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ABSTRACT: Nonhealed wounds are one of the most dangerous
side effects of type-2 diabetes, which is linked to a high frequency
of bacterial infections around the globe that eventually results in
amputation of limbs. The present investigation aimed to explore
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wounds using the quality-by-design (QbD) approach. The
optimized formulation was tested for various parameters, such as
swelling, gel fraction, water vapor transition rate (WVTR), etc. In
vitro evaluation indicated that a drug-loaded hydrogel displayed
better tissue adhesiveness and can release drugs for a prolonged
duration of 12 h. Scratch assay performed on L929 cell lines
demonstrated good cell migration. The diabetic wound healing potential of the hydrogel membrane was assessed in streptozotocin-
induced male Wistar rats (S0 mg/kg). Higher rates of wound closure, re-epithelialization, and accumulation of collagen were seen in
in vivo experiments. Histopathologic investigation correspondingly implied that the drug-loaded hydrogel could enhance dermal
wound repair. The improved antimicrobial and antioxidant properties with expedited healing indicated that the drug-loaded hydrogel
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is a perfect dressing for chronic wounds.

B INTRODUCTION

Diabetes mellitus is a frequently diagnosed chronic condition
that has already adversely affected many individuals around the
globe. Its prevalence is expected to rise to 439 million new
cases by 2030." Wounds in individuals who have diabetes do
not heal in the usual prompt, effective, and structured way;
rather, they tend to remain in a chronic phase of the disease.
Furthermore, diabetes impairs the processes of neutrophils and
macrophages, restricts the migratory potential of keratinocytes
and fibroblasts, minimizes growth factor responses, and tends
to increase apoptosis.2 Healing is a dynamic process that is
divided into four progressive, extreme, and systematic stages,
namely, hemostasis, inflammation, proliferation, and remodel-
ing.” The events of each phase must take place in a controlled
manner. Dehydration of wounds and infection leads to
incurable wounds, and therefore, keeping the wound bed
moist is very important for healing the wound effectively.”
Hydrogel is considered a potential dressing as it can retain
more water in its network and absorb the wound exudate;
bioactive compounds can be loaded effectively in the hydrogel
system, providing delivery of drugs in a controlled manner.’
The hydrogel fabricated using biopolymers will be beneficial
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and efficient in treating diabetic wounds, as biopolymers have
their healing action.”’

Alginate is an anionic biopolymer found in brown algae,
composed of monosaccharide units of 1,4-linked-l-guluronic
acid residue and 1,4-linked-p-mannuronic acid residue.”
Alginate has therapeutic properties and can be used to heal
both acute and chronic wounds. Alginate is absorbent in nature
and can be used to treat medical issues, such as burns.
Alginates have an excellent affinity for pathogenic microbes,
which aids in wound infection prevention and minimizes the
need for dressings.9 When in contact with wound exudates,
alginates partly dissolve and form a hydrophilic gel that
maintains a moisturizing effect on the wound."® Also, it helps
boost cell proliferation and tissue granulation, which leads to a
faster healing process. Alginates have limited therapeutic
relevance despite their optimal wound healing capabilities
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due to their mechanical performance and low tensile features.
As a result, alginate is often coupled with some other polymer
parts to enhance its controllability and increase cell adherence
and stability.""

Therefore, a hydrogel-containing Na-alginate with thermo-
sensitive polymer (F-127) and poly(vinyl alcohol) (PVA), an
active film former, was designed for chronic wounds. The
hydrogels fabricated by using PVA are widely used as
biomaterials in the treatment of wounds. It is the most widely
used synthetic polymer in wound care, contact lenses, and drug
delivery devices. It is successfully used to treat chronic wounds
due to its fundamental hydrophilicity, massive water
permeability, and large swelling capacity.'” However, several
drawbacks, such as insufficient elasticity and the creation of a
stiff membrane, limit its use as a hydrogel membrane. F-127 is
a nonionic surfactant reported to be nontoxic and beneficial in
topical and ophthalmic preparations without skin irritation or
sensitivity. The composite hydrogels fabricated using polymers
of synthetic origin are reported to perform well as drug
carriers; therefore, adding F-127 can increase hydrophobic
drug solubility; this surfactant is also used in formulations for
wound healing."”” As chronic wounds gets stuck in the
inflammatory phase, bacterial invasion is the common problem
faced by chronic wounds; so, the addition of efficient
therapeutic agents with antioxidant, anti-inflammatory, and
antimicrobial properties would be beneficial for expedited
wound healing."*"

Therefore, naringenin (4,5,7-trihydroxy flavanone) (Nar) is
a flavonoid capable of eradicating superoxide and hydroxyl
radicals and shows antibacterial activity against different
species of bacteria. It has strong potential in scavenging the
free radicals and reducing oxidative DNA damage caused by
lipid peroxidation, which could be used to treat inflammatory
disorders.'® So, naringenin was incorporated into the hydrogel
system. Furthermore, these novel hydrogel membranes will
enable sustained release superficially at the wound site,
enhancing the drug concentration at the site. A scientifically
validated, systematic risk-based method called “quality-by-
design” (QbD) aids in interpreting and managing the
relationship between critical process parameters (CPPs) and
critical quality attributes (CQAs), both of which are important
for the development of high quality targ7et product profiles
(QTPPs) carried out on this formulation.'”'® Critical material
parameters (CMPs) and critical process parameters (CPPs),
such as mechanical strength and swelling, or essential attributes
of quality (CQAs), such as desired concentrations of respective
polymers for gel formation, were chosen. Box—Behnken design
(BBD) is employed for the optimization process. Swelling and
mechanical strength were chosen as the design’s response
variables. As a result, the systematic production of a drug-
loaded hydrogel for chronic wounds using QbD principles is
the focus of the study in the current investigation.

