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Abstract: To investigate the influence of crosslinking methods on the releasing performance of hybrid
hydrogels, we synthesized two systems consisting of Graphene oxide (GO) as a functional element
and alginate as polymer counterpart by means of ionic gelation (physical method, H i_co) and
radical polymerization (chemical method, Hgfco). Formulations were optimized to maximize the
GO content (2.0 and 1.15% for HI{L co and HEF co- respectively) and Curcumin (CUR) was loaded as
a model drug at 2.5, 5.0, and 7.5% (by weight). The physico-chemical characterization confirmed the
homogeneous incorporation of GO within the polymer network and the enhanced thermal stability
of hybrid vs. blank hydrogels. The determination of swelling profiles showed a higher swelling
degree for HEF co and a marked pH responsivity due to the COOH functionalities. Moreover, the
application of external voltages modified the water affinity of H/C% cor while they accelerated the
degradation of H 57 co due to the disruption of the crosslinking points and the partial dissolution of
alginate. The evaluation of release profiles, extensively analysed by the application of semi-empirical
mathematical models, showed a sustained release from hybrid hydrogels, and the possibility to
modulate the releasing amount and rate by electro-stimulation of Hﬁ—GO'

Keywords: crosslinking methods; electro-responsivity; graphene oxide; hybrid hydrogels; sodium
alginate; sustained release

1. Introduction

Over the last decades, growing interest has been directed to the development of high-
performing drug delivery devices able to either transport bioactive compounds to a target
site without the insurgence of severe side-effects [1-3], or control the release profile keeping
the drug within a desired concentration range [4,5]. Within this research field, Graphene
oxide (GO) has attracted much attention due to its unique and superior surface properties,
such as a highly specific surface area, an affinity for biologically active molecules, and
the possibility for easy and versatile chemical derivatization [6-8]. Moreover, the high
water affinity, relatively low cytotoxicity, and amphiphilic character of GO were widely
explored for the fabrication of hybrid materials coupling such favorable features with
those of hydrogel systems [9-11]. Hydrogels, indeed, possess high similarities (both
structural and compositional) to the extracellular matrix (ECM), as well as the ability to
promote cell attachment, migration, and proliferation by virtue of their three-dimensional
porous structure [12,13]. Such materials were widely proposed for different applications
in biomedicine, with the treatment of skin wounds being one of the most investigated
research fields [14-16].

Hydrogel dressings, indeed, are able to maintain a moist wound environment, cool
the wound surface, and promote oxygen; thus the healing process, with the further
advantage to allow the release of loaded agents to be finely tuned according to the
therapeutic needs [17-20].
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The crosslinking methods used for the fabrication of hydrogels greatly influence
the performance of the final hydrogel systems [21]: physical crosslinking is expected to
carry out to safe materials owing to the absence of any residues of unreacted chemical
species, also confer self-healing property and shape adaptability, while chemical methods
show the advantage of higher mechanical strength and stability [22], although the use
of competitive molecules in the case of dissolvable hydrogels can lead to potential toxic
effects [23]. The two methods are often combined to couple the biomechanical activity
needed in the early stage of the healing process with the multiple biochemical functions
required to promote wound healing after wound closure. As an example of these find-
ings, poly(N-isopropylacrylamide) was combined with quaternized chitosan to benefit
from the mechanical strength of acrylic polymers and the adhesion property of chitosan
derivative [24]. Similarly, a multi-layered first-aid burn wound patch was obtained using a
physical interpenetrating hydrogel consisting of a chemically crosslinked polyacrylamide-
chitosan hydrogel and poly(vinyl alcohol) layers [25]. In another approach, glutaraldehyde
was used as a chemical crosslinker to enhance the stability of a physical hydrogel composed
of poly(3,4-ethylenedioxythiophene): polystyrene sulfonate nanofibrils [26].

Due to its non-toxicity, biocompatibility, and biodegradability, sodium alginate (Alg) is an
interesting starting material for the formulation of biomedically oriented hydrogels [27-29].

From a chemical point of view, Alg, the water-soluble sodium salt of alginic acid, is
an anionic polysaccharide extracted from certain brown seaweeds [30,31]. It comprises
homopolymer and heteropolymer blocks of linearly linked «-(1-4)-L-guluronic acid (G)
and (3-(1-4)-D-mannuronic acid (M) residues [32]. Although its advantageous features,
Alg-based networks suffer from low mechanical strength and lack of interlinking with cells,
and thus bioglasses, ceramics, and polymers, as well as carbon nanomaterials are proposed
as functional additives [33-36].

