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In the search for soft and smart materials for nanomedicine, which is a present challenge, supramolecular na-
nohydrogels built on self-assembling low-molecular-weight building blocks attract interest for their structural,
mechanical and functional properties. Herein, we describe a supramolecular nanohydrogel formed by a bio-
friendly micellar self-assembling choline-calix[4]arene derivative in the presence of curcumin, a natural and
multitarget pharmacologically relevant drug. Morphology and mechanical properties of the nanohydrogel were
investigated, and theoretical simulation performed to model the nanohydrogel structure. The self-healing and
injectable nanohydrogel easily formed in PBS medium at physiologic pH, without using additives and organic
solvents. The micellar nanohydrogel protected curcumin from rapid chemical and photochemical degradation,
and slowly dissolved in curcumin-loaded micelles sustaining the drug release in a low rate. The nanohydrogel
which combines the mechanical properties of a hydrogel and the benefits of a nanoscale micelle in drug delivery,
appears a promising novel material for drug delivery.

1. Introduction

In the field of materials science for medicine, hydrogels have turned
out smart materials for a variety of applications and have found en-
ormous clinical use [1-3]. Hydrogels are highly hydrated materials
produced through chemical and/or physical crosslinking of molecules
forming three-dimensional networks entrapping the solvent. They by
combining the elastic behaviour of solids with the microviscous prop-
erties of fluids, can create a reservoir of drug and facilitate the local and
sustained drug delivery, that can result in an improved therapeutic
efficacy and reduction of the undesired effects of a systemic drug ad-
ministration.

Supramolecular hydrogels, formed through reversible, non-covalent
intermolecular interactions, are very attractive for biomedical appli-
cations [4,5]. Loh labeled supramolecular hydrogels as “part of the
next-generation of materials to enter the biomedical arena” [6]. Su-
pramolecular hydrogels do not require laborious syntheses and exhibit
properties different from their covalent counterpart such as facile for-
mation, hierarchical organization, and stimuli responsiveness that have
shown to considerably enhance the therapeutic outcome of drug
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delivery [7].

Supramolecular nanohydrogels formed by a gel matrix containing
the drug loaded into nanoparticles [8], represent an advancement as
drug delivery devices, because they combine the mechanical properties
of a hydrogel with the advantages of a nanoparticle that as a nano-
container and a nanocarrier can improve drug delivery [9]. Generally,
nanohydrogels are formed by drug-loaded nanoparticles mixed to a gel
matrix [10], but there is a growing interest in nanohydrogels generated
by molecules self-assembling in nanoparticles able to entrap a drug and
form a gel without addition of additives [11].

Calix[n]arenes are polyphenolic macrocycles of interest in supra-
molecular chemistry [12]. The opportune functionalization of the ca-
lixarene skeleton has provided derivatives with a wide spectrum of
applications in different areas [13]. In biomedical and pharmaceutical
fields [14,15], calix[n]arene derivatives have shown promising ther-
apeutic [16], imaging [17], and drug delivery functions [18]. Analo-
gously to cyclodextrins and cucurbituril, calix[n]arene macrocycles are
interesting low-molecular-weight building blocks for the construction
of supramolecular gels equipped with additional receptor sites and
stimuli responsiveness, in which self-assembling and inclusion
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complexes exploiting the host properties of the macrocycle cavity drive
the hydrogel formation [19]. Several works reported calix[n]arene
derivatives forming hydrogels [20-22], but to the best of our knowl-
edge only two papers described supramolecular hydrogels formed from
calixarene-based micelles. They concern a micellar proline-functiona-
lised calix[4]arene, whose gelation was controlled by non-covalent
interactions with amino acids in acidic condition [23]; and a sulfonate
calix[4]arene grafted to polymer chains with gelation driven by the
strong binding between calixarene cavities and viologen moieties on
the polymer [24].

Here, we report a novel supramolecular nanohydrogel derived from
spontaneous gelation of a micellar polycationic choline-calix[4]arene
derivative 1 (Calix) [25] in the presence of curcumin (Cur) in phos-
phate buffered saline (PBS) at pH 7.4, under stimulus concentration.

