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Andrographis paniculata Mediated AuNPs as Anti-
Microbial, Antioxidant, Anti-Diabetic Agents and their
Efficacy in Wound Healing of Mice

Can Wu®® and Liang Huang P

Gold nanoparticles (AuNPs) are known to have low toxicity and
biocompatibility. Meanwhile, Andrographis paniculata (A. paniculata) is a
medicinal plant known for its therapeutic benefits. Traditional methods for
the synthesis of AuNPs frequently depend on toxic compounds, which
present environmental and health hazards. In this work, A. paniculata was
combined with AuNPs to enhance its antimicrobial, antioxidant, and wound
healing effects, thereby offering a safer and more effective alternative
compared to current available methods. Water-soluble gold metal ions
were reduced to neutral metal nanoparticles in the course of reaction with
agueous A. paniculata extract. The biosynthesised AuNPs was examined
using UV-Vis, FTIR Spectroscopy, TEM, XRD, SAED Diffraction, EDX,
DLS, and zeta potential measurements. AuNPs were incorporated into
nonionic surfactant to form a thick, readily spreadable hydrogel. The
mixture was found to enhance the wound contraction rate with no skin
irritation observed in treated mice. The study demonstrated a simple and
environmentally safe approach to produce AuNPs with improved
antimicrobial, antioxidant, antidiabetic and wound healing abilities. The
AuNPs-PF127 hydrogel is a hon-toxic and bio-friendly delivery technology
that shows potential in promoting healing of wounds, burns, etc.
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INTRODUCTION

The trend towards producing metal nanoparticles through a sustainable and eco-
friendly method is increasing, with the goal of reducing negative effects in therapeutic
and medical applications (Elahi et al. 2018; Kalimuthu et al. 2020; Lee et al. 2020).
Biological pathways utilizing plants and microorganisms offer a safer alternative
compared to traditional chemical synthesis processes that could potentially have
environmental and health hazards. Biological approaches are frequently used in
targeted drug delivery, medical imaging, sensing, and photothermal therapy. Plant-
mediated biosynthesis utilizes phytochemicals to create nanoparticles with improved
anti-diabetic, antioxidant, antibacterial and wound healing effects. Various metals have
been converted into nanoparticles by interacting with organic components present in
plant materials (Siddigi et al. 2017; Bapat et al. 2020; Patil et al. 2020; Qiao and Qi
2021). This technique utilizes the abundant phytochemicals in plants to help reduce
metal ions into nanoparticles. Plant-based synthesis provides a sustainable method for
producing nanoparticles and imparts biological activity to the nanoparticles due to their
phytochemical origins.
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Gold nanoparticles (AuNPs) have a significant background in applications such
as bioimaging and medication delivery systems. AuNPs have unique physicochemical
and photothermal characteristics that enable precise administration and dispersion of
customized medications to specific cells or tissues. AuNPs are distinguished by their
surface plasmon resonance (SPR) and distinctive optical properties, which have been
utilized in creating advanced therapeutic and diagnostic instruments. Metal
nanoparticles, such as AuNPs, are synthesized biologically, providing benefits of
compatibility with living organisms and eco-friendliness, which are very desirable for
medicinal uses. Recently, the use of AuNPs in imaging and medicinal fields has grown
due to their flexible features and ability to improve the effectiveness and specificity of
treatment methods. AuNPs are valued for their chemical stability, efficiency in
absorbing infrared radiation, simple manufacturing, and their ability to improve wound
healing processes (Niska et al. 2018). AuNPs act by directly interacting with bacterial
cell walls and binding to bacterial DNA, which hinders the unwinding of the double
helix necessary for replication or transcription. This dual action has both bactericidal
and bacteriostatic effects, allowing for the targeting of antibiotic-resistant organisms
including P. aeruginosa and S. aureus. AuUNPs have the ability inhibit the production
of reactive oxygen species (ROS), thereby acting as powerful antioxidants and
enhancing the process of wound healing (Vijayakumar et al. 2019).

