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Eutectogels have emerged as promising materials with broad application potential. Herein, therapeutic
deep eutectic solvents (THEDESs) based on the active pharmaceutical ingredients oxymatrine and lauric
acid were developed. The physical properties, i.e., density, refractive index, surface tension, and viscosity,
of the THEDESs were measured. Among these investigated THEDESs, THEDES (3:7) has been shown to
self-aggregate into a gel in water. The rheological behavior, microscopic structure of the eutectogel, and
the gelation mechanism were further explored. Furthermore, THEDES (3:7) can enhance the solubility
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1. Introduction

Acne, commonly known as pimples, is a common skin disease
that mainly affects hair follicles and sebaceous gland units,
leading to chronic inflammation. The causes of acne are
complex, mainly including abnormal androgen levels, vigorous
sebum secretion, and immune inflammatory response caused
by P. acnes. Acne mainly appears in areas with abundant seba-
ceous glands such as the face, neck, chest, and back, which may
damage patients’ physical and mental health. Therefore, more
and more progress on the treatment of acne has been made in
recent decades, where, for instance, topical medication with
peroxybenzoyl and azelaic acid has been widely adopted for
acne treatment. Recently, fatty acids (FAs), especially capric acid
and lauric acid, have been shown to display high activity in
inhibiting P. acne-induced inflammatory responses by sup-
pressing MAPK phosphorylation and NF-kB activation."” They
can serve as good candidates for acne treatment. However, due
to their poor solubility, further clinical applications have been
hindered and the construction of complex carriers, such as
micelles or liposomes, is required for these FAs.>?

Deep eutectic solvents (DESs) are usually prepared by mixing
a hydrogen-bond donor (HBD) component and a hydrogen-
bond acceptor (HBA) in suitable ratios.*” They offer the
advantages of generating no waste during preparation and
being easily designable and are generally considered a new
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generation of ecologically benign, green, and sustainable
solvents.®® Of note, a new type of DES termed therapeutic deep
eutectic solvents (THEDESs) have been proposed and drawn
much attention, where an active pharmaceutical ingredient
(API) was used to construct the DES. THEDESs have displayed
great advantages in increasing the solubility, stability, perme-
ation ability and bioactivity of APIs."*** This new strategy has
been applied to develop saturated fatty acid-based DESs, which
exhibited good antimicrobial properties against a broad spec-
trum of microorganisms.**"

According to traditional Chinese medicine, a series of active
pharmaceutical ingredients (APIs) derived from natural plants,
such as curcumin (Scheme 1a)***” and oxymatrine'®" (Scheme
1b), have been proven to be highly efficacious in treating skin
diseases. It has been reported that deep eutectic solvents
prepared from oxymatrine and a fatty acid can be used as a new
type of permeation enhancer.”® Moreover, we have recently
shown that some lauric acid-based DESs can form a gel with the
addition of water,”>**> which would be favorable for further
clinical applications. Therefore, in this work, oxymatrine is used
in combination with lauric acid construct therapeutic DESs
(THEDESs). The phase behavior and physical properties have
been studied. Moreover, a eutectogel based on a THEDES was
developed, and the corresponding macroscopic and micro-
scopic properties were investigated. In addition, the THEDES
efficiently enhanced solubility and stability of curcumin. The
anti-P. acnes activity of the THEDES gel in the absence and
presence of curcumin was studied. To sum up, a carrier-free
eutectogel system has been constructed, demonstrating great
potential for acne treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structures of (a) curcumin, (b) oxymatrine, and (c) lauric acid.

2. Experimental section

2.1. Materials

Oxymatrine (OMT, 16837-52-8, >98%) and lauric acid (LA, 143-
07-7, >99%) were purchased from Adamas. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH, 1898-66-4, 96%) and curcumin (Cur,
458-37-7, 98%) were supplied by Maclin. Phosphate-buffered
saline (PBS, pH = 7.4, 0.01 M), ethanol (64-17-5, 99.5%), and
LB (Luria-Bertani) liquid medium were provided by Aladdin. No
further purification was carried out on any of the chemicals.
Water used herein was prepared using a commercial ultra-pure
water system (model: DZG-303A, supplied by Leading Water
Treatment Co. Ltd, Shanghai).

