
Supramolecular Hydrogels Consisting of Nanofibers Increase the
Bioavailability of Curcuminoids in Inflammatory Skin Diseases
David Limón,* Pablo Gil-Lianes, Laura Rodríguez-Cid, Helen L. Alvarado, Natalia Díaz-Garrido,
Mireia Mallandrich, Laura Baldoma,̀ Ana C. Calpena, Concepción Domingo, Nuŕia Aliaga-Alcalde,
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ABSTRACT: The low bioavailability of curcuminoids
(CCMoids) limits their use in the treatment of inflammatory
skin diseases. Our work shows that this constraint can be overcome
upon their incorporation into supramolecular hydrogels assembled
from a gemini-imidazolium amphiphilic gelator. Three structural
CCMoid analogues were used to prepare supramolecular hydro-
gels, and it was observed that the concentration of both the gelator
and CCMoid and the proportion of solvents influence the self-
assembly process. Moreover, the mechanical properties of the
nanostructured gels were studied to find the optimum gels, which
were then further characterized microscopically, and their ability to
release the CCMoid was evaluated. The physicochemical proper-
ties of the CCMoids play a fundamental role in the interaction with
the gelator, influencing not only the gelation but also the morphology at the microscopic level, the mechanical properties, and the
biopharmaceutical behavior such as the amount of CCMoid released from the gels. The nanostructured supramolecular hydrogels,
which contain the CCMoids at much lower concentrations (μg/mL) in comparison to other products, promote the penetration of
the CCMoids within the skin, but not their transdermal permeation, thus preventing any possible systemic effects and representing a
safer option for topical administration. As a result, the CCMoid-containing hydrogels can effectively reduce skin inflammation in
vivo, proving that these supramolecular systems are excellent alternatives in the treatment of inflammatory skin diseases.
KEYWORDS: hydrogels, curcumin, supramolecular, curcuminoids, inflammatory disease, skin, bioavailability

1. INTRODUCTION
Curcuminoids are bioactive compounds found in turmeric,
among which curcumin (CUR) represents ca. 77% of the
CCMoid content, followed by demethoxycurcumin (DMC; ca.
17%) and bisdemethoxycurcumin (BDMC; ca. 3%).1 The
pharmacological activity of CCMoids has been studied for
decades, especially of CUR, which has been mostly used for its
anti-inflammatory properties because of its multiple enzymatic
targets and its ability to regulate the expression of various
inflammatory cytokines, including TNFα, IL-1β, IL-6, and IL-
8.2−5 It has been also found that it can interact directly with
more than 30 different proteins,6 endorsing its use in the
treatment of human diseases, including cancer, cough, hepatic
diseases,7 microbial infections, and obesity.7−10

However, the potential benefits of CCMoids are limited by
their low bioavailability, especially after oral administra-
tion.9−14 In the treatment of skin inflammation (e.g., in
psoriasis or after radiotherapy), preclinical and clinical studies
have proved the strong therapeutic potential of CUR in mild to
chronic diseases,15 although high oral doses are required to
improve concentrations at the skin (2−12 g of oral turmeric

per day) and are only effective in some cases.16−18 The low
oral bioavailability of CCMoids could be overcome if dermal
administration is used instead, as the lipophilic character of the
skin can permit the diffusion and retention of lipophilic drugs
within the tissue at doses lower than those used orally.
Nevertheless, products with concentrations that are too high
might result in transdermal permeation of CCMoids and
systemic absorption, implying potential systemic effects,
whereas concentrations that are too low might not permit
sufficient accumulation of the drug within the skin, where the
therapeutic target is located.
CUR-containing products for dermal applications usually

include CUR at concentrations in the range of 10−30 mg/mL.
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For instance, microemulsions (10−30 mg/mL) promote the
retention of CUR at the tissue, although they also trigger
complete transdermal permeation and systemic absorption.19

Gels containing CUR (20 mg/mL) and menthol as a
permeation enhancer promote CUR retention within the
skin, but an important amount of CUR is systemically
absorbed as well.20 Ethosomes (28.3 mg/mL) can only release
up to 40% of the CUR and allow a small amount of CUR to be
retained at the skin (0.3−0.5 μg/cm2). Nanostructured lipid
carriers (21 mg/mL) also showed complete permeation, while
only 31% anti-inflammatory activity was observed using a xylol-
induced inflammation in rats.21

At low concentrations, CUR emulgels and niosomal gels
(2.5 mg/mL) can promote retention of CUR at the skin, but
systemic absorption occurs, and only partial anti-inflammatory
activity (52−78%) is observed after 12 h.22 Creams with
tetrahydroxycurcumin (2.5 mg/mL) together with UV
radiation proved to be clinically effective for repigmentation
in vitiligo, although the skin permeation of curcumin was not
evaluated.23 Only two systems with a concentration lower than
1 mg/mL can be found in the literature. Self-emulsifying gels
(using olive oil and glycerol) (0.2 mg/mL) can promote
retention of CUR within the skin and are effective for wound
healing, although transdermal permeation is also observed, and
the anti-inflammatory activity was not tested.24 Finally,
cationic lipid nanoparticles (0.25 mg/mL) can only release
30% of the CUR after several hours, while the permeation
through the skin or the anti-inflammatory efficacy was not
evaluated.25 When these promising results are taken into
account, the development of a system which could permit
sufficient accumulation of CUR or other CCMoids within the
skin, while preventing important transdermal permeation,
would result in an improved localized therapeutic activity
and safety.