Thermo-sensitive hydrogels are highly favoured materials in drug delivery
systems for wound healing process. These hydrogels are praised for their capacity to
hold water, evenly distribute therapeutic chemicals, and able to their regulate substance
or compound release (Huang et al. 2019). At body temperature the thermo-reversible
PF-127 undergoes a sol-gel transition and has demonstrated potential for improving the
healing of topical wounds (Arafa et al. 2018).

Traditional medicinal plants are being evaluated as potential sources of
innovative pharmaceuticals to combat antibiotic-resistant bacteria (Anand et al 2019).
Andrographis paniculata (A. paniculata), also called green chiretta, is well-known in
traditional medicine in China, India, and Southeast Asia for its effectiveness in treating
fever, snake bites, diarrhoea, infections, wounds, and itchiness (Kumar et al. 2004;
Akbar 2011; Chen et al. 2014; Kabir et al. 2014). Various therapeutic properties of A.
paniculata extracts are acknowledged, such as anti-inflammatory (Sheeja et al. 2006),
antioxidant (Tripathi and Kamat 2007), antiviral (Calabrese et al. 2000), anticancer
(Ajaya et al. 2004), and antimicrobial effects (Singha et al. 2003). A. paniculata is
mostly identified for its antioxidant activity (Trivedi and Rawal 2001), which is
essential for the protection of tissues from oxidative damage and the enhancement of
wound healing (Martin 1996). The wound-healing efficacy of A. paniculata leaf extract
is further confirmed by its antimicrobial activity (Singha et al. 2003), which may be
accomplished through promoting antioxidant production at the wound site and
establishing a favourable environment for tissue repair (Shukla et al. 1999). Applying
a 10% aqueous leaf extract of A. paniculata can greatly enhance wound healing in rats.
It reduces inflammation, decreased scarring, increased development of new blood
vessels, and promotes higher levels of collagen in the healed tissue (Al-Bayaty et al.
2012).

In this study, the leaves of the A. paniculata plant were used to create AuUNPs.
The wound healing, anti-diabetic, anti-bacterial, and antioxidant properties of the
AuUNPs produced through biosynthesis are extensively studied through diverse
characterization techniques. The thermo-sensitive and hydrophilic polymer PF127 was
used as a safe and biocompatible hydrogel to distribute AuNPs in a topical formulation
on mouse skin to enhance wound healing.
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EXPERIMENTAL

The compound Tetrachloroauric acid (HAuCls) and other necessary substances
were obtained from Sigma-Aldrich (Shanghai, China). All glassware used in the study
was cleaned carefully with distilled water to maintain cleanliness and reduce the risk of
contamination before starting the experimental procedures.

Collection and Preparation of Plant Extract

Leaves of A. paniculata were dried in shade for 15 days post-collection in a
darkened chamber and then pulverized into a fine powder. In an Erlenmeyer flask, 100
mL of distilled water was combined with 10 g of powdered leaf and heated for 20 min
until it reached 50 °C. The mixture was filtered using Whatman filter paper no. 1 and
stored at 4 °C.

Biosynthesis of AUNPs

Synthesis of AuNPs was carried on following the method of Ghosh et al. (2012)
A total of 1 mL of A. paniculata's aqueous leaf extract was mixed with 9 mL of a 1.0
mM HAuUCI4 solution. The combination was permitted to react under static conditions
in a dark room for 24 h. The production of AuNPs was verified through colour shift,
signifying the synthesis of AuNPs.

Characterisation

The production of AuUNPs using A. paniculata leaf extract and HAuCla solution
was analysed by measuring the absorbance spectrum with UV-Vis spectroscopy from
400 to 700 nm. The zeta potential and hydrodynamic size of the produced AuNPs were
evaluated using DLS techniques at 25 °C. TEM was used to analyse the size, shape,
and morphological characteristics of the AuNPs produced using the A. paniculata leaf
extract. FTIR was used to determine functional groups and surface chemical residues
on the AuNPs. This investigation aimed to verify the total reduction of Au®* ions by the
A. paniculata leaf extract. The Rigaku Mini Flex was used for XRD examination for a
thorough analysis of the crystalline structure of the generated AuNPs. EDX was
conducted using a JEM 2100F equipment, operating at 200 kV.