Among others, literature in the biomedical field is plenty of Alg/GO hybrid hydrogels
proposed for the treatment of cancer, bacterial infections, and cardiovascular and gastroin-
testinal diseases [37-39]. Alg/GO hydrogels can be synthesized by means of either ionic
gelation with divalent cations (e.g., Ca®*, Mg?*, Sr?*) [40-42], or by chemical reaction with
suitable crosslinkers (e.g., glutaraldehyde, adipic acid dihydrazide, and poly (ethylene
glycol)-diamine)) [43—45].

Our previous research activity explored the feasibility of coupling GO and Alg features
via both chemical and physical crosslinking. In the first case, we formulated a performing
platform to either facilitate the crystallization of biologically active protein (e.g., lysozyme)
under oxidative stress or provide its electro-responsive release [46]. On the other hand, the
use of Ca* ionic crosslinking was investigated for modulating the release of Curcumin
as bioactive agent in the treatment of Squamous Cell Carcinoma [47]. The results of both
approaches proved that the performance of the hybrid materials is strictly dependent
on their composition, and that the need for co-monomer species in the synthesis of the
chemical hydrogels hinders the direct exposure of GO on the material surface, which is
mainly confined within the hydrogel core.

Here, we aim to elucidate in detail the effect of the different crosslinking strategies
(physical and chemical), by comparing the delivery performance of Alg/GO hybrid hy-
drogels synthesized through (i) Ca* gelation (H, ;) and (ii) radical co-polymerization
(HS_ o) in the presence of acrylate monomers/crosslinkers. Curcumin (CUR) was se-
lected as a model drug and the release profiles were evaluated in the presence of electric
stimulation, in order to underline how the crosslinking strategy influenced the possibility
to transfer the intrinsic properties of the carbon nanostructure to the final delivery device.

2. Materials and Methods
2.1. Synthesis of lonically Crosslinked Hybrid Hydrogels

The reaction mixture was prepared as previously reported [47], by adding a 2.0%
amount (w/w) of GO to a 2.0% (w/v) Alg solution in double distilled water (ddH,0),
stirring for 15 min and then sonicating by a horn-tipped ultrasonic probe (20% amplitude,
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BANDELIN Electronic GmbH, Berlin, Germany) for other 15 min. Thereafter, in separate
experiments, selected amounts of a 0.5% (w/v) CUR ethanol solution were added to one
such mixture to reach CUR to initial reaction feed ratios of 2.5, 5.0, and 7.5% (w/w).

The platform for the ionic crosslinking was prepared by heating up until boiling a
solution of 1.0% w/v agar and 0.2 M calcium chloride in ddH,O and then cooling it into
a Petri dish. Then, the reaction mixture was gently poured onto the agar platform and
left crosslinking at 40 °C for 2 h. The obtained HY; ., hydrogel was peeled off the agar
gel, washed in ddH;O to remove unreacted species, and dried at 40 °C for 12 h. The same
approach was used for the preparation of unloaded and blank samples.

All chemicals were purchased from Merck/Sigma Aldrich, Darmstadt, Germany.

2.2. Synthesis of Chemically Crosslinked Hybrid Hydrogels

According to a previously reported method [46], for the synthesis of HS—GO hydrogels,
a pre-polymerization feed was prepared by adding 184 mg HEA and 196 mg PEGDMA to
a 1.15% GO (w/w) dispersion in Alg obtained as reported in paragraph 2.1 and purging
with gaseous nitrogen for 20 min. A 10% (w/w) ammonium persulfate was inserted as
the initiator system and the mixture reacted at 40 °C after being placed between two
5.0 x 5.0 cm? glass plates, separated with a Teflon spacer (0.6 mm) and brought together by
binder clips. The obtained HS ., hydrogel was washed in ddH,O to remove unreacted
species and dried at 40 °C for 12 h. The same approach was used for the preparation of
unloaded and blank samples.

All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

2.3. Instrumentation

An SDT Q600 (TA Instruments, Hiillhorst, Germany) was used for the thermo-
gravimetric analysis (TGA) using the following conditions: 10 mg initial sample weight,
10 mL min~! N flow, 25-800 °C temperature range, 10 °C min~! heating rate.

A NOVA NanoSEM 200 [0-30 kV] (Thermo Fisher Scientific, Hillsboro, OR, USA) was
used to record the scanning electron microscope (SEM) images of samples after deposition
of samples onto self-adhesive, conducting carbon tape (Plano GmbH, Wetzlar, Germany).

