of ,CH, and
vsCH, were observed near 2928.06 cm™ ' and 2853.00 cm ™7,
respectively. However, a slight increase in frequency for v,CH,
and v,CH, was noted post-treatment with eutectogels, suggest-
ing a tendency of the studied eutectogels to increase lipid
disorder packing.*® Furthermore, it is evident that treatment
with eutectogels results in a noticeable decrease in the height
and area of v,CH, and v;CH, peaks, indicative of reduced skin
lipid content. Notably, the observed shift in the peak and the
decrease in intensity follow the order MeLA < MePA < MeOle,
correlating with the increasing hydrophobicity of the system
due to the presence of fatty acids LA, PA, and Ole, respectively,
with increasing alkyl chain length in their structures. Previous
studies have highlighted that lipids in the SC organize into two
dense lamellar phases with a periodicity of around 6 and
13 nm, a critical structural arrangement contributing to the
barrier function of skin.>® Our findings suggest that eutectogels
may act as lipid extractors, potentially compromising the
integrity of the skin barrier and thereby enhancing the perme-
ability of drugs through the skin.

The amide I (¥\C—O0) and amide II (vN-H) bands reveal
keratin secondary structures, with amide I sensitive to a-helix
and B-sheet changes.”® Notably, skin samples treated with
eutectogels exhibit a higher frequency shift in the amide I band
compared to the control group, with a slightly higher shift also
observed in the amide II band. Generally, weaker hydrogen
bonding leads to an upward frequency shift, whereas stronger
hydrogen bonding results in a downward shift.”* Thus, alterations
in the keratin configuration likely stem from the formation of
hydrogen bonds with the eutectogel, potentially leading to looser
heterodimers, tetramers, or higher-order keratin assemblies. This
aligns with the impact of the lappaconitine-cinnamic acid ion pair
complex on skin keratins.’* It has been established that drug
permeation across the SC occurs via transcellular, intercellular,
and follicular routes (Fig. 9i). We posit that the permeation-
enhancing effect of studied eutectogels could be attributed to
lipid extraction and conformational changes in keratin.

3.7. Invitro cytotoxicity of eutectogels

The biocompatibility of the investigated eutectogels was eval-
uated utilizing the human immortalized keratinocyte cell line
(HaCaT). With increasing concentration and particularly at a
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Fig. 9 (a) and (e) FTIR spectra (solid line) of untreated skin (control); (b)-(d) and (f)—(h) FTIR spectra (solid line) of skin treated with MeLA-CPCl, MePA-

CPCl, and MeOle-CPCl, respectively. Deconvoluted FTIR spectra (dotted lines) highlight regions corresponding to lipids (a)-(d) and proteins
(e)=(h). Changes in lipid content (v,CH, and vsCH>) and protein content (\.C—O and 6N—-H) were analyzed based on the peak area. (i) Schematic
illustration of the different drug permeation pathways through the stratum corneum (SC) layer of the skin.

Table 3 The Gaussian bands represent characteristic regions of lipids and proteins for untreated skin and skin treated with eutectogels

Treated skin

MeLA MePA MeOle
Untreated
skin CPCl CPBr CPCl CPBr CPCIl CPBr
v,CH, 2928.06 2930.74 2933.42 2938.56 2938.51 2942.27 2939.54
vsCH, 2853.00 2856.32 2858.26 2859.25 2860.21 2867.21 2844.27
vC—0 1643.21 1646.11 1646.96 1647.71 1647.00 1646.30 1648.00
ON-H 1549.65 1550.34 1551.51 1550.31 1552.25 1552.41 1553.44

high concentration (10 mg mL™"), each eutectogel demon-
strated remarkable cell viability. Specifically, MeLA-CPClI,
MeLA-CPBr, MePA-CPCl, MePA-CPBr, MeOle-CPCl and
MeOle-CPBr exhibited a cell viability of ~ 96%, ~94%,
~95%, ~94%, ~93%, and ~ 92%, respectively, as illustrated
in Fig. 10a and 11(i-vii). These results indicate the biocompat-
ibility of the THDES-based eutectogels, thereby making them

14464 | J Mater. Chem. B, 2025, 13, 14454-14469

attractive candidates for applications in drug delivery and
tissue engineering.