Curcumin is a natural polyphenolic multitarget drug with a multi-
plicity of pharmacological applications, but poor aqueous solubility,
rapid degradation and low bioavailability constitute major obstacles
toward its deployment in medicine [26]. For this reason, the search for
novel formulations designed for overcoming these limitations and im-
proving the pharmacological performance of curcumin is still a chal-
lenge. Since a highly concentrated application of polyphenols may re-
sult in a toxic response, another problematic of curcumin is the mode of
application. A formulation with controlled release property, as a hy-
drogel can be, is preferred for the clinical application of this drug. In
this context, the Calix-Cur nanohydrogel appears a promising candi-
date. It is formed by biofriendly components: a choline-calix[4]arene
derivative (1) whose no significant cytotoxicity was previously proved
[27-29]; curcumin, a natural drug; and a biomimetic medium like PBS
at physiological pH value. Interestingly, the presence of choline ligands
on the surface of the calixarene micelle makes the nanohydrogel also a
promising new tool for targeted drug delivery. Indeed, it is known that
the choline ligand can favour the crossing of cellular membranes and
anatomical barriers and can target cells on which choline transporters
are over-expressed [30].

In this work we describe the preparation of the Calix-Cur supra-
molecular nanohydrogel and investigate its morphology and structure
by Atomic Force Microscopy (AFM) and Transmission Electron
Microscopy (TEM), UV-vis and fluorescence spectroscopy and mole-
cular modelling simulations supported by TD-DFT UV-vis spectra. The
capability of the nanohydrogel to preserve curcumin from rapid de-
gradation and slow down the drug photodegradation is evaluated by
chromatographic (HPLC) monitoring and steady-state photolysis, re-
spectively. The mechanical properties of the nanohydrogel are in-
vestigated by rheological measurements. The hydrogel dissolution re-
lated to drug release is explored by chromatographic (HPLC) and
Dynamic Light Scattering (DLS) analyses.

2. Experimental section
2.1. Materials

Curcumin (Cur) and all the other chemicals were purchased from
Sigma-Aldrich (Milan, Italy) and used without purification. Solvents
were of analytical or high-performance liquid chromatography (HPLC)
grade. Choline-calix[4]arene derivative 1 (Calix) was prepared as re-
ported in literature [25].

2.2. Preparation of Calix-Cur hydrogel

For the preparation of Calix-Cur hydrogel, 100 mg of choline-calix
[4]arene derivative 1 was dissolved in 5 mL PBS (10 mM, pH 7.4) and
curcumin (9.1 mg) was added. The mixture was sonicated for 15 min,
then stirred (500 rpm) at 37 °C up to complete dissolution of the Cur.
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2.3. Stability and photostability of Cur in the hydrogel

To evaluate the stability of Cur in the hydrogel, the amount of Cur
was monitored by HPLC analysis over time by using a Dionex HPLC
system (P680 pump, ASI-100 autosampler, UVD170U detector, TCC-
100 temperature-controlled column compartment), and Phenomenex
Luna 5um C18 reverse-phase column (250 X 4.6 mm). Eluents A:
CH3CN, B: 0.25% AcOH, gradient: A from 40% to 76%, 18 min, flow
1 mL/min, T = 48°C, A = 425nm. 32.7 mg of Calix-Cur hydrogel were
dissolved in 1 mL of ethanol, then 50 uL of this solution were diluted
with 550 pL di CH3CN, and 40 pL of sample were injected. To evaluate
the photostability of Cur loaded into the nanohydrogel, steady-state
photolysis analyses (Aexc = 420nm) were performed. An aliquot of
Calix-Cur hydrogel sample was deposed on cleaned quartz substrate, to
form a uniform film, and the changes in the absorption spectra upon
exposure at 420 nm were evaluated. For comparison the changes in the
absorption spectral of freshly prepared Cur solution in 10% ethanol/
PBS were also evaluated.

2.4. Atomic Force Microscopy (AFM)

AFM analysis was performed with PSIAXE-150, acquiring images of
1um X 1 pum. The measurements were carried out in non-contact mode
using a silicon, Sn doped tip. It has a resistivity of 0.01 Q cm and was
purchased by Bruker TESPAW. The tip dimensions are: thickness 4 pm,
length 125 pm, width 40 pm. The stiffness is 40 N/m and it was oper-
ated to an oscillation frequency of 320 kHz.

2.5. Transmission Electron Microscopy (TEM)

The morphology of the Calix — Cur hydrogel was analysed under a
ATEMJEOL JEM-2010 instrument equipped with a therm ionic source
of lanthanum hexaboride and using bright field in conventional parallel
beam mode. The samples were prepared dispensing large and low
amount of hydrogel on grid surface.