Antioxidant Assay
DPPH (2,2-diphenyl-1-picrylhydrazyl) Assay

This method was used to assess the antioxidant capacity of the produced AuNPs
and aqueous plant extract. The extract and nanoparticles were combined completely
and incubated in darkness for 30 min at room temperature. The samples absorbance
was measured at 517 nm after adding 1.5 mL of 0.1 mM DPPH solution and adjusting
the total volume to 2 mL in the test tube with sterile distilled water. The linear
regression value was determined using ascorbic acid as standard (Nurhaslina et al.
2019). The DPPH radical scavenging activity percentage was calculated using Eq. 1.

% of RSA= [A(control)-B(sample) / A(control)] x 100 (1)

Anti-Microbial Assay

Bacterial strains such as P. aeruginosa, S. aureus, S. pneumoniae, and E. coli
were used in the antimicrobial research. The cultures were preserved as glycerol stocks
at -80 °C and were reactivated from the glycerol stock for subculturing in nutrient broth
kept at 4 °C. The effectiveness of the produced AuNPs against bacteria was assessed
using the agar well diffusion method (Kifle and Enyew 2022). Evenly distributed
bacterial suspensions were applied onto nutrient agar plates, which were subsequently
punctured to form wells with a cork borer. AuNPs solution of 100 pL was added to
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each well, and the plates were incubated for 24 h at 37 °C. Amoxicillin served as the
reference antibiotic, and the antibacterial effectiveness was assessed by measuring the
size of the zones of inhibition surrounding the wells.

Anti-Diabetic Assay
a-Amylase Inhibition Assay

The a-amylase inhibition experiment, which assesses anti-diabetic potential,
was performed using the 3,5-dinitrosalicylic acid (DNS) method (Al-Dahmash 2021).
AuNPs and plant extracts were produced in PBS ranging from 100 to 500 mg/mL
concentrations for this experiment. A 200 units/mL concentration of a-amylase was
combined with different amounts of a starch solution and left to incubate for 3 min. By
adding 200 pL of DNS reagent and heating of mixture for 10 min at 85 °C will terminate
the reaction. After the reaction, 5 mL of distilled water was used to thin the liquid, and
absorbance was measured at 540 nm. Blanks were created by substituting the test
materials with buffer of equivalent amounts to set a standard for enzyme activity.
Sample blanks were generated without the enzyme solution for each concentration to
compensate for any natural absorbance of the materials. Acarbose, an established
antidiabetic medication, was used as the positive control in the assay, which was
performed in the same manner as the test samples. The inhibition of a-amylase was
measured as follows,

Inhibition % = [(Ac-Acb) X (As-Asb) / (Ac-Acb)] x 100 (2)

where, As is the absorbance of sample, Ac is the absorbance of control, Ass is the
absorbance of sample’s blank, and Acp is the absorbance of control’s blank.

Wound Healing Assay
Synthesis of AUNPs-PF127 hydrogel

A 30% wi/v PF-127 hydrogel (PF127) was created using ice-cold PBS. Three
different concentrations of AuNPs (0.3, 1.0, and 3.0 mg) were added to the PF127
hydrogel to create the treatment hydrogels. The mixtures were stirred overnight on a
rotary shaker in a cold environment to achieve a consistent solution. The hydrogels
were stored at 4 °C.

Assessment of the physicochemical characteristics of AuNPs-PF127 hydrogel

The physical features of the PF127 base hydrogel and the AuNPs-infused
treatment hydrogels were visually evaluated for attributes such consistency,
homogeneity, and colour. The pH of the hydrogels was measured with a standard pH
metre after they were diluted to a 1% concentration with distilled water. The viscosity
of the hydrogels was measured using an Ostwald viscometer kept at 4 °C. The spreading
ability of the hydrogel was assessed by applying 50 pL between two glass slides and
leaving it for 10 min without interruption (EI-Houssieny et al. 2010). The diameter of
the hydrogel spread was measured to assess its spreading ability.

