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Research title THE EFFICIENCY OF NANOHYDROGEL-BASED CONTAINING
ANDROGRAPHOLIDE ON WOUND HEALING AND SKIN IRRITATION OF
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ABSTRACT

The advancement and optimization of wound healing necessitate the
application of contemporary wound closure techniques devoid of adverse side effects.
In this study, a gelatin hydrogel incorporating vanillin and ferric ions (GVF), was
meticulously synthesized. Furthermore, the synthesis of GVF hydrogels containing
andrographolide-encapsulated silver nanoparticles (AGP-AgNPs) was diligently
executed. These GVF/AGP-AgNP hydrogels exhibited remarkable biocompatibility
while demonstrating no evidence of toxicity. Additionally, GVF/AGP-AgNP
hydrogels showed the capacity to accelerate the wound healing process by stimulating
collagen production in cultured dermal human cells and exhibiting antibacterial
activity. Furthermore, in a 28-day treatment regimen involving rats with surgically
induced wounds, the GVF/AGP-AgNP hydrogels not only expedited wound healing
but also effectively reduced the bacterial colonies by attenuating the inflammatory
phase of the wound, thereby expediting the transition to the proliferation and
remodeling phase. Histological analyses, encompassing H & E and Masson's
trichrome staining, showed the presence of inflammation-inducing cells and
heightened collagen deposition at the wound site. In addition, qRT-PCR analysis
unveiled an upregulation of genes associated with the promotion of wound healing,
including TGF-B1, EGF, VEGF, MMPI, collagen 1, and collagen 3, in comparison to
the control hydrogel. Furthermore, the GVF/AGP-AgNP hydrogels exhibited non-
irritating properties when applied to rabbit skin, in alignment with the OECD
guidelines for cosmetics and hazardous substances. Taken together, this formulation
of bioactive hydrogel presents itself as a safe and non-irritating biomaterial for wound
dressing, warranting further investigation at the clinical level.

Keywords: andrographolide, gelatin hydrogel, silver nanoparticles, skin irritation, wound healing
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msnﬁ 3.1 i'lEJﬂﬁquiLiJ’E)‘ingﬂ’J‘Uﬂlll,mgﬁ\ilﬁiﬂﬂﬁﬁlﬂl&ﬂﬂﬁ

Gene Primer sequence Melting temperature

[-actin Forward: 5'-CCCTGGCTCCTAGCACCAT-3' 60°C
Reverse: 5'-GATAGAGCCACCAATCCACACA-3'

Collagen 1 Forward: 5'-CATGTTCAGCTTTGTGGACCT-3’ 60°C
Reverse: 5'-GCAGCTGACTTCAGGGATGT-3'

Collagen 3 Forward: 5'-GGGATCCAATGAGGGAGAAT-3' 60°C

Reverse: 5'-CCTTGCGTGTTTGATATT-3

EGF Forward: 5'-CTCAGGCCTCTGACTCCGAA-3' 60°C

Reverse: 5'-ATGCCGACGAGTCTGAGTTG-3'

MMPI Forward: 5-CCGGCAGAATGTGGAAACAG-3" 55°C
Reverse: 5'-GCTGCATTTGCCTCAGCTTT-3"

TGF-B1 Forward: 5'-GGGCTACCATGCCAACTTCTG-3’ 60°C
Reverse: 5'-GAGGGCAAGGACCTTGCTGTA-3"

VEGF Forward: 5'-GTACCTCCACCATGCCAAGT-3’ 55°C
Reverse: 5'-AATAGCTGCGCTGGTAGACG-3'

EGF: Epidermal growth factor; MMP1: Matrix metallopeptidase 1; TGF-BI: Transforming growth factor beta 1;

VEGF: Vascular endothelial growth factor
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PIS USNUNATOU = HATIMASUUUANULAAAZMTVINUTNUNATDU

NUIUYANTUNA
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24h 48h
M 4.4 waveseynaluu TuivefuasueuTasni 1 ladaemstlasesuna sinuali *

P<0.05, *** P < 0.001 tilonf3ouilouszninnguaiunuuazngunaaod lunaian 24 43 Tug

1Ay 48 ¥ 119



28

mamullaimma GVF/AGP-AgNPs 3Jf]‘1/lﬁ¢’]}1ulslfﬂlmﬂ1/lliﬂ waadluning 4.5 Tag

k4
v

v v
MINATOUMIUNTNTL18 WU lalas19a GVF/AGP-AgNP Sinanunu3nauaiizenaun
SUUIN (S. aureus) UAUNTNAY (E. coli) FaTaslvuiaduniugudnai 12,92 + 1.66 nm uag

v [
17.00 +0.90 nm A a8 n uenanil msueuTasniinladnindimyareTesiviefudae

Y o

a Yy 9 o A o dy o a9y AAAa
mgmﬂuuuﬂu AMUNTY 0.0032 nM ¥ 1 aar vz @edinadinidesarmsiyia

9y A=

J ' o < 1Y g
GlJENL“]SﬂﬁiJ'lﬂﬂ'J'l%}@ﬂﬁz 80 Q5HUﬂ'Nll!slallllSUUHED\H‘]JUﬁﬂ31ﬂﬂﬂﬁ)ﬂﬂﬂﬂlﬁ)ﬂl“]§aﬂ (0.0008-0.0032

A Y 9 ' d” o Y a < a ' Ia @ 4
nM) ‘H'lﬂm'E'Jﬂcl“]fﬂ'J'IiJL"UZJlI'Iﬂﬂ'.l'l‘l!"l]g‘ﬂﬂ‘ﬂlﬂﬂﬂﬂ'llllﬂuwyﬂﬂl“ﬁaﬂW'J‘ﬁuxillﬂ

=)

y a a {1 Jd ¥
mwh 4.5 wavesaaau laTaswanauduu TuiveuueuTasni Inl laademsdAusenuniise

110 (i) GVF/AGP-AgNPs hydrogel, (ii) gentamicin (S. aureus 10 E. coli) uae (iii) H1nau amudiay



29

msAnEIAeU 3 iNeAnyIamsSndenouneda la lasnanueymatuu Tuiveuaision
d A a a a [ rg A
Tasna Tl ladaemsauuuwa msnlasunlasnensassinovesmsauuupaszaliiioonas

[ a @ o J
srAvey T Tuana tazmsszmoiesdmiialudainaass

a (% =) ! d
4.3 wavewsadulalaswanveymaduinluiiveduasueulasnswlaademsanuuwa ms
agunasnenBa3sinnvesnsmnuumaszauiiaionaz szavendilanana uazmsszay
A a o v d
e ANl uTR INAaD
HAY0IN13 SN IMHARI019a1AY 1 1AT198 GVF/AGP-AgNPs W19 A5 1N AU
' 1 v Y
uwaaninauarunui lasunardulalasia GVF (M 4.6A-B) sauialSuauseuuaiiise
uratazUInave uLHamdaniAImiIdainaastanatedeliodnny (i 4.60) Taon
a EY 9 3 ' Y
maulelasaa GVF/AGP-AgNPs dunsonszduldurnameiiniilalasna GVF lnoiooay
g ! = 9 [ ! { 1% o {
msauuvearageiuesiiiodnnylungui 150 GVF/AGP-AgNPs Tuiui 7 (P=0.02)

JUN 21 (P=0.017) uazIuh 28 (P=0.01) (20% , 17% LAL 18.5% ANAIN)

Day 0 Day 3 Day 7 Day 14 Day 21 Day 28

GVF/AGP-AgNPs

mwi 4.6 vavewamanlalasnanauSuu Tuivefuueulasnir T laddens auiuuma

a

Y ,ﬂ a A a ~ v o d o Y A =3
NITANUIBDUUANLTYUITNIUUNANHNITUITAINAADN ﬂﬂ’iuﬂi‘ﬂ * P<0.05, LN@L‘]EIEJ‘]JLT]EJ‘]J

FZNINNQUAIVANLALNUNAADY



30

4 ! H
HamsAnIMsauuuHalieandesnuramsai1uteyra lwilungui 15w

a 2 A 9 A a n Yy v ' o A

maulaTaswa GVF/AGP-AgNPs dalimsadraboyddlui ldannguasuguluium 14
[ 1 y Y
(82.43%) (P=0.019) 1az 7 21 (96.67%) (P=0.037) MUEAD (MW 4.7) N3t luwvaw
uanaveamsasaugeyad Iniluiun 28 uvesmsnuamaulalasioa
GVF GVF/AGP-AgNPs
A. - ™, i PacPoney

— -

- : L

Day7 g

Dayld N A

o

Day 21

Day 28 " 1mm

B. [Jov
Il GVFIAGP-AgNPs

100
*
751
501
254

oL OOt

Day 7 Day 14 Day 21 Day 28

% Re-epithelialization

y a a { 1 g 4 a
mwh 4.7 vavoaaau lalaswanauiuun Tunveuuenlasnii i ladsemsasuteyin

1A a v o d ° 4 1 U 1
Tnifraifadainaaesiiuali * P<0.05, ofFoufonsznitenguaiuguuazngu

2GRN

wenNil HaNIIATIZHE N BT NNgaNeEIne1ve M aILURa AT ve
Fainaaoai 1a7uwaran'lalasioa GVF/AGP-AgNPs nu1 wa1au'lalasioa GVE/AGP-
AgNPs am15aaﬂii’mmma’c{mﬁmﬁmﬁé"ﬂmu (mononuclear leucocytes) Glui’uﬁ 7 (P=0.038)
wazSudt 21 (P=0.016) sounaiulS mansadarudule (fibroblas) Tuuii 21 (P=0.036) &a
waaalunnd 4.8 8alnd1iu naidau'laTasng GVE/AGP-AgNPs ez aufinil3unandule

9y ! o A ' A v oo W aa A
AvAAIU (collagen) 1AunnlaTaswaniuauluiui 14 edrdidedagneana (mwh 4.9)



GVF

GVF/AGP-AgNPs  ©

31

A ) -, "
L “.“.‘ 1 AT ),_i‘: ; - :Qiﬁl‘
PRHERE RN

and 48 navesvatanlalasmanauluuiTuiivefuusulasniilnladdents

= Yy Aa @ @ o o
L'ﬂaﬂul!ﬂENTﬂiQﬁ'i'NN'Jﬁuﬁigﬂﬂfl‘]aﬂ'lﬂ"llﬂﬁﬁﬂﬂﬂﬂaﬂﬂ



32

GVF GVF/AGP-AgNPs
A —R fiﬁ\\
Day14  ASPART N unRO o ol
Day21 . o
pay2s SR i i
B. [ evF

B GVF/AGP-AgNFs
1001

(4]
50

251

% Collagen deposition

Day 7 Day 14 Day 21Day 28

$ a a i g @ 4

M 4.9 waveusaau lalaswananduu Tunveuueulasnii W ladaonsdunsizd
Aa 4 ° D] A = ' '

