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Abstract

Due to their outstanding structures and properties, three-dimensional (3D) hydrogels and nanoparticles have been
widely studied and indicated a very high potential for medical, therapeutic, and diagnostic applications. However,
hydrogels and nanoparticles systems have particular drawbacks that limit their widespread applications. In recent
years, the incorporation of nanostructured systems into hydrogel has been developed as a novel way for the forma-
tion of new biomaterials with various functions to solve biomedical challenges. In this study, alginate-loaded Zinc-
laponite—curcumin (Zn/La/Cur) nanocomposites were fabricated via ionic cross-linking. The prepared nanocompos-
ite hydrogels were characterized via FTIR and FE-SEM. Moreover, energy dispersive x-ray spectroscopy (EDX) was used
to study the elements of the Zn/La/Cur nanocomposite. The NIH3T3 fibroblast cell line was utilized for the MTT assay
to determine the cell viability of the fabricated alginate-loaded Zn/La/Cur nanocomposites. MTT results demonstrated
that there was no evidence of toxicity in the samples. These outcomes suggest that applying Al/Zn/La/Cur nanocom-
posite as a biological agent could be a novel tissue engineering strategy for treating soft tissue disorders.
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Introduction

Hydrogels, as extremely hydrophilic macromolecular
networks, are attractive candidates for tissue engineer-
ing applications and regenerative medicine. The prin-
cipal goal of tissue engineering is to prompt recovery of
damaged tissue with poor scarring and maximum regen-
eration [1]. Without hesitation, the skin is the first line of
body defense against external environmental factors and
compared to other organs, is more exposed to risks such
as burns, cuts, and stretching. Based on the rate of skin
damage, the methods of treatment are different. There-
fore, using a technique that can accelerate the healing
process of skin injuries could lead to an increase in the
survival of patients [2]. Wound healing, including regular
and complex procedures. When skin damage happens,
the wound healing process begins immediately, but up to
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complete epithelialization, patients remain assailable to
multiple penetration microbial infections. Recently, tis-
sue engineering commends novel approaches to control
the rate of mortality by increasing the quality rate of the
healing process in skin disorders.

Wound dressing based on hydrogels due to having
unique characteristics are promising materials in wound
treatment [3]. According to investigations, wound dress-
ings have some common properties not toxic, being
able to absorb secretions from the surface of the wound,
helping to exchange gases and moisture, creating proper
humidity in the contact area, preventing the penetration
of microorganisms into the wound, easily separated from
the surface of the wound. In these circumstances, hydro-
gel dressings are not only capable mentioned above, but
they could also remove the wound exudates encouraging
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fibroblast proliferation and keratinocyte migration [4]
Natural hydrogel with unique physical and biological
properties such as biocompatibility, adjustable mechani-
cal properties, biodegradability, and in situ crosslinking
abilities are considered candidates to engineer epidermis
[5]. Alternatively, critical properties of hydrogels, such
as low mechanical strength and extensibility limit their
use for wound healing applications. Therefore, the study
about the effect of incorporating polymeric, ceramic, and
metallic nanoparticles into the hydrogel has been consid-
ered to overcome these restrictions [6]. In a recent study
polysaccharide-based pH-sensitive hybrid hydrogel was
designed and used to for delivery of amoxicillin and orni-
dazole as a sustained-release matrix [7].

In this regard, laponite (La) has attracted significant
attention because of its ability to support cell adhesion,
proliferation, differentiation, DNA hemostatic proper-
ties. Moreover, the presence of both positive and negative
charges on the surface of layered silicate nanostructure
results in an exclusive anisotropic structure at the nano
and microscales [8, 9]. Besides, Alginate is an anionic,
hydrophilic, biocompatible, and biodegradable polymer
at normal pH. Sodium alginate can form scaffolds within
a relatively short period and can easily be manipulated to
regulate the level of porosity [10].

Newly, biomedical science tries to inventnovel, low-
cost, safe molecules that may be used in the handling of
inflammatory, neoplastic, and infectious diseases. Cur-
cumin (CUR), the primary natural polyphenol found
in the root of Curcuma longa, is a bioactive component
with proven antioxidant, and anti-inflammatory poten-
tials [11]. Moreover, according to the last investigations,
CUR can interact with the main molecules involved in
skin regeneration. Also, numerous reports have proved
that CUR possessed intense activities on various cancers,
especially breast cancer cells, by arresting different cell
cycle stages and inducing apoptosis [12].