On the other hand, it has been previously demonstrated that
gemini-cationic amphiphiles can self-assemble, forming mi-
celles,26 stabilizing gold nanoparticles,27−29 or coating silicon
microparticles.30 Moreover, imidazolium-based amphiphiles
such as 1·2Br act as low-molecular-weight gelators (LMWGs)
in solvents of different nature, from organic solvents to ionic
liquids.31 They can form nanostructured supramolecular
hydrogels for applications that span from topical drug
delivery32 to an enhanced efficiency of photosensitizers,33 3D
printing of polymeric hydrogels,34 construction of light-
controlled molecular machines,35 and antibacterial hydrogels.36

Hydrogels from 1·2Br can incorporate anionic, neutral, or
cationic drugs, soluble either in organic solvents or in water.
Their supramolecular framework confers a soft behavior,
suitable for dermal application, especially in the treatment of
inflammatory skin diseases. Moreover, they can promote the
penetration and retention of the drugs within the skin to a
greater extent in comparison to other commercial formulations
at the same drug concentration.37−39 We anticipated that
nanostructured supramolecular gels of 1·2Br could improve
the penetration of CUR/CCMoids through the skin even at
low concentrations, increasing their efficacy and safety at the
same time.

Hence, we have investigated the preparation of supra-
molecular gels containing curcumin (CUR), bisdemethox-
ycurcumin (BDMC), and bisdemethylcurcumin (CAT)
(Chart 1) for the treatment of inflammatory skin diseases.
CUR and BDMC are found in nature, whereas CAT is of
synthetic origin and has shown improved anti-inflammatory

activity in comparison to CUR.40 The structural differences of
these three analogues allows a comparative study of the
interaction of the natural/synthetic CCMoids with the gelator,
as well as the influence on their overall efficacy and
biopharmaceutical properties. The influence of the concen-
tration of 1·2Br, the proportion of solvents inducing self-
assembly, and the type and concentration of CCMoid on the
processing time to form the gels, together with their
mechanical properties, was studied to determine the optimum
gel composition. In addition, the ability of the gels to release
the CCMoids, allowing their penetration through the skin, was
studied ex vivo. Finally, their anti-inflammatory activity was
evaluated in vivo using a xylol-induced inflammation model in
rats.

2. EXPERIMENTAL SECTION
2.1. Materials. Milli-Q water (H2O) was used in the experiments.

Absolute ethanol (EtOH) was purchased from Carlo Erba.
Acetonitrile (MeCN), acetic acid, dimethyl sulfoxide (DMSO),
sodium lauryl sulfate, and xylol were purchased from Sigma-Aldrich.
The synthesis of the gelator 1·2Br was carried out according to a
previously published protocol.41 CUR, BDMC and CAT were
synthesized by following the procedures described in the
literature;42,43 their 1H NMR spectra are shown in Figure S1 in the
Supporting Information.

2.2. Solubility of CCMoids. The solubility of CUR, BDMC, and
CAT was assessed in both EtOH and EtOH/H2O (50/50). CCMoids
were weighed (7.5 mg), and increasing amounts (100 μL) of the
solvent were added followed by manual shaking and sonication until
complete dissolution was observed.

2.3. Preparation of Gels. Gels without CCMoids were prepared
by dissolving 1·2Br in EtOH (1 mL) using sonication. Then, H2O (1
mL) was added, the mixture was gently stirred using a micropipet, the
containers were closed to prevent solvent evaporation, and the
mixtures were left to stand at room temperature. Gels containing
CCMoids were prepared by dissolving both the gelator and the
CCMoid in EtOH using sonication prior to the addition of H2O. The
formation of gels was monitored by the tilting method and confirmed
when the gels did not flow upon complete inversion of the vials. The
time for gel formation and the overall homogeneity of the gels were
observed.

2.4. Influence of Gelator Concentration on Gel Formation.
Solutions of 1·2Br (20, 10, and 5 mg/mL) in EtOH (1 mL) were
prepared, and H2O (1 mL) was finally added as described previously,
leading to gels with final concentrations of 1·2Br of 10, 5, and 2.5 mg/
mL.