B RESULTS AND DISCUSSION

Optimization Studies. A second-order quadratic poly-
nomial model was fitted to the investigational data using Box—
Behnken design, and the results showed significant correlation
coeflicient values and a significant “lack of model fitness.” The
coefficient evaluations of the polynomial models revealed
important CQAs between the analyzed input factors and
output variables. The matrix of 17 experimental runs for drug-
loaded hydrogel at various levels of each assigned factor is
summarized in Table 1 for reference, and the formulations

Table 1. Box—Behnken Design Enabled the Design Matrix
for the Optimization of Drug-Loaded Hydrogel

coded factor level

run(s) factor 1 factor 2 factor 3
1 0 0 0
2 +1 +1 0
3 +1 0 +1
4 0 +1 +1
S 0 0 0
6 +1 0 -1
7 -1 0 +1
8 -1 +1 0
9 0 -1 +1
10 0 -1 -1
11 0 0 0
12 0 0 0
13 -1 0 -1
14 +1 -1 0
15 -1 -1 0
16 0 +1 -1
17 0 0 0
level of factor studies
selected factors low (—1) inter- high (+1)
medi-
ate (0)
Na-alginate 3 4.5 6
PVA 3 4.5 6
Pluronic F-127 3 4.5 6

were tested for mechanical strength and swelling as the CQAs
of the product. eq 1 displays the direct effects of the chosen
elements as well as their interactions.'”

Y=+ 8% + F7X, + X, + XX, + XX,
+ XX, + FTX] + %X + OX] (1)

where /°, B!, f, and S reflect the intercept and factor
coeflicients, viz.,, X;, X, and Xj, respectively, £ B, and p°
represent the coefficients of interaction terms between X, and
X,, X, and X;, and X, and X, respectively, and 7, %, and
are the corresponding coeflicients of quadratic terms, X3 X2,
and X2

Table 2 includes the coefficients, R? values, and statistical
significance (p) levels of different quadratic model terms that
were used in the analysis of specific CQAs. The development
of a thorough scientific knowledge of the potential factor—
response relationship(s) among the selected CMAs/CPPs and
the related CQAs was made possible by response surface
methodology (RSM) tools. The 3D response surface and
related 2D contour plots for the influence of each chosen CMA
are shown in Figures la—f and 2a—f, viz.,, Na-alginate, PVA,
and pluronic F-127 on studied CQAs like mechanical strength
and swelling (%) of the prepared hydrogel. Figures la,c,e and
2a,ce illustrate the curvilinear 3D response surface plots
representing the response surface plots for mechanical strength
and swelling (%), while the corresponding 2D contour plots
represent the analogous information,”””" as depicted in Figures
1b,d,f and 2b,df.

Mechanical Strength. Figure 1 illustrates the curvilinear
3D response surface plot, signifying the response surface for
the mechanical strength between Na-alginate and pluronic F-
127. By increasing the Na-alginate concentration, the hydro-
gel’s mechanical strength decreases, while inverse observation
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Table 2. Coefficients of Polynomial Equation of Different
Studied Critical Quality Attributes as per the Second-Order-
Modified Quadratic Model

polynomial coefficients for selected CQAs

coefficient codes tensile strength swelling index

A 7.28 306.80
B —0.3900 37.42
B 0.9162 -2.51
Vi 1.90 —-1.50
B 127 7.43
p 0.0100 —4.53
s —0.4375 —-9.62
Vi 0.5438 7.37
Vi 1.49 —8.48
Vi 1.04 —18.46
p-value <0.0001 <0.0019
R? 0.9437 0.8456

was observed with an increase in the concentration of pluronic
F-127. Keeping the minimum concentration of Na-alginate
constant and increasing the pluronic F-127 concentration,
minimum mechanical strength was observed at the mid-level of
pluronic F-127. While keeping the low level of pluronic F-127
constant and increasing the Na-alginate concentration, a
gradual increase in mechanical strength was observed, and a
maximum strength was observed at a high level of pluronic F-
127. An analogous result was observed in the corresponding
2D plot, as depicted in Figure 1b.

Figure 1c shows the 3D response surface plot, indicating the
response surface for the mechanical strength between Na-
alginate and PVA. By increasing the Na-alginate concentration,
the hydrogel’s mechanical strength decreases up to mid-level,
followed by a plateau at a higher concentration of Na-alginate.
While increasing the PVA concentration, a gradual increase in
mechanical strength was observed, followed by a high
concentration of PVA. Keeping the minimum concentration
of Na-alginate constant and increasing the PVA concentration,
maximum mechanical strength was observed at a high level of
PVA. While keeping a low level of PVA constant and
increasing the Na-alginate concentration, minimum mechan-
ical strength was observed at the mid-level of Na-alginate. A
similar observation is in the corresponding 2D contour plot, as
observed in Figure 1d.