AvaauvaNAImisdainaaes fmuali * P<0.05, WofSouifiouszninanguaiuguuay

NEUNAADI

msanma il I8 g dsunlaaimaduduai ums anuunase
mRNA 14 un transforming growth factor 1 (TGF-f3), epidermal growth factor (EGF), 119 ¢
vascular endothelial growth factor (VEGF), matrix metallopeptidase 1 (MMP1), collagen I 4ag
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A Shear-Thinning, Self-Healing, Dual-Cross Linked Hydrogel
Based on Gelatin/Vanillin/Fe** JAGP-AgNPs: Synthesis,
Antibacterial, and Wound-Healing Assessment

Chanon Talodthaisong, Rina Patramanon, Saengrawee Thammawithan,
Sarawut Lapmanee, Lamai Maikaeo, Phitchan Sricharoen, Mattaka Khongkow,
Katawut Namdee, Angkana Jantimaporn, Navaphun Kayunkid, James A. Hutchison,

and Sirinan Kulchat>

A shear-thinning and self-healing hydrogel based on a gelatin biopolymer is
synthesized using vanillin and Fe3* as dual crosslinking agents. Rheological
studies indicate the formation of a strong gel found to be injectable and
exhibit rapid self-healing (within 10 min). The hydrogels also exhibited a high
degree of swelling, suggesting potential as wound dressings since the
absorption of large amounts of wound exudate, and optimum moisture levels,
lead to accelerated wound healing. Andrographolide, an anti-inflammatory
natural product is used to fabricate silver nanoparticles, which are
characterized and composited with the fabricated hydrogels to imbue them
with anti-microbial activity. The nanoparticle/hydrogel composites exhibit
activity against Escherichia coli, Staphylococcus aureus, and Burkholderia
pseudomallei, the pathogen that causes melioidosis, a serious but neglected
disease affecting southeast Asia and northern Australia. Finally, the
nanoparticle/hydrogel composites are shown to enhance wound closure in
animal models compared to the hydrogel alone, confirming that these
hydrogel composites hold great potential in the biomedical field.

1. Introduction

In recent years, self-healing materials have
received much attention to extend the life
of materials and devices.['! One approach,
which replicates the natural self-healing
process, is to include microcapsules in bulk
materials that deliver healing chemicals
when damage to the bulk material occurs.
The success of such extrinsic self-healing
approaches is limited by an inability to re-
pair macroscopic damage (e.g., large cracks)
or repeatedly heal the bulk material in the
same place.?] In contrast, intrinsically self-
healing materials can repair macroscopic
damage and in principle can repair damage
at the same place infinitely.

Materials that employ the concept of
constitutional dynamic chemistry are ide-
ally placed as intrinsically self-healing
materials,] as they can repeatedly rebuild
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their chemical or physical connections under mild conditions
in response to a specific external stimulus. Self-healing materi-
als based on constitutional dynamic chemistry are typically poly-
mers that self-heal via either noncovalent interactions or cova-
lent bonds.l**! Self-healing polymers utilizing noncovalent in-
teractions are thermodynamically stable polymers but feature
high reversibility and tunability of polymerization.”l They re-
construct networks through the dynamic formation of attrac-
tive noncovalent interactions between molecules, oligomers,
or polymer chains, including hydrogen bonding, host-guest
complex, metal-ligand complex, hydrophobic, z7—=, and ionic
interactions.[®?! The self-healing polymers utilizing covalent
bonds are of more interest for their elastic response to induced
mechanical stresses.'%) They undergo changes through the dy-
namic formation of covalent bonds, including imine bonds,
boronic ester bonds, disulfide bonds, Diels—Alder reaction, and
acyl hydrazone bonds.

An important application of self-healing materials is injectable
delivery, as materials may need to re-configure some property,
for example gelation, lost during passage through a syringe.
Shear-thinning hydrogels, that exhibit fluid-like flow when sub-
jected to shear stress, are ideal for injection through a syringe.
Once the shear is removed, the hydrogel returns to its gel
form (a self-healing property).l'!! Indeed hydrogels are partic-
ularly intriguing candidates for injectable delivery in biomedi-
cal contexts, due to their hydrophilic polymer structure which
creates a biomimetic environment that can facilitate trans-
port of physiologically relevant chemicals. Biopolymer-based
self-healing hydrogels have gained increasing interest for ap-
plications of wound-dressing,!'>13] antimicrobial hydrogel,!1*1°]
and biosensors!’® due to their excellent biocompatibility and
biodegradability.

Recently, there has been a surge in the popularity of self-
healing hydrogel tissue adhesives owing to their ability to achieve
quick hemostasis and wound closure.['”] Hydrogels provide a so-
lution for surgical suturing without requiring time-consuming
procedures or delicate skills, and without causing secondary tis-
sue injury.*¥] Hydrogels synthesized from gelatin (derived from
collagen hydrolysis) are known for their excellent tissue adhe-
sion abilities.[?! Gelatin hydrogels have been extensively used for
biomedical applications due to their low cost, biodegradability,
high biocompatibility, and minimal immunological reaction, all
of which encourage cell adhesion and proliferation.!*’]

With the target of gelatin-based self-healing, injectable hydro-
gels, this study sought to uncover bio-compatible gelatin com-
pounds that could function via constitutional dynamic chem-
istry. Vanillin (4-hydroxy-3-methoxybenzaldehyde) has been ex-
tensively used as a flavoring agent in foods, beverages, cosmet-
ics, and pharmaceuticals due to its nontoxic and pleasant aroma
Vanillin has recently been found to have additional beneficial
applications in the food industry because of its antioxidant, an-
timutagenic, antifungal, and antibacterial properties.?!! Vanillin
has demonstrated antimicrobial activity in apple juice and fruit
purées.[22l ITmportantly for this study, the aldehyde group of
vanillin can form a Schiff-base bond with the amino groups
of gelatin molecules, leading to dynamic reconstruction during
the self-healing process.[?)] Additionally, the hydroxyl group of
vanillin can form hydrogen bonds with the hydroxyl or amino
groups in another gelatin molecule further facilitating crosslink-
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ing. This work will demonstrate that vanillin is an effective ad-
ditive for self-healing gelatin hydrogels, with ionic bonding with
Fe*t ions further aiding crosslinking and the construction of a
reversible hydrogel network.

Finally, the hydrogel is made strongly antibacterial by incor-
poration of green-synthesized silver nanoparticles. The biosyn-
thesis of silver nanoparticles (AgNPs) was achieved using
Andrographolide molecule as both reducing and stabilizing
agent. Andrographolide, an antiparasitic and antileishmanial
agent, was extracted from Andrographis paniculata leaves.[?*l The
andrographolide- silver nanoparticles (AGP-AgNPs) were com-
posited into the self-healing hydrogel, resulting in the forma-
tion of multipurpose hydrogels that are injectable, rapidly self-
healing, and display antibacterial action (Scheme 1).

2. Results and Discussions

2.1. Preparation of Gelatin/Vanillin/Fe** Hydrogels (GVF
Hydrogels)

A self-healing hydrogel based on gelatin was prepared using
vanillin and Fe** acting as dual crosslinking agents as displayed
in Scheme 1. The aldehyde group of vanillin is capable of form-
ing Schiff-base bonds with the amino groups of gelatins, while
the hydroxyl group of vanillin could form hydrogen bonding
with the hydroxyl or amino groups of another gelatin molecule.
The amino groups of gelatins and the hydroxyl group of vanillin
also form ionic coordination with Fe**, which further drives
the construction of a reversibly-bonded hybrid network. The
Schiff-base reaction of vanillin and gelatin was confirmed by nu-
clear magnetic resonance (*H-NMR) spectroscopy,!®?°! with the
imine bond between gelatin and vanillin showing a proton signal
at 8.43 ppm (Figure S1, Supporting Information). Additionally,
ATR-FTIR spectra were used to confirm the formation of Schift-
base bonds and hydrogen bonds of hybrid linkages. Gelatin is
composed of polypeptide chains consisting of different amino
acids arranged in a unique order. The presence of O-H stretching
vibrations was indicated by the broad peak at 3280 cm™!, while
the peak at 1630 cm™! was characteristic of C=O stretches, and
the peaks at 1531 cm™" corresponded to N-H bending vibration
(Figure S2, Supporting Information). The formation of Schiff-
base bonds between the amino group of gelatin and the aldehyde
group of vanillin was confirmed by the appearance of a new peak
at 1585 cm™! corresponding to the C=N stretching vibration.!?3%7]
However, this C=N peak of the imine bond overlapped with the
peak of C=0 stretches in the case of the GVF hydrogel.
UV-visible diffuse reflectance spectroscopy was used to in-
vestigate the interactions of the polymer network in the hydro-
gels (Figure S3a, Supporting Information). One absorption band
centered at 500 nm (blue line) was exhibited by gelatin/Fe’*,
which could indicate the formation of a complex between the
gelatin and Fe** ion. An absorption band at 440 nm (red line)
was exhibited by gelatin/vanillin, which may indicate the pres-
ence of an imine bond. Furthermore, the creation of the poly-
mer network was confirmed by the characteristic peak of both
vanillin and gelatin/Fe** in the GVF-9 (black line indicating
as GVF hydrogel). Thermogravimetric analysis revealed that
gelatin, gelatin/vanillin, and GVF hydrogel underwent decom-
position in two main steps, as shown in Figure S3b, Supporting
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Scheme 1. Schematic of andrographolide-silver nanoparticle (AGP-AgNPs) synthesis, their incorporation into gelatin/vanillin/Fe** hydrogels, and anal-
ysis of wound healing applications of the composite materials in real animal models.

Information. The loss of residual water in the polymers was as-
signed to the first region of the TGA curve at 30 °C and 100 °C.
The second region from 250 °C to 400 °C of the TGA curve is at-
tributed to the degradation of cross-linked gels. In this zone, GVF
shows lower weight loss than gelatin/Fe**, indicating that GVF
is more stable, presumably due to higher cross-linkage density
which correlates strongly with stability.

2.2. Characterizing the Viscoelastic Properties: Rheological
Measurements

Different concentrations of FeCl,.6H,O were used to synthesize
GVF-1 to GVF-4, as described in Section 2.2. Mechanical prop-
erties of the hydrogels were measured via rheology tests. The
material’s elastic properties and energy storage were reflected by
the storage modulus (G') after perturbation, while the viscous
properties and energy loss were reflected by the loss modulus
(G”) through relaxation or dissipated heat. In a gel with a strong,
covalently-linked network, the G’ modulus would be expected to
be larger than the G” modulus, indicating that the material is able
to store more energy than it loses during deformation.[?®?°] The
rheology technique was utilized to investigate the elastic proper-
ties of all hydrogels under the strain sweep (0.1%-100%) mode
(Figure 1a). All samples demonstrated a higher storage modulus
(G’) than loss modulus (G”), suggesting that the hydrogel net-
works were rigid and cross-linkage remained intact under large
deformations.*% It was observed that GVF-1 and GVF-2 exhib-
ited a higher G’ compared to the other samples, suggesting that
the strength of the hydrogels at those concentrations was greater
than that of the other concentrations. The G’ and G” of GVF-
1 to GVF-4 were measured at a fixed strain of 0.15% in a fre-
quency range of 0.1 to 100 Hz during the frequency sweep test.
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The results are presented in Figure 1b, where all samples showed
a higher G’ than G’, and were stable as the frequency increased
from 0.1 Hz to ~30 Hz, indicating that the hydrogels possessed
strength and stability. However, GVF-2 (10 mM FeCl,.6H,0) was
chosen as the most suitable concentration for the following re-
search as it exhibited the highest stability even at frequencies up
to 100 Hz.