2.4. Determination of Weight Variation in Water Media

The water affinity of blank and hybrid hydrogels was evaluated by immersing
weighted specimens of each sample (~5.0 cm?) in the swelling media, consisting of ei-
ther acetate (10~* M, pH 5.5) or phosphate-buffered saline (PBS) solution (10~* M, pH 7.4)
at 37 °C. After incubation for predetermined time intervals, samples were weighed after the
surface moisture removal by blotting with a tissue. The results were expressed as weight
variation percentage (WV) according to the following Equation (1):

Ws — Wy
WV = W, x 100 1)
Here, W; and W; represent the weight of samples in the dried and swollen state,
respectively.
The same experiments were performed upon application of an external electric field at
12,24, and 48 V.
All chemicals were purchased from Merck/Sigma Aldrich, Darmstadt, Germany.

2.5. Determination of In Vitro Release Profiles

For the determination of the in vitro CUR release profiles, the dissolution method was
used [48]. In separate experiments, weighted specimens of ~1 cm? of loaded hydrogels
were immersed in 10 mL releasing media consisting of a mixture (4/6 vol/vol) of ethanol
and either acetate- (10~* M, pH 5.5) or phosphate-buffered saline (PBS, 10~* M, pH 7.4)
at 37.0 £ 0.1 °C. 1.0 mL release medium was withdrawn at predetermined time inter-
vals, filtered with Iso-DiscTM Filters PTFE 25-4 25mm x 0.45 um (Merck/Sigma Aldrich,



C2023,9,8

40f17

Darmstadt, Germany), and replaced with fresh release medium to ensure sink conditions
throughout the experiment. The amount of released CUR, determined by UV-Vis analysis
on an Evolution 201 spectrophotometer (ThermoFisher Scientific, Hillsboro, OR, USA)
operating with 1.0 cm quartz cells set at 430 nm, was expressed according to the following
Equation (2) using a calibration curve recorded in the same conditions:

M;
CUR rel = — 2
release = )

0

where M; and M are the CUR amount (mg) detected at time t and loaded into the hydrogels,
respectively.

The same experiments were performed upon the application of an external electric
field at 12, 24, and 48 V.

All chemicals were purchased from Merck/Sigma Aldrich, Darmstadt, Germany.

2.6. Statistical Analyses

All results were expressed as means + SD (standard deviation), obtained over three
independent experiments

3. Results and Discussion

In this investigation, Alg/GO hybrid hydrogels were synthesized by exploiting both
the physical and chemical crosslinking approaches. Physical crosslinking was achieved by
using an agar gel platform for controlling the homogeneous diffusion of calcium ions within
the Alg solution containing well-dispersed GO (H ifco)' while in the latter case, the system
consisted of an acrylate network containing Alg and GO as functional additives (HS ).

Both approaches are well-known in the literature, as were used by our research group
for the fabrication of valuable platforms for modulating the release of small- and macro-
molecules of biological interests, as well as for controlling the crystallization of bioactive
proteins [46,47].

Here, with the aim of comparing the performance of the two systems, we used
Curcumin (CUR) as a model therapeutic agent, because of either its chemical features
(e.g., hydrophobic character requiring suitable carrier for safe and effective administration)
or its fascinating biological properties (e.g., antioxidant, antimicrobial, anti-inflammatory,
anticancer), which generally characterize such compounds in medicine.

3.1. Synthesis of Physically Crosslinked Hydrogels and Curcumin Loading

At first, based on our previous work, the physical system (H _ ;) was synthesized
via Ca?*-induced ionic gelation of an Alg/GO aqueous mixture (Figure 1).

ALG

Physical
crosslinking
A
r.t.
P
Hy 6o

() P,
o= & ()

Figure 1. Schematic representation of the preparation of H -, hydrogels.
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PEGDMA

As explained elsewhere [47], the used GO-to-Alg ratio (2.0% by weight) represents
the highest amount of GO that can be homogeneously incorporated within the hydrogel
network: an increase in the GO content carried out to the formation of large GO aggregates
(diameter > 750 nm) due to unstable dispersion, while lower GO content was discharged
to avoid the formation of poorly effective delivery vehicles. Moreover, it was proved that
the addition of a CUR solution in ethanol to the reaction feed before inducing the ionic
crosslinking is a valuable approach for obtaining the loaded samples (Cur@H% ). In
detail, three CUR different amounts (by weight) were loaded, namely 2.5, 5.0, and 7.5%,
since higher amounts were found to be not dispersible in the Alg/GO dispersion.

3.2. Synthesis of Chemically Crosslinked Hydrogels and Curcumin Loading

The chemical system (H ) was synthesized via radical polymerization of GO
dispersion in Alg in the presence of GO, hydroxyethyl acrylate (HEA) and polyethylene
glycol dimethacrylate 750 (PEGDMA) acting as plasticizing and crosslinking monomers,
respectively (Figure 2).

ALG

Chemical
crosslinking
—

K,S,04/ 40°C

Figure 2. Schematic representation of the preparation of HEF co hydrogels.