Figure le shows the inverted tilted canopy-shaped 3D
response surface plot, indicating the response surface for the
mechanical strength between pluronic-127 and PVA. By
increasing the concentration of pluronic F-127, a slight
decrease followed by a gradual increase in mechanical strength
was initially observed in the hydrogel from a low to a high level
of pluronic F-127. As the PVA concentration increases, a
gradual increase in mechanical strength is observed at high
concentrations of PVA. Keeping the low level of pluronic F-
127 constant and increasing the PVA, maximum mechanical
strength was observed at a high level of PVA. While
maintaining a low level of PVA constant and increasing the
pluronic F-127 concentration, minimum mechanical strength
was observed at the mid-level of pluronic F-127. A similar
observation is observed in the corresponding 2D contour plot,
as observed in Figure 1f.

Swelling %. By increasing the concentration of Na-
alginate, the swelling (%) of the hydrogel gradually increases
up to the high level of Na-alginate, while a negligible swelling

(%) was observed with an increase in the concentration of
pluronic F-127. Keeping the minimum concentration of Na-
alginate constant and increasing the pluronic F-127 concen-
tration, a minimum swelling (%) was observed at a high level
of pluronic F-127. While keeping pluronic F-127 constant at a
low level and increasing the concentration of Na-alginate, a
gradual increase in the swelling % was observed from a low to
high level of alginate. A similar analogous observation was
observed in the corresponding 2D plot, as observed in Figure
2b. Figure 2c illustrates the 3D response surface plot, signifying
the response surface for the swelling (%) between Na-alginate
and PVA, indicating an observation similar to that observed
and depicted in Figure 2a. A similar observation was portrayed
in the corresponding 2D contour plot, as shown in Figure 2d.
Figure 2e shows the canopy flattened umbrella-shaped 3D
response surface plot representing the response surface for the
swelling (%) between pluronic F-127 and PVA. The maximum
swelling (%) of the prepared hydrogel was obtained at the mid-
level of both factors. Figure 2 indicates similar analogous
results in the corresponding 2D contour plots.

Search for Optimum Formulation. By “trading-off”
different CQAs, the best formulation was chosen in order to
get the required results, i.e,, mechanical strength (time taken to
break the hydrogel membrane) and swelling (%) (to provide a
humid environment). Following the aforementioned condi-
tions, the optimized drug-loaded hydrogel was achieved via
numerical and graphical optimization techniques to bring the
values of the desirability function closer to one. Figure 3
portrays the overlay space with the composition of the
optimum drug-loaded hydrogel demarcated in the plot, such as
Na-alginate (4.9), pluronic F-127 (4.9), and PVA (4.9),
attaining mechanical strength of approximately 8 MPa (7.7)
and swelling % of approximately 315% well within the design
space.

FTIR Analysis. FTIR analysis of naringenin, Na-alginate,
PVA, F-127, and hydrogel-loaded with the drug is illustrated in
Figure 4. The peaks of the naringenin spectra at cm™ can be
attributed to O—H stretching. The peaks displayed in the
graph at 1505 cm™' (C=O0 stretching vibrations) stretching
and 1062 cm™' (C—O stretching) peak at 3257 cm™
corresponding to the O—H stretching. Na-alginate spectrum
displayed the functional group at 2897 cm™' and 3364 cm™
due to the —CH group and —OH streching vibrations,
respectively. The peaks in the spectrum of PVA at 3566 cm™
arise out of the O—H stretching frequency representing the
presence of hydroxyl groups. The broad band at 1531 cm™
and the peak at 3188 cm ™' in PVA are caused by the stretching
vibrations of the —CO group and the formation of primary N—
H amide bonds. The F-127 graph depicts a broad peak at 2789
cm ™! as a result of stretching vibrations of the —CH group and
peaks visible at 1697 cm™'(O—H bending) and 1085 cm™'
(C—0O-C stretching vibrations). FTIR graphs of the drug-
loaded hydrogel were examined to verify the unbound drug
present in its network. The functional groups located at 3251
and 1515 cm™! indicated a similar area as mentioned in the
naringenin spectra. The presence of new peaks and abundant
functional groups indicated that the polymers utilized were
effectively cross-linked physically.”

XRD Analysis. The material crystallinity is revealed by the
XRD spectrum (Figure S). When studying materials, it is
imperative to get a thorough understanding of microstructure
since it influences the physical and mechanical qualities of the
product. Hence, the crystalline structure of blank hydrogel,

https://doi.org/10.1021/acsomega.3c04441
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Figure 1. 3D response surface plots and 2D contour plots of mechanical strength with respect to the concentration of polymers.
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Figure 2. 3D response surface plots and 2D contour plots of swelling % with respect to the polymer concentration.
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Figure 3. Overlay plots showing interactions of the optimized formulation.

drug-loaded hydrogel, and pure naringenin was studied using
X-ray diffraction. The XRD pattern of naringenin at 2° angles
showed dispersed sharp, thin, and strong peaks, indicating that
this therapeutic agent has a crystalline structure. The polymeric
materials (Na-alginate, F-127, and PVA) employed in the
fabrication of the hydrogel showed an amorphous nature, as
evidenced by the blank hydrogel, which displayed minor peaks
at 19 and 22.5° with a halo pattern. A peak formed as the drug
and polymers joined to form crystalline microaggregates after
the drug was integrated into the drug-loaded hydrogel. The
diffraction pattern demonstrated the compatibility of the
hydrogel with the drug, and the drug release will be sustained
because the hydrogel is amorphous in nature.”®