2.2. Preparation and physical properties of DESs

Oxymatrine and lauric acid mixtures at various molar ratios
were precisely weighed and stirred at 60 °C for 1 h. Then, the
samples were slowly cooled to room temperature (298 K). The
samples that still appeared as homogeneous liquids were
chosen as THEDESs.

'H NMR spectra of THEDESs, oxymatrine, and lauric acid
were obtained using a Bruker Avance 500 spectrometer with
CDCl; as the solvent at 298 K. Fourier transform infrared (FT-IR)
spectra of these samples were also collected by using a Nicolet
6700 FT-IR spectrometer (ThermoFisher Scientific, USA) via the
ATR method in the wavenumber range from 400 cm ' to
4000 cm ™. Thermograms from differential scanning calorim-
etry measurements were obtained for these samples in the
temperature range from —40 °C to 200 °C with a scan rate of 10 ©
C min~" using DSC 2910 apparatus (TA Instruments, USA).

Physical properties like density, viscosity, refractive index
and surface tension of THEDESs were measured in the
temperature range from 298.15 K to 348.15 K. Detailed
descriptions of the setup and procedure can be found in our
previous publications.?*?*

2.3. Properties of eutectogels

Phase behaviors of THEDES-water mixtures were determined
by directly observing the fluidity of samples during the cooling
process from 90 °C to 25 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Microscopic structures of eutectogels were investigated via
scanning electron microscopy (SEM) using an FEI Quanta 450
SEM (FEI, USA) equipped with an Everhart Thornley detector.
The sample was frozen and sputter-coated with platinum before
measurements.

Rheological measurements, ie., viscosity measurements,
strain sweep experiments, and frequency sweep tests, were
performed in a rotary rheometer (Anton Paar MCR302) using
parallel-plate geometry (50 mm diameter, 1 mm gap) at 298.15
K. Details of the measurement procedure can be found in

previous reports.>*>

2.4. Solubility and stability of curcumin in THEDES

A mixture of an excess amount of curcumin and 10 mL of
THEDES was prepared and further vigorous stirring was per-
formed on the mixture at 298.15 K for 72 h. Thereafter, the
mixture was centrifuged at 10 000g for 30 min to remove any
possible undissolved curcumin. Samples were prepared by
mixing a certain amount of supernatant and ethanol, and they
were further analyzed using a UV-Vis spectrometer (UV-2450,
Shimadzu) to determine the solubility of curcumin.

0.01 mg mL™"' curcumin solutions in THEDES or water
(including 10% ethanol) were prepared and then either irradi-
ated at 254 nm or heated to 50 °C. The absorption spectra of
curcumin were recorded for 6 h at 30 minute intervals to assess
its stability.

The stability of curcumin was also evaluated based on the
radical scavenging activity using the DPPH method. Briefly,
a mixture of 20 mg mL™" curcumin in THEDES was prepared
first. Thereafter, it was mixed with ethanol to produce an alco-
holic solution of the (curcumin + THEDES) mixture with
different compositions (this mixture is termed as sample). 2 mL
of 0.2 mM DPPH alcohol solution was thus mixed with an equal
volume of sample, and the absorbance of the mixture at 515 nm
was recorded after 30 min using a UV-Vis spectrometer, and this
was denoted as Agmple. Moreover, UV-Vis spectra of (ethanol +
sample) and (ethanol + DPPH solution) mixtures were obtained,
and the absorbance at 515 nm was recorded as Apjn and
Acontrol, espectively. The scavenging activity was then estimated
from the following expression:
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2.5. Molecular dynamics simulations