Rheology investigations of AuUNPs-PF127 hydrogel

The rheological properties were analysed using a rheometer (Physica MCR 92,
Anton Paar, Germany). A temperature sweep test was conducted at a constant
frequency of 1 Hz with a gap size of 0.5 mm, gradually increasing the temperature from
510 45 °C at a rate of 1 °C/min. The PF127 hydrogel and the AuNPs-PF127 hydrogel
were both subjected to temperature fluctuations, and the storage modulus (+Ve) and
loss modulus (-Ve) were recorded. The gelation temperature was determined by
examining the intersection of the values of (+Ve) and (-Ve).
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Skin irritation test

The assessment of potential skin irritation from the hydrogel treatment on mice
was carried out using the approach outlined by (Mohamad et al. 2014). Pristine PF127
hydrogel of 20 pL and 3 mg AuNPs-PF127 hydrogel were applied to the shaved back
skin of the mice. Skin reactions were observed and recorded at 1, 6, 24, and 48 h after
treatment.

In vivo experiment on wound healing

Adult male albino mice, weighing 25 to 30 g and pathogen free, were housed in
a controlled environment with a 12-h light/dark cycle. The mice were provided with
regular mouse food and purified water throughout the experiment. After one week of
acclimatisation period, the mice were anaesthetized using a 5% v/v isoflurane/air
mixture, which was reduced and maintained at 2.5% v/v during the procedure. The back
skin was shaved and disinfected with 70% ethyl alcohol. A circular wound with a
diameter of 6 mm was created, going through all skin layers. The mice were divided
into four groups of six: Group | served as the control; Group Il received PF127
hydrogel; Group 11l was treated with 0.3 mg AuNPs-PF127 hydrogel; and Group 1V
was treated with 1.0 mg AuNPs-PF127 hydrogel. A 20 pL hydrogel sample was applied
to the wound area on Day 1, then covered with Tegaderm and Opsite Flexifix
transparent dressing. The wound healing process was monitored on Days 3,5,7, 10 post-
surgery. Ethical requirements have been met with regards to the humane treatment of
animals described in the study and the study received approval from the Institutional
Review Board of the Clinical Pharmacy Centre, Southern Medical University.

The percentage of wound contraction was determined by Eq. 3.

Wound contraction (%) = (Wound area day 1 —Wound area day n)/
Wound area day 1 x 100 3

Statistical Analysis

The results are expressed as Mean + Standard Deviation. 10th version SPSS
software is used to perform all the statistical analyses. Analysis was done in triplicate,
and the mean was used for statistical analysis. One-way ANOVA test was used
determination of statistical significance, succeeded by post hoc Tukey test. P < 0.05.
was the fixed statistical significance.

RESULTS AND DISCUSSION

Synthesis of AUNPs

The effectiveness of biosynthesized AuNPs depends on fine-tuning preparation
parameters such pH, temperature, plant extract content, and HAuCls concentration. By
precisely optimising these parameters, it is feasible to synthesize AuNPs with specific
shapes, topologies, and size distributions designed for wound healing applications, as
shown in Table 1. The colour change from pale yellow to ruby red was observed over
five days after combining the aqueous A. paniculata extract with HAuCls solutions
indicating the successful synthesis of AuNPs, as shown in Fig. 1. The colour shift serves
as a visual indicator of nanoparticles synthesis, highlighting the distinctive
characteristics of AuNPs for medicinal and therapeutic uses.
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Table. 1. Optimising Parameters to Prepare the AuNPs

Parameter Optimising Parameter
Plant extract 1.5mL
HAuUCI4 concentration 0.5 mM
Temperature and Reaction time 60 °C, 30 min
pH 6

S — S—
it
l

Fig. 1. Colour change observed during formation of AUNPs using A. paniculata extract

l

Characterisation
UV-Visible spectroscopy

The UV-Vis spectra of AuNPs are influenced by various parameters such as
nanoparticle size, shape, and concentration (Guo et al. 2015). The typical SPR of gold
occurs within the wavelength range of 500 to 550 nm (Siddiqi et al. 2018). The UV-
Vis spectra showed the presence of the SPR band of the AuNPs at around 540 nm (Fig.
2). This aligns with prior studies (Arunachalam et al. 2013; Nyabola et al. 2020).
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Fig. 2. UV spectra of AUNPs synthesised using A. paniculata extract