DSC Analysis. Differential scanning calorimetry (DSC) is a
well-known method used to quantify physicochemical differ-
ences in the heat capacity of crystalline medicines when they
are put into hydrogels. The DSC data (Figure 6) also reveal

one endothermic and one exothermic peak at temperatures
between 119 °C and over 249.32 °C. The melting temperature
for Na-alginate is shown by the first peak, and polymer
breakdown is responsible for the second peak. Naringenin
displayed a strong peak at 254.47 °C with a heat of fusion of
—149.58 J/g, showing that naringenin is crystalline. F-127 at
58.19 °C displayed one broad exothermic peak, attributed to
the enthalpy of the micelles that make up its structure. The
DSC graph depicts that an exothermic peak of PVA at 224.18
°C indicates thermal pyrolysis of PVA. The exothermic peaks
of the drug-loaded hydrogel at 147.74 and 268.35 °C showed
that the polymeric material was physically bound, and the
newly created structure gives the formulation thermal
stability.”*~>°

Mechanical Strength. The mechanical characteristics of
wound dressings perform vital functions in the healing of
wounds by acting as a barrier against infection and

https://doi.org/10.1021/acsomega.3c04441
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Figure 5. X-ray diffraction of blank hydrogel, naringenin (drug), and

drug-loaded hydrogel.

contamination and retaining their integrity. The membrane of
hydrogel would also retain and exemplify various character-
istics while not causing breakage. This resulting membrane of
hydrogel was meager, stretchy, having a tensile strength of
approximately 8 MPa, and bendable, as evidenced by the
results. Furthermore, normal skin has mechanical strength of
2.5—16 MPa, which lies in the range of the mechanical
properties of the produced hydrogel membrane, enabling this
newly developed membrane to be used as the treatment for
chronic wounds.”?

Electronic Microscopy. The drug-loaded hydrogel surface
shape revealed by SEM images is seen in Figure 7. The surface
of the optimized formulation was reasonably smooth, the

matrix was homogeneous and had few pores, as seen by the
evidence, and the cracks had good structural integrity. The
image of SEM analysis showed the surface as sloppy, compact,
and granular. Therefore, the surface morphology suggested
that polymers were successfully mechanically connected. The
structural system was recognized whenever the outer layer of
produced hydrogels had relatively small pore gaps, which
appears to be beneficial for a faster healing process by ensuring
that the wound site receives the best possible oxygen supply.
Such tiny pore gaps prevent germs from passing through the
membrane and maintain the wound’s surface moist to prevent
exudates from drying up. The existence of tiny pores further

35001 https://doi.org/10.1021/acsomega.3c04441
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Figure 6. DSC thermogram: (a) Na-alginate, (b) naringenin, (c) PVA, (d) F-127, and (e) drug-loaded hydrogel.

suggests that these hydrogels will release drugs in a continuous
manner.”>°

Swelling %. Swelling is a crucial characteristic that
represents the polymeric materials’ ability to store water and
their medication release characteristics. A buffer solution with a
pH of 7.4, distilled water, and normal saline was used to assess
the swelling ability of hydrogels (Figure 8). The sample was
found to have the best swelling in distilled water, which is
indicative of the great networking of Na-alginate, PVA, and F-
127. Polymer blending results in a more hydrophilic character,
which aids them in retaining water. Ultimately, the extra water
molecules quickly diffuse into the hydrogel network and cause
it to swell. The OH groups of the PVA hydrogel swelling may

35002

be caused by bulk hydroxyl groups that result in H-bonding
with the carboxylate anion of Na-alginate in the hydrogel
networks. Swelling is essential for wound healing because it
affects the controlled release of therapeutic agents that are
encapsulated, dressing adhesion at the wound site, and the
wound exudate absorption capacity of the hydrogel from the
wounded region that encourages the proliferation of fibroblasts
and migration of keratinocytes.”’

Percentage Gel Fraction. Gel fraction is an essential
factor that influences the characteristics and governs the
behavior of cross-linked polymers. In general, the influence of
the material cross-linking reactions increases with a higher
value of the gel fraction. Results of the gel fraction percentages
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Figure 7. SEM images of the surface of drug-loaded hydrogel at different resolutions.
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Figure 8. Swelling profile of drug-loaded hydrogel in various medias.

demonstrate that as the concentration of the polymer in the
preparations is elevated, the proportion of the gel fraction gets
reduced. The percentage of gel fraction was 79.3% in the
optimized formulation and thus, the more is its mechanical
strength.”**’

Water Vapor Permeability. A dressing designed for the
healing of wounds should ideally have an optimum water vapor
transmission rate (WVTR) to deliver moist environment
conditions at the wound site for proper healing of the wound,
as a high WVTR level can cause dehydration in the skin and it
is a lower value that causes wound exudate accumulation. The
efficiency of water vapor transmission is an important element
that determines the wound dressing’s ability to hold water. An
optimum dressing must be able to evade dryness and maintain
adequate moisture and O, levels to ensure the best possible
setting for the healing process. Normal human skin seems to
have a WVTR of 204 g/m?/24 h, but it was reported that
injured skin has a rate of 279 g/m*/24 h in the first burn
injuries and 5138 g/m’/24 h in granulating lesions. The
optimized drug-loaded hydrogel showed a WVTR of 2361.58
g/ m?/24 h, and similar values of WVTR were seen in the blank
hydrogel (2345.78 g/m*/24 h). The WVTR of the commercial
dressing was 2434.68 g/m?/24 h. The optimum WVTR is
estimated to be in the range of 2000—2500 g/ m?/24 h, and all

evaluated wound dressings in this investigation (Figure 9) had
a WVTR in the mentioned range so, deemed to be good for

Water Vapour Transmission Rate

2500
2000 —
1500 —

1000 —

WVTR (gim?24 h)

500 —

Incubation at 37°C for 24 h
Figure 9. WVTR of different formulations.

healing as it decreases loss of fluid and protects the body from
dehydration while also limiting extensive exudate deposition,
leading to an optimal wound environment.”’