As reported in the literature, the formation of the polymer network is attributed to
the ability of oxygen-rich functionalities of both Alg (e.g., hydroxy and carboxy) and GO
(e.g., epoxide, phenol, hydroxy, and carboxy) to be covalently incorporated in growing
polymer chains as transfer and/or terminating agents [46]. By this approach, the higher
amount of GO incorporated within the polymer network is 1.15%: although more GO can
be dispersed in the pre-polymerization feed, no homogenous materials were obtained in
such conditions. Thus, to compare samples with the highest amount of GO, we used this
composition for the fabrication of HS—GO'

For the loading of the bioactive agent, we exploited a soaking procedure, reaching
a maximum CUR content of 4.5% (by weight). Subsequently, to increase the loading
percentage, we moved to a different approach involving the incorporation of the polyphenol
within the pre-polymerization feed. As reported for Cur@HY -, also in this case we tested
three CUR contents (2.5, 5.0, and 7.5% by weight) since higher amounts were found to
interfere with the growth of the polymer chains (un-effective hydrogel formation) due to
the well-known CUR scavenging effect [49].

3.3. Characterization of Hydrogel Systems

Before testing the performance of the synthesized materials as topical CUR deliv-
ery vehicles, a physico-chemical characterization procedure was employed to compare
(HY o) and (Hg_ co) in terms of surface morphology, thermal stability (thermogravi-
metric analyses), and electro-responsivity (determination of water affinity in the presence
or absence of an external electric field). The sample consistency did not allow the stress-
strain measurements, since they became brittle and broke as soon as they were attached to
a clamp.
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HY .,and H co hybrid hydrogels showed a rough surface, with GO appearing as
dots embedded within the polymer network (Figure 3a,b).

Figure 3. SEM images of (a) Hf ., and (b) Hgfco showing the GO sheet incorporated into the

hybrid materials and emerging from the surface.

As far as the thermal properties are concerned, TGA measurements were performed
in the range of 50-800 °C in order to evaluate the effect of each component on the thermal

behavior (Figure 4a,b).
100 100 -
__ 804 80+
+« 60 = 60-
S 40 2 a0
20 20
o ) T T T 1 o ) T T T 1
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(a) (b)
: —_—
s
5 s
- (O]
N a
200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)
(c) (d)

Figure 4. (a,b) TGA and (c,d) DTG curves of (a,c) Hﬁ (blue line), H};—GO (black line), C UR@Hﬁ (red
line), C l,IR@Hi_GO (orange line), and (b,d) HS (blue line), HEFGO (black line), C UR@HS (red line),
CUR@H%_ co (orange line). Panel (a) adapted from [47].
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The chemical crosslinking was able to confer higher thermal stability compared to
the ionic gelation, as per DTG curves (Figure 4c,d) with the main weight loss occurring at
higher temperatures in Hg—co (350450 °C) vs. HE_GO (200-300 °C). Similarly, due to the
lower strength of the Ca?* crosslinking points, the weight loss located at around 100 °C
(elimination of the free water) is more evident in H ﬁf co- At around 300 °C, the signals
related to the decomposition of free Alg chains were detected for HngO' while Hg—GO
showed no significant weight loss at this temperature range since the polysaccharide chains
were covalently inserted into a stabilizing acrylate network. The degradation phenomena
occurring at 400 °C were related to the release of CO; as a consequence of either the fracture
of glycoside bonds, the decarbonylation of alginate chains (H ), or the decomposition
of the HEA and PEGDMA residues (HEFGO) [50,51]. It should be pointed out that in both
cases, the presence of GO counteracted the degradation phenomena, resulting in lower
weight loss compared to blank samples. Finally, the incorporation of CUR contributed to a
further enhancement of the thermal stability of the hydrogel structure.

Since water affinity is a key requirement for any material proposed for interactions
with living tissues, H; -, and HS co were characterized by the determination of swelling
behavior in water media.

Such determination was performed either in the presence or in the absence of the
application of an external electric field at 12, 24, and 48 V in order to evaluate how the
different synthetic approaches affected the electric conductivity of GO when inserted in
the hydrogel networks. Moreover, since the application of the external voltage is expected
to influence the water affinity behavior via modulation of the ionization degree [52], the
weight variation was measured at two pH conditions (pH 5.5 and pH 7.4), mimicking
an acidic and a physiological environment, respectively. For a better discussion of the
experimental data, we introduced the weight ratio parameter (We) as follows (Equation (3)):

W, = sz/vim x 100 (3)
where WV, and WV, were the weights of samples after 24 h incubation at the selected
(12,24, and 48 V) voltage and 0 V, respectively.