GVEF-5 to GVF-9 hydrogels were synthesized by using dif-
ferent concentrations of vanillin while keeping the concentra-
tion of FeCl;.6H,O fixed at 10 mM (Table S2, Supporting In-
formation). Rheology was employed to measure the viscoelastic
properties of these hydrogels under strain sweep (0.1%-1000%)
(Figure 1c). The results indicated the formation of a strong gel
with a covalently-linked network, as all samples showed G’ larger
than G”. However, an inverse relationship was observed between
the hardness of the GVF hydrogel and the vanillin content. This
finding was further confirmed by using a Brookfield viscometer
(Figure 1d). In the frequency sweep test, G’ and G” of GVF-5
to GVF-9 were measured in a range of frequencies from 0.1 to
100 Hz at a fixed strain of 0.15% (Figure 1e). From Figure 1e,
it is evident that the softness of the hydrogels increased with
increasing vanillin content, as indicated by the increase in G”.
This property is desirable for biomedical applications. GVF-8 and
GVEF-9 exhibited the highest softness among all samples. There-
fore, GVF-8 and GVF-9 were used for the investigation of shear-
thinning properties (Figure 1f). A shear rate sweep measurement
was performed under rotation mode (from 0.1 to 1 s71) to con-
firm the shear-thinning behavior of the gel for injectability. Both
GVF-8 and GVF-9 exhibited shear-thinning properties, indicat-
ing injectability. However, the viscosity of GVF-9 as a function
of shear rate was lower than that of GVF-8, indicating better in-
jectability. Therefore, GVF-9 (GVF hydrogel) was selected as the
most suitable condition for subsequent wound healing studies.
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Figure 1. The storage and loss moduli of GVF hydrogels with varying concentrations of FeCl;.6H,O (GVF-1to GVF-4), measured by a) strain amplitude
(structural collapse occurred above 100%) and b) frequency sweep experiments. The storage and loss moduli of GVF hydrogels with different wt.% of
vanillin were measured by c) strain amplitude and d) viscosity, €) the frequency sweep experiments for GVF hydrogels with varying concentrations of
vanillin (GVF-5 to GVF-9), and f) the shear-thinning property of GVF-8 and GVF-9.

2.3. Analyzing the Morphology of the GVF Hydrogel and its
Self-Healing Properties

The SEM images of gelatin powder and GVF hydrogel were
investigated as depicted in Figure 2a,b, respectively. The sur-
face morphology of the gelatin powder was characterized by
nodules and flakes. In contrast, the GVF hydrogel exhibited a
remarkable morphology, with scaly and fragmented material
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displaying vast gaps. This porous structure facilitates aqueous
fluid diffusion within the polymeric network, thereby increasing
the swelling capacity of the final hydrogel. Furthermore, the
uniformly dispersed pore spaces on the surface of the GVF
hydrogel indicate a homogeneous composition of the absorbent
material.*' Such a structure is a good candidate for wound-
healing materials as large amounts of exudates or blood could be
absorbed by the material, which also acts as a barrier to microor-
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Figure 2. SEM images of a) gelatin powder and b) GVF hydrogel (un-
der freeze-dried process), c) the reversible formation of GVF hydrogel in
various temperature conditions, d) the injectability of the GVF hydrogel
through a 1.2 mm internal diameter needle, e-h) digital microscope inves-
tigation of the GVF hydrogel's self-healing properties at various times and
i) macroscopic investigation of the GVF hydrogel’s self-healing properties
at various times after being slit with a needle.

ganisms, and maintains a moist environment at the skin defect
site.[3234]

Reversible GVF hydrogel formation in different temperature
conditions was observed as shown in Figure 2c. It was noted that
at high temperature, the hydrogel broke down to form liquids,
but it quickly returned to gel-form when cooled down. The in-
jectable nature of the hydrogel through a 1.2 mm internal diam-
eter needle/syringe is depicted in Figure 2d. Upon squeezing the
hydrogel in the syringe, the pressure caused the cross-linkages
to dissociate, causing the hydrogel to distort and “flow” like a
liquid through the thin needle. The hydrogel showed fast self-
healing capabilities, as the extruded hydrogel joined together to
create an integrated component once more. It can be inferred
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that the hydrogel may be used to encapsulate cells/drugs uni-
formly and implant them into tissue using a minimally invasive
technique.*3! Investigation of the self-healing properties of GVF
hydrogel was conducted using a digital microscope, as depicted
in Figure 2e-h. Damage to the hydrogel was created by a slitting
needle, as shown in Figure 2e. GVF hydrogel subsequently exhib-
ited excellent self-healing properties, attributed to the dual, facile
crosslinking via imine bond and ionic bonds as mentioned ear-
lier. The GVF hydrogel displayed a gradual reduction in the depth
of the scratch, with complete self-healing after 10 min as illus-
trated in Figure 2h. In addition, a macroscopic test for hydrogel
self-healing was performed as shown in Figure 2i and Video S1,
Supporting Information. The results show that the hydrogel was
fully recovered/healed after being damaged by the needle within
6 min, as observed by the naked eye.

2.4. Water Absorption by GVF Hydrogel

The hydrogels’ water uptake was characterized by their swelling
ratio. The swelling behavior of GVF hydrogel was studied by in-
cubating it in DI water at room temperature for different curing
times. The hydrogels exhibited an extremely high swelling de-
gree, reaching equilibrium at 110 min, with a swelling degree
of up to 17000%, as illustrated in Figure S4, Supporting Infor-
mation. This exceptional moisture uptake makes GVF hydrogel
an ideal candidate for maintaining a moist wound environment
and absorbing significant amounts of wound exudate, both criti-
cal factors in promoting accelerated wound healing.[3+3°]

2.5. Synthesis and Characterization of Andrographolide-Silver
Nanoparticles (AGP-AgNPs)

Andrographolide-silver nanoparticles (AGP-AgNPs) were syn-
thesized by a simple routine as described in Section 2.3. AGP-
AgNPs exhibited a characteristic UV-Vis spectrum at 441 nm
(Figure 3a), resulting from localized surface plasmon resonances
(LSPR). The transmission electron microscope (TEM) image of
AGP-AgNPs (Figure 3b) showed a narrow size distribution and
a spherical or pseudospherical shape with a diameter averaging
16.85 + 5.81 nm (n = 75) (Figure 3c). In any case, these results
suggest the successful synthesis of stable colloidal AGP-AgNPs
which may have desirable antibacterial properties when com-
bined with the hydrogel.['*]

2.6. Cytotoxicity Studies and Protective Effect of AGP-AgNPs
Towards H,0,-Induced Oxidative Stress in Fibroblasts

In this study, it was found that AGP-AgNPs had low cytotox-
icity, with over 80% of fibroblast cells remaining viable when
0.0032 nM of AGP-AgNPs were incubated. However, cell survival
decreased when concentrations of AGP-AgNPs ranging from
0.0008 nM to 0.0032 nM were used (as shown in Figure S5a,
Supporting Information). Therefore, AGP-AgNPs could be con-
sidered noncytotoxic at or below a concentration of 0.0032 nM.
Hydrogen peroxide (H,0,) is a reactive oxygen species (ROS)
that causes oxidative stress. The damage induced by H,0, in
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Figure 3. Characterization of Andrographolide-silver nanoparticles (AGP-AgNPs) exhibiting a) characteristic UV-vis spectrum at 441 nm, b) TEM image
displaying a narrow size distribution with spherical and pseudospherical shape, and c) the average diameter of AGP-AgNPs; 16.85 + 5.81 nm (n = 75).

fibroblast cells can be assessed using an MTT assay.**! Andro-
grapholide is a compound that has been studied for its abil-
ity to prevent oxidative stress. In previous studies, it was found
that Andrographolide protected chondrocytes (a type of cartilage
cell) from H,0,-induced injury by activating the Keapl-Nrf2-
ARE pathway.’’] Additionally, it was found that Andrographolide
protected liver cells from H,0,-induced cell death by signal-
ing through the adenosine A2a receptor and upregulating Nrf-2
transcription.3!

To investigate the protective effect of AGP-AgNPs against
H,0,-induced oxidative stress, fibroblasts were pretreated with
0.001, 0.002, and 0.004 nM of AGP-AgNPs for 24 h before be-
ing exposed to H,O, for an additional hour. The cytotoxicity of
AGP-AgNPs was first checked, as depicted in Figure S5b, Sup-
porting Information. When treated with 50 and 100 pg mL™! of
H,0,, cell viability significantly decreased by ~25% and 40%, re-
spectively. However, pretreatment with 0.001 and 0.002 nM of
AGP-AgNPs followed by 50 pg mL~! of H,0, exposure signifi-
cantly increased cell survival compared to H,O, treatment alone.
In addition, at a higher concentration of AGP-AgNPs (0.004 nM),
a different trend emerges when exposed to 50 ug mL~! H,0,. It
is possible that at this concentration, AGP-AgNPs may start ex-
hibiting cytotoxic effects themselves due to the high concentra-
tion of silver nanoparticles. This could result in a compromised
antioxidant effect and a less favorable cellular outcome, as indi-
cated in Figure S5b. The complicated interaction between the
concentration-dependent effects of AGP-AgNPs and their spe-
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cific cellular response to oxidative stress is a possible reason for
the observed discrepancy.

Interestingly, at 100 pg mL~" H,O,, the best protective effect is
observed at the concentration of AGP-AgNPs of 0.004 nM. This
finding suggests that under a more severe oxidative stress envi-
ronment, a higher concentration of AGP-AgNPs may be required
to counteract the detrimental effects and maintain cellular via-
bility. It is plausible that the antioxidant and cellular protective
mechanisms induced by AGP-AgNPs become more pronounced
at this higher H, O, concentration, leading to the observed favor-
able outcome. At higher concentrations of H,0, (100 ug mL™?),
pretreatment with AGP-AgNPs increased the viability of fibrob-
last cells in a dose-dependent manner. These results suggest that
AGP-AgNPs could protect fibroblasts against oxidative stress in-
duced by H,0,.