FTIR spectroscopy

The functional groups in A. paniculata extract, which may facilitate the
stabilization of AuNPs and the reduction of Au** ions, were identified through FTIR
spectroscopy. Significant bioactive molecules found in A. paniculata are terpenoids,
alkaloids, saponins, and flavonoids. Characteristic bands are shown in the FTIR spectra
(Fig. 3) of both the synthesised AuNPs and plant extract. The O—H and C—H stretching
vibrations of the A. paniculata extract are recorded at 3426 and 2921 cm™ respectively
(Dao et al. 2021). A prominent absorption band at 1030 cm™! also corresponds with the
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—C-0O vibrational group; C=C and C=0 stretching in aromatic compounds provides the
peak at 1620 cm™'. However, the synthesized AuNPs exhibited distinct peaks at 3474.43
(-OH), 2012.23 (-C-H), 1640 (C=0 stretching). Also, the other bands found at
1530.11, and 750.34 cm™ corresponded to fatty acid groups. The observed shifts in
absorbance wavelengths and the disappearance of several peaks imply that the A.
paniculata extract comprises necessary secondary metabolites able to function as
capping and reducing agents during AuNP synthesis. These variations in functional
group peaks highlight the part the extract works in stabilising and reducing the produced
nanoparticles. These groups also have wound healing and antibacterial action.
Hydroxyl group compounds such as phenols and polyphenols can mess with cell
membranes and stop bacterial growth. In particular, medium-chain fatty acids, such as
lauric acid, have shown antibacterial action against many kinds of infections.

Extract

AuNPs

2012cm-

Transmittance (%)

3474cm™

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Fig. 3. FTIR spectra of AUNPs bio fabricated using Aqueous leaf extract of A. paniculata

Transmission electron microscopy

The TEM analysis concentrated on the shape and size of nanoparticles. Figure
4 shows that the AuNPs were mostly between 20 to 30 nm in size, and the images
highlighted the spherical shape of most the nanoparticles. Earlier studies have shown
that AUNPs produced by marine microorganisms are normally between 50 and 100 nm
in size (Shanmugam et al. 2020). The results also indicate that the particle size of
AuUNPs in this study was smaller than those synthesized by using the marine
microorganisms (~50 nm), which affirms the excellent role of biomolecules in the A.
paniculata extract as reducing and stabilizing agents for the preparation of AuNPs.
Smaller nanoparticles might have a larger surface area to interact with microbial cells
or free radicals, enhancing their effectiveness (Rajakannu et al 2015; Gupta S et al
2024)
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Fig. 4. TEM images of biosynthesised AuNPs using A. paniculata

Scanning Electron Diffraction (SAED) analysis

SAED analysis is essential for the identification of the crystallographic structure
of nanoparticles. The polycrystalline nature of the particles was confirmed by the
presence of concentric rings in the diffraction pattern (as shown in Fig. 5). The crystal
structure of AuNPs was determined by both SAED and XRD (Fig. 6.) with each
technique providing unique insights. SAED provided diffraction patterns that revealed
the crystallographic structure and structural properties of the AuNPs, complementing
the TEM results. Together, SAED and TEM provided a comprehensive understanding
of the nanoparticles’ structure.

Fig. 5. SAED pattern of biosynthesised AUNPs

X-Ray diffraction studies

XRD patterns of AuNPs displayed diffraction peaks at 20 angles of 27.21°,
33.44°, 56.61°, and 73.63° within a scanning range of 10° to 80° (Fig. 6). The peaks
represent the crystal planes (111), (200), (220), and (311) of AuNPs, verifying their
cubic symmetry as per the JCPDS database file 04-0784. D-spacing values associated
with these planes were also recorded (Fig. 6). Furthermore, the amorphous phases of
organic compounds that surround the crystalline AuNPs may be indicated by a broad
peak at 27°, a phenomenon that has been previously observed (Nguyen et al. 2022). In
addition, the (111) peak’s intensity is considerably greater than that of other signals,
suggesting that the (111) plane is the primary growth direction during the crystallisation
of AuNPs (Owaid et al. 2019).
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Fig. 6. XRD pattern of AUNPs

Energy dispersive X-Ray analysis

The EDX examination of AuNPs revealed an optical absorption peak at around
2.2 keV, which is characteristic of metallic AuNPs, with two additional minor peaks at
8.5and 9.7 keV, respectively (Fig. 7). The results of this analysis confirm that gold was
the primary element, accounting for 48.6% of the total weight (Elavazhagan and
Arunachalam 2011). The presence of metallic gold and SPR band obtained from UV-
Vis analysis along with XRD results further confirmed the formation of AuNPs using
A. paniculata extract.