From the analysis of the reported data, it is clearly evident that chemical and physical
hydrogels showed totally different behavior.

At first, it should be highlighted that negligible variation of WV upon application of
the external voltage was noticed for H§ sample at both pH values, as expected for blank
hydrogels with low electric conductivity (Table 1) [53].

On the other hand, significant changes (W, values > 14.7 in all cases) in the swelling
behaviors were detected for Hg_ co- s a consequence of the high electro-responsivity of
the hybrid hydrogel due to the presence of the GO sp? carbon layer [54]. In detail, two
main phenomena should be considered, namely the ionization of the COOH functionalities
on Alg and GO, as well as the rearrangement of mobile ions between the inner core
and outer surface of the sample, with the movements of ions to the opposite electrodes
generating osmotic pressure and deformation of the hydrogel network [55]. As extensively
discussed elsewhere [46], the application of low voltages (12 and 24 V) induced a prevalent
ionization effect, triggering the swelling of the hydrogels, while at higher values (48 V), the
osmotic pressure became the prevalent phenomena, with the reduction of S, values due to
a more evident network deformation. Moreover, the slight differences recorded at acidic
vs. physiological conditions (higher W, values at pH 5.5) could be related to the different
ionization degrees of carboxylic groups in the two environments. At physiological pH,
a larger number of COOH groups already underwent dissociation, and thus the electric
stimulation was less effective in varying the carboxylate to carboxylic groups balance
within samples.
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Table 1. Weight variation in water media of blank and hybrid hydrogels after 24 h incubation at pH
5.5 and 7.4 in the absence or presence of external voltages.

Hydrogel pH Voltage (V) WYV (%) W, (%)
0 21
12 224 14
55 24 227 27
S 48 230 41
0 401
12 411 25
74 24 406 12
48 409 2.0
0 258
os 12 296 147
: 24 384 48.8
48 348 349
C
Hi-co 0 517
» 12 651 25.9
: 24 691 33.7
48 673 30.2
0 251
o5 12 208 ~171
: 24 187 _254
e 48 164 —346
0 554
4 12 202 —635
: 24 152 —725
48 124 —776
0 157
s 12 147 —63
: 24 138 —122
48 114 274
P
Haco 0 436
4 12 309 ~29.1
: 24 252 402
48 197 548

As far as physical hydrogels are concerned, the interference between calcium and
sodium ions after long-time incubation (e.g., 144 h) carried out the disruption of the
crosslinking points, with the destabilization of the HY - structure and the partial dissolu-
tion of alginate. As a consequence, a reduction in the swelling degree was observed, which
can be quantified by the determination of a degradation parameter (D) according to the
following Equation (4):

WVOIZth _ Wv24h

_ 4
Dy = W x 100 @)

where WVZ# and WVO%‘”' were the weights of samples after 24 (at selected voltage) and
144 (at 0 V) h incubation, respectively.

Such degradation was more evident at pH 7.4 (higher ions movement) and significantly
reduced in Hﬁf co (Dg of 141 and 257 at pH 5.5 and 7.4, respectively) vs. H}Z (Dg of 17 and
38 at pH 5.5 and 7.4, respectively) samples due to the stabilizing effect of GO. For both
H Z—GO vs. H hydrogels, the application of the external voltage was found to favor the
Ca%*/Na* exchange, thus promoting hydrogel degradation. The resulting We values were
thus the results of multiple phenomena, including the ionization of COOH groups, the
insurgence of osmotic pressure between the core and the surface of samples, as well as the
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loss of crosslinking points. In all conditions, the latter is the predominant effect (negative S,
values in physical hydrogels), although to a different extent.

Finally, the comparison of H; 5 and H§ , behavior showed higher water affinity
for chemically crosslinked materials, and this can be ascribed to the presence of high
hydrophilic monomers and to the lower GO content per unit of mass.

3.4. Curcumin Delivery Behavior of Hydrogel Systems

Due to the hydrophobic character of CUR, the composition of the release media should
be finely tuned by adding a proper solubilizing agent. Here, we choose ethanol according to
the literature work suggesting the use of this co-solvent for assessing the CUR release in the
case of in vitro studies on U251 glioma cells [56], and for the formulation of conventional
anticancer drugs [57].