2.7. The Effect of AGP-AgNPs on Cell Proliferation and Collagen
Production in Human Dermal Fibroblast Cells

In this section, we investigate the impact of AGP-AgNPs on the
proliferation of human fibroblast cells, and on the production of
collagen. After being treated with 0.0005, 0.001, and 0.002 nM
of AGP-AgNPs for 7 days, cell proliferation increased signifi-
cantly when compared to the control group. This increase was
similar to the one observed in the positive control group treated
with internal control of ascorbic acid. (Figure 4a). Additionally,
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Figure 4. a) Light transmission microscopy images of human dermal fibroblast cells which were treated with various concentrations of AGP-AgNPs
(0.0005, 0.001, and 0.002 nM) and ascorbic acid (Vitamin C) at 50 ug mL~' for 7 and 14 days, cell proliferation was measured and collagens were
stained red with Picrosirius dye and imaged at 200 X magnification. The scale bar located in the lower right corner represents a length of 200 um. b) %
Luminance intensity and c) % Collagen production of previously treated human dermal fibroblast cells. The results are presented as mean + SEM (n =
4 per group). Statistical significance was calculated by comparing the treatment groups with the control group within 7 or 14 days after treatment (*P <

0.05, **P < 0.01, and ***P < 0.007).

the 0.001 nM of AGP-AgNPs treatment significantly increased
cell proliferation compared to the control group, while ascorbic
acid notably increased cell proliferation after 14 days of incuba-
tion (Figure 4a). Therefore, AGP-AgNPs showed a greater poten-
tial in enhancing cell proliferation and collagen production in fi-
broblasts compared to the control group. In terms of total colla-
gen, which was indicated by Picrosirius red staining (Figure 4b),
cells treated with 0.0005, 0.001, and 0.002 nM of AGP-AgNPs and
ascorbic acid showed an increase in collagen production by 2%,
11%, 18%, and 26% after 7 days compared to the control group
(no AGP-AgNPs). However, after 14 days of treatment, the three
tested AGP-AgNP concentrations and ascorbic acid treatment in-
creased collagen production by 6%, 24%, 47%, and 152%, respec-
tively, compared to the control group (Figure 4c). These findings
suggest that exposure to AGP-AgNPs could enhance cell prolif-
eration and collagen production in fibroblasts.

2.8. Investigating the Influence of AGP-AgNPs on In Vitro Wound
Healing
The process of wound healing typically involves three over-

lapping phases: hemostasis/inflammation, proliferation, and
remodeling.[*%) Fibroblast growth factor (FGF) plays a crucial role
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in in vitro wound healing. FGF stimulates the proliferation and
migration of fibroblasts, which are the main cells involved in the
formation of new tissue in the wound healing process by gen-
erating extracellular matrix (ECM) and collagen structures.[*041]
Moreover, several studies have shown that Andrographolide’s an-
tioxidant activity occurs in parallel with other wound healing
drivers including regulating vascular blood flow and delaying cell
necrosis.l***] In addition, Andrographis paniculata (A. paniculata)
extracts also promoted re-epithelialization activity in wound areas
in rats.l*3*4] In vivo study of the effect of A. paniculata leaf extract
on wound healing suggested that it enhanced the rate of wound
closure in rats.[*!

Here, AGP-AgNPs were shown to significantly increase
wound gap closure in a time-dependent manner (Figure 5a,b).
Treatment with 0.001 and 0.002 nM of AGP-AgNPs and 100 ng
mL™" of fibroblast growth factor (FGF) for 24 h increased cell mi-
gration by 25%, 33%, and 37% compared to the control, while 48
h treatment promoted 60%, 82%, and 90%, respectively. Treat-
ment with 0.001 and 0.002 nM AGP-AgNPs for 24 h significantly
increased wound gap filling (by 1.1 and 1.5 times, respectively),
whereas only 0.002 nM AGP-AgNPs treatment induced signifi-
cant wound gap filling (1.3 times better than untreated control) at
48 h. Notably, the wound gap closure induced by 0.002 nM AGP-
AgNPs was similar to that of the FGF-positive control. These
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Figure 5. Effects of AGP-AgNPs on wound gap closure. a) Human dermal fibroblast cells were treated with 0.001 and 0.002 nM of AGP-AgNPs, or 100 ng
mL~" of FGF as a positive control, and a scratch wound assay was performed at 0, 24, and 48 h. The scale bar located in the lower right corner represents
a length of 500 um. b) Percentage of wound gap filling relative to the original scratch width. Data were expressed as mean + SEM (n = 4). *P < 0.05 and

**%P < 0.001 compared to control within 24 h or 48 h post-treatment.

results suggest that 0.002 nM AGP-AgNPs treatment displayed
wound healing properties as potent as the FGF positive control.

2.9. Enhanced Mechanical and Self-Healing Properties of
GVF/AGP-AgNPs Nanocomposite

The effect of AGP-AgNPs on the mechanical properties of GVF
hydrogel was investigated next by rheological measurement. The
self-healing ability of the GVF/AGP-AgNPs hydrogel composite
was also examined. Under strain sweep system, storage modulus
(G”) of the GVF/AGP-AgNPs hydrogels was greater than the loss
modulus (G”) (Figure S6a). It is assumed that the increased inter-
actions between the hydrogels and AGP-AgNPs via electrostatic
effects resulted in improved hydrogel stability during the angular
frequency sweep, as shown in Figure S6b.[*! Upon cutting the
GVF/AGP-AgNPs hydrogel into two pieces, the divided blocks
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were immediately brought back into contact. After 10 min, the
self-healed gel regained its full rheological properties, exhibiting
similar strain-stiffening and strain-at-breakage as the uncut hy-
drogel (Figure S6c). All of these findings demonstrated the excep-
tional gelling and self-healing abilities of the double cross-linked
GVF/AGP-AgNPs hydrogels.

2.10. Antibacterial Activity of GVF/AGP-AgNPs Hydrogels

Antimicrobial activity of GVF/AGP-AgNPs hydrogel was eval-
uated by diffusion test as demonstrated in Figure 6. The
GVF/AGP-AgNPs hydrogel exhibited strong antimicrobial ac-
tivity against both gram-positive Staphylococcus aureus (S. au-
reus) and gram-negative bacteria Escherichia coli (E. coli), forming
zones of inhibition of diameters 12.92 + 1.66 mm and 17.00 +
0.90 mm, respectively (Table 1). Furthermore, the antimicro-
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Figure 6. Antimicrobial activity of GVF/AGP-AgNPs hydrogel against a) S. aureus ATCC25923, b) E. coli O157/H7, and c) B. pseudomallei 1026b in which
(i) GVF/AGP-AgNPs hydrogel, (i) 16 ug mL™" gentamicin for S. aureus ATCC25923 and E. coli 0157 /H7, and 64 ug mL~" ceftazidime for B. pseudomallei

1026b, and (iii) deionized water were used.

Table 1. Zone of inhibition in millimeters of GVF/AGP-AgNPs hydrogel and
standard drugs (gentamicin and ceftazidime) against gram-negative and
gram-positive bacteria.

Bacteria Zone of inhibition (mm)
GVF/AGP-AgNPs Gentamicin Ceftazidime

S.aureus ATCC25923 12.92 + 1.66 16.42 + 1.01 =

E.coli O157/H7 17.00 + 0.90 16.42 + 0.60 =

B. pseudomallei 1026b 13.42 + 0.80 - 23.08 +0.88

Mean value + SD, the means for triplicate samples. Inhibition zone includes a di-
ameter of the well. Positive controls are 16 ug mL~" gentamicin and 64 pg mL~!
ceftazidime.

bial properties of GVF/AGP-AgNPs hydrogel against Burkholde-
ria pseudomallei (B. pseudomallei) were investigated. B. pseudo-
mallei is a gram-negative bacteria endemic to tropical regions,
particularly Thailand and northern Australia,l*’! infecting hu-
mans and animals and causing the disease melioidosis. Surpris-
ingly, GVF/AGP-AgNPs hydrogel exhibited a strong ability to in-
hibit B. pseudomallei bacteria, with an inhibition zone of 13.42 +
0.80 mm. Previous studies revealed that the nanocomposite hy-
drogel possesses antimicrobial properties.[**49] In addition, these
results suggest that the GVF/AGP-AgNPs hydrogels have poten-
tial as antimicrobial agents for combating this human pathogen.

2.11. The Effect of GVF/AGP-AgNPs Hydrogel on Wound Healing
and Tissue Regeneration in Rats

Wound healing experiments were undertaken in the presence of
the GVF/AGP-AgNPs, and a GVF hydrogel control, as described
in Section 2.11. Wound contraction and re-epithelialization de-
veloped continuously, as evidenced by Figure 7 and Figure S7,
Supporting Information. The GVF/AGP-AgNPs hydrogel how-
ever induced faster wound contraction than the GVF hydrogel
(Figure 7a). The percent wound contraction was significantly
higher in the GVF/AGP-AgNPs hydrogel-treated group com-
pared to the GVF hydrogel group on both the 7" and 21%t days
after wounding incisions. The tissue showed an enhanced con-
traction of 20% and 17% on the 7 and 21%-day post-treatment,
respectively, for the GVF/AGP-AgNPs hydrogel as shown in
Figure 7b.

Macromol. Biosci. 2023, 2300250

2300250 (9 of 15)

We next evaluated the percent re-epithelialization of rat skin af-
ter a wound was created, by histopathological examination, again
for the GVF/AGP-AgNP and GVF hydrogel control treatment.
The examination was done on days 7, 14, and 21 after the wound
was created, and the samples were stained using Hematoxylin
& Eosin. The results are shown in Figure S7a, Supporting Infor-
mation. During the process of re-epithelialization, new epithe-
lial cells migrate from the edges of the wound and grow over the
wound bed to form a continuous layer of epithelial tissue.[%! In
the H&E-stained tissue slide (as shown in Figure S7a, Supporting
Information), re-epithelialization can be identified by the pres-
ence of a stratified squamous epithelium covering the wound
bed. The effectiveness of GVF/AGP-AgNPs hydrogel treatment
on re-epithelialization can be evaluated by examining the tissue
slides on day 14 and day 21 after treatment. The percentage of
wound re-epithelialization was higher in the GVF/AGP-AgNPs
hydrogel-treated group on days 14 and 21 after wound incisions,
with 23.27% and 13.34% higher re-epithelialization observed at
7- and 21-days post-treatment, respectively, compared to the per-
centage of re-epithelialization in the GVF hydrogel group (as
shown in Figure S7b, Supporting Information). The faster wound
contraction and re-epithelialization by the GVF/AGP-AgNPs hy-
drogel might be due to the stimulation of interleukin 6, trans-
forming growth factor (TGF)-f1, epidermal growth factor (EGF),
and fibroblast growth factor (FGF2) that affect the function of
various inflammatory cells and fibroblasts.[!! These growth fac-
tors have been linked to the underlying mechanism of fibroblast-
derived intracellular communication and the induction of rapid
granulation of the proliferative phase in wound healing.[52->3]

Additionally, the micrographs of rat skin wounds demon-
strated clear differences in cell populations between treat-
ment with GVF/AGP-AgNPs hydrogel and the GVF gel control
(Figure 8a, Supporting Information). The number of mononu-
clear and polymorphonuclear leukocytes significantly decreased
in the wound area at 14- and 21-days post-treatment with
GVE/AGP-AgNPs compared to GVF, indicating a faster transi-
tion from the inflammatory phase of healing to the proliferation
phase (Figure 8b- c). The number of blood vessels also increased
on day 14, indicating faster wound healing by providing the nec-
essary nutrients and oxygen to the healing tissue (Figure 8d).
Furthermore, the number of fibroblast cells greatly increased on
day 21 relative to GVF, indicating that the proliferative phase also
commenced faster (Figure 8e).
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Figure 7. Effects of GVF/AGP-AgNPs on wound healing in rats. a) Time-dependent evolution of rat skin wound closure observed after treatment with
the hydrogels (GVF control, and the GVF/AGP-AgNPs hydrogel composite). b) Percentage of wound area contraction calculated on days 3, 7, 14, and
21 post-wound incisions for treatment with GVF or GVF/AGP-AgNPs hydrogel composite. Data are expressed as mean = SEM (n = 3 per time point).