2.6. Hydrogel UV-Vis and fluorescence measurements

UV-Vis spectra absorption and fluorescence emission spectra were
recorded with a JascoV-560 spectrophotometer and a Spex Fluorolog-2
(mod. F-111) spectrofluorometer, respectively, in air equilibrated so-
lutions, using either quartz cells with a path length of 1 cm and quartz
substrates.

2.7. QM simulations

In the simulation study the molecule of Cur was considered in the
monoanion-enol form (Cur™!). Since Cur™! is planar and shows a
conjugated double bond system, we have considered four different or-
ientations of the Cur with respect to the Calix. The Calix-Cur na-
noassemblies were fully optimized at the CAM-B3LYP/6-31G(d) level
[31,32] and the Polarizable Continuum Model (PCM) [33,34] was used
to calculate the solvent effect. When molecules interact, the non-
covalent attraction contains dispersion forces, arising from in-
stantaneous charge fluctuations, dipole-induced dipole forces and di-
pole-dipole forces (including hydrogen bonding). CAM-B3LYP is a hy-
brid exchange-correlation functional which well predicts the strength of
non-covalent interactions [35-37]. UV-vis spectra were performed, on
the optimized structures, within the time-dependent DFT approach (TD-
DFT) [38,39] adopting the 6-31G(d)basis set and the B3LYP functional
which has been used successfully to simulate UV-VIS spectra of Cur and
Cur derivatives [40-43]. Gibbs free energies in solution were calculated
at the CAM-B3LYP/6-31G(d) level using the SMD method developed by
Truhlar et al. [44].
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2.8. Rheological measurements

Rheological experiments were carried out on a CVO rheometer
(Bohlin Instruments, Malvern, UK) with 4°/40 mm diameter steel cone-
plate geometry, at 25 °C (where not clearly expressed), and the results
were analysed by Bohlin R6.51.03 software. The storage (G’) and loss
(G”) moduli were monitored by frequency sweep at 2% strain with
varying angular frequency (1-25rad/s). Amplitude sweep from 1 to
100% strain at constant 10 rad/s was also performed on the sample.

The viscosity variation was conducted from 0.1 to 100s~ ' shear
rate. The consistency index (K) and the flow behaviour index (n) were
evaluated by fitting (R? = 0.999) the rheological data (from 2.2 to
1005~ ! shear rate, shear-thinning linear part of log-log plot) by the
power law model:

n =Kyt

where 7 is the apparent viscosity and v is the shear rate.

For self-healing experiments, amplitude sweep from 1 to 3000%
strain at a frequency of 1s~! was performed on the samples to gel
failure, then recovery was monitored at 1% strain (1 s~ ' frequency) for
740 s. To mimic shear forces that would be exerted on a sample during a
syringe injection, the shear rate was rapidly increased (from 1 to
1000s~!in 10's), then a steady shear (1000~ ! for 30 s) was applied to
the hydrogel. After the shear rate was decreased to 1s~! in 10, and
stopped for 50s. Finally, the recovery was monitored at 1s~! for
30 min.

2.9. Hydrogel dissolving (%)

The gel dissolving (%) was calculated by Cur quantification in the
release medium. To monitor the release of Cur at different time (from 6
to 72h), 7 vials (1.5mL) were filled with 170 mg of hydrogel and
340 L of 10 mM PBS were added to each vial. The samples were placed
in a shaker at 37 °C and stirred at 100 rpm. The stirring was stopped and
50 or 20 pL of each supernatant were withdrawn and diluted with 50 pL
of acetonitrile. Cur was quantified by using the before described HPLC
conditions (injection volume 50 uL). Since the dissolution of the hy-
drogel mainly occurs at the interface between the hydrogel surface and
the release medium, we assumed that the value of hydrogel dissolving
percentage is dependent on the hydrogel thickness, and corresponds to
the released Cur (%) calculated by the following formula:

Cur release (%) = Amount of Cur in the release medium % 100
Amount of total Cur

The gel dissolving (%) showed linear behaviour in function of time
() (R? = 0.992):

Gel dissolving (%) = K X t
a

where k indicates the amount (%) of gel dissolved/h relative to a gel
sample of 1 mm thickness; a indicates the gel thickness in mm.