In Vitro Drug Release. The therapeutic agent release from
the hydrogel is displayed in Figure 10. The hydrogel exhibited
faster release of therapeutic agent initially because of the higher
drug concentration in the hydrogel and rapid swelling. Within
the first 6 h, the burst release pattern was shown by hydrogel
(45.5%) afterward, the release of residual is slowed down since
there was less drug available in the hydrogel as compared to
the medium. Further, increasing the amount of PVA improved
the drug’s release pattern. This might be because PVA has a lot
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Figure 10. In vitro release of naringenin from hydrogel.

of hydroxyl groups, which increases its diffusion coeflicient and
finally drug releases. About 83.23% of the naringenin release
was stabilized after 12 h suggesting the diffusion of the drug
molecules across the enlarged matrix. By releasing naringenin
in a regulated manner over an extended period, the prepared
wound dressing in this study showed significant potential and
eliminated the need for frequent dressing changes.”' ™
Antibacterial Study. Bacterial infections cause a persistent
inflammatory response at the site of infection, which prolongs
the inflammatory stage of the healing process. Severe infections
have the potential to slow the healing of wounds and cause
sepsis. Therefore, antibacterial capability is crucial for hydro-
gels used to treat chronic wounds. Figure 11 depicts the
negative control, there was no inhibition zone, and commercial

Cytocompatibility. By using the MTT assay, the impact of
an incorporated drug (naringenin), drug-loaded hydrogel,
blank hydrogel, commercial dressing, control group on
fibroblast cell viability, and proliferation of drug-loaded
hydrogel dressings was evaluated. The toxicity of dressings as
well as the cell viability and proliferation of fibroblast cells on
the dressing surfaces was monitored to gain insight into the
cytocompatibility of dressings. Wound dressing materials
should not emit any hazardous substances. The MTT assay
was used to determine whether the intended dressings had any
potential to release compounds with hazardous materials into
the wound area. The high cell viability of all groups was >90 so
are not hazardous (Figure 12). Furthermore, there was a slight
difference in cell viability between blank and drug-loaded
hydrogels. In light of this, it can be said that the produced
hydrogels are nontoxic in nature and safe to use in chronic
wounds.** ™%’
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Figure 11. Antibacterial study involving S. aureus and E. coli inhibition zones on different groups: (a) negative control; (b) positive control; (c)

drug-loaded hydrogel; and (d) drug plain solution.

35004

https://doi.org/10.1021/acsomega.3c04441
ACS Omega 2023, 8, 34995—-35011


https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04441?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

>
N
n
o
3
™

Q
o

http://pubs.acs.org/journal/acsodf

100

Cell viability (%)
4]
Q

Figure 12. Cell viability % histogram for control, commercial

dressing, naringenin, blank hydrogel, and drug-loaded hydrogel.

Wound Scratch Assay. An easy and affordable test called
an in vitro scratch wound healing assay reveals important
information about cell migration and proliferation over
hydrogel dressings. Recovery scratches in a cell monolayer
“wound gap” were evaluated at 24, 48, and 72 h (Figure 13)
after scratching in order to learn more about the wound

healing and wound closure capacity of the prepared dressing.
Compared to the commercial dressing, migratory fibroblast
cells quickly filled the scratched gap with the drug-loaded
hydrogel. This occurrence is related to the drug-loaded
hydrogel membrane’s exceptional ability to support cellular
processes correctly. After 72 h of incubation, the drug-loaded
hydrogel scratched region was filled, performing significantly
better than commercial dressing. The closure rate of the blank
hydrogel membrane was also good, indicating the potential
role of Na-alginate in wound healing. The entire closure rate of
the drug-loaded hydrogel displayed fibroblast cell migration,
growth, and proliferation. More convincing evidence of the
drug-loaded hydrogels influence on promoting and stimulating
cellular processes that aid in the healing of damaged skin
tissues.’

In Vivo Study. According to the results, the application of
phytotherapeutic agents promoted wound healing by modify-
ing inflammatory responses. Naringenin has been demon-
strated to have anti-inflammatory and antioxidant properties.
The hydrogel membrane loaded with naringenin demonstrated
99.9% healing and visible scars on day 21, whereas the blank
hydrogel membrane group showed 93% healing of wounds.
The wound treated with the drug-loaded hydrogel membrane
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Figure 13. (A) Photomicrographs of in vitro scratch assay performed in 1929 murine fibroblast cells at time intervals 24, 48, and 72 h for
assessment of cellular migration potential upon treatment with the blank hydrogel and drug-loaded hydrogel compared with the commercial
dressing. (B) Bar plot presents the percent wound closure in each tested group at 48 and 72 h. with respect to the wound area at 24 h. in the

respective groups.
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Figure 15. Representative histology images of wound sections from several groups stained with hematoxylin and eosin on the 21st day.