*P < 0.05 compared to the control on the day of the experiment.

Formation of collagen fibers was examined for the rat skin tis-
sues treated with GVF/AGP-AgNPs, and GVF hydrogel only, by
Masson’s trichrome stain as shown in Figure S8a. Collagen is a vi-
tal protein in tissues that supports their structure and plays an es-
sential role in wound healing. It facilitates cell migration, prolifer-
ation, and differentiation necessary for the process.>* Masson’s
trichrome stain is used to quantify collagen fibers in wound heal-
ing studies by coloring them blue, while muscle fibers are colored
red and cell nuclei are black or brown. The synthesis and deposi-
tion of collagen are essential for the resurfacing of a wound with
new epithelium. While collagen deposition naturally decreases
over the course of wound healing, the application of GVF/AGP-
AgNPs hydrogels significantly increased collagen synthesis at
the wound site on day 14 after surgical incision, as shown in
Figure S8b. Specifically, the hydrogels increased collagen synthe-
sis by 76%, compared to 60% in the control group. These results
suggest that GVF/AGP-AgNPs hydrogels effectively promote tis-
sue proliferation during wound healing.

Generally, new collagen fibers and capillaries restore struc-
ture and circulation during the proliferative phase. Moreover,
fibroblasts promote the production of matrix proteins, such as
collagen, elastin, and proteoglycans, which lead to granulation
and epithelialization.>>!The findings here are consistent with
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those of a previous study that showed that guar gum (GG)
and curcumin-stabilized silver nanoparticles (GG/Cur-AgNPs)
reduced inflammation by decreasing monocytes and polymor-
phonuclear leukocytes, and by increasing collagen deposition
and re-epithelialization during rat skin wound healing.*!) Fur-
thermore, fibroblasts and monocytes respond to immune-related
processes for tissue regeneration.’®! Our results suggest that
the GVF/AGP-AgNPs hydrogel enhances the transition to the
proliferative phase by recruiting monocytes, fibroblasts, and col-
lagen deposition, which subsequently facilitate epithelialization
(wound healing).

3. Conclusions

This study focused on the preparation and characterization
of self-healing, cross-linked gelatin/vanillin/Fe** hydrogels by
spectroscopy, rheology, and microscopy. The GVF-9 hydrogel
(GVEF hydrogel) was found to be more stable to deformation
and more suitable as an injectable material. The GVF hydro-
gel showed a high swelling degree, indicating its ability to ab-
sorb fluid from a wound, which can lead to faster healing. In ad-
dition, Andrographolide-silver nanoparticles (AGP-AgNPs) were
synthesized and their cytotoxicity and protective effect against
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Figure 8. Histopathology of rat skin was assessed on days 7, 14, and 21 following wound incision, stained with Hematoxylin & Eosin. a) Micrographs
show sections of wound incision in rat skin treated with hydrogels (GVF control and GVF/AGP-AgNPs). The number of b) mononuclear leukocytes, c)
polymorphonuclear leukocytes, d) blood vessels, and e) fibroblasts, counted in 10 high-power fields (HPFs) at 400x magnification. The scale bar located
in the lower right corner represents a length of 40 um. The data are expressed as mean + SEM (n = 3 per time point). *P < 0.05 indicates a significant
difference compared to the control on the day of experiments.
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oxidative stress in fibroblasts were studied. The impact of AGP-
AgNPs on the proliferation of human fibroblast cells and their
production of collagen was also investigated. The results showed
thata 0.002 nM AGP-AgNPs treatment had wound-healing prop-
erties as potent as the fibroblast growth factor (FGF) positive
control. Furthermore, the enhanced mechanical and self-healing
properties of the GVF/AGP-AgNPs nanocomposite were investi-
gated. Moreover, GVF/AGP-AgNPs nanocomposite have shown
excellent antimicrobial activity against both gram-positive and
gram-negative bacteria, including against the bacterial pathogen
that causes melioidosis. The effect of the GVF/AGP-AgNPs hy-
drogel on wound healing and tissue regeneration in rats was
studied, and the functionalized GVF/AGP-AgNPs hydrogel ex-
hibited an excellent wound healing process. In conclusion, this
work shows clear potential for the development of anti-microbial,
self-healing, and injectable formulations for biomedical and
other industrial applications. The GVF/AGP-AgNPs hydrogel is
also clearly a promising candidate for enhanced wound healing
and tissue regeneration.

4. Experimental Section

Materials: Gelatin from porcine skin was purchased from Sigma-
Aldrich, Germany. Vanillin was purchased from Sigma-Aldrich, France.
Iron (111) chloride hexahydrate (97%) was purchased from Loba Chemie.
Silver nitrate (99.9%) was purchased from POCH. Andrographolide (9 mg
per capsule) was purchased from Khaolaor. Deionized water (DI) with spe-
cific resistivity of 18.2 MQ. cm was obtained from a RiOg Type | Simplicity
185 (Millipore water purification system). Dimethylsulfoxide (DMSO) was
purchased from Riedel-deHaén, Germany. Antimicrobial activity assays
used E.coli O157/H7, S.aureus ATCC25923, and Bp.1026b. They were ob-
tained from the Biochemistry Laboratory, Biochemistry Department, Fac-
ulty of Science, Khon Kaen University, Thailand. 3-4,5-Dimethylthiazol-
2-yl)—2,5-diphenyltetrazolium bromide was purchased from Merck Mil-
lipore Calbiochem (Massachusetts, USA). Recombinant human FGF-b
(rhFGF-b) was purchased from American Type Culture Collection (ATCC,
Manassas, Virginia, USA). Dulbecco’s modified Eagle’s media (DMEM),
fetal bovine serum (FBS), penicillin, and streptomycin (100 ug mL™") were
purchased from Gibco, USA. CellTiter-Glo Luminescent cell viability assay
kit and lysis buffer reagent were purchased from Promega Corporation,
Wisconsin, USA. Micro-dishes were obtained from ibidi GmbH, Grifelf-
ing, Germany. Ascorbic acid, direct red 80, and picric acid were purchased
from Sigma-Aldrich, St. Louis, MO, USA, and absolute ethanol, hydrochlo-
ric acid 37% (HCl), and sodium hydroxide (NaOH) were purchased from
Carlo erba. Paraformaldehyde, hematoxylin, and eosin reagents were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA, and slide mounting so-
lution was purchased from Fisher Permount Mounting Medium, UK. The
TH-NMR spectra were recorded using a Bruker Avance 400 MHz spec-
trometer (Bruker, Germany) using D, O as a solvent.

Preparation of Vanillin/Fe* Cross-Linked Gelatin Hydrogels (GVF) and
Gelatin Film (GVF Film): The dual cross-linked hydrogels were prepared
via a modification of a previous report.l'8] The preparation of gelatin so-
lution involved dissolving 0.48 g of gelatin in 8 mL of DI water, stirring,
and heating it to 60 °C until it was completely dissolved. Subsequently,
a vanillin solution of 1 mL was added to the gelatin solution, followed
by the addition of 1 mL of FeCl;.6H,0 to form gelatin/vanillin/Fe3* hy-
drogels (GVF). The hydrogels were formed by preparing a series of Fe3*
crosslinking agent solutions with different final concentrations of 0, 5, 10,
15, and 20 mM (Table ST, Supporting Information), corresponding to GVF-
0, GVF-1, GVF-2, GVF-3, and GVF-4, respectively. Hydrogels with different
final concentrations of vanillin were prepared by adding 0, 0.5, 1.0, 1.5, and
2.0% (w/v) of as-prepared vanillin solutions (Table S2, Supporting Infor-
mation), designated as GVF-5, GVF-6, GVF-7, GVF-8, and GVF-9, respec-
tively. GVF-9 (GVF hydrogel) will be selected as the suitable hydrogel for
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further studies as described below. The prepared hydrogel was freeze-dried
for solid-state UV-vis Spectra (diffuse reflectance spectra) measurement.
In addition, the hydrogel was also prepared in a film form for swelling
study by pouring hydrogel into a petri dish and drying in an oven at 40 °C
for 24 h to prepare the GVF film which was later removed from the oven
and dried at room temperature.

Synthesis of Andrographolide -Stabilized Silver Nanoparticles (AGP-
AgNPs):  The AGP-AgNPs were synthesized by a modification of a pre-
viously published method.[3”] Briefly, the solution of andrographolide was
prepared in 60 mL DI water using 20 capsules containing andrographolide
leaf (9 mg of andrographolide/capsules) and stirred at room temperature
for an hour. The solution was filtered through a microfilter to obtain a yel-
low solution. Silver nanoparticles were synthesized by dissolving 3 mL of
the andrographolide solution in an Erlenmeyer flask containing 24 mL of
DI water. Then, 3 mL of AgNO; (20 mM) was added to the mixture and
stirred for 3 h at room temperature. As a result of the reduction of silver
salt, the color of the solution changed from colorless to red-brown, indicat-
ing the presence of silver nanoparticles. The formation of silver nanoparti-
cles was confirmed by UV-vis spectroscopy. Based on an extinction coeffi-
cient of 31.3 x 108 M~" cm~" at 399.7 nm for 18 nm diameter citrate-silver
nanoparticles, the concentration of andrographolide- silver nanoparticles
(AGP-AgNPs) was estimated to be 0.44 nM.[>8]

Synthesis of Hydrogel Composite Containing AGP-AgNPs: To prepare
AGP-AgNPs composited in GVF hydrogels, 0.48 g of gelatin powder was
added to 8 mL of AGP-AgNPs solution and heated to 60 °C until com-
pletely dissolved. Then, 1 mL of 20 wt.% vanillin in ethanol was added,
followed by the addition of 1 mL of 0.1 M FeCl;.6H,0, and the solution
was mixed.

Characterization of the Hydrogels: The hydrogels were characterized
using several analytical techniques. Attenuated Total Reflection Fourier
Transform infrared (ATR-FTIR) spectra were recorded in the solid state
using an ATR-FTIR spectrophotometer, and NMR spectra were obtained
using D,O as solvents. UV-Vis absorption spectra were measured using
an Agilent Technologies Cary 60 UV-Vis spectrophotometer, with 1.0 cm
pathlength quartz cells in the range of 200-800 nm. The thermal sta-
bility of the cross-linked hydrogels was investigated by thermogravimet-
ric analysis (TGA, Rigaku TG-8120) under a nitrogen atmosphere with
a heating rate of 10°C min~" from 25 °C to 800 °C. Solid-state UV-Vis
diffuse reflectance spectra (DRS) were recorded using barium sulfate as
a standard. The surface morphology of gelatin powder and freeze-dried
gelatin/vanillin/Fe3* hydrogels were analyzed using Scanning Electron Mi-
croscopes (Mini SEM, SEC SNE-4500 M). Viscoelastic properties of the hy-
drogels were analyzed using a Brookfield viscometer Model RVDV-I1+, and
rheological properties were investigated using a parallel-plate rheometer
(Physica MCR500, Germany) with a smooth stainless-steel plate of 25 mm
diameter. The storage modulus (G’) and loss modulus (G”) of the hydro-
gels were monitored by strain amplitude (y,) under a strain from 0.1% to
1000% at a constant temperature (25 °C) and frequency (1 rad s™). For
angular frequency sweep experiments, G’ and G” were measured under an
angular frequency range from 0.1 to 100 Hz with a fixed strain of 0.15%.
Shear thinning behavior of the hydrogels was measured as a function of
shear rate from 0.1to 157" using a rotation model.