Furthermore, we employed the A431 cell lines to assess the
cytotoxicity of the studied THDES-based eutectogels with and
without curcumin. The drug-free eutectogels exhibited low-to-
no toxicity, whereas the curcumin-loaded eutectogels displayed
higher toxicity, as illustrated in Fig. 10b and 11 and 12. Hence,

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Microscopic image of HaCAT cells (i) before treatment (control) and after treatment with (ii) MeLA-CPCl, (ii) MeLA-CPBr, (iv) MePA-CPCl,
(v) MePA-CPBr, (vi) MeOle-CPCl and (vii) MeOle-CPBr (20 x magnification; scale bar = 100 pm).
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Fig. 12 Microscopic image of the A431 cell line (I) before treatment (control) and after treatment with drug loaded eutectogel () MeLA-CPClL, (Ill) MeLA-
CPBr, (IV) MePA-CPCL, (V) MePA-CPBr, (VI) MeOle-CPCl and (VII) MeOle-CPBr (20 x magnification; scale bar = 100 um).

any observed cytotoxicity in the A431 cell line can be attributed to
the drug rather than the eutectogels, affirming the safety of
THDES-based eutectogels as a drug delivery vehicle. Additionally,
we determined the ICs, values for the curcumin-loaded eutecto-
gels against the A431 cell line, with the results summarized in
Table S6. These findings indicate that the eutectogel without
curcumin is nontoxic, and the addition of curcumin increases

This journal is © The Royal Society of Chemistry 2025

its efficiency in killing cancerous cells. However, further studies
are needed to evaluate the efficacy and safety of this approach
in vivo, and these data are useful for such studies.

3.8. Skin irritation test

Furthermore, assessing skin safety is essential for any trans-
dermal drug carrier, as irritation depends on formulation,
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Table 4 Skin compatibility of the volunteers 24, 48, and 72 h after the
application of the studied eutectogels

System Volunteer Skin irritation response (24-72 h)
MeLA-CPBr 2 None
MePA-CPBr 2 None
MeOle-CPBr 2 None

concentration, absorption, dose, and skin condition, making a
compatibility study crucial for first human exposure. In this
study, drug-loaded eutectogels from each THDES (i.e., MeLA-CPBr,
MePA-CPBr, and MeOle-CPBr gels) were selected as representative
samples to assess their skin irritability on human volunteers
through the primary skin irritation test*’*® as described in the
methods section. As shown in Table 4, all eutectogels demonstrated
skin biocompatibility (reaction grade 0), with no irritation observed
at 24, 48, and 72 h post-treatment. While the primary irritation test
conducted here only assesses the acute irritation potential of the
material, these findings serve as an important preliminary step in
the risk assessment process. Further studies, including long-term
human trials, are required to fully evaluate the safety of prolonged
skin exposure. Nevertheless, these results provide a foundation for
the continued development of safe, skin-compatible drug delivery
systems.

4. Conclusions

We have successfully developed a supramolecular eutectogel
based on THDESs by incorporating the surfactants CPCl and
CPBr, which we confirmed through FTIR analysis. This eutec-
togel exhibits stimuli-responsive behavior, particularly to tem-
perature variations, which was investigated through UV-vis
spectroscopy to monitor the opacity of the eutectogel as a
function of temperature. Employing SEM, we examined the
morphology of the gels and evaluated their adhesive properties
through lap-shear testing. Further investigation into the ability
of the eutectogels to encapsulate the model drug curcumin
revealed remarkable loading capacities, with ~30000 times
more curcumin in the MeOle-based system, ~23000 times
more in the MePA-based system, and ~18000 times more in
the MeLA-based system compared to water. Additionally, ex vivo
experiments, including Franz diffusion cell tests and FTIR
analysis on skin, were conducted to assess drug permeation
and confirm its impact on skin structure and penetration
through the stratum corneum. We also evaluated their biocom-
patibility through a primary skin irritation test and tested their
cytotoxicity using the HaCaT cell line, along with the investiga-
tion of their effects on the A431 cell line. The results were
promising, supporting the potential use of the studied supra-
molecular eutectogels in transdermal drug delivery systems
(TDDSs). Although this study focuses on curcumin, the formu-
lation strategy and findings establish a platform technology
that could be extended to other hydrophobic drugs for trans-
dermal delivery in future work. These results allow us to
conclude that the supramolecular eutectogels developed here
could potentially be biocompatible, non-irritating, and suitable
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for use in TDD systems as PEs, opening the possibility to apply

these materials for delivering drugs with low skin permeation
capacity.
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THDES Therapeutic hydrophobic deep eutectic solvent
TDD Transdermal drug delivery

CPCl Cetyl-pyridinium chloride

CPBr Cetyl-pyridinium bromide
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PA Palmitic acid

Ole Oleic acid

MeLA Menthol + lauric acid - DES
MePA Menthol + palmitic acid - DES
MeOle Menthol + oleic acid - DES

ILs Tonic liquids

DESs Deep eutectic solvents

TDES Therapeutic deep eutectic solvent
HBA Hydrogen bond acceptor

HBD Hydrogen bond donor
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