Chart 1. Chemical Structures of the Gelator 1·2Br and the
CCMoids Curcumin (CUR), Bisdemethoxycurcumin
(BDMC), and Bisdemethylcurcumin (CAT)
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2.5. Influence of CCMoid Concentration on Gel Formation.
Solutions of the CCMoids (CUR, BDMC, and CAT) in EtOH (1
mL) at concentrations of 0.312, 0.625, 1.25, 2.5, 5, 10, and 20 mg/mL
were prepared in vials. 1·2Br (20 ± 1 mg) was added to each solution,
and the mixture was sonicated until complete dissolution. H2O (1
mL) was added as described previously, leading to mixtures with a
final concentration of 1·2Br of 10 mg/mL, a 50/50 EtOH/H2O
proportion, and CCMoid concentrations of 0.156, 0.312, 0.625, 1.25,
2.5, 5, and 10 mg/mL.

2.6. Influence of Solvent Proportions in Gel Formation. A
solution of each CCMoid (CUR, BDMC, and CAT) in EtOH at a
concentration of 6.25 mg/mL was prepared, from which aliquots (0.4
mL) were placed in separate vials. Then, different volumes of EtOH
(0, 0.2, 0.4, 0.6, 0.8, 1, and 1.2 mL) were added to each vial, 1·2Br
(20 ± 1 mg) was added to each solution, and the mixture was
dissolved using sonication. Water was finally added to a final volume
of 2 mL, leading to mixtures with a 10 mg/mL concentration of 1·
2Br, a 1.25 mg/mL concentration of CCMoid, and final EtOH/H2O
proportions of 20/80, 30/70, 40/60, 50/50, 60/40. 70/30, and 80/
20, respectively.

2.7. Rheology Studies. Gels were formed in 5.2 cm diameter
polystyrene Petri dishes, having a final volume of 15 mL and a
concentration of 1·2Br of 10 mg/mL. Gels without and with
CCMoids (CUR, BDMC, and CAT) at concentrations of 0.156,
0.625, and 1.25 mg/mL were formed and left to stand overnight
before analysis. The rheological characterization of gels was
performed using a Haake Rheostress 1 rheometer (Thermo Fisher
Scientific, Karlsruhe, Germany) connected to a temperature-
controlled circulating bath (Thermo Haake Phoenix II + Haake
C25P) and equipped with a parallel plate geometry (Haake PP60 Ti,
60 mm diameter, 3 mm gap between plates).37 Oscillatory stress
sweep tests were performed at 32 °C by increasing the amplitude of
shear stress (τ) from 0.01 to 100 Pa with a constant frequency of 1
Hz, while the gel’s resistance to deformation was measured by means
of the storage (G′) and loss (G′′) moduli. The critical stress
(resistance to rupture) was obtained when the storage modulus (G′)
decreased to values below the loss modulus (G′′). Oscillatory
frequency sweep tests were performed at 32 °C by increasing the
frequency of shear stress ( f) from 0.01 to 10 Hz at a constant shear
stress of 0.5 Pa, within the linear viscoelastic region of the gel, while
measuring the related storage (G′) and loss moduli (G′′) were
measured.

2.8. Optimum Gelling Conditions. According to the time for gel
formation, macroscopic homogeneity, and mechanical properties of
the gels as observed by rheology studies, optimum conditions for gel
formation were established as a 10 mg/mL concentration of 1·2Br,
50/50 EtOH/H2O proportion, and 0.625 mg/mL of CUR (gel 1·
CUR), BDMC (gel 1·BDMC), or CAT (gel 1·CAT).

2.9. Drug Release Studies. To assess the release of CCMoids
from the gels, drug release experiments were performed in triplicate
using Franz-type diffusion cells (FDC 400, Crown Glass, Somerville,
NY, USA), with the donor and receptor chambers being separated by
a microcellulose dialysis membrane (14000 MWCO). The receptor
chamber was filled with DMSO in the case of gels 1·CUR and 1·
BDMC, whereas a mixture (50/50) of MeCN and H2O with 2%
acetic acid was used in the case of 1·CAT, complying with sink
conditions in all cases. The Franz-type diffusion cells were connected
with a temperature-controlled circulating bath at 32 °C. The dose
applied in the donor compartment was 0.5 mL of a gel in a diffusion
area of 2.54 cm2. Aliquots of 300 μL were collected from the receptor
compartment at different times and kept at −20 °C until analysis, and
the same volume of fresh receptor fluid was added to the receptor
chamber.