Explosive Swelling Measurements:  The swelling behavior of the hydro-
gels was investigated in DI water at room temperature, wherein 0.25 g
of GVF hydrogel film was submerged in 20 mL water for a specified du-
ration, and subsequently extracted while eliminating excess water using
filter paper. The gels were weighed until a constant weight was achieved.
The degree of swelling was calculated using:

Swelling degree (%) = (W, — W,) /W,) x 100 m

where W is the swollen weight of the soaked hydrogel and W, is the orig-
inal weight of the dry hydrogel. All experiments were done in triplicate.
Proliferation of Cells and Collagen Synthesis:  The CellTiter-Glo Lumines-
cent cell viability assay kit was used to determine the cell proliferation.
In brief, cells were seeded at 2.5 x 10* cells per well in 48 well-plates
and incubated for 24 h. Subsequently, cells were subjected to treatment
with AGP-AgNPs (0.0005, 0.001, and 0.002 nM) and Vit C (50 ug mL™",
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indicated as a positive control) for 7 and 14 days, with the culture medium
being refreshed every 2 days. After the treatment period, the culture
medium was removed, and 100 L of lysis buffer reagent (1X) was intro-
duced into each well. Following a 10 min incubation, 50 uL of cell lysates
were mixed with CellTiter-Glo reagent for another 10 min. Finally, the lu-
minescence was measured using a microplate luminometer (SpectraMax
L, Molecular Devices).

The Picrosirius red staining assay was utilized as a method to detect
insoluble collagen fibers. Cells were initially seeded at 2.5 x 10* cells per
well in 48 well-plates and incubated for 24 h. Following this, the cells were
treated with AGP-AgNPs (0.0005, 0.001, and 0.002 nM) and Vit C (50 ug
mL~") for 7 and 14 days. After the treatment period, the culture medium
was discarded, and the cells were thoroughly washed with phosphate-
buffered saline (PBS) before being fixed with 4% paraformaldehyde (PFA)
for 10 min. Upon fixation, the cells were washed with PBS twice and then
stained with 0.1% direct red 80 (in saturated picric acid). After staining
for 10 min, the dye was removed, and any excess dye was washed away by
0.01 M HCl (in 70% ethanol) twice. The stained collagen was visualized un-
der a microscope (CKX41, Olympus, Japan), while the insoluble collagen
was dissolved with 0.5 M NaOH. The content of collagen was quantified
by measuring the absorbance at 540 nm using a microplate reader.

In Vitro Wound Healing Assay:  The silicon culture-insert 4 well in dish
35 mm (Ibidi, Munchen, Germany) was used in wound healing assays.
Cells were seeded at 3 x 10* cells per well and incubated for 24 h. Af-
ter incubation, the culture-insert was removed, and the cells were washed
with PBS. AGP-AgNPs (0.001 and 0.002 nM) and fibroblast growth factor
FGF (100 ng ml~", indicated as positive control) were added to the cells,
and the culture medium was changed daily. The wound closure of migrat-
ing cells after treatment was photographed at 0, 24, and 48 h, and gap
filling was investigated using the Image| program. Percentage gap-filling
was calculated using methods from a previous study.l>']

Evaluation of Antibacterial Activity of GVF/AGP-AgNPs Hydrogel: The
good diffusion method was employed to perform antimicrobial tests. Ini-
tially, a single colony was allowed to grow in Mueller Hinton Broth (MHB)
at 37 °C for 24 h. Subsequently, after inoculation for 3 h, the bacteria
were diluted in the same media to obtain an inoculum of 1 x 107 CFU
mL~1. The bacteria were then swabbed onto a three-dimensional MH agar
plate, which was cut to generate wells of 6 mm diameter. Next, 0.05 g of
GVF/AGP-AgNPs hydrogel or 20 uL of standard drug was introduced into
the wells, followed by incubation at 37 °C for 24 h. The positive control
comprised of Gentamicin and Ceftazidime, whereas deionized water was
used as the negative control. After 24 h of incubation, the inhibition zone
was measured using a millimeter (mm) scale ruler.

Cell Culture Preparation and Cell Viability Assay: Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin was used to cultivate human dermal fi-
broblast cells (ATCC, Manassas, VA, USA) in a humidified atmosphere
(5% CO,) at 37 °C. To assess the impact of AGP-AgNPs on cell viabil-
ity, MTT (3- (4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide)
assay was employed. For this, cells were seeded at 2 x 10 cells per well in
a 96-well plate and incubated for 24 h. Subsequently, cells were exposed to
various concentrations of AGP-AgNPs for 24 h. After treatment, the culture
medium was eliminated, and MTT (1 mg mL~") was introduced into each
well. Following a 4 h incubation period, the MTT solution was replaced
with dimethyl sulfoxide (DMSO), and the absorbance was measured at
570 nm using a microplate reader (Synergy H1, BioTeK).

Animals and Incisions Made for Wound Study:  Twelve male Wistar rats,
weighing 180-200 g and aged 8 weeks, were procured from Nomura Siam
International Co., Ltd., Bangkok, Thailand. The rats were kept in groups un-
der standard animal laboratory conditions, which included a light/dark cy-
cle (12/12 h), 21 + 2 °C temperature, and 50%-55% relative humidity. They
were provided with standard rat chow (CP Co., Ltd., Bangkok, Thailand)
and sterile reverse osmosis water ad libitum. The Institution’s Animal Care
Committee, Thammasat University, Thailand, approved all the animal pro-
cedures, which were conducted according to the Guide for the Care and
Use of Laboratory Animals, National Research Council (protocol number:
01/2023). After an acclimation period of 1 week, two full-thickness skin
incisions were made on the back of each isoflurane-anesthetized rat, fol-
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lowing sterilization procedures. The skin wounds, which were 1 cm in di-
ameter, were treated with GVF/AGP-AgNPs hydrogels or GVF gels, while
the rats were given 12.5 mg kg™' tramadol injection to reduce pain. The
skin wounds were cleaned daily and treated with GVF/AGP-AgNPs hydro-
gels or GVF gels, after which they were photographed on days 3, 7, 14,
and 21 post-wounding. The percentage of wound contraction was calcu-
lated using the method described previously.

Histopathology Analysis:  The full-thickness skin samples were col-
lected on days 7, 14, and 21 post-wounding, for which cross-sectional
specimens were obtained. The skin specimens were then fixed in 10%
formaldehyde, dehydrated using graded ethanol and xylene, and subse-
quently embedded in paraffin. Using a Leica microtome (Microsystems,
Wetzlar, Germany), the paraffin blocks were sectioned into 5 um sec-
tions, which were then stained with hematoxylin and eosin or Masson’s
Trichrome (Sigma-Aldrich, St. Louis, MO, USA). The number of mononu-
clear leukocytes, polymorphonuclear leukocytes, and fibroblasts, as well
as the degree of vascularization, were all qualitatively evaluated in three
parallel sections taken from each specimen. Collagen density was mea-
sured in the wound area and compared to rat skin treated with the GVF
hydrogel (nonwound control). The collagen density under the wound area
was expressed as a percentage of the collagen density of the control group
for each post-wounding day. The morphological evaluations were pho-
tographed by a Nikon DXM 1200 digital camera (Tokyo, Japan). The inter-
pretation of histological slides was carried out as a blind analysis by two
independent pathobiologists from the Pathology Information and Learn-
ing Center, Department of Pathobiology, Faculty of Science, Mahidol Uni-
versity.

Statistical Analysis: ~ Statistical analysis was performed using GraphPad
Prism 7.0 (GraphPad Software, Inc., San Diego, CA). The results were ex-
pressed as mean + standard error of the mean (SEM). The comparisons
between groups were conducted using student’s t-test and/or between
and within groups using one-analysis of variance (ANOVA) with post-hoc
Tukey’s Honest test. All statistical tests were set at a significance level a of
0.05 (P < 0.05).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT: This study explores the potential of gelatin-vanillin-ferric ion (GVF) hydrogels
incorporating andrographolide-silver nanoparticles (AGP-AgNPs) to enhance wound healing
and minimize skin irritation. Specifically, mRNA expression profiling of dermal growth
factors in skin-wound specimens from male Wistar rats, and skin irritation tests in female
New' Zealand rabbits, were undertaken. Significant gene upregulation was observed for
collagen 1 and 3, epidermal growth factor, transforming growth factor-beta, fibroblast growth
factor, fibronectin, and vascular endothelial growth factor in a time-dependent manner over
21 days, suggesting that enhanced cellular proliferation, extracellular matrix synthesis, and
angiogenesis promote wound healing and tissue regeneration. Rabbit skin treated with
GVF/AGP-AgNP hydrogels consistently displayed reduced levels of erythema and edema
compared to controls, while a standardized scoring system yielded notably low primary

dermal irritation indices for GVF/AGP-AgNP hydrogels. Collectively, these findings suggest
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that GVF/AGP-AgNP hydrogels could be developed into safe topical formulations for skin

and wound care, requiring comprehensive human studies and clinical trials in the future.

KEYWORDS: andrographolide, growth factors, hydrogel, silver nanoparticle, skin irritation,

wound dressing

INTRODUCTION

Wound healing therapies and skincare have long been subjects of intense research and
development, with the aim of improving outcomes and minimizing adverse effects. Scarring,
whether resulting from injuries, surgeries, or medical conditions, can exert enduring physical
and psychological effects on individuals. These effects can vary, influenced by factors such as
the size and location of the scar [1]. Scar tissue, often less flexible than the surrounding skin,
may induce discomfort or pain [2].

Wound dressing assumes a pivotal role in.alleviating the physical and psychological
impacts associated with the formation of myofibreblasts and keloid fibroblasts [3]. Innovative
materials such as hydrogels offer significant potential benefits in this regard. Hydrogels have
emerged as promising carriers for bioactive compounds due to their unique properties,
including high water content, biocompatibility, and controlled release capabilities [4, 5]
Consequently, hydrogel biomaterials have attracted considerable attention in the
pharmaceutical field. Among the functional bionanomaterials, gelatin or guar gum-based
hydrogels have been successfully synthesized and employed as drug delivery systems,
particularly for promeoting-wound healing [6] Additionally, gelatin, a natural biopolymer
derived from collagen, is commonly utilized in hydrogel formulations due to its
biodegradability, biocompatibility, and gel-forming properties [7, 8]. These gelatin-based
hydrogels have ~demonstrated significant potential in various biomedical applications,
including wound healing, drug delivery, and tissue engineering.