2.10. Dynamic light scattering (DLS) and electrophoretic light scattering
(ELS)

The presence of nanoaggregates in the release medium and the
measurement of their size, polydispersity index and zeta potential were
investigated by DLS and ELS by using a ZetaSizer NanoZS90 Malvern
Instrument (UK), equipped with a 633 nm laser, at the scattering angle
of 90° and 25 °C temperature. Each measurement was performed three
times.
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Fig. 1. Molecular representation of Calix 1 and curcumin, and photograph of
Calix 1 colloidal solution and Calix-Cur hydrogel.

3. Results and discussion
3.1. Hydrogel formation

Calix[4]arene derivatives bearing choline moieties at the upper rim
and alkyl chains at the lower rim, are a class of amphiphilic calixarenes
self-assembling in globular micelles whose potential as gene [29] and
drug vehicles [45,46] has been demonstrated. In a previous paper, we
reported that amphiphilic choline-calix[4]arene derivative 1 (Calix), by
simple dissolution in PBS medium, forms micellar nanoaggregates [25]
capable to load curcumin (Cur) and significantly improve the drug
water solubility (about 0.1 mg/mL of Cur per mg/mL of Calix) and
chemical stability [27].

Interestingly, we observed that increasing the concentration of Calix
1 (20mg/mL) and Cur (1.8 mg/mL) in 10 mM PBS (pH7.4), a clear
reddish hydrogel, not flowing down in the inverted vial (Fig. 1), rather
than a colloidal solution, formed.

In the hydrogel the maximum amount of solubilized Cur corre-
sponds to a drug loading percentage around 9%. Since Calix 1 alone
does not form hydrogel also at concentrations higher than 20 mg/mL, it
was evident that Cur acts as a gelator. Noteworthy, the stable and
transparent Calix-Cur hydrogel forms by simple dissolution of Cur in
the micellar colloidal solution of Calix 1 without using particular
techniques, additives or organic solvents generally used to solubilize
curcumin.

3.2. Calix-Cur hydrogel structure

Hydrogels structured at nanometer level are a topic of interest in
materials science, since they exhibit interesting properties not only
from the mechanical but also from the functional point of view [47].

Since the Calix 1 alone [25] and in the presence of Cur [27] in PBS
medium generates a colloidal solution containing micellar nanoag-
gregates, a micelle-based structure for the Calix-Cur hydrogel could be
easily hypothesized. The presence of micellar nanodomains in the Calix-
Cur hydrogel was immediately evidenced by microscopic images.

TEM images showed macroscopic structures typical for hydrogels in
a sample prepared with large amount of Calix-Cur hydrogel (Fig. 2a, the
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Fig. 2. TEM images of the Calix-Cur hydrogel: at large- (a) and low-amount (b).

dark structures were assigned to the salt residues), and spherical ag-
gregates (Fig. 2b) with a size distribution centred at 44 nm (Fig. 2b
inset) in a sample prepared with a lower amount of hydrogel. The size
distribution analysis evidenced the presence of small aggregates with
diameter of 6-7 nm, ascribable to single micelles, and larger structures
with diameter higher than 80 nm, assignable to aggregates of micelles.
The presence of spherical nanoaggregates in the hydrogel was also
evident in AFM images (see SI, fig. S1).

To gain insight on the location of Cur in the reddish micellar na-
nohydrogel, we performed molecular modelling simulations supported
by TD-DFT UV-vis spectra. Since it is known that the B-diketone form of
Cur is featured by a yellowish colour while the anionic enol form has a
reddish-orange colour [48,49], this latter form (Cur~ 1) was taken in
consideration for ab initio calculations. The globular structure of the
nanoaggregates suggested four main hosting sites for Cur: the inter-
facial region, the calix[4]arene cavity, the palisade layer and the inner
core.

Theoretical simulations provided four models depicted in Fig. 3: two
bridge models where the phenolic oxygens of Cur face the quaternary
ammonium cations decorating the cavity of two Calix units belonging to
two different micelles (B1 and B2 in Figs. 3a and b), and two sandiwich
models (S1 and S2 in Fig. 3c and d) where one Cur ! molecule is
sandwiched between two Calix units in the same micelle.