2.10. Skin Permeation and Retention. To test the amount of
CCMoid that can permeate across human skin and be retained within
the tissue, permeation experiments were performed in a way similar to
that for drug release studies but the receptor chamber was filled with
transcutol and the dialysis membrane was replaced with 0.4 mm
thickness abdominal human skin, which was placed with the
epidermal side facing the donor compartment. The permeation

assay was done with human skin from the abdominal region obtained
during plastic surgery of a healthy, 40-year-old woman who gave
written, informed consent to the use of this material for research
purposes with the approval of the Ethics Committee. Gels were
seeded at the epidermal side of the skin, and samples were taken at 24
h. After the experiment, the skin was washed with a 0.05% sodium
lauryl sulfate solution and rinsed thoroughly with deionized H2O. To
extract the CCMoids from the skin, the effective diffusion area of the
skin was cut, weighed, and punctured with a needle. Afterward, the
skin was immersed in 1 mL of DMSO in the case of gels 1·CUR and
1·BDMC or in 1 mL of a mixture (50/50) of MeCN and H2O with
2% acetic acid in the case of 1·CAT, and samples were immersed in a
sonication bath for 20 min. The skin was removed, and the solutions
were kept at −20 °C until analysis.

2.11. In Vivo Efficacy. Male Sprague−Dawley rats were separated
into groups (n = 3), and the back was shaved 24 h prior to
experiments. At the time of the experiment, xylol was applied on the
back of the rats to induce inflammation, and the gels 1·2Br, 1·CUR, 1·
BDMC, and 1·CAT were applied immediately after xylol application.
Rats treated only with xylol (Control+) and without any treatment
(Control−) were processed in parallel. The stratum corneum
hydration (SCH−Corneometer Courrage CM825) and the trans-
epidermal water loss (TEWL−Dermalab) were measured at certain
intervals after application of the gels, and the increase in these values
was calculated with respect to basal values (before inducing
inflammation). After the experiment (∼1.5 h), the back skin was
sectioned, washed with a solution of sodium lauryl sulfate, rinsed with
deionized H2O, and frozen (−80 °C) until analysis. The tissue was
lysed, and the expression of cytokines IL-6, TNF-α, and IL-1β was
evaluated using real-time PCR according to the ΔΔCT method.44 as
described previously.45 The relative gene expression of each gene was
normalized to β-actin.

2.12. Morphological Gel Characterization. Gels without and
with CCMoids (CUR, BDMC, and CAT) at a 0.625 mg/mL
concentration were freshly prepared. Samples were deposited on
carbon tape, dried with N2 to completely evaporate the solvent, and
coated with a layer of gold. SEM images of the samples were obtained
with a QUANTA FEI 200 FEG-ESEM system.32

3. RESULTS AND DISCUSSION
3.1. Supramolecular Gels Incorporating CCMoids.

The syntheses of CUR and BDMC were accomplished by
following Pabon’s method,42 whereas the reactivity of the sides
of a boron-acac complex with the corresponding aldehyde
units (vanillin for CUR, and 4-hydroxybenzaldehyde for
BDMC) under convenient conditions provides the final
diarylheptanoid systems with yields of 62% and 70%,
respectively. On the other hand, CAT was obtained by
following the work of Gokaraju et al.,43 based on the
demethylation of CUR using Al2O3 and pyridine, with a
yield of ca. 94%. Figure S1 in the Supporting Information
shows the 1H NMR spectra of the three CCMoids.

The solubility of the CCMoids (CUR, BDMC, and CAT)
was first tested both in EtOH and in an EtOH/H2O (50/50)
mixture. In general, EtOH performs the role of a solvent of the
CCMoids and the gelator, whereas H2O acts as an antisolvent,
triggering the self-assembly. The solubilities in EtOH were
similar for both CUR and CAT (16.8 and 17.0 mg/mL,
respectively), whereas it was higher for BDMC (26.3 mg/mL).
In contrast, the presence of H2O (50%) drastically decreases
the solubility of the three CCMoids. CUR and BDMC showed
solubilities of 0.43 and 0.58 mg/mL, respectively, whereas
CAT showed a solubility of 2.1 mg/mL. Therefore, the
addition of H2O (50%) decreases by ca. 97% the solubility of
CUR, implying a much lower solubility in aqueous media and
agreeing with its reported low bioavailability.9,46 On
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substituting the methoxy groups of CUR for hydrogen atoms
in BDMC, there is a similar decrease in solubility (ca. 98%).
Instead, the substitution of methoxy for hydroxyl groups
(CAT) makes it almost 5 times more soluble than CUR in
EtOH/H2O mixtures.

The concentration of the gelator is also an important
parameter for the formation of the gels based on 1·2Br.37

Hydrogels with final concentrations of 1·2Br of 2.5, 5, and 10
mg/mL were prepared (Figure 1A). The mixture with the
lowest concentration of 1·2Br tested (2.5 mg/mL) remained
as a solution at room temperature, whereas higher concen-
trations led to the formation of gels. Gels with 5 mg/mL
concentration were formed in 10 min, in accordance with
previous observations, whereas those with 10 mg/mL were
already formed in 10 s, evidencing the influence of the
concentration of the gelator in the time for gel formation. As
gels of both concentrations were macroscopically homoge-
neous, gels with CCMoids were prepared using a 10 mg/mL
concentration of 1·2Br.