To further enhance the properties and functionalities of hydrogels, additional
components can be incorporated. One such component is vanillin, a well-known flavoring
agent that possesses antioxidant and anti-inflammatory properties [9]. These properties have
been investigated for their potential in promoting wound healing, as vanillin has the ability to
inhibit pro-inflammatory cytokines and enzymes, thereby reducing inflammation in
experimental models [10, 11]. Consequently, the incorporation of vanillin into hydrogel

formulations may present an effective strategy for alleviating skin irritation and improving
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user comfort. Interestingly, ferric metal ions, renowned for their involvement in numerous
biological processes, have also garnered attention in cross-linked hydrogel study. These ions
can interact with gelatin molecules, promoting gelation and enhancing the mechanical
properties of hydrogels [12]. The inclusion of ferric ions in hydrogel formulations can
improve stability and mechanical strength, consequently enhancing the performance and
durability of the hydrogel as a topical formulation [13]. The potential applications of this
hydrogel extend to the biomedical field, including wound healing and biosensors.

Furthermore, silver nanoparticles (AgNPs) are a vital nanomaterial extensively
employed in biomedical applications [14]. In addition, AgNPs-embedded hydrogels can play
a crucial role in infection prevention and wound healing, often accomplished through their
interaction with antibiotics or bioactive molecules, resulting  in antibacterial action by
deposition on the cell membrane [6, 14-17].

Besides antibiotics, herbal antibacterial andrographolide:(AGP) from Andrographis
paniculata has been proven to possess anti-inflammatory and anti-infection effects on wounds
and traumatic lesions [18, 19]. Moreover, AGP- demonstrates-diverse biological activities,
such as anti-inflammatory and antioxidant properties-[20, 21]. Recently we introduced a novel
gelatin-based hydrogel crosslinked with vanillin and ferric ion (GVF) that possesses unique
characteristics, including shear-thinning behavior, rapid self-healing, and high swelling
capacity, making it suitable for wound . dressing applications. By incorporating silver
nanoparticles (AGP-AgNPs), these GVE/AGP-AgNP hydrogels gain antimicrobial properties,
with enhanced action against bacterial pathogens, (i.e., Escherichia coli, Staphylococcus

aureus, and Burkholderia pseudomallei), and wound healing [22, 23].

In wound healing; it is crucial to facilitate the formation of new granulation tissue and
expedite the migration of epithelial cells [24]. Generally, the process of wound healing begins
with' coagulation and hemostasis, which stop the bleeding. Within the clot, platelets become
activated and release growth factors and cytokines. These molecules act as signals, prompting
resident cells to initiate re-epithelialization, angiogenesis and the repair of connective tissue
[25]. While GVF/AGP-AgNP hydrogels have shown remarkable promotion of wound
healing, the elucidation of the causative molecular mechanisms remains elusive. Moreover,
skin irritation represents a prominent concern in the formulation of topical products utilized
within the realms of cosmetics, pharmaceuticals, and personal care. To address this concern,
rabbit skin models are employed in accordance with the Organization for Economic Co-

operation and Development (OECD) test guideline 404 to evaluate the potential for skin
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irritation induced by commonly employed medical and cosmetic products [26]. Skin irritation
can lead to discomfort, inflammation, and undesirable reactions, thereby jeopardizing the
effectiveness and consumer acceptance of these products [27]. Consequently, the assessment
of the impact of the GVF/AGP-AgNP hydrogel on skin irritation assumes paramount

importance, given its potential to elicit adverse effects in the fields of skin and wound care.

The primary aim of this study was to elucidate the molecular mechanisms underlying
the enhanced wound healing effects of GVF/AGP-AgNP hydrogels. This investigation
involves determining the mRNA expression profiles of dermal growth factors, shedding light
on the genetic processes driving improved wound closure and tissue remodeling.
Additionally, this study assessed the skin irritation potential of these hydrogels through
standardized skin irritation tests (Fig. 1). The results further emphasize the promising
therapeutic potential of GVF/AGP-AgNP hydrogels in skin‘and wound care; including their

safe use in medical applications.

MATERIALS AND METHODS

Chemicals and reagents

The gelatin used in this study‘was sourced from porcine skin and was obtained from
Sigma-Aldrich in Germany. Thevanillin used in the experiment was acquired from Sigma-
Aldrich in France. The iron™ (III) chloride hexahydrate (97%) was purchased from Loba
Chemie. The silver nitrate (99.9%) was obtained from POCH™. Andrographolide (9
mg/capsule) was sourced from Khaolaor Laboratories Co., Ltd (Samutprakarn, Thailand). For
the experiments, deionized water (DI) with a specific resistivity of 18.2 MQecm was obtained
from a RiOsTM Type I Simplicity 185 water purification system by Millipore. Additionally,
dimethylsulfoxide (DMSO) was purchased from Riedel-deHaén in Germany. Silver nitrate
(AgNO3, 99.9%) was purchased from POCH™, Poland. Curcumin synthetic grade (C21H20Oe,
pure > 97%) was purchased from TCI, Japan. Dimethylsulfoxide (DMSO, C>HesOS) was
purchased from Fisher Scientific, UK. Potassium carbonate (K2CO3, >99.0%) was purchased
from Merck, Germany.
Synthesis of Andrographolide-stabilized silver nanoparticles (AGP-AgNPs) and the
preparation of AGP-AgNPs composite into hydrogel (GVF/AGP-AgNPs)

The AGP-AgNPs was synthesized following a method based on previous studies [22,
23]. First, 3 mL of Andrographolide broth was dissolved in 24 mL of DI water in Erlenmeyer
flask. Then, 3 mL of silver nitrate solution (20 mM) was added in Andrographolide solution.
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The mixture solution was stirred at room temperature for 3 hours. After that, the color of
solution change from yellow to reddish brown to obtain the AGP-AgNPs. It was characterized
by UV-vis spectroscopy and estimated the concentration of 0.44 nM based on an extinction
coefficient of 31.3 x 108 M '‘cm™ at 399.7 nm for 18 nm diameter citrate-silver
nanoparticles. AGP-AgNPs composite into hydrogel (GVF/AGP-AgNPs) was prepared using
gelatin as a starting material. The gelatin powder (0.48 g) was dissolved in 8 mL of AGP-
AgNPs solution and stirred until completely dissolved. Then, 1 mL of 20 wt% vanillin in
ethanol was added in mixture solution. Next step, 1 mL of 0.1 M FeCls;.6H20 was added to
mixture solution to formation of GVF/AGP-AgNPs hydrogels.
Animals

Twenty adult male Wistar rats, weighing between 190 and 210 g and aged 8 weeks,
were procured from Nomura Siam International Co., Ltd., Bangkok, Thailand. Three female
New Zealand rabbits age 15-week-olds, weighing between 2.5.and 3.0 kg, were procured
from the National Laboratory Animal Center, Mahidol University, Nakhon Pathom, Thailand.
These animals were housed in a controlled laberatory environment, maintaining a 12-hour
light/12-hour dark cycle, a temperature of'22 + 2 °C, and. a relative humidity of 52%—54%.
The animals were provided ad [libitum “access to standard rodent chow (CP Co., Ltd.,
Bangkok, Thailand) and sterile reverse osmosis water. Animal care adhered to the standards
outlined in the eighth edition of the Guide for the Care and Use of Laboratory Animals by the
National Research Council. Ethical clearance for all experimental procedures was obtained
from the Animal Care Committee at Thammasat University, Thailand, certified by the
International Laboratory-Accreditation Cooperation (protocol number: 01/2023).
Surgical wound induction and sample collection

Following a 7-day-acclimation period, each rat underwent the surgical creation of two
full-thickness skin incisions, each measuring 1 cm in diameter, on the dorsal region. This
procedure was' carried out under isoflurane anesthesia and strict sterilization protocols.
Subsequently, the resultant skin wounds were subjected to treatment with either GVF/AGP-
AgNPs hydrogels or GVF gels. Daily wound cleaning and maintenance were performed, and
at specified intervals (on days 7, 14, and 21 post-wounding), dermal tissue specimens were
photographed and collected for detailed mRNA expression analysis of key dermal growth
factors. Wound contraction percentages were carefully calculated to assess healing progress
[6, 23].

RNA isolation and quantification assay
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RNA was meticulously extracted from skin tissue within the healing wound area using
TRIzol reagent (Invitrogen Life Technologies, USA) in strict accordance with the
manufacturer’s protocols. To ensure the purity of the RNA sample, DNase I treatment
(Thermo Fisher Scientific Inc, USA) was performed to eliminate any potential genomic DNA
contamination. Subsequently, cDNA synthesis was undertaken utilizing the High-Capacity
cDNA Reverse Transcriptase Kit (Applied Biosystems, USA) following the manufacturer’s
guidelines. The expression of genes closely associated with wound healing, specifically
collagen 1, collagen 3, epidermal growth factor (EGF), fibroblast growth factor 2 (FGF-2),
fibronectin, matrix metalloproteinase-1 (MMP-1), transforming growth factor-beta 1 (TGF-
B1), and vascular endothelial growth factor (VEGF), was evaluated using SYBR Green-based
quantitative polymerase chain reaction (QPCR). Prior to this analysis, the primer sets had
undergone thorough validation for specificity and efficiency via conventional qPCR, as
detailed in previous work [6, 28]. A comprehensive list.of the primers employed in this study
is provided in Table 1. Then, the diluted cDNA and primers were combined with
SsoAdvanced™ Universal SYBR Green Supermix “(Bio-RadLaboratories, Hercules, CA,
USA) in a total reaction volume of 20 pl for PCR amplification. Each PCR reaction, including
both sample and nontemplate control reactions, was performed in duplicate and conducted in
the CFX96 Touch™ Real-Time” PCR Detection System (Bio-Rad Laboratories). The
thermocycling program comprised 40 cycles, followed by an additional step for generating
dissociation curves. For normalization.and compensating for inter-PCR variability across
experiments, beta (f)-actin was included as the reference gene. In each independent
experiment, bothtarget-and\ reference gene cDNAs were derived from equivalent RNA
extractions and analyzed concurrently in the qPCR analysis. The relative mRNA expression
was determined using the comparative Ct method, facilitated by CFX Manager™ software
(Bio#Rad Laboratories, Hercules, CA, USA). The expression levels of the studied genes are
presented as x-fold changes relative to the untreated control group.

Skin‘irritation test

Acute dermal irritation testing of the GVF/AGP-AgNP hydrogels was performed
following the methods from Wang et al., 2017 [29]. To prepare for the test, the fur on the
dorsal area of the rabbits was shaved along the trunk (5 cm x 5 cm) approximately 24 hours
prior to the initiation of the experiment. For each rabbit, a 0.4 g sample of the test GVF/AGP-
AgNP hydrogel was moistened with 0.5 mL of 0.9% normal saline and applied to a cotton

gauze patch, securely positioned in place. A separate untreated site was designated as the



199
200
201
202
203
204
205
206
207
208
209
210

211

212
213

214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

231

control. The treated sites were observed at 3 minutes, 1 hour, 4 hours, and 24 hours after
application, with subsequent evaluations conducted at 48 hours, 72 hours, and on the 14t day
thereafter. The observed reactions, including erythema, eschar formation, and edema, were
assessed using a standardized scoring system for skin reactions. Each reaction was assigned a
score on a scale of 0 to 4, with 0 indicating no effect and 4 indicating severe symptoms, as
determined by the Draize scoring system for dermal reactions [30]. The scores for erythema,
eschar formation, and edema were summed for each time point and divided by three to obtain
the mean irritation score per time point. The mean scores were then compared to those of the
control sites, where sterile distilled water was applied to the animals. To determine the hazard
classification based on the PDII, a rating scale of 0 to 5 was used, with 0 indicating non-
irritation and values exceeding 5.0 indicating severe irritation [31]. The PDII is calculated

based on the erythema and edema scores, as follows:

b Total erythema (all time points) 4 Total edema (all time points)

Number of intervals x Number of animals

This standardized testing approach and scoring system allowed for the objective
assessment of dermal reactions caused by the GVEF/AGP-AgNP hydrogels. The PDII values
obtained provide valuable information for classifying the irritant potential of these hydrogels,
facilitating hazard classification and risk assessment.