Fig. 7. EDX pattern of AUNPs

Dynamic light scattering

The particle size distribution of the AuNPs was evaluated by DLS, which
revealed a main size distribution centered at about 23 nm Fig .8A. (Allafchian et al.
2022). Because of hydrodynamic radius examined with DLS, the synthetic AuNPs
particle size value obtained in DLS technique is similar in comparison with TEM
microscopic techniques, as shown in Fig. 4, signifying the successful formation of
AUNPs on the nanoscale. This can be ascribed to the presence of secondary metabolites
such as polyphenols, flavonoids, alkaloids, and triterpenoids, forming a stabilizing
surface and preventing the aggregation of generated nanoparticles.

Furthermore, the zeta potential of biosynthesized AuNPs was approximately
—25.7 mv. As shown in Fig. 8B, the surface potential of the AuNPs was evaluated
through zeta potential measurements. In general, the stabilising agents that are produced
during the synthesis and growth of AuNPs are responsible for the negative surface
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charge of the material. In metal nanoparticles that are synthesised using plant extracts
as reducing agents, negative zeta potentials are frequently observed. The stability of the
colloidal system is suggested by the negative surface charge, which is the result of static
repulsive interactions that were achieved through the green synthesis process of AUNPs
(Unayana et al. 2020).
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Fig. 8. DLS (A) and Zeta potential (B) of AUNPs

Evaluation of Antioxidant Activity

Phytochemical substances were evaluated to determine their antioxidant
capacity using spectrometric analysis using the DPPH free radical scavenging
technique. The study examined how biosynthesised AuNPs and the aqueous extract of
A. paniculata can counteract DPPH radicals at different doses. The synthesised AuNPs
at higher concentrations led to a significant increase in DPPH radical scavenging
activity, as shown in Fig. 9. Both the plant extract and AuNPs demonstrated peak
radical scavenging efficiencies ranging from 86% to 90% (v/v), and these results were
statistically significant. The increased surface area and catalytic capabilities of the
AUNPs probably played a role in their strong antioxidant effects. The excellent
antioxidant behaviour of the extract can be attributed to the presence of flavonoids and
phenolic compounds, in which the latter is well-known for exhibiting high activity,
particularly against free radicals and nitric oxides (Benabderrahim et al 2019). The A.
paniculata extract and biosynthesized AuNPs were found to be strong antioxidants
according to the DPPH assay results.
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Fig. 9. Antioxidant activity of AUNPs synthesized using A. paniculata
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Fig. 10. Antimicrobial activity of AUNPs synthesized using A. paniculata. (A) Agar plates
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Assessment of Antimicrobial Activity

The antimicrobial properties of the produced AuNPs were evaluated using the
agar well diffusion method. The AuNPs solution was added to an agar well and left to
incubate for 12 h. Amoxicillin (B-lactam antibiotic) was used as the positive control, as
shown in Fig. 10A. The effectiveness was assessed by measuring the zone of inhibition
surrounding the well after incubation. The nanoparticles produced using A. paniculata
extracts had strong antibacterial characteristics, making them potential carriers for
antibacterial agents, as outlined in Fig. 10B. The antimicrobial efficacy of AuNPs is
highly dependent on the phytochemicals present in the plant extracts used for their
synthesis. Each plant extract imparts unique properties to the AuNPs, making them

suitable for different applications showed in Table 2.