The main objective of the current work was to develop
a novel nanohybrid hydrogel composed of alginate-
loaded Zn/La/Cur with adjustable physical and biologi-
cal properties to support NIH3T3 fibroblast cells with
reconstructive capacity in vitro.

Materials and methods

Materials

Laponite (RD, containing 59.5% SiO,, 27.5% MgO, 0.8%
Li,O, and 2.8% Na,O,) was purchased from BYK Addi-
tives & Instruments, Germany. Sodium alginate (ALG,
Mw=1.93%105 g/mol) was purchased from Aladdin
Reagent Company (Shanghai, China). Curcumin, and
thiazolyl blue tetrazolium bromide (MTT) were obtained
from Sigma—Aldrich. Zinc acetate and dimethyl sulfox-
ide (DMSO) were supplied by Merck. Fetal bovine serum
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(FBS), Phosphate buffered saline (PBS), trypsin—EDTA,
Penicillin—Streptomycin (Pen/strep), and RPMI 1640
medium were obtained from Gibco.

Fabrication of Zn/La/Cur nanocomposite

To prepare Zn/La/Cur nanocomposite, Firstly, 0.02
mg laponite powder was dispersed in deionized water
and sonicated for 20 min. Consequently, Zinc acetate
(150 mg) was added to the laponite suspension and
stirred for 2 h. Curcumin (3 mg) was added to the Zn/
La suspension,and the mixture was vigorously stirred
for 2 h. Then, the resulting suspension was centrifuged
and washed with deionized water to remove the residual
agents. Finally, the as-obtained product was dried via the
freeze-dryer method.

Preparation of alginate-loaded Zn/La/Cur nanocomposite
The alginate-loaded Zn/La/Cur nanocomposite (Al/
Zn/La/Cur nanocomposite) were fabricated according
to the previous study with some modifications [13]. For
this purpose, alginate solution (1% w/v) was prepared
via dissolving in deionized water overnight. The vari-
ous amounts of Zn/La/Cur nanocomposite dispersion (1
mL, 0.5 mL, and 0.25ml) were introduced separately to
the alginate solution (2 mL); subsequently, the samples
were injected in the 2 wt.% CaCl, bain marie for 5 min to
ionically crosslink alginate units. Finally, the obtained Al/
Zn/La/Cur nanocomposite were immersed in deionized
water to remove the excessive CaCl,. Figure 1 showed
the schematic of hydrogel preparation using the chemical
structure of alginate.

Characterizations

Hydrogel characterizations

For investigation of the chemical structure of the sam-
ples, Fourier transform infrared spectroscopy (FTIR) was
employed. The FTIR spectrum of each sample was
recorded by the FTIR spectrometer (Bruker-Tensor 27)
in the range of 400-4500 cm-'. The particle size distri-
bution of laponite and Zn/La/Cur nanocomposite in sus-
pensions was performed at the temperature of 25°C by
dynamic light scattering (DLS, Malvern Instruments, Ver.
7.11) measurement.

The La/Zn-CUR nanocomposite surface morphology
was conducted using field emission scanning electron
microscopy (FE-SEM, MIRA3, Tuscan). For FE-SEM
imaging, the freeze-dried samples were sputter coated
with a thin layer of gold. Also, energy dispersive X-ray
spectroscopy (EDX) was used to study the elements of
the Zn/La/Cur nanocomposite. X-ray diffraction (XRD.
Ital structure, MPD 3000) was used to analyze prepared
samples with a 20 range from 10° to 80° and a step size of
0.001.
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Fig. 1 A schematic for hydrogel preparation using the chemical structure of alginate. The crosslinking reaction and interaction

with the Zinc- laponite — curcumin

Rheological study

Rheological measurements were done using a Modular
Compact rheometer (MCR 300, Anton Paar GmbH, Austria)
at 25 °C, with a Cone—Plate measuring geometry, CP 25-2,
having radius of 12.5 mm. Steady shear viscosity measure-
ments were performed at various shear rates ranging from
0.0055" t0 10057,