Molecular dynamics (MD) simulations were conducted using
Materials Studio (MS) software, and all calculations were per-
formed using Materials Studio 2020. A 33 x 33 x 33 A simula-
tion box containing a total of 100 DES molecular units was
constructed, and then curcumin molecules at a molar fraction
of 5% were added to establish the solution model. The simu-
lation steps are as follows: (i) Materials Studio is used to
construct the simulation box, after which the annealing algo-
rithm is used to minimize the energy with the temperature
being set from 300-1000 K. 15 cycles were carried out, and
structure optimization was performed in each cycle; (ii) the
frame with the smallest energy in the model was selected as the
NPT systematic conditions of 298 K and 1 bar; then a simulation
step length of 1 fs and a simulation step count of 1 000 000 steps
was used, sampling every 5000 steps, giving a total duration of
the dynamics simulation of 1 ns; (iii) cohesive energy density
calculations were carried out after the dynamics simulation. All
simulation processes used the COMPASS force field, the
Andersen method®® was used to control temperature, and the
Berendsen method® was used to control pressure. Finally, the
radial distribution function (RDF) of the system was calculated.

2.6. Anti-bacterial activity

Anti-bacterial activity assays were performed by using a similar
procedure as reported previously.?” Briefly, a P. acnes solution
with a concentration of 10° CFU (colony forming units) mL ™"
was prepared first and 100 pL of this solution was spread
uniformly on a Petri dish with LB solid medium, which was
punched with a 10 mm hole punch. Thereafter, 40 pL of ster-
ilized sample was taken and added into the holes. The Petri dish
was placed in an incubator for 72 h with a constant temperature
of 37 °C. Finally, images of the Petri dish were captured, and the
corresponding inhibition zone size was determined.

3. Results and discussion

3.1. Phase behavior and physical properties of THEDESs

A series of oxymatrine and lauric acid mixtures with molar
ratiosof 1:9,2:8,3:7,4:6,5:5,6:4,7:3,8:2and 9:1 was
prepared and heated to 60 °C. After these mixtures were cooled
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to 298 K, only a few of them retained their homogenous liquid
state, i.e., mixtures with molar ratios of 3:7, 4:6, and 5:5, as
displayed in Fig. 1.

Physical properties are of significant importance for both
theoretical understanding and practical applications of THE-
DESs. For instance, refractive index is a significant optical
property that reflects the change in the speed of light when it
moves from one medium to another; density, especially the
influence of temperature on density, describing the tendency of
a fluid to expand when heated or cooled, is important for
industrial operations; surface tension is an important property
that characterizes the liquid-air interface; and viscosity, which
describes the mobility and flow resistance of solvents, is
a crucial property when designing and optimizing various
industrial processes. Therefore, we measured the refractive
index, surface tension, density and viscosity of these THEDESSs
in the temperature range between 298.15 K and 348.15 K, as
shown in Fig. S1 in the SI. The density and refractive index
values of THEDESs are slightly higher than those of water, while
the surface tension values of THEDESs are lower. In addition,
the viscosity values of THEDESs are significantly high, which
may be due to the extensive H-bonding network. Generally, the
nature of both the HBD and HBA, the molar ratio of the HBD to
HBA, and temperature may all change the physical properties of
DESs.”® The density, refractive index, and surface tension values
of all investigated THEDESs decrease linearly with increasing
temperature, as is commonly observed in DESs, which generally
results from a decline in H-bonding strength with increasing
temperature. The change of viscosity with temperature can be
modelled using an Arrhenius-type equation:

7 = 1y €Xp (*%) (2)

where E, refers to the activation energy. The activation energies
are determined to be 55.3, 63.2, and 68.2 k] mol " for THEDESs
with molar ratios of 3:7, 4:6 and 5:5, respectively. A higher
activation energy means higher viscosity, coinciding well with
the experimental results. Furthermore, all these explored
physical properties displayed a tendency to decline with an
increase in the HBD component. It has been reported that an
increase in molecular weight would cause an increase in phys-
ical properties like density, viscosity, etc.”* As the molecular
weight of oxymatrine is higher than that of lauric acid, an
increase in the HBD (lauric acid) component may result in
a decline in the molecular weight of the THEDES, which would
reduce the explored physical properties.