exhibited greater healing in comparison to the other groups
(Figure 14a). The infection was averted in the commercial
dressing, blank and drug-loaded hydrogels, which also slightly
sped up the healing process because Na-alginate triggered
macrophages to create TNF-q, which started the inflammatory
signal (stage 2 in wound healing).””*’ Additionally, phenolic
substances, including naringenin, prevent growth factor
cascades, such as NF-kB. Naringenin improved the antioxidant
effect on the skin and minimized the lipid peroxidation, as
demonstrated by Al-Roujayee in his study on thermal burn-
wounded rats. Furthermore, Shan et al. showed that using
naringenin, inflammation decreased the retention of CD4+ T
lymphocytes and CD68+ cells (monocyte/macrophages), as
well as the proinflammatory cytokine levels like TNF-a, IL-1,
and IL-6. The primary outcome variable in the excision wound
model was used to determine how well naringenin could treat
chronic wounds. Drug-loaded hydrogel, blank, and the
commercial dressing uniformly absorbed the wound exudates.
Blank and drug-loaded hydrogel dressings were effortlessly
removed from the surface without causing any damage to the
newly produced skin in the wound area.*"**

35006

In diabetic rats wound models, macroscopic photographs of
full-thickness wounds were collected with the help of a digital
camera at 0, 7, 14, and 21 days to assess the wound healing
capacity of the drug-loaded hydrogel membranes with all other
groups. The proportion of the wound size that was still
exposed was estimated through a comparison of the wound
size at each time point with wound size on day 1 (Figure 14a)
Drug-loaded hydrogel showed expedited healing in comparison
to other groups. It has been found that Na-alginate also speeds
up the healing of wounds as it aids in encouraging tissue
granulation and cell proliferation, which results in accelerated
wound healing (Figure 14b). The drug-loaded hydrogel has a
better capacity to absorb water and retain moisture, mimics
ECM, and keeps the wound moist.

The results of the histological study of the specimens
obtained provided additional support for the wound healing
findings. Staining could be used to mark the inflammatory cells
in this process and observe the deposition of fibroblasts and
collagen.”~* The improvement in healing was examined
using microscopic histological examination, which involved the
quantitative analysis of a number of variables, including
inflammatory cells, epithelization, and granulation tissue
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formation. Figure 15 displays the H&E staining of dissected
tissues from each of the treated animal groups. The
recruitment of inflammatory cells to the wound site decreased
by day 21 postwounding. It is reported that untreated chronic
wounds get stuck in the inflammation stage of the wound
healing, so the negative control group has significantly more
inflammatory cells than the positive control group (commercial
dressing). The drug-loaded hydrogel and commercial dressing
had many fibroblasts compared to the blank hydrogel. The
arrangement and distribution of collagen are important criteria
for assessing wound healing. Appropriate collagen deposition
favors wound repair, whereas excessive and disorganized
collagen deposition causes scar hypertrophy and deters
wound repair. In contrast to the immature and loose collagen
identified in the negative control, mature collagen was formed
in the commercial, blank, and drug-loaded hydrogels. In the
case of the blank and drug-encapsulated hydrogel group, a
granulating layer was seen. The development of the granulating
layer is evidenced that the drug-loaded hydrogel offered
antioxidant action and reduction in inflammation, thereby
providing a more favorable environment for healing.*’~>°

B CONCLUSIONS

Chronic wound management has received a lot of attention
due to the high cost of medical expenses. In order to address
the drawbacks of conventional wound dressings, efforts are
being made to create and assess alternative and effective
platforms for wound healing applications. Hydrogels have
gained more interest as dressing materials because of their
adaptable chemical, physical, and biological properties. In the
current investigation, the hydrogel of Na-alginate, F-127, and
PVA was created by using the solvent casting technique. A
drug-loaded hydrogel effectively protected wounds against
bacterial attack. The formed hydrogel is homogeneous, slightly
opaque, manageable, flexible, and conformable and exhibits
partial cell adhesiveness, indicating that it can protect the
wound while also allowing for painless removal without
causing additional damage. Due to its high capacity for
swelling, the developed hydrogel absorbed the fluids of the
wound bed. Additionally, naringenin, which prevented the
growth of both Gram-positive and Gram-negative bacterial
species, was released gradually. According to in vivo data, the
produced hydrogel may have a suitable antibacterial impact
and a sufficient therapeutic efficacy in the treatment of chronic
wounds by eliminating ROS and accelerating the processes of
epithelialization and collagen synthesis. The developed
formulation prevented bacterial retentivity, which is crucial
for wound dressing, as well as E. coli infiltration, supporting its
protective effect against bacterial infection. This study provides
a new strategy for the design of new clinical wound dressings.

B EXPERIMENTAL SECTION

Materials. Naringenin and glycerol were procured from
TCI Chemicals. Na-alginate (SA) (MW. 215.121 g/mol) was
obtained from HiMedia Laboratories. Pluronic F-127 (MW.
9840—14,600 g/mol) and PVA (approximately 1,15,000) were
obtained from Sigma-Aldrich (India). Potassium hydrogen
phosphate (KH,PO,), formalin (37%), sodium hydroxide
(NaOH), and nutrient agar were of analytical grade.