Rheological measurements were performed using
rheometer Gemini 200 (Molvern Instruments,
UK). Cone-plate geometry with 40 mm disk diam-
eter was used in the experiments. The upper plate
was having cone angle of 4 degrees and there was
150 um gap between the upper and lower plate.
The hot.
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In vitro cell bioavailability assay

The MTT assay was used to investigate the cytocompat-
ibility of the prepared hydrogels in the NIH3T3 fibro-
blast cell line [14]. The cells were cultured in RPMI 1640
medium containing 10% (v/v) FBS and 1% (v/v) Pen/
Strep. For biocompatibility characterizations, the fabri-
cated structures were cut into circular shapes and, after
UV radiation, placed in the 96-well plate. Afterward, Al/
Zn/La/Cur nanocomposite were washed using sterilized
PBS 3 times. Accordingly, NIH3T3 cells with a density
of 5.0x10% cells were seeded onto the wells and incu-
bated at 5% CO, and 37 °C. After three days, the culture
medium in the wells was removed and replaced with
MTT solution (3 mg/mL in PBS) and incubated for 4 h.
Then, the MTT reagent was discarded, and DMSO (200
uL) was added to each well to dissolve formazan crystals.
Finally, the absorbance of the samples was measured by a
Microplate Reader (Awareness Technology).

NIH3T3 fibroblast cells were seeded according to the
previous section that evaluated the cell attachment on the
fabricated Al/Zn/La/Cur nanocomposite. After 3 days of
seeding, the medium of each well was removed, the cell
seeded Al/Zn/La/Cur nanocomposite were rinsed with
PBS, and cells were fixed with glutaraldehyde (4% v/ v in
PBS) for 20 min. For dehydration of samples, the series of
ethanol solutions (50%, 60%, 70%, 80%, 90%, and 100%)
were applied. Finally, the images of cells on the sample
surfaces were recorded with FE-SEM.
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Statistical analysis

Statistical analysis was performed by one-way analy-
sis of variance (ANOVA) via Graph PAD Prism soft-
ware. All the experimental results were expressed as
means + standard deviations, and p-value<0.05 was
described as the statistically significance.

Results

Investigation of the chemical structure of fabricated
hydrogel by FTIR

Chemical structure of Al/La/Zn-CUR nanohybride
was confirmed using FT-IR analysis. As represented
in Fig. 2, pure alginate demonstrates the characteristic
absorption bands at 1250 cm™ !, which are attributed
to asymmetric and symmetric stretching vibrations of
carboxylate salt ion groups, respectively. Moreover,
the peaks around 3208 cm™! and 2925 cm™! are asso-
ciated with OH stretching and stretching vibrations
of aliphatic C-H, respectively [15, 16]. Cur exhibits
a sharp peak at 3543 cm ~! (phenolic O—H stretching
vibration), 1730 cm ~!(aromatic moiety C=C stretch-
ing), 1610 cm™! (benzene ring stretching vibrations),
1501 cm™ (C=0 and C=C vibrations), 1420 cm !
(olefinic C-H bending vibrations), 1011 cm ~! (C-O-C
stretching vibrations) [17, 18]. The characteristic bands
for laponite were observed at 3839 and 2700 cm™! (OH-
stretching of the silicate layer) and 732 cm™ (Si-O -
bending). To develop nanohybrid hydrogels, laponite
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Fig. 2 FT-IR spectra of pure Al, La, Zn acetate, Curcumin, and Al/Zn/La/Cur hydrogel
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nanoparticles consisting of plate-like particles with an
average size of 75.5 nm were integrated into the matrix.
FT-IR spectrum of laponite, and characteristic bands
showed the presence of distinctive absorption bands,
which were similarly reported in prior research. FT-IR
spectrum of Al/La/Zn-CUR nanohybride consisted of
the characteristic bands of laponite, alginate, and Cur
with some differences.

Page 6 of 11

Dynamic light scattering (DLS) and X-ray spectroscopy
(EDX)measurements

Also, DLS measurement was used to assess the diam-
eter and size distribution of nanoparticles. As is
observed in Fig 3, laponite displayed an average par-
ticle size of 75.5 nm with uniform size distribution
and a PDI of 0.451. The Al/La/Zn-CUR nanocom-
posite represented a large size with a mean diameter
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Fig. 3 Particle size distribution from the dynamic light scattering (DLS) of Laponite and Zn/La/Cur nanocomposite
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of 242 nm and a narrower particle size distribution
(PDI= 0.291). X-ray spectroscopy (EDX) of Al/La/
Zn-CUR nanohybride confirmed the presence of
laponite, Zn, and CUR within Al/La/Zn-CUR nano-
hybride (Fig 4c).