To study the influence of the EtOH/H2O ratio on gel
formation, mixtures containing CCMoid (1.25 mg/mL) and 1·
2Br (10 mg/mL) were prepared with different solvent
proportions (Figure 1B). The gels can only be formed in a

certain range of solvent proportions, depending on the
CCMoid contained. A high H2O content (≥70%) induces
precipitation of the gelator and the CCMoid, whereas a high
EtOH content (≥70%) delays the gelation process by
maintaining the mixture in the sol state. Therefore, the
proportion of solvents influences not only the time of gelation
but also the mechanical properties of gels. Among the three
CCMoids, 1·BDMC showed the highest delay effect with high
EtOH content, forming a gel in up to 30 min at a 70/30
EtOH/H2O proportion, whereas a higher EtOH content did
not result a gel after at least 10 h. In contrast, mixtures between
40% and 60% H2O content allow fast gelation (5 min or less)
and a 50/50 EtOH/H2O proportions leads to the fastest
gelation (less than 1 min) for the three CCMoids studied.
Therefore, the latter proportion was chosen for further
experiments.

The influence of CCMoid concentration on the gel
formation was also studied by the preparation of gels
containing different concentrations of CCMoid (Figure 1C).
For other drugs, a proportional relationship between the drug
concentration and the gelation time had been observed;37,38

however, in the case of CCMoids, there is a critical
concentration of CCMoid, below which the gels are formed

Figure 1. (A) Influence of the concentration of 1·2Br (mg/mL) on the time for gel formation (min) (without CCMoids). (B) Influence of the
proportion of EtOH/H2O on the gelation time (min) at concentrations of 10 mg/mL of 1·2Br and 1.25 mg/mL of CCMoid. (C) Influence of the
concentration of CCMoid (mg/mL) on the gelation time (min) at 10 mg/mL of 1·2Br and 50/50 EtOH/H2O proportion.
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very quickly (<2 min). In the case of gels 1·CUR and 1·
BDMC, concentrations of 2.5 mg/mL or higher delayed the
gelation to approximately 10 h. Moreover, when the
concentration is increased over a limit concentration, precip-
itation of the mixture occurs instead. For instance, the gel 1·
CUR can only be formed with a maximum concentration of 5
mg/mL of CUR, whereas the gel 1·BDMC can be prepared
with a concentration of up to 10 mg/mL and the gel 1·CAT
can only be formed with a concentration of up to 2.5 mg/mL.
According to these results, the structural differences of the
CCMoids might explain this behavior, as their lipophilic
character might promote their incorporation into the gel fibers
of 1·2Br, but the formation of hydrogen bonds might interfere
with the formation of supramolecular fibers, as for CAT (>2.5
mg/mL), leading to precipitation of the mixture. Gelation
takes place up to a higher limit concentration: 5 mg/mL in the
case of CUR and up to 10 mg/mL, the highest concentration
tested for BDMC (Figure 1C).

In all cases, gels with a concentration of 1.25 mg/mL or
lower can be formed in less than 2 min and show an overall
macroscopic homogeneity.

3.2. Mechanical Properties of the Gels. According to
the gelation time and the overall macroscopic appearance of
the gels, gels with 0.156, 0.625, and 1.25 mg/mL concentration
of CCMoid were chosen to provide further insight into their
mechanical properties. Oscillation amplitude tests were
performed at 32 °C to assess the gels’ resistance to
deformation and resistance to rupture when the amplitude in
shear stress was increased from 0.1 to 100 Pa (see Figure S2 in
the Supporting Information). Gels with a CCMoid at the three
concentrations tested showed higher values of the elastic (G′)
modulus in comparison to the loss (G′′) modulus, indicating a
solidlike behavior in all cases, which was similar to previous
observations.37

The rupture of the gel fibers upon shear stress (critical
stress), as observed by the rapid decay in the elastic modulus
(G′) (Figure 2A−C) to values below the loss modulus (G′′)
(see Figure S2 in the Supporting Information), is also affected
by the presence of CCMoid. Figure 2G gives a comparative
view of the critical stress of gels at different concentrations. At
lower concentration (0.156 mg/mL), the resistance to rupture
is not greatly affected, the rupture of the fibers being observed
at a shear amplitude (τ) similar to that of the gel alone or even

Figure 2. (A−F) Overlapped views of the elastic modulus (G′) of gels without (1·2Br) or with CCMoids (1·CUR, 1·BDMC, 1·CAT) with 0.156
mg/mL (A, D), 0.625 mg/mL (B, E), and 1.25 mg/mL (C, F) of CCMoid during amplitude sweep tests at 1 Hz (A−C) or during frequency sweep
tests at 0.2 Pa of shear stress (D−F). (G) Comparative view of the resistance to deformation of gels with different CCMoid concentrations. Values
represent the elastic modulus (G′) at 1 Hz and 0.2 Pa amplitude. Error bars represent the standard deviation within the linear viscoelastic region.
Significant differences: ns, not significant, ***, P < 0.001. (H) Comparative view of the critical stress (Pa) of gels at different CCMoid
concentrations.
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an slightly increased resistance to rupture in the case of the gel
1·CUR. At higher concentrations, however, gels are broken at
lower shear amplitudes, meaning a more fragile behavior.
Again, an exception was observed for the gel 1·CAT, where the
resistance to rupture is similar or slightly increased at 0.625
mg/mL. These results also evidence an important correlation
between the resistance to deformation and resistance to
rupture, as observed by the same tendency (Figure 2G,H).