Table 2. Synthesis of AUNPs from Different Plant Extracts and their

Antimicrobial Activity

S. Name of plant | Antimicrobial Compounds Applications References
no. extract mechanism
synthesizing
AuNPs
1 1. Oral Health (Mehrishi et
Clove extract Disruption of Eugenol 2. Medicinal uses | al. 2020)
Microbial Cell Walls 3. Food
preservations
4. Cosmetic
Products
Generation of Broad-spectrum (Raymond et
2 Turmeric Extract | Reactive Oxygen Curcumin antibacterial al. 2024)
Species (ROS) applications in
cosmetics and
health
supplements.
Wu & Huang (2025). “Au nanoparticle therapy,” BioResources 20(2), 2687-2710. 2697
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Effective against (Akintelu et

Garcinia kola Interaction with Phenolic foodborne al. 2021)
Microbial Enzymes compounds pathogens and in
wound care
Flavonoids traditional (Shanwaz et
Vitex negundo DNA Damage medicine for al. 2023)

treating infections
and inflammatory

conditions.
A. paniculata a. Disruption of Flavonoids and | 1. Wound healing Present work
Microbial Cell Walls | Polyphenols 2. Antimicrobial
Coatings
b. Generation of 3. Antioxidant
Reactive Oxygen Antioxidants activity

Species (ROS)

c. Interaction with
Microbial Enzymes | Bioactive

compounds
d. DNA Damage

Phytochemicals

Assessment of Anti-Diabetic Activity

The anti-diabetic properties of A. paniculata aqueous extract and biosynthesized
AuNPs were assessed by an a-amylase inhibition experiment (Fig. 11). The aqueous
extract and the biosynthesized AuNPs both showed a substantial ability to block a-
amylase enzyme activity, indicating a noteworthy anti-diabetic impact of 90 to 93%
(v/v). The strong amylase inhibitory action of the AuNPs can be attributed to the
presence of phytochemicals such flavonoids and polyphenols, as shown by
phytochemical screens and FTIR analysis. AUNPs from the A. paniculata plant showed
strong antioxidant characteristics, which improved their ability to combat diabetes by
lowering oxidative stress and blocking glucose hydrolyzing enzymes (Chen et al 2012;
Batool et al. 2022). This work emphasizes the potential antioxidant and anti-diabetic
properties of the aqueous extract of A. paniculata and phyto-generated AuNPs. It
suggests that these substances could be used in natural-based treatment approaches for
managing diabetes.
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Fig. 11. Anti-diabetic activity of AUNPs synthesized using A. paniculata
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Assessment of Wound Healing
Evaluation of AUNPs-PF127 Hydrogel and rheology studies

Adding AuNPs to the PF127 hydrogel caused it to turn pale red, unlike the
original translucent PF127 hydrogel (Fig.12).

e
—s

Fig. 12. (A) PF127 hydrogel (B) AuNPs (C) AuNPs-PF127 Hydrogel

Both hydrogels maintained a pH range of 5.7 to 5.8 and exhibited significant
sol-gel transition characteristics, changing from a liquid state at 4 °C to a hydrogel state
at 37 °C, within the temperature range of 22 to 37 °C. The hydrogels exhibited a
temperature-dependent rise in viscosity and had a spreading ability ranging from 6.0 to
7.7 cm (Fig.13). Apart from the colour variation, the AuNPs-PF127 hydrogel retained
the basic features of the PF127 base.

A

Fig. 13. (A) PF127 hydrogel (C) AuNPs-PF127 Hydrogel spreading ability images

Figures 14A and 14B illustrate the (+Ve) and (-Ve) values of PF127 hydrogel
and AuNPs-PF127 hydrogel over a temperature range of 5 to 45 °C. Gelation
temperature is defined as the point at which (+Ve) equals (-Ve) and the liquid
transitions to a non-flowing gel. The plain hydrogel and the AuNPs-PF127 hydrogel
were found to have gelation temperatures of 22.8 °C and 36.4 °C, respectively. The
incorporation of AuNPs did not significantly influence the hydrogel's gelation capacity,
as indicated by these results.
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Fig. 14. The (+Ve) and (-Ve) values of PF127 hydrogel (A) and AuNPs-PF127 hydrogel (B)
over a temperature range of 5to 45 °C

Skin irritation test

When administered topically to mice, the AUNPs-PF127 hydrogel did not cause
any negative effects such as skin redness, dryness, or desquamation. Both the PF127
hydrogel and AuNPs-PF127 hydrogel treated animals had normal skin conditions,
indicating the hydrogel's skin compatibility (Fig.15).