Moreover, since the release of any loaded molecule within a delivery vehicle can be
considered as an equilibrium partition phenomenon between the two phases represented
by the carrier and the releasing media, respectively, it strongly depends on both the drug-
to-carrier interaction and the drug concentrations [58]. In these conditions, reversible first-
or second-order release can be hypothesized (Equations (5) and (6)):

M _( kR
MS = Fyax(1 — ¢ (") ()
k
AL T k
Mo 1 2P + 28N
kr was the release rate constant, Fy;;y the maximum amount of released drug (M;/My),

while « represented the physico-chemical affinity of the drug towards the solvent vs. the
carrier phases and can be measured by the following Equation (7):

(6)

Fmax (7)

0=
1*Pmux

Based on this theory, the drug release occurred only when a > 0.
The evaluation of R? values (Table 2) showed that the release data from H IIZ /H ngO

data can be better fitted with the reversible second-order model (R? > 0.90), while the
first-order model was more suitable for describing the release from HS/HS .

Table 2. Fitting parameters for CUR release from hybrid (Hgfco and H g_ co ) and blank (Hg and
Hg ) hydrogels.

Hvdrogel CUR Loading Reversible First Order Reversible Second Order
ydros (Wt%) R? Fnax « R? Fnax «
2.5 0.8074 - - 0.9105 0.60 1.51
HIIZ 5.0 0.7954 - - 0.9471 0.99 99
7.5 0.6877 - - 0.9322 0.99 99
2.5 0.7688 - - 0.9386 0.39 0.64
HL oo 5.0 0.6992 - - 09112 0.80 4.01
7.5 0.7598 - - 0.9054 0.92 11.5
2.5 0.9322 0.99 99 0.8877 - -
HC 45* 0.9547 0.99 99 0.9258 - -
A 5.0 0.9471 0.99 99 0.8954 - -
7.5 0.9954 0.98 53.35 0.9411 - -
2.5 0.9054 0.92 11.50 0.8598 - -
HC 45* 0.9479 0.94 99 0.9025 - -
A-GO 5.0 0.9112 0.80 4.01 0.8992 - -
7.5 0.9833 0.45 0.8 0.9584 - -

* Soaking procedure.



C2023,9,8

10 of 17

It should be underlined that, as reported in our previous work [47], the release from
physically crosslinked hybrid hydrogels loaded with CUR ratio of 5.0 and 7.5% (by weight)
were characterized by high burst releases, with M;/M, becoming higher than 0.70 after the
first 2 h of incubation (Fy;4y of 0.80 and 0.92, respectively).

In H§ . case, the loading procedure greatly affected the release behavior. A huge
burst release (Fjuax > 0.9 reached after 3 h incubation) was recorded for samples prepared by
soaking procedure, probably as a result of the confinement of the drug to carrier interaction
to the surface of the hydrogels. For this reason, we considered a different approach based
on the insertion of CUR in the pre-polymerization feed and its subsequent incorporation
within the growing hydrogel network. In these conditions, it was possible to obtain not only
higher loading percentages (up to 7.5%), but a sustained release. Samples loaded with a low
CUR content (e.g., 2.5 and 5.0%) were characterized by a high drug-to-carrier affinity (low
o values), resulting in very low F;;x values (<0.10) recorded even after 144 h incubation.

The loading of HZ—GO and HS—GO samples with 2.5 and 7.5% CUR, respectively, led
to more interesting release profiles (Figure 5).

1.0+

1
= 06 /{f*—fi/‘}
= 04 /i/%““i_“_

80 100 120 140
Time (h)

Figure 5. CUR release from Hg (blue line), H 27 co (red line), Hg (orange line) and Hg_ co (violet
line) as a function of time.

The high and effective interactions between the sp? carbon layer of GO and the
aromatic ring of CUR were responsible for a sustained release from H i_ cor With Fyay value
of 0.39 after 144 h incubation. The amount of released CUR was found to be significantly
higher in the case of Hi (Fax of 0.60) due to the absence of the carbon nanostructure.

As expected, the presence of GO within the hydrogel network conferred higher affinity
towards the bioactive agent to HngO as well. In particular, we recorded F;,x values of
0.45 and 0.98 for H§_, and HY, respectively, higher than those obtained for H; -, and H,
as a consequence of the interference of CUR with the polymerization of acrylate monomers.

Although the release from bio-erodible matrices (H g and H fl— co) is better modelized
by different kinetic equations assuming that the rate is proportional to the surface area of
the device changing with time [59], for a direct comparison of the release mechanisms and
to highlight the effect of the different crosslinking method on the release parameters, in
this work we applied the classical kinetic models available in the literature [60,61] to the
release data within the experimental time (24 h) where degradation of polymer chains was
almost negligible.