Preparation Methodology. Hydrogel membranes were
fabricated by a solvent casting method with little modification.
PVA (5% w/w) and Na-alginate (3% w/w) solutions were

prepared in hot water separately (60—80 °C) until forming a
clear solution. Pluronic F-127 was dissolved in cold water at
2—4 °C at 120 rpm, while naringenin (0.5% w/w) was
dissolved at room temperature conditions in a small amount of
isopropyl alcohol. Before final mixing, all formed solutions
were kept under room temperature conditions. Naringenin
solution was added slowly to the F-127 solution, and then, Na-
alginate and PVA were added to F-127 with constant stirring.
Lastly, glycerin (8% w/w) was poured into the final solution
with stirring. Vigorous sonication of the final solution was
carried out to eliminate entrapped air. To achieve a smooth
membrane, Petri plates having a diameter of 8.5 cm were
employed for casting roughly 31 g of the formed solution,
plates were placed at 37 °C overnight drying in an incubator,
and dry membranes were removed the next day from the Petri
plates.””

Response Surface Optimization: Box—Behnken De-
sign. Based on the prior literature, experiments, and
brainstorming discussions among the members of the research
group, various crucial factors were identified, and response
optimization using a second-order three-factors-two-levels (2*)
Box—Behnken Design was carried out using Design Expert
software (ver. 13, Stat-Ease. Inc.).w The numerous critical
material attributes (CMAs) (i.e, Na-alginate, PVA, and
pluronic F-127) and critical process parameters (CPPs) (i.e.,
drying time and temperature) were constant throughout the
study on the chosen CQAs, viz,, mechanical strength and
swelling % of the hydrogel as per the established strategies.”’
Table 1 lists a total of 17 runs for the subsequent experimental
tests employing the selected CMAs at three different levels
(low (—1), medium (0), and high (+1) levels of CMAs/CPPs)
in accordance with BBD. In order to determine the effects of
input variables having the greatest influence on the selected
CQAs, further analysis of the received data was done.

The different CQAs, like mechanical strength and swelling
(%) of the fabricated hydrogel membrane, were assessed
according to the standard procedures. Following that,
mathematical modeling was done, and several statistical
parameters were assessed to confirm which model fits the
experimental data the best. The response surface methodology
was used to investigate the relationships between the chosen
CMAs and CQAs.

Characterization of Prepared Hydrogel Membrane.
Fourier Transform Infrared (FTIR) Spectroscopy. A versatile
method for analyzing polymers, drugs, and final formulations is
FTIR. The diffuse reflectance approach was employed to
analyze the functional groups present in the samples using a
spectrometer (IR, affinity, DRS-8000A, Shimadzu, Japan). In
order to identify the structure and functional groups, dried
samples were carefully combined with a minimal quantity of
dried potassium bromide before being put into a sample tube
with a cup-like form. Further analysis of the infrared area
between 400 and 4000 cm ! was carried out.””

XRD Analysis. Through the use of an analytical powder
diffractometer, an analysis of the drug-loaded hydrogel
membrane, naringenin, and the blank membrane was carried
out. The specimens were sliced for the complete enclosing of
square tiles of the sample chamber, and a hydrogel membrane
width of 0.5 mm was maintained. Copper Ka was employed as
a source of radiation to examine these specimens over a
temperature range of 10—100°, with a scanning speed of
0.02°/min.”!
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Differential Scanning Calorimetry (DSC). The differential
scanning calorimetric analysis was carried out using a
diffraction scanning calorimeter (PerkinElmer). In a nitrogen
environment, samples were heated between 30 and 300 °C at a
rate gof 10 °C/min while being placed in an aluminum
pan.

Mechanical Strength. A universal testing machine
(Instron-2700) was employed to study the mechanical
characteristics of the hydrogel membranes. The hydrogel
membrane was sliced into the reguired size of 1.5 X 3 cm” and
subjected to 100 N/mm? strain.”

Electron Microscopy. A scanning electron microscope was
used to examine the surface of the hydrogel membrane (JEOL
JSM IT 300LV). The hydrogel membrane surface was analyzed
by using a scanning electron microscope (JEOL JSM IT
300LV). The membrane adhered to the stub made up of
aluminum with double adhesion graphite tape that was
threaded with gold and had a specified width of 300. With
20 kV accelerating current, the sample solution was monitored
under different resolutions.”*>°

Swelling (%). The sample of the hydrogel membrane was
sliced into the dimension of S cm X 5 cm and then dipped in
PBS having pH 7.4 for various time intervals at 37 °C. The
membranes, after immersing, were removed from the solution,
and excess water was eliminated with the help of filter paper.””
The swollen membranes were then weighed using the formula

me mﬂ
W% = ——— X 100%
M, (2)

where m, is the weight of swelled hydrogels, m, is the weight of
initially dried hydrogel membranes, and W% is the percentage
swelling.