The absorption spectrum (Fig. 4A) simulated for anionic Cur™
(412nm), S1 (425nm), S2 (467 nm), B1 (481 nm) and B2 (482nm)
models accorded the optical absorption spectrum recorded for the
Calix-Cur hydrogel (Fig. 4B-a), which shows absence of absorption at
366 nm, reasonably excluding the presence of the (3-diketone structures,
two main absorption peaks centred at 425 and 467 nm, and broad
bands at around 482nm. The optical absorption and fluorescence
emission spectrum of Calix-Cur hydrogel are reported in Fig. 4B-a and
4B-b respectively.

Data summarized in Table 1 indicate a slight red shift of the cur-
cumin absorption band for the S1 model (425nm), which is char-
acterized by weak interactions between Cur and Calix, and a stronger
red shift for the S2 model (467 nm) where both H-bond (involving the
Calix-CH,-OH and the methoxy oxygen of Cur) and ion-dipole inter-
actions (between the quaternary ammonium cation of Calix and phe-
nolic hydroxyl oxygen of Cur) are present. In the case of the bridged
model B1, both O-H-bonds and aromatic hydrogen bonds between Calix
and Cur shift the absorption band to 481 nm, while for the B2 model H-

1

bond and ion-dipole interactions shift the absorption band to 482 nm. A
similar red shift was observed for anionic Cur entrapped in cationic
micelles [50] or B-amiloid aggregates [48,51].

For the weak Calix-Cur interactions, which do not affect sig-
nificantly the UV-vis spectrum, we observed an absorption concerning
the HL electronic transition (S1); differently for the stronger inter-
actions the absorption involves the electronic transition between H-1
and L energy levels (S2, B1 and B2 in Table 1).

The values of the atomic charges of phenoxy and methoxy oxygens
and B-carbon-enol atom of Cur (Table 2), calculated by using the
Merz-Singh-Kollman scheme [52,53], were also indicative of an ap-
preciable interaction of Cur with Calix 1. A noticeable atomic charge
variation was observed for the bridge structures B1 and B2 with a
marked decreasing of charge for the 3-carbon-enol atom (average value
0.134 e), a medium increasing of charges for the phenoxy oxygen
(average values 0.060 e and 0.071 e, ring 1 and 2) and a slightly in-
creasing of charges for the methoxy oxygen atoms (average values
0.037 e and 0.024 e, ring 1 and 2). The sandwiched structures (S1 and
S2) report a less marked atomic charge variations. The free energy for
the formation of the Calix-Cur models in water solvent, clearly indicate
an effectiveness binding for Calix-Cur on the bridge models (AG® values
of —3,7kcalmol ™! and -2.9kcalmol ™! for Bl and B2, respectively)
respect to the sandwiched models (AG® values of —1.9kcal mol~! and
-1.8 kcal mol ~* for S1 and S2, respectively).

The entrapment of Cur in the hydrogel matrix was also corroborated
by the fluorescence emission spectrum of the Calix-Cur hydrogel
(Nexe = 412 nm, Aepy, = 625 nm), showing the red-shift of Cur emission
maximum from 540 nm, typical of free Cur, to 625nm (Fig. 4B-b). A
similar shift (610nm) was also observed for Cur in the Calix— Cur
micellar colloidal solution [27].

Therefore, about the hydrogel formation, it is plausible that at
higher concentrations of Calix and Cur, a molecule of anionic curcumin
with its symmetric structure interacts with the cationic groups dec-
orating the cavities of two Calix units belonging to different micelles,
leading to the formation of secondary assemblies. The join of these
assemblies, also favored by inter-micellar hydrogen bonds involving the
choline hydroxl groups, generates a three-dimensional network that by
retaining water through surface tension effect, leads to the formation of
a supramolecular micellar nanohydrogel (Fig. 3e).
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Fig. 3. Simulation Modelling for Calix-Cur interactions in PBS medium: bridge B1 model (a), bridge B2 model (b), sandwich S1 model (c) and sandwich S2 model (d).
Schematic illustration of the hypothesized structure of the micellar Calix-Cur nanohydrogel (e). The red bars symbolize curcumin in sandwiches and bridge models.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Curcumin stabilization

The physico-chemical instability of Cur is a factor limiting its use.
The entrapment in nanostructured systems is a potential approach for
preserving Cur from acidic/alkaline degradation, oxidation and pho-