A steady state profile, with the release kinetics being independent of the drug concen-
trations, is evoked when experimental data can be fitted by zero-order Equation (8) [62]:

M;
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When the driving force of the release is the difference between the drug concen-
tration inside and outside the dosage form, a first-order kinetics model can be applied
(Equation (9)) [63]:

— = a(l - e*klt) )

Ritger-Peppas [61] and Peppas-Sahlin [64] equations represent semiempirical “power
law” models assuming exponential proportionality between the amount of released drug
and time. In the first case (Equation (10)), the exponent describes the release mecha-
nism as Fickian diffusion (n < 0.50 for hydrogel films) or anomalous transport processes
(050 <n <1.0):

— = kpt" (10)

The Peppas-Sahlin model (Equation (11)) allows the quantification of Fickian (k%) and
anomalous phenomena (kg) contributions over the releasing kinetics:

% = Kt K (11)
ko, k1, kp, k’s, and k/S’ represent the constants of zero-order: first-order, Ritger-Peppas, Fickian
diffusion, and anomalous diffusion kinetics, f the release time, a and n,m the first order, and
Ritger-Peppas release coefficients, respectively.

In all cases, the nonlinear equations were applied to avoid the logarithm linearization
approach resulting in distortions of the error distributions, and the data collected in Table 3.

Table 3. Kinetic parameters for CUR release from hybrid (HI(LL co and H Z_ co ) and blank (Hg and
Hg ) hydrogels.

Zero Order First Order Ritger-Peppas Peppas-Sahlin
Hydrogel , . K
R? k(1073 R* ko R*  kp n R? m ks kg (10-2) P
S
HY 0.692 9.36 0794 052 099% 029 019 0998 021 0.31 1.7 18
Hg—GO 0.690 6.02 0826 038 0993 0.19 019 0997 024 0.20 2.0 10
Hg 0.565 1.07 099% 017 0950 0.31 028 0967 049 0.26 1.57 17
H27GO 0.734 0.50 098 011 0924 0.11 034 0988 054 0.08 0.34 23

It is clearly evident that the steady-state model (Equation (8)) was not suitable for
describing the CUR release in all cases.

For physically crosslinked hydrogels, the diffusion of CUR molecules through the
swollen hydrogel matrix is the main phenomena involved in the drug release, with R2
values lower than 0.85 recorded for first-order kinetics (Equation (9)). On the other hand,
data obtained from Hf;; and Hf:;_ co can be fitted by both Equations (9) and (10) (R% > 0.90
in all cases), meaning that the drug partition between the hydrogel and the releasing media
phases should be considered together with its diffusion from swollen delivery vehicles.

The suitability of Equation (10) in describing the release from both chemical and
physical hydrogels was thus used for a direct comparison between them, in order to
underline the effect of the crosslinking method on the delivery profile. At first, it should be
noted that although possessing the lowest swelling degree at physiological pH, H; -, was
characterized by a faster release profile than HS_GO (kp of 0.19 vs. 0.11), further confirming
that the hydrogel swelling cannot be considered the sole cause of the release mechanism.
Moreover, the analysis of the Peppas-Sahlin parameters showed that the Fickian diffusion

. . . . K. .
is the main phenomena involved in the release (k% > 10), with more anomalous effects
S

detected in H} ., probably because of the higher GO content.
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Moreover, the stability of Hg_ co hydrogels systems upon application of an exter-
nal electric field allowed the modulation of the release behavior by varying the applied
voltage (Figure 6).
1.0 $ $
—_— I
Pt g
= 0.6-
‘-.-'
= § ¢
0.4 —F
0.2 —f— .
0-0 T T T T T T T
0 20 40 60 80 100 120 140
Time (h)
Figure 6. CUR release from Hg_ co at 0 (purple line), 12 (cyan line), 24 (green line), and
48 (black line) V.
As extensively explained elsewhere [46,53], the external voltage carried out a pertur-
bation of the drug-to-carrier interactions, resulting in higher and faster release at 12 vs. 0 V.
On the other hand, a further increase in the applied voltage (24 V) resulted in more pro-
nounced hydrogel deformation and polarization, which were responsible for an apparent
improvement of the CUR affinity and a consequent reduction of M;/Mj at 144 h value to
0.20. Detailed kinetic parameters were reported in Table 4.
Table 4. Kinetic parameters for CUR release from hybrid H57 co and blank Hg hydrogels upon
application of external voltages at 12, 24, and 48 V.
Zero Order First Order Ritger-Peppas Peppas-Sahlin
Hydrogel Voltage , . .
R k@102 R k R k n R m kg kg0
S
12 0.555 1.08 0993 018 0926 032 027 0967 048 027 1.67 16
Hg 24 0.567 1.08 0991 017 0931 031 028 0961 049 026 1.54 17
48 0.549 1.09 0987 019 0905 034 026 0973 046 0.29 2.03 14
12 0.635 0.97 0969 014 0909 024 031 0963 051 020 0.97 21
Hgico 24 0.518 0.23 0986 023 0901 007 025 0921 045 0.07 0.49 14
48 0.405 1.11 0984 062 0914 015 057 0915 032 0.62 8.83 7