Morphological evaluation via FE-SEM

Rheological study

The FE-SEM image of the alginate hydrogel and Al/La/
Zn-CUR nanocomposite exhibited a microporous struc-
ture (Fig. 4). These pores enable the scaffolds to transport
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nutrient and exit waste products in the wound site.
Moreover, nanocomposite scaffolds promoted NIH3T3
fibroblast cell adhesion and proliferation.

The flow properties of non-crosslinked hydrogels
were the key factor for cell viability during printing pro-
cess. The plots of viscosity and shear stress against the
shear rate were obtained for the prepared Al/La/Zn-
CUR hydrogels. At 25 °C, viscosity of the hydrogels was
decreased with increasing shear rate. Figure 5 displays
the rheological behavior of as prepared precursors. As
observed, the addition of La/Zn-CUR increased the
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Fig.4 A FE-SEM images of Laponite and Zn/La/Cur nanocomposites. B Energy-dispersive X-ray spectroscopy of Zn/La/Cur nanocomposite
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viscosity of precursor while changing its behavior from
Newtonian to thixotropic.

MTT assay

The viability and proliferation of NIH3T?3 fibroblast cells on
nanocomposite scaffolds via MTT assay was investigated
after 7 days of cell seeding in Fig. 6B. The obtained results
indicated cell viability and proliferation enhanced with
increasing the concentration of CUR. Outcomes showed that
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Al/La/Zn-CUR nanohybride could be a novel strategy for
treating skin tissue engineering at the optimal concentration
of CUR which will give appropriate swelling with enhanced
biocompatibility as well. As illustrated in Fig. 7, after 7 days
of seeding, the cells attach and spread on the surface of all
matrices. The cell evaluation results have approved that the
biocompatible scaffold based on Al/La/Zn-CUR nanocom-
posite could improve cell—cell interaction by providing ECM,
mimicking the native microenvironment.
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Fig. 6 Cellular studies. A FE-SEM images of the cell attachment on the nanocomposites after 7 day. B In vitro biocompatibility of NIH3T3 fibroblast