In a previously study, we demonstrated that the entrapment of Cur
in the micelle of Calix 1, significantly reduces Cur degradation [27]
reported to be approximately 90% within 30 min in PBS at 37 °C [54]. A
similar behaviour was observed for the hydrogel that stored in the dark
at room temperature preserved Cur for weeks.

todegradation. Since the development of formulations for the photoprotection of
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Fig. 4. (A) UV-Vis simulated absorption spectrum for Cur~! (412nm), S1 (425 nm), S2 (467 nm), B1 (481 nm) and B2 (482 nm) models. (B) Calix-Cur hydrogel: a)
UV-vis absorption spectrum and b) emission spectrum (Aeye = 412 nm; Ay, = 625 nm).
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Table 1
Absorption (M), oscillatory strength (f) and Homo-Lumo transition of Cur and
Calix-Cur simulated models (see ESI, Fig. S2).

Compound A calc. (nm) f calc. Transition

Cur™! 412 1.153 H- L

S1 425 0.615 H-L

S2 467 0.651 H-1= L

Bl 481 0.739 H-1- > L

B2 482 0.755 H-1-2L
Table. 2

Main atomic charges (a. u.) of Cur and Calix-Cur simulated models.

Structures Me-O Ar-O (ringl) Enol group Me-O Ar-O (ring2)

(ring1) (ring2)
Cur™! —0.256 —0.535 —0.848 —0.256 —0.535
S1 —0.266 —0.556 -0.737 —-0.274 —0.575
S2 —0.268 —0.547 —0.796 —0.281 —0.569
Bl —0.287 -0.597 -0.719 —-0.279 —0.609
B2 —0.293 —0.593 —-0.710 —0.280 —0.603

0 10 20 30 40
Time (min)

Fig. 5. Normalized absorbance decrease observed upon exposure of a 10%
ethanol-PBS solution of Cur (black squares) and Calix-Cur hydrogel (red circle)
at Aexe = 420 nm for regular intervals of 40 min. A light-blank sample of the
Calix-Cur hydrogel in darkness (blue triangles). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

Cur is a challenge, we evaluated the capability of the hydrogel to
protect Cur from its high sensitivity to light. The Cur photoprotection
was investigated by steady-state photolysis. The experimental data in
Fig. 5 show a very fast photodegradation for free Cur (Fig. 5 black
squares) and a photodegradation of 40% after 40 min of exposure for
Cur in the hydrogel (Fig. 5 red circles). The absorption spectral changes
upon exposure of the Cur-loaded hydrogel to visible light
(Mexe = 420 nm) for regular intervals of 40 min are showed in ESI (Fig.
S3) compared with an aqueous alcoholic solution of Cur (Fig. S4).

3.4. Hydrogel mechanical characterization

Rheological analyses were performed to achieve information on the
mechanical properties of the Calix-Cur hydrogel. The viscoelastic be-
haviour was analysed by oscillatory rheological measurements.

The storage modulus (G’) values larger than the loss modulus (G”)
values, and no significant changes of G’ and G” values within the ap-
plied range of angular frequency, were indicative of a viscoelastic and
stable hydrogel (Fig. 6a). The elastic nature of the hydrogel was also
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corroborated by G’ and G” values never intersecting each other
throughout 1-100% strain range and constant rad/s angular frequency
(Fig. 6b).

The hydrogel exhibited the typical rheological behaviour of a non-
Newtonian pseudoplastic fluid, indeed its apparent viscosity decreased
rapidly with the increase of the shear rate (Fig. 7). The consistency
index (K) was calculated to be 7.2 = 0.1Pas” (n = 0.13 = 0.01) by
using the Ostwald —de Waele or power law [55].

Thixotropic hydrogels flow when introduced to a steep change in
shear rate, to return to a gel state after a finite time under static con-
ditions. The thixotropic behaviour of the Calix-Cur hydrogel at 25 °C
and 37 °C, was evidenced by forward and backward rheograms showed
in ESI (Fig. S5).

The supramolecular Calix-Cur hydrogel possesses self-healing
property that refers to the partial or complete reforming of broken
bonds in a spontaneous manner to restore the original structure. Upon
the application of a large amplitude oscillatory strain, both G’ and G”
values decreased and G’ became lower than G”, indicating a network
destruction. The failure of the hydrogel was observed at about 1500%
strain. When the applied strain was returned to 1%, the recovery of
both G’ and G” within seconds was indicative of a rapid self-healing
(Fig. 8). The self-healing behaviour of the Calix-Cur hydrogel was
corroborated by alternate step strain sweep test, performed at a fre-
quency of 1s~! and amplitude oscillatory strains from 1% to 1800%
(see ESI fig. S6) [56-58].