As expected, the control Hg was found to be not affected by the electric stimulation
due to the absence of any conductive element in its composition. The hybrid H§ 5
samples showed a marked dependence of the release kinetics on the applied voltage. An
electric field of 12 V resulted in an enhancement of releasing rate (kp almost doubled
from 0.11 to 0.24), due to both hydrogels swelling and perturbation of the drug-to-carrier
interaction as a consequence of polarization phenomena. At 24 V, a marked reduction of the
drug release occurred, probably as a result of the re-arrangement of the interaction forces.
Finally, the application of the highest tested voltage (48 V) resulted in a significant jump
in the kinetics due to the establishment of strong repulsive forces between ionized Alg
residues and polarized CUR. The different behavior recorded in the swelling and release
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assays were further proved by considering the Peppas-Sahlin parameters, indicating that
the increase in the applied voltages carried out more significant anomalous diffusion
/

phenomena (reduced :TS/ values), thus confirming that the electric stimulation affected the

drug release mainly mgdulating the drug-to-carrier interactions.

To clearly assess the latter statement, we performed a CUR release experiment under
changeable voltage (Figure 7). In detail, the selected protocol involved a preliminary (1 h)
incubation of loaded HS_, sample at 0 V, followed by the application of the electric field
hypothesized to promote the highest CUR release (48 V, 1h). As expected, the amount of
released CUR jumped from 7 to 70%, with the removal of the electric stimulation responsible
for only a further 5% release in the subsequent 2 h. Finally, if the 48 V stimulation is re-
established, an almost complete release of the therapeutic agent was reached.

48V 48 vV
ov ov
1.0 o
o 08
S 08 &
=]
0.4-
0.2-

2 4 6 8 10 12
Time (h)

Figure 7. CUR release from Hf‘iGO under changeable voltage: 0V (1 h), 48 V (1 h), 0V (2 h), and
48 V (8 h).

&o#ﬁi
0

4. Conclusions

In this study, we presented experimental evidence that the crosslinking method greatly
affected the releasing performance of hybrid hydrogels composed of sodium alginate (Alg)
and graphene oxide (GO).

Two synthetic approaches were used, namely the Ca?* induced gelation (physical
hydrogels, H} ) and the radical co-polymerization (chemical hydrogels, H§ ) in
the presence of acrylate monomers/crosslinkers such as hydroxyethyl acrylate (HEA)
and polyethylene glycol dimethacrylate 750 (PEGDMA) as plasticizer and crosslinker,
respectively. It was found that the ionic gelation allowed the homogeneous incorporation
of 2.0% amount (by weight) of GO, while this value is reduced to 1.15% for H§ . due to
the chain terminating effect GO. The evaluation of thermal properties clearly proved that
higher thermal stability was conferred by the chemical crosslinking compared to the ionic
gelation (main weight losses at 413 and 297 °C for H§ ., and H ), respectively). The
insertion of GO within the polymer network was carried out on an enhancement of swelling
degree in both cases, probably as a consequence of the interference of carbon nanosheet
with the crosslinking reactions. The presence of COOH within either the polysaccharide
side chain or the carbon nanostructures was responsible for a higher swelling degree in
physiological vs. acidic environments. Moreover, the water affinity of HG co was found
to be modulable by applying external voltages as a result of hydrogel deformation by
combined ionization and osmotic pressure phenomena. This effect cannot be measured in
HE o, since in this case the movement of ionic species towards the appositively charged
electrodes enhanced the hydrogel de-crosslinking by replacement of Ca?* with Na* ions.
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The determination of delivery performances was performed by using Curcumin
as model therapeutics, loaded at 2.5 and 7.5% into H; ., and HG ., respectively.
These amounts represented the loading value allowing sustained releasing profiles: higher
amounts into Hg_ co resulted in burst release, while no significant amount of CUR was
found in the releasing media when a low amount of the bioactive agent was loaded into
HE&—GO' The release was faster in HZ—GO than in Hﬁ—GO' highlighting that the release is
a complex phenomenon that cannot be exclusively related to the hydrogel water affinity.
More interestingly, HS co Was able to modulate the release (in terms of both amount and
rate) upon application of electric stimulation, with the combination of polarization and
swelling variation phenomena carrying out to enhanced or reduced release.

Taken together, the results here reported proved that different synthetic approaches
allowed the obtainment of materials with different performances, which can be useful to
match different therapeutic needs. Further experiments need to be performed to prove
that, although the mechanical characterization was not assessed, samples can be used for
the preparation of skin patches with tailored performances useful for different therapeutic
outcomes in the case of in vitro and, eventually, in the case of in vivo models.
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