cell line on the nanocomposites over 7 day using MTT assay
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Fig. 7 Cellular studies. FE-SEM micrographs of seeded fibroblasts on nanocomposites after 7 days of culture (scale bar: 50 pm)
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Discussion
The numerous preparation techniques adopted are physi-
cal cross-linking, chemical cross-linking grafting poly-
merisation, and radiation cross-linking [19]. Based on
the kinds of cross-link junctions, hydrogels can be clas-
sified into two groups: the chemically cross-linked and
the physically cross-linked. Chemically cross-linked gels
have stable junctions, in which covalent bonds are pre-
sent between different polymer chains, thus leading to
outstanding mechanical strength. Such modifications
can increase the mechanical properties and viscoelastic-
ity for uses in biomedical and pharmaceutical arenas [20].
Cross-linking is a stabilization procedure in polymer
chemistry that resulting in the multi-dimensional exten-
sion of polymeric chains, leads to network structures. By
crosslinking, hydrogels are formed into stable structures
that differ from their raw materials. Though chemical
cross-linking is an extremely inventive technique for the
formation of hydrogels, the cross-linkers used in hydro-
gel preparation should be extracted from the hydrogels
before use, due to their reported toxicity, whereas, in
physically cross-linked gels, dissolution is prohibited by
physical interactions, such as ionic interactions, hydro-
gen bonds or hydrophobic interactions [21, 22].
Injectable gels have numerous advantages over pre-
formed implants, including their non-invasive intro-
duction in vivo and the capability to be used to
homogeneously macromolecules and encapsulate cells.
The elastic characteristics of gel can be improved by vari-
able the amount of concentration. Mechanical, biochemi-
cal and rheological properties of hydrogels are powerfully
connected to their chemical composition, the way hydro-
gel is polymerized and density of cross linkers [23].
Despite considerable improvement in therapeutic
approaches, skin disorders remain a challenging discus-
sion. Over the past decade, research on hydrogel-based
material for prepose of skin regeneration has become a
promising approach [24].The incorporation of nanopar-
ticles into the hydrogel and transfer in the damaging side
as a wound dressing has shown acceptable results includ-
ing, improving absorption of wound exudates, decreasing
infections and adverse allergic effects influences improv-
ing wound regeneration [25]. Natural hydrogel polymers
exhibit biological activities such as cell recruiting, improv-
ing neo-vasculature, and modulation of the inflammatory
microenvironment [26, 27]. Among the natural hydrogels-
based materials for skin tissue engineering, alginate has
been considered a biocompatible and hemostatic polymer
[27]. Due tothe poor mechanical characteristics of alginate,
we hypothesized that the incorporation of Zinc-dopped
laponite nanoparticles in alginate could improve mechani-
cal properties and facilitate the fabrication of regular
microporous structures that are suitable for cell nutrient
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transferring. Moreover, Curcumin (CUR) is documented
as a harmless composite by the Food and Drug Adminis-
tration (FDA) and, numerous preclinical and clinical stud-
ies assessed in this field. The wound healing process is a
dynamic and complex process. During the inflammatory
phase of wound healing CUR could regulate inflammation
via regulating main signaling pathways and reducing con-
centration target molecules like TNF-and IL-1 and fibro-
blast recruiting, releasing protease and removing the rate
of reactive oxygen species (ROS) as well [28]. In the pro-
liferation stage, CUR also has a critical role in the differen-
tiation of fibroblast and collagen synthesis, decreasing the
level of the number of membrane matrix metallo-protein-
ases (MMPs) [29]. We hypothesized that the incorporation
of Zinc-dopped laponite containing curcumin within algi-
nate (Al/La/Zn-CUR) could promote the viability of the
cell-encapsulated alginate, which in turn could fabricate
the novel structure for maximum transporting nutrients
and exit waste products in the wound site.

Our results were in line with the published literature
data, emphasizing that the incorporation of Zinc-dopped
laponite containing CUR within alginate could be benefi-
cial in improving viability.

As mentioned above, due to the aforementioned fan-
tastic alginate assets, hydrogels as promising constituents
are highly suitable for diverse applications, particularly for
diagnostic and therapeutic manners in biomedical areas.
They not only can assist as a carrier to load and trans-
fer remedy or protein to tissues [5, 30] but also can act
as scaffold to replace damaged tissues and organs, help-
ing as wound dressings, barriers, or adhesives membrane
between material and tissue surfaces [31, 32]. Recently,
tissue engineering technology has assisted in fabricate
various commercial wound dressings based on natural and
synthetic hydrogels [33]. Wound dressings based on bio-
logical nanocomposites have helped to increase wound
healing managements [34, 35]. In a study that was pre-
pared from a wound dressing based on zinc oxide- algi-
nate, antibacterial outcomes, they had somewhat advanced
antibacterial activities against S. aureus than E. coli.

Consequently, sodium alginate (SA)-Zinc oxide (ZnO)
nanoparticle has the potential to be used as a wound heal-
ing material in biomedical applications [36]. Laponite is a
nanomaterial with a disc-like crystal structure that has a
large surface area compared to its volume. Duo to it exhibit
unique properties like low toxicity when interacting with
the body’s microenvironment is widely considered in regen-
erative medicine [37, 38]. Moreover, in the tissue engineer-
ing field, Laponite could suppress the immunological body
responses and stimulate differentiation and proliferation of
host cells, when applied as a vector. Also, this nanoparticle,
when incorporated in hydrogel /scaffolds structure could
increase mechanical resistance as well [39, 40].
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Conclusions

This study aimed to fabricate novel nanohybrid hydro-
gels based on Al/Zn/La/Cur and investigate the effects
of Curcumin concentration on the physical and biologi-
cal properties of the hydrogels. Results confirmed that
the Al/Zn/La/Cur nanocomposite has no toxic effects
on human fibroblast skin and NIH3T3 cells. However,
our results indicated that developed Al/Zn/La/Cur
nanocomposites could be a promising achievement for
wound healing. However, more experiments are still
needed to recognize the safety and efficiency of this
hydrogel for clinical application.
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