According to these observations, a higher concentration of
CCMoid in the gel might promote a higher amount of
CCMoid incorporated beneath the gel fibers, leading to
changes in the mechanical properties of the gels. Thus, the
chemical structure of CAT, bearing four hydroxyl groups in the
benzene rings, can lead to a higher number of hydrogen bonds
between the CCMoid and the solvent, as well as a higher
number of electrostatic interactions between the CCMoid and
the gelator 1·2Br in comparison to CUR and BDMC. At low
concentrations, these interactions can preserve (or even
slightly increase) the surface tension of the system, leading
to a higher resistance to deformation and to rupture, but at
higher concentrations, such interactions might impede the
supramolecular interactions between gelator molecules,
decreasing the surface tension and leading to softer and
more fragile gels.

Also, oscillation frequency tests were performed to assess the
resistance to deformation when the frequency of shear stress is
changed within 0.01−10 Hz (see Figure S3 in the Supporting
Information). The results show that, independent of the
frequency of shear stress, gels with CCMoids at the three
concentrations tested have a solidlike behavior and confirmed
that an increase in the concentration of CCMoid decreases the
resistance to deformation (Figure 2D−F).

According to the time of gelation, the overall homogeneity
of gels, and their mechanical properties, the optimum
conditions for gel formation were established as a 10 mg/mL
concentration of 1·2Br, a 50/50 EtOH/H2O proportion, and a
0.625 mg/mL concentration of CCMoid. These conditions
were used to further studying the gels’ morphology at the
microscopic level, their biopharmaceutical characterization,
and their efficacy in vivo.

3.3. Morphological Characterization of the Gels.
Before the delivery study, the morphologies of the freshly
prepared gel 1·2Br and the gels 1·CUR, 1·BDMC, and 1·CAT
at the microscopic level were studied using scanning electron
microscopy (SEM) (Figure 3). The gel 1·2Br is formed by self-
assembled supramolecular fibers of around 100 nm in diameter
and several micrometers in length, which are intertwined
without a special arrangement and can form bundles. More
importantly, the presence of CUR did not lead to a significant
difference in their morphologies, whereas the inclusion of
BDMC or CAT leads to the reduction of interstitial areas,
suggesting a higher amount of CCMoid incorporated into the
fibers.

The morphologies of the gels were also studied after several
months (Figure S4). The SEM images show no significant
change in the morphology at the nanoscale in comparison to
fresh gels, showing no CCMoid precipitates and indicating that
the gels are stable at room temperature, with no evidence of
CCMoid being released from the fibers.

3.4. Drug-Release and Skin-Permeation Studies. The
ability of the gels to release the CCMoids as well as human
skin-permeation studies were examined. For the drug-release
studies, Franz diffusion cells were used, with experimental
conditions simulating the skin-permeation experiments (tem-

Figure 3. SEM images of the gel 1·2Br and gels containing 0.625 mg/mL of CUR (1·CUR), BDMC (1·BDMC), and CAT (1·CAT). Scale bars
are 3 μm.
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perature and solvents). Figure 4A shows that the three gels can
release the CCMoid following a one-phase exponential model.

The total amount released (mean values) depends on the type
of CCMoid: 1·CUR can release almost the totality of the CUR
contained (>98%), whereas 1·BDMC can release ca. 79%, and
1·CAT can release ca. 70%. The speeds of release, k values,
were 0.28, 0.24, 0.30 h−1, respectively. This suggests that the
lower amount of BDMC or CAT released could be due to a
higher amount incorporated within the supramolecular fibers,
in line with the morphological observations (Figure 3). We
have previously demonstrated that the drugs incorporated
within the supramolecular fibers of 1·2Br are released at a
slower speed in comparison to the drugs present in the
interstitial space. Thus, the resulting release profile can follow a
two-phase exponential model, as there are two diffusion
processes involved.38 However, if the diffusion of the drug
from the fibers to the interstitials is sufficiently slow (with a
small k value), the two-phase model can only be perceived as a
one-phase exponential model. Therefore, the 1·2Br−CCMoid
interactions might delay the release of the CCMoid from the
fibers, and so it is not detected along this experiment,
suggesting that at this concentration the highest amount of
CCMoid incorporated beneath the fibers is observed in the
case of the gel 1·CAT.