2:8 3:7 4:6

L9

-_— -

Fig. 1
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Images of a series of oxymatrine and lauric acid mixtures at 298 K.
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Moreover, surface tension has been proposed to relate to
refractive index or viscosity based on the Papazian equation:
n*—1
2n% +1
Murkerjee, with A, B, ¢ and d being adjustable parameters.***
Therefore, plots of surface tension against n> — 1/2n> + 1 and
plots of Inn against Iny are shown in Fig. S2 in the SI, where
linear relationships are clearly shown.

y=c¢ +dorlny=A+BInn, according to Pelofsky and

3.2. THEDES as a solubility and stability enhancer of
curcumin

THEDESs were mixed with water at a series of water ratios from
0% to 100% at 298 K. It was found that only the THEDES with an
oxymatrine and lauric acid molar ratio of 3 : 7 displayed obvious
gelation behavior. Considering the similarity of matrine with
oxymatrine studied herein, it is not surprising that both
matrine- and oxymatrine-based DESs with a molar ratio of 3:7
can self-aggregate into gels in water. Therefore, this THEDES,
i.e., the sample with a molar ratio of oxymatrine to lauric acid of
3:7, was chosen for the following studies.

The formation of THEDES (3 : 7) was further evaluated by "H
NMR, FT-IR and DSC measurements, as shown in Fig. 2. From
the "H NMR spectrum (Fig. 2a), the ratio of the peak areas at 6 =
0.85 (-CH; from lauric acid) and 6 = 4.66 (H; from oxymatrine;
see Scheme 1b) was calculated to be 2.35, corresponding to the
molar ratio of oxymatrine to lauric acid being 3 : 7. FT-IR spectra
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are displayed in Fig. 2b, where the stretching peak of C=0 from
lauric acid at 1702 ecm ™" declines and shows an obvious shift
toward a higher wavenumber at 1720 cm ™', accompanying the
formation of the THEDES. Meanwhile, the vibration of N*-O~ at
2290 cm ™' is not found in the THEDES, while the stretching
vibration of C=O in oxymatrine at 1610 cm ' shows slight
movement toward a lower wavenumber. Therefore, the forma-
tion of the THEDES can be reasonably ascribed to the interac-
tion between the -COOH group from lauric acid and N*™-O~
from oxymatrine. Moreover, the characteristics of a low melting
temperature (—10 °C) and a single peak for THEDES are both
presented in the thermograms from DSC measurements, as
displayed in Fig. 2c.

It has been extensively proven that DESs can enhance the
solubility and stability of poorly soluble APIs.**=** Therefore, the
solubility and stability of an important API from traditional
Chinese medicine, curcumin, were evaluated. Curcumin is
a widely used natural polyphenol that is usually extracted from
the Curcuma longa species, which has been used to treat various
skin diseases due to its high antioxidant and anti-inflammatory
activities." Moreover, combining curcumin with lauric acid
resulted in a synergistic effect against P. acnes."”” However, the
extremely poor water solubility (0.6 ug mL ™ ")** and bioavail-
ability, as well as low stability, of curcumin have greatly
hindered its clinic applications. Recently, the use of (deep)
eutectic solvents, such as choline chloride + levulinic acid,*
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Fig. 2 (a) 'H NMR spectra, (b) FT-IR spectra and (c) thermograms from DSC measurements for oxymatrine (OMT), lauric acid (LA) and the

THEDES. (d) RDF analysis of the curcumin-THEDES system.
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Fig. 3 Variations of the relative intensity of curcumin absorbance in the THEDES and in aqueous solution (with 10% ethanol) over time: (a) under

254 nm irradiation and (b) at 50 °C.

choline chloride + glycerol,*® and matrine + caprylic acid,* has
been suggested for the utilization of curcumin.

The calibration curve for curcumin in ethanol was deter-
mined previously,”> and it was used herein to calculate the
solubility of curcumin. It should be mentioned that the UV-Vis
spectra of the THEDES in ethanol in the absence and presence
of curcumin were obtained, and a negligible influence from the
THEDES on the adsorption of curcumin in ethanol was found.
The obtained solubility of curcumin in presented THEDES was
25.0 mg mL~", which is 40 000-fold higher than in water. To
deepen our understanding of the interaction patterns of cur-
cumin molecules, RDF was applied to analyze the intermolec-
ular interactions. Generally, the larger the radial distance
(horizontal coordinate), the weaker the intermolecular interac-
tions are, and vice versa. The type and magnitude of interactions
between particles can be inferred from the positions and
heights of the peaks. Fig. 2d displays RDF analysis of curcumin
molecules in THEDES. It can be observed from the figure that
the main peaks are present at distances of 1.95 A and 3.96 A,
which suggests that curcumin may exhibit stronger intermo-
lecular interactions through hydrogen bonding and van der
Waals forces. Furthermore, the stability of curcumin in the
THEDES was evaluated. A solution of curcumin in the THEDES
at a concentration of 0.1 mM was irradiated at 254 nm, and the
values of absorbance relating to the maximal absorption