Determination of Gel Fraction. The fabricated hydrogel
membrane was sliced into 2 X 2 cm? and then placed in an
incubator for 6 h duration for drying and weighing (W,). The
dried hydrogel was drenched for 48 h to reach an equilibrium
swelling weight in distilled water, and no additional upsurge in
weight could be detected. Overnight drying of samples was
carried out in an incubator at 37 °C, followed by weighing
again (W,).**** The equation mentioned below was used for
determining % gel fraction

gelfraction (GF%) = (W,/W,) x 100 3)

Water Vapor Permeability. The technique of WVTR
measurement involves the use of vials having an 18 mm
diameter filled with 10 mL of distilled water. The round piece
was cut from the respective formulations, and the mouth of the
vials was covered. After that, Teflon tape was employed to
gently airtighten these vials. Following weighing, the vials were
placed in an incubator at 37 °C for a duration of 24 h. The
vials were again weighed after 24 h, and the WVTR was
determined’” using eq 4

W = (W, — W) 6, 2
= ————= x 10°(gm™-24h)
(A x 24)

)

Drug Release. For drug release investigation, a Franz
diffusion cell was employed with a cellulose acetate membrane
and phosphate bufter solution having 7.4 pH maintained at 37
°C. Fresh dissolution medium was added in place of the 1 mL
solution at regular intervals for 24 h. 2 X 2 cm® hydrogel
membranes were added to the buffer solution and incubated at

37 °C. The concentration of released naringenin was calculated
at 292 nm spectrophotometrically over the course of 24 h.>' ™

Antibacterial Study. The antibacterial action of negative
control, drug-loaded hydrogel, plain drug solution, and (blank)
hydrogel was conducted on bacterial species, namely, S. aureus
and E. coli. Drug-loaded hydrogels, blank hydrogel (negative
control), and naringenin (10 pg/disc, positive control) were
positioned onto the nutrient agar plates grown at 37 °C for 24
h. By measuring the diameters of the inhibitory zones in mm,
the antibacterial action of all groups was assessed.”*

Cytotocompatibility. On L1929 fibroblasts, the leachates
that were recovered by soaking the hydrogel membrane in the
culture media at 37 °C were evaluated for cytotoxicity. Drug-
loaded hydrogels were employed for the evaluation of
fibroblast cell proliferation using the procedure below. First,
1 mL of fibroblast cells (L929) was seeded at a density of S X
10* cells/mL into specimens with a surface area of 1 cm” that
had been fixed on a 96-well plate. The unattached cells in the
hydrogel/cell constructions were isolated after 48 h of
incubation, followed by PBS washing, and the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was then carried out.””

oD

sample positive control

oD,

negative control (5)

cellviability (%) =

Wound Scratch Assay. Using an in vitro wound scratch
experiment, the drug-loaded hydrogel (membrane) capacity to
influence cellular migration and proliferation was evaluated.
L1929 cells were cultivated in 12-well plates at a density of 5 X
10° cells per well until they had attained 80% confluency.
Then, employing a sterile 1000 L pipet tip, a cultivated cell
monolayer on a drug-loaded hydrogel was scraped. By taking
pictures at specific intervals, the migration of the scratched
area’s 1929 fibroblast cells was observed.*®

In Vivo Study. Diabetic Animal Model. Male Wistar rats
having a weight between 190 + 10 g were chosen for the
wound repair examination after receiving approval from the
DPSRU Institutional Animal Ethics Committee. The poly-
carbonate rat cages were used for keeping animals in normal
climate-controlled spaces, and they had an unrestricted entry
to water and food. For inducing diabetes in Wistar rats,
injection of streptozotocin via an intraperitoneal route was
given with a dose of 50 mg/kg in a citrate buffer solution with
a pH of 4.5 and a concentration of 0.1 M. Serum glucose
testing was used to confirm diabetes, and rats who had blood
sugar levels greater than or equal to 300 mg/dL for at least 3
days were chosen for the further investigation. Using a glucose
meter, the serum glucose was measured daily throughout the
experiments before and after STZ injection (glucometer,
gluco-chek). An excisional diabetic wound model was used to
study the wound healing cascade. Briefly, under xylazine and
ketamine anesthesia, with the help of a biopsy punch, a 2 X 2
cm? full-thickness excisional wound was formed on the dorsal
thoracic lumber of rats. The four treatment groups were
randomly assigned. A total of 24 rats were categorized into four
groups, each one with six rats. Group 1 included rats whose
normal wounds were cleaned just with the saline solution; the
group was designated as a negative control. The diabetic
wounds of rats in group 2 were cleaned, and the treatment was
given using a blank hydrogel. The rats in group 3 were
administered commercial dressing as a positive control. Rats in
group 4 were treated with a drug-loaded hydrogel as a

https://doi.org/10.1021/acsomega.3c04441
ACS Omega 2023, 8, 34995—-35011


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

treatment for the wounds. At predetermined intervals after
injury 0, 7, 14, and 21, digital pictures of the injured area were
taken.”' ™" The wounded region was measured by using a
scale, and the formula was used to determine the percentage of
wound contraction.

percentage of wound contraction

initialwoundsize — specificday woundsize 100
= X
initial wound size

(6)

Histopathology. Granulating tissues were taken out and
preserved in a 10% formalin solution. Before samples were
embedded in paraffin blocks for histopathological investigation,
they were dehydrated using a graded series of methanol or
ethanol. A sludge microtome was used to slice the tissue into 5
m thick slices, which were then stained using Masson’s
trichrome and hematoxylin along with eosin (H&E) to
determine how much collagen fibers and granulating tissue
were visible at the wound site. Then, these results were
examined at a magnification of 40 using an optical microscope
(Nikon Eclipse, S0ipol).*

Data Analysis. The mean standard deviation (SD) is used
to express the values for all measurements. The error bars
represent the SD. When necessary, the t-test and one- or two-
way analysis of variance (ANOVA) with post-test were
employed to look at differences between the variables. The
p-value of less than <0.5 was regarded as statistically significant.
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