Experiments using human skin showed that, upon dermal
application, none of the CCMoids can completely permeate
across the skin, indicating that no systemic absorption and thus
no systemic effects can be expected. Moreover, the three
CCMoids were retained within the skin (Figure 4B), where the
therapeutic target is located. 1·CUR led to the highest amount
of CCMoid retained (104.6 ± 9.1 μg g−1 cm−2), followed by 1·
BDMC (37.1 ± 0.8 μg g−1 cm−2) and 1·CAT (8.6 ± 5.8 μg g−1

cm−2). The lack of complete permeation through the skin is

Figure 4. (A) Cumulative amount of CCMoid released (%) of gels
containing 0.625 mg/mL of CUR (1·CUR), BDMC (1·BDMC) and
or CAT (1·CAT). Values represent means ± SD (n = 3). (B)
CCMoid extracted from human skin after 24 h permeation of the gels
1·CUR, 1·BDMC, and 1·CAT. Values represent means ± SD (n = 3).
Different Greek letters represent significant statistical differences (P <
0.01).

Figure 5. (A, B) Change in transepidermal water loss (A) and stratum corneum water content (B) of rat skin upon xylol-induced inflammation and
application of gels without (1·2Br) or with CCMoids (1·CUR, 1·BDMC, and 1·CAT). Rats with xylol-induced inflammation but without further
treatment (Control+) and rats without inflammation induced (Control(-) were processed in parallel. (C−E) Expression (fold change) of IL-6 (C),
TNF-α (D), and IL-1β (E) after the experiment. Values represent means ± SD (n = 3). Significant differences: ***, P < 0.001; ns, not significant.
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indeed influenced not only by the low concentration of
CCMoids in the gels but also by their lipophilic behavior,
which promotes their retention in the more lipophilic
epidermis and slows down their diffusion toward the more
hydrophilic inner layers.

3.5. Anti-Inflammatory Activity In Vivo. The anti-
inflammatory activity of the gels with and without CCMoids
was assessed in rats using a xylol-induced inflammation model.
Xylol was applied on the skin of rats together with the gels
either with or without CCMoids. Then, the efficacy was
assessed by three different approaches, the hydration of the
stratum corneum, which measures the conductivity of the
tissue, the integrity of the barrier function of the stratum
corneum, by measuring the transepidermal water loss
(TEWL), and the expression of inflammatory cytokines at
the skin at the end of the experiment.

As shown in Figure 5A, the barrier function of the skin is
disturbed (Control+) in 10 min upon xylol application,
showing an important increase in water loss (around 6 grams
per hour per square meter of skin), a condition that remains
for at least 1 h. The application of 1·2Br together with xylol
did not prevent the disturbance of the skin barrier function,
showing a similar change in TEWL values. In contrast, the
application of the gels with CCMoids partially decreased
TEWL values, showing that the presence of a CCMoid can
protect the barrier function of the skin. 1·CUR showed partial
restoration of the barrier function after 75 min, whereas 1·
BDMC readily showed this effect after 45 min. 1·CAT, in
contrast, prevented the disturbance of the barrier function
from the beginning, showing no significant change in mean
TEWL values along the experiment, as observed in rats with no
inflammation induced (Control−).

As shown by the change in hydration of the stratum
corneum (Figure 5B), the induced inflammation (Control+)
increased the content of water within 10 min, suggesting
vasodilation and edema and reaching maximum values after 40
min. The application of the gel alone (1·2Br) only showed a
slightly lower increase in water content in comparison to
inflamed rats (Control+), but the application of 1·BDMC led
to values similar those of to rats without inflammation
(Control−), suggesting the prevention of vasodilation and
edema. 1·CUR also prevented the increase in water content
from the beginning, while after 40 min, it decreased it slightly
below the initial values (P > 0.05), suggesting prevention of
edema and possibly slight vasoconstriction. 1·CAT also
showed a behavior similar to that of 1·CUR, readily indicating
a slight decrease in water content 20 min after application.

At the end of the experiment, the expression of the
proinflammatory cytokines IL-6, TNF-α, and IL-1β was
evaluated using quantitative RT-PCR (Figure 5C−E). Upon
xylol-induced inflammation (Control+), the expression of
these cytokines in rat skin was increased in comparison to
untreated rats (Control−) and relative mRNA levels were up
to 19-fold higher for IL-6, 6-fold higher for TNF-α, and 15-fold
higher for IL-1β. The application of the gel alone (1·2Br) did
not significantly prevent this overexpression, whereas the
application of gels with CCMoids counteracted the expression
of the three cytokines. The expression of TNF-α and IL-1β
fully decreased to basal values in treatments with gels with any
of the CCMoids tested. All of them showed excellent anti-
inflammatory activity (P < 0.001); nonetheless, none of them
completely restored the IL-6 expression to basal levels. 1·CUR
only caused an 18% reduction of IL-6 expression levels in

comparison to inflamed rats (P > 0.05), whereas 1·BDMC and
1·CAT caused a 65% decrease (P < 0.001) and up to an 84%
decrease (P < 0.001), respectively.