60 — T T

n
>
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F
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o
<
T
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2

L 1 L
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30%

wavelength A, were recorded at certain intervals for 6 h. The
relative intensity was defined as the ratio of A,. to that at the
initial time, Apay,o, (i.€., relative intensity = Amax/Amax,0) and this
is plotted in Fig. 3a. For comparison, the result in aqueous
solution (in the presence of 10% ethanol to increase the solu-
bility) was also reported and is displayed in Fig. 3a. It can be
seen that curcumin displayed much higher stability in the
THEDES. Moreover, the stability of curcumin in the THEDES
and in aqueous solution (in the presence of 10% ethanol) at
a higher temperature of 50 °C was also investigated. The results
presented in Fig. 3b further suggest the high stability of cur-
cumin in the THEDES.

3.3. Construction and bioactivity of a eutectogel

Supramolecular gels based on the self-assembly of low-
molecular-weight gelators (LMWGs) have been extensively
applied in fields like drug delivery, molecular biomaterials,
environmental remediation, chemical reactions, etc.?>** Till
now, two types of eutectogel have been reported. First, several
LMWGs, like amino acids,” alkylaminoamide,** and 1,3:2,4-
dibenzylidene-p-sorbitol (DBS),* have been reported to self-
assemble in a DES to form a eutectogel. Another type of eutec-
togel has been proposed recently, where DESs were applied as
gelators to self-assemble into a eutectogel in water, for instance,

40%  50%

Water | Y0

water

Fig. 4

(a) The temperature—mass fraction phase diagram of THEDES + water; (b) physical photos of eutectogels (in the presence of curcumin)

with various water mass fractions (30%, 40% and 50%) and SEM images of a eutectogel (mass fraction of water: 30%) at 25 °C.
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lidocaine + lauric acid,* decanoic acid + dodecanoate sodium,**
and matrine + lauric acid.?

The temperature-mass fraction phase diagram of a binary
THEDES + water system was determined above 25 °C and is
shown in Fig. 4a, where a gel phase can be obviously observed
when the water mass fraction ranged from 30% to 50%. Photos
of eutectogels (in the presence of curcumin) with water mass
fractions of 30%, 40% and 50% were captured, which are di-
splayed in Fig. 4b together with SEM images of the eutectogel
with 30% water (mass fraction). The 3D network of the eutec-
togel is clearly indicated from the SEM images. Similar to
a eutectogel formed from matrine + lauric acid,* hydrophobic
interactions between lauric acid tails played an important role
in the gelation process, while oxymatrine may act as a solubility
enhancer.

The rheological behavior is one of the most important
properties when using gels. Therefore, the rheological behav-
iors of eutectogels formed from this THEDES were investigated.
Flow measurements of eutectogels formed from THEDES +
water with water mass fractions of 30%, 40% and 50% were
carried out, and the variation of viscosity with shear rate is
shown in Fig. S3 in the SI, where all eutectogels display typical
non-Newtonian fluid behavior, suggesting a strong shear-
thinning phenomenon. Furthermore, strain and frequency
sweep experiments were performed, and the results are di-
splayed in Fig. 5a and b. It can be seen from Fig. 5a that higher
elastic modulus (G') values are seen than those of viscous
modulus (G”) in the linear viscoelastic region (LVR). Further-
more, as shown in Fig. 5b, the values of G’ and G” are inde-
pendent of frequency at a low strain of 0.5%. All these results
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shown in Fig. 5a and b suggest the formation of strong gels,
which is also reflected in the small values of dynamic loss
tangent (tané = G"/G’), which were 0.29, 0.23, and 0.21 for
eutectogels with water mass fractions of 30%, 40% and 50%,
respectively.