Statistical analysis

The data were expressed as means + SE. The significance of the differences between
groups was analyzed by using unpaired T test. The level of significance was p < 0.05. All
statistical tests and graph were analyzed and plotted using GraphPad Prism 8.0 (GraphPad
Software Inc., San Diego, CA, USA).

RESULTS
Effect of GVF/AGP-AgNP hydrogels on dermal growth factors mRNA expression in
rats

The mRNA expression levels of collagen 1, collagen 3, EGF, FGF-2, fibronectin,
MMPI1, TGF-B1, and VEGF in the rat skin specimens were assessed using qRT-PCR, for
treatment with the GVF/AGP-AgNPs hydrogel and the GVF gel alone. The dermal growth
factor gene expression levels were normalized to the internal control gene (i.e., f-actin) and

the level of each studied gene was compared to the levels in GVF gel alone group. The
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GVF/AGP-AgNP hydrogels demonstrated a significant upregulation of the mRNA expression
of the targeted dermal growth factors, namely collagen 1 (by 77%), fibronectin (by 61%),
MMP-1 (by 50%), and VEGF (by 41%), at day 7 compared to GVF alone. Furthermore, an
increased mRNA expression of all targeted dermal growth factor, i.e., collagen 1 (by 49%),
collagen 3 (by 48%), EGF (by 61%), fibronectin (by 31%), MMP-1 (by 57%), TGF-B (by
61%), and VEGF (by 43%) was observed at day 14. Additionally, the gene for fibronectin
exhibited upregulation (by 54%) at day 21. Conversely, the pattern of downregulation of
collagen 1 and MMP-1 mRNA expression was observed at day 14 compared to the GVF-
treated group at day 7, suggesting dynamic changes in ECM remodeling and cellular
responses over time (Fig. 2). These findings suggest that GVF/AGP-AgNP hydrogels have the

potential to enhance the expression of key genes involved in skin‘regeneration.

Effect of GVF/AGP-AgNP hydrogels on skin irritation test in rabbits

Table 2 presents dermal reactions following the.application of GVF/AGP-AgNP
hydrogel. Skin erythema was observed at 3 minutes, 'l hour, and 4 hours after patch removal
in all rabbits. Additionally, irritation signs, including skin erythema, were observed at 24
hours and 48 hours in rabbit’s number 1 and 2. No dermal reactions were observed at 48
hours, 72 hours, and 14 days after applying the GVF/AGP-AgNP hydrogel patch. Notably, no
edema was observed throughout the experimental time courses (Figure 3). Consequently, the
PDII score was determined as 0:62, indicating mild irritability to rabbit skin according to the
Draize classification. These results demonstrate that the GVF/AGP-AgNP hydrogel caused
mild irritability to‘rabbit.skin, as indicated by the presence of skin erythema at various time
points. Overall, the dermal reactions observed in GVF/AGP-AgNP hydrogels were mild and
temporary, and no significant edema was noted. These findings provide valuable insights into

the potential irritant effects of the tested hydrogels on rabbit skin.

DISCUSSION

Advancing and optimizing wound healing strategies while minimizing adverse side
effects requires the application of contemporary wound closure techniques. Hydrogels, with
favorable physicochemical properties, biocompatibility, and the pharmacological effects of
AGP, have emerged as promising biomaterials for wound healing [23].

AGP's anti-inflammatory and antibacterial properties make it particularly appealing
for enhancing wound healing [18-21]. Additionally, AGP-AgNPs exhibit antibacterial

activities through membrane neutralization, Ag" release, induction of reactive oxygen species,
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maintenance of membrane integrity, and alteration of cell morphology [22, 32]. Moreover, the
incorporation of bioactive compounds like vanillin gelatin and guar gum into hydrogel
formulations alongside AgNP has shown potential in reducing skin lesions [23]. Furthermore,
AgNPs have been shown to induce the differentiation of fibroblasts into myofibroblasts, a
process that can significantly accelerate the rate of wound healing Consequently, the
innovative combination of AGP/AgNP within vanillin gelatin hydrogel (i.e., GVF) represents
a promising alternative for wound dressing with superior wound healing effects [23].

Based on a recent study by Talodthaisong et al. in 2023, GVF/AGP-AgNP hydrogels
have demonstrated biocompatibility and an absence of toxicity. These hydrogels have also
been shown to enhance wound healing by stimulating collagen production, reducing oxidative
stress in cultured human dermal cells, and displaying antibacterial activity. Additionally, in rat
skin wounds, GVF/AGP-AgNP hydrogels have enhanced’ wound contraction ratios and
percentages of re-epithelialization. Histologically, these hydrogels recruit inflammatory cell
markers to enhance wound dressing transition phases and promote collagen deposition [23].

Generally, the wound healing process»comprises distinct phases, each involving
various growth factors and cytokines [24, 25]. It starts with the exudative inflammation phase,
characterized by the release of inflammatory mediators such as cytokines and immune cell
recruitment in response to injury., Subsequently, the proliferation phase involves granulation
tissue formation, driven by growth factors like TGF-B, FGF, VEGF, and various cytokines.
Finally, the collagen-synthesis phase leads to scar tissue development and tissue remodeling,
with the involvement of growth factors like platelet-derived growth factor, EGF, and
additional cytokines erucial for tissue repair and regeneration [24, 25].

Here our findings demonstrate a significant upregulation of collagen 1, fibronectin,
MMP-1, and VEGF mRNA expression at day 7, indicating that GVF/AGP-AgNP hydrogels
have/a rapid and positive impact on the expression of dermal growth factors critical for
modifying the | extracellular matrix in skin healing [33-37]. Furthermore, the sustained
upregulation-of collagen 1, collagen 3, EGF, fibronectin, TGF-B, and VEGF at day 14
indicates a lasting effect on gene expression related to tissue repair and regeneration [33,34,
37]. This demonstrates the potential therapeutic application of GVF/AGP-AgNP hydrogels in
promoting skin healing. At day 21, the continued upregulation of the fibronectin genes further
supports their enduring impact on extracellular matrix formation and re-epithelialization.
Additionally, fibronectin maintains increased expression levels at day 28 (Unpublished data),
signifying a persistent positive influence on extracellular matrix components crucial for tissue

integrity [24, 25, 34]. Collagen I and MMP-1 mRNA expression were observed to be
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downregulated compared to the GVF-treated group at day 7, suggesting a potential regulatory
effect of GVF/AGP-AgNP hydrogels on MMP-1, warranting further investigation into its
implications for wound remodeling [24, 25, 36]

Generally, T-cells play a pivotal role in influencing the quantity and functionality of
EGF and FGF. The observed increase in collagen levels during the inflammatory phase (day
7) can be attributed to monocyte induction, while neutrophils induce TGF-B, promoting the
conversion of fibroblasts into myofibroblasts, ultimately contributing to collagen synthesis.
Interestingly, the application of GVF/AGP-AgNP hydrogels resulted in a significant increase
in collagen content, as demonstrated by Masson trichrome staining at day 14 )[23]
Additionally, findings from H&E staining indicated a pro-angiogenic tendency induced by the
GVF/AGP-AgNP hydrogels. This angiogenic response is likely‘due to the increased VEGF
gene expression at days 7 and 14 [33]. Furthermore, the upregulation of the fibronectin and
TGF-B genes may further contribute to angiogenesis during the proliferation and vascular
remodeling phases [24, 25, 34]. In addition to dermal growth factor expression, understanding
the potential for skin sensitization is crucial for hazard and risk assessment in wound care
[38].

It has been known that skin irritation evaluation included the assessment of redness
caused by capillary hyperemia and Observation of fluid swelling in the test skin tissue [26, 29,
30] However, it's worth considering that the skin irritation scoring system, assessing erythema
and edema in rabbit skin irritation tests; may be affected or inaccurate due to the presence of
thicker and more pigmented skin associated with hair growth [26, 30]. This study’s findings
displayed dermal-reactions and irritability caused by GVF/AGP-AgNP hydrogels on rabbit
skin. Upon the application of GVF/AGP-AgNP hydrogel, skin erythema was observed in all
rabbits at various time points after patch removal, suggesting a potential inflammatory
response to the hydrogel. However, it's worth noting that these irritant effects were not long-
lasting, as indicated by the absence of dermal reactions at 48 hours, 72 hours, and 14 days.
Importantly;no edema was observed throughout the experimental period, indicating that this
hydrogel composite did not cause significant swelling in the treated area. This suggests that
the formulation of the hydrogel, incorporating andrographolide with silver nanoparticles, may

have mitigated potential irritant effects [39, 40].

CONCLUSION
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This study explores the potential of gelatin-vanillin-ferric ion (GVF) hydrogels
incorporating andrographolide-silver nanoparticles (AGP-AgNPs) to enhance wound healing
and minimize skin irritation. GVF/AGP-AgNP hydrogels have demonstrated significant
promise in wound healing previously [23]; however, the underlying molecular mechanisms
and their effects on skin irritation remained incompletely understood. Here mRNA expression
profiling of dermal growth factors in skin-wound specimens from male Wistar rats was
conducted using RT-qPCR analysis. Additionally, a skin irritation test was performed
following OECD guidelines, employing female New Zealand rabbits. Following treatment
with GVF/AGP-AgNPs, acceleration in the healing process occurred. At the 7-day mark,
significant gene upregulation was observed for collagen 3, FGF, fibronectin, and"VEGF,
signifying enhanced wound closure and tissue remodeling. Subsequently, at days 14 and 21,
there was upregulation in collagen 1, collagen 3, EGF, TGF-B, fibronectin, and VEGF.
Meanwhile MMP-1 was downregulated at days 7 and 14. These findings suggested enhanced
cellular proliferation, extracellular matrix synthesis, and. angiogenesis, further promoting
continuous wound healing and tissue regeneration. Throughout the observation period, the
areas treated with GVF/AGP-AgNP hydrogels consistently displayed reduced levels of
erythema and edema compared to control sites. Furthermore, the implementation of a
standardized scoring system yielded. notably low primary dermal irritation indices for
GVF/AGP-AgNP hydrogels. Collectively, these findings provide evidence supporting the
feasibility of developing safer topical formulations for wound care. The promising results
obtained warrant further, exploration, including comprehensive human studies and clinical

trials to advance wound healing therapies and skincare.
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