These results show the great potential of these hydrogels,
even at concentrations in the range of μg/mL. Successful anti-
inflammatory activity can be achieved with each of the
CCMoids tested. Although in other delivery systems for
dermal application the CCMoid typically studied was CUR
and there is a lack of information for other CCMoids, a
comparison of 1·CUR with other systems shows a com-
paratively higher efficacy to dose relationship in the case of 1·
CUR. For instance, microemulsions promoted the retention of
CUR at the skin to a similar extent (0.4−1.6 times) in
comparison to 1·CUR, but at a 16−48 times higher
concentrations of CUR (10−30 mg/mL).19 Hydrogels that
use menthol as a permeation enhancer promoted high
retention of CUR at the skin, but with a 32 times higher
concentration of CUR (20 mg/mL). Ethosomes only promote
the retention of 10% of CUR at the skin in compared to 1·
CUR, while being at 45 times higher concentration. Moreover,
nanostructured lipid carriers only showed 31% anti-inflamma-
tory activity, at a 34 times higher concentration of CUR.

On the other hand, emulgels or niosomal gels promoted a
high amount of CUR retained within the skin and showed 52−
78% anti-inflammatory activity after 12 h, but at 4 times higher
concentrations (2.5 mg/mL) in comparison to 1·CUR.
Therefore, the inclusion of CUR or the analogue structures
BDMC and CAT into supramolecular fibers of 1·2Br can
increase the penetration of CCMoid in the stratum corneum
and promote its retention within, observing excellent anti-
inflammatory activity at much lower doses in the three cases,
but with slightly improved efficacy in the case of 1·BDMC and
1·CAT.

4. CONCLUSIONS
A gemini-imidazolium amphiphile was used to develop
nanostructured supramolecular hydrogels containing the
CCMoids CUR, BDMC, and CAT at low concentrations
(0.156−10 mg/mL). The concentration and type of CCMoid
have an important influence on the gelation process and on the
mechanical properties of the gel. The presence of a higher
number of hydroxyl groups in the CCMoid might permit more
hydrogen bonds to be formed between the CCMoid and the
gelator or the solvent, interfering with the formation of
supramolecular nanofibers. Therefore, an increase in the
concentration of the CCMoid above a critical value
significantly delays the gelation process, while a further
increase to the limit concentration triggers precipitation of
the mixture. For each CCMoid, a concentration of 1.25 mg/
mL or lower permits the formation of gels in less than 2 min.
The supramolecular gels formed are soft and have a solidlike
behavior on the basis of rheology studies, ideal for dermal
application in inflammatory skin diseases.

The increase in CCMoid content also decreases its
resistance to deformation and resistance to rupture, except
for 1·CAT, where at low concentrations (up to 0.625 mg/mL)
the hydrogen bonds and electrostatic interactions might
slightly increase the surface tension of the system; however,
at higher concentrations it interferes with gelator−gelator
interactions, decreasing the surface tension and leading to
softer and more fragile gels. These results thus suggest the
incorporation of CCMoids within the fibers and their close
interaction with the gelator.
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The incorporation of a CCMoid also changes the
morphology of the fibers of 1·2Br on thae microscopic scale,
with shorter and thicker fibers being observed, especially in the
case of 1·BDMC and 1·CAT, also suggesting a higher
incorporation of CCMoid. Under sink conditions, almost
100% of the CCMoid can be released within 24 h from 1·
CUR, whereas the releases are 79.4% and 70.6% in the cases of
1·BDMC and 1 CAT, respectively, showing excellent
biopharmaceutical properties and suggesting a higher fiber
incorporation in the last two. Upon dermal application, the
CCMoids are retained within the skin to perform local anti-
inflammatory activity, while no transdermal permeation is
observed, implying no systemic effects. Using a xylol-induced
inflammation model in rats, the gels with CCMoids partially
prevent the disturbance of the skin barrier function as
measured by transepidermal water loss, with the best results
being found when 1·CAT was used, followed by 1·BDMC and
finally 1·CUR. Also, the three gels can effectively prevent the
increase in SC water content due to vasodilation.

The three gels completely prevented the overexpression of
TNF-α and IL-1β (P < 0.001), whereas the expression of IL-6
was significantly reduced upon application of 1·BDMC or 1·
CAT (P < 0.001) but only partially reduced upon application
of 1·CUR (P > 0.05), in line with the higher anti-inflammatory
activity reported of CAT versus CUR. Thus, the incorporation
of CCMoids into supramolecular fibers of 1·2Br, even at
concentrations in the range of μg/mL, can increase the
penetration and retention of the CCMoid within the skin,
yielding excellent anti-inflammatory activity, with no implied
systemic effects. The low concentration of CCMmoids and
their fast (<2 min) and simple preparation (room temperature,
soft mixing) make these gels highly promising for the delivery
of CCMoids in the treatment of skin inflammatory processes.
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