Moreover, the thixotropic behaviors of the eutectogels were
also investigated based on rheological measurements. The
results for the eutectogel with a water mass fraction of 30% are
shown in Fig. 5¢ as an example. At low strain, the eutectogel
presents in a quasi-solid state with a high G’ value. However,
a sharp decline of G’ is observed when a large strain is applied,
and the eutectogel behaves like a liquid. The eutectogel recovers
to a quasi-solid state when the strain is quickly changed to low
strain. These phenomena clearly suggested the injectable
properties of the presented eutectogel, which would be more
favorable for its further applications.

Antioxidant activity is one of the most important forms of
bioactivity of curcumin. The antioxidant ability of the THEDES
and curcumin in THEDES solution are evaluated using the
DPPH radical scavenging assay. The results are presented in
Fig. 6a. It can be seen that the THEDES solution of curcumin
displayed obvious concentration-dependent behavior. More-
over, at the same concentration (2 mg mL™ "), the THEDES itself
displays much weaker antioxidant activity (7.4%) as compared
to the THEDES solution of curcumin (63.8%), which can be
ascribed to the higher inherent antioxidant activity of curcumin
and high stability of curcumin in the presented THEDES.
Furthermore, the scavenging activities of a newly prepared
curcumin-containing eutectogel sample (mass fraction of cur-
cumin: 2 mg g~ ') and a sample after storage for 3 weeks were
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Fig.5
measurements for the eutectogel with a water mass fraction of 40%.
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(a) Strain sweep (w = 1 Hz) and (b) frequency sweep (y = 0.5%) measurements for eutectogels; and (c) thixotropic results from rheological
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Fig. 7 Anti-P. acnes activities of (a) DMSO, (b) 5% BPO gel, (c) 15% azelaic acid gel, (d) the eutectogel, and (e) the eutectogel with curcumin.

determined and compared in Fig. 6b. It can be seen that the
eutectogel possesses high antioxidant ability, and 90% of cur-
cumin remained unchanged during this period, highlighting
the high stability of curcumin in the eutectogel.

It was mentioned above that both lauric acid and curcumin
possess anti-P. acnes properties, while oxymatrine also shows
great pharmacodynamics towards various skin diseases.
Therefore, an evaluation of the anti-P. acnes ability of the
eutectogel was performed and it was compared to commercial
anti-P. acnes drugs. The results are presented in Fig. 7, where
5% BPO (benzoyl peroxide) gel and 15% azelaic acid gel ob-
tained from a local pharmacy were used for comparison. The
diameters of inhibition zones are summarized and listed in
Fig. 7.

It can be seen from the above explorations that the presented
eutectogel (both in the presence and absence of curcumin) di-
splayed better anti-P. acnes bioactivity than commonly used
commercial BPO and azelaic acid gels, making the prepared
eutectogel a potential candidate for acne treatment. The addi-
tion of curcumin slightly increased the anti-P. acnes activity of
the prepared eutectogel. Therefore, a carrier-free therapeutic
eutectogel based on an oxymatrine + lauric acid THEDES was
constructed and displayed great potential for application in
acne treatment.

4. Conclusions

In this study, therapeutic deep eutectic solvents based on the
active pharmaceutical ingredients oxymatrine and lauric acid
were developed. Physical properties, like density and viscosity,

27658 | RSC Adv, 2025, 15, 27652-27660

of THEDESs with oxymatrine to lauric acid molar ratios of 3: 7,
4:6,and 5: 5 were measured. Both density and viscosity decline
with temperature. Moreover, the prepared THEDES (3:7) can
self-aggregate into a gel in water, which was further explored via
rheological experiments and SEM measurements. Furthermore,
THEDES (3 : 7) efficiently enhanced both the solubility—up to
40 000-fold compared to water—and the stability of curcumin.
The eutectogel (both in the presence and absence of curcumin)
possessed good antioxidant and anti-P. acnes activity. To sum
up, the presented study provided a simple strategy for the
development of a highly efficient carrier-free therapeutic
eutectogel for treating P. acnes infection. Further clinical
exploration of the proposed eutectogel is still ongoing.
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