The self-healing is typical of injectable hydrogels that are appealing
for pharmaceutical applications as they can self-adapting in the space
inside the injection site [59]. To confirm the hydrogel injectability, a
steady shear was applied to the Calix-Cur hydrogel to mimic shear
forces that would be exerted on a sample during a syringe injection.
Fig. 9 shows the decrease of viscosity under shear (1000 s~ for 30s)
and the recovery of the mechanical properties, monitored at 15~ for
30 min, once coming to rest.

The viscoelastic behaviour and the failure and recovery properties
of the hydrogel were corroborated by a creep-recovery, showing that
when the stress was relieved (¢; = 300s), the strain immediately de-
creased and continued decreasing gradually to a residual strain (see ESI,
Fig. S7).

The balance of adhesion (substrate-surface interaction) and cohe-
sion (intermolecular interactions) plays a significant role in the adhe-
siveness of a hydrogel destined to topical application [60]. Such a
balance should be maintained to a prolonged retention time at the site
of administration. The cohesive and adhesive properties of the Calix-
Cur hydrogel were suggested by qualitative analyses. Fig. 10 shows the
cohesive property of the hydrogel by adhesive separation characterized
by the formation of a fibrillar structure [61], and the hydrogel adhe-
siveness and capability to accommodate skin surface roughness.

3.5. Hydrogel dissolution

The Calix-Cur hydrogel was stable to heating as corroborated by
negligible changes of the optical absorption at 75 °C (see ESI, Fig. S8). A
high viscous solution was obtained only increasing the temperature
over 75 °C. This conversion was reversible, and the hydrogel reformed
upon cooling to 25 °C (see ESI, Fig. S9).

To investigate the dissolution of the Calix-Cur hydrogel, PBS was
added to a known amount of hydrogel placed into a vial. The dissolu-
tion rate was measured by dosing the amount of Cur in the supernatant
by HPLC analyses. Fig. 11 shows that Cur is slowly released
(0.30 = 0.02%/h x mm of hydrogel thickness) from the hydrogel in-
cubated at 37 °C.

Considering the micellar structure of the nanohydrogel and the
previously demonstrated ability of the Calix 1 micelle to load and
preserve Cur from rapid degradation in PBS [27], it is plausible that the
dissolution of the hydrogel occurs through the release of micellar na-
noaggregates containing Cur. This was corroborated by dynamic light
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scattering and electrophoretic mobility measurements showing the
presence of nanoaggregates with mean hydrodynamic diameter around
90 nm (Z average) (Fig. 11 inset) and zeta potential of +23 mV in the
release medium. These values and the stability of Cur over time were
very similar to those found for the previously reported micellar Calix 1-
Cur colloidal solution [27]. The dissolution of the nanohydrogel in
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Fig. 9. Rheological analysis showing the self-healing of the Calix-Cur hydrogel
after 10005~ ! steady shear rate, at 25°C; and photograph of the hydrogel
flowing through a needle attached to a syringe.

curcumin-loaded micellar nanoaggregates whose anti-inflammatory
activity we previously proved in vitro and in vivo, applied as eye drop in
the eyes of rats with LPS-induced uveitis [27], strongly supports the
potential of the nanohydrogel in pharmaceutical field.
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Fig. 10. Photographs of the Calix-Cur hydrogel showing the cohesiveness in
rheological measurement (left), and adhesiveness of the hydrogel on the skin
(right).
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Appendix A. Supplementary data

AFM image of Calix-Cur hydrogel (Fig. S1); HOMO-LUMO struc-
tures for Cur and Calix-Cur (Fig. S2); absorption spectral changes of the
hydrogel (Fig. S3) and Cur (Fig. S4) upon light exposure; forward and
backward rheograms of the hydrogel at 25 and 37°C (Fig. S5); alternate
step strain sweep test of the hydrogel (Fig. S6); creep-recovery beha-
viour of the hydrogel (Fig. S7); absorption spectra of the hydrogel at 25
and 75°C (Fig. S8); photographs of the hydrogel by heating (Fig. S9).
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2020.110842.
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