B “

F

PF127 hydrogel

AuNPs PF127 hydrogel

Fig. 15. Skin irritation test on both PF127 hydrogel alone and AuNPs PF127 hydrogel images
after 48 h of treatment

Analysis of wound healing

The effectiveness of the healing process was evaluated by measuring the size of
the wound on day 1 and its subsequent closure by day 10. The control group showed
wound contraction percentages of 24.1%, 43.2%, 57.2%, and 61.2% on the day 3, day
5, day 7, and day 10, respectively.
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Fig. 16. Wound healing process in 4 groups of mice (A) and % of wound contraction (B)

Wounds treated with different hydrogels showed varying levels of contraction
over time: pristine PF127 hydrogel contracted by 26.4%, 51.2%, 68.4%, and 76.7%);
0.3 mg AuNPs-PF127 hydrogel showed improvements of 27.2%, 52.3%, 75.4%, and
85.5%; and 1.0 mg AuNPs-PF127 hydrogel demonstrated the most significant healing
rates of 24.2%, 56.4%, 85.2%, and 94.5% on the respective days. The study emphasised
the exceptional healing properties of the 1.0 mg AuNPs-PF127 hydrogel, which almost
completely closed wounds by the 10" day, indicating its potential as a successful wound
healing treatment. In contrast, the wound healing rate of the AuNPs-PF127 hydrogel
was faster than that of the group that used PF127 hydrogel alone (Fig. 16).

DISCUSSION

It has been reported that secondary metabolites in the A. paniculata extract,
including polyphenols, flavonoids, alkaloids, polysaccharides, triterpenoids, as well as
amino acids, vitamins, proteins, and other organic acids, may play a significant role in
reducing and stabilizing generated particles in the synthesis of NPs via metal ion
reduction (Maity et al. 2020). Among them, polyphenols and flavonoids may have
contributed to the formation of AuNPs. There are numerous studies that have
emphasized the role of Au NPs in wound healing (Vijayakumar et al. 2017; Satpathy
et al. 2020). For example, Chen et al. created a combination of Au NPs and antioxidants
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that significantly accelerates diabetic wound healing by modulating angiogenesis and
providing anti-inflammatory effects (Chen et al. 2012). Consequently, the healing time
for diabetic ulcers is significantly reduced. Furthermore, another team employed a sun-
assisted hydrogel method to synthesize Au NPs, resulting in particles with optimal size,
shape, and surface functionalization also exhibited antibacterial and wound-healing
properties (Batool et al 2022).

AUNPs can be identified by a distinctive absorbance band, which is typically
observed at a wavelength of 500 to 600 nm. This band is an outcome of the SPR
phenomenon, which is dependent on the size of the nanoparticles. Electrons within
metal nanoparticles collectively oscillate, causing SPR to resonate with light waves.
Previous investigations have documented SPR bands for nanogold in the 530 to 550 nm
range (Mujeeb et al. 2020; Noruzi 2015). The SPR peak for A. paniculata extract was
in the 540 to 560 nm range in this study, suggesting that the extract is effective in the
reduction of Au ions to AuNPs through bio-reduction processes. The biotransformation
of metal ions to nanoparticles was observed to be both effective and rapid. A prominent
band at 3474 cm™ in the FTIR spectra, which corresponds to the stretching vibrations
of OH groups that are commonly present in polyphenols, appears to be the driving force
behind this bio-reduction process. FTIR confirmed the presence of O—H, C=C and C=0
functional groups that contribute to the SPR observed in UV-Vis spectroscopy.
Similarly, TEM combined with FTIR can give a comprehensive view of the surface
characteristics and modifications. Both —OH and C=0 groups from the A. paniculata
extract not only reduced the Au*" ions but also capped the nanoparticles, preventing
aggregation and maintaining their stability and uniformity. Phytochemicals which
exhibit comparable vibrational bands, have been implicated in the reduction of Au** in
FTIR analyses from previous research (Ashwini and Mahalingam 2020; Hadi et al
2016). The XRD patterns of AuNPs synthesized from plant extracts frequently exhibit
a prominent peak along the (111) plane, which indicates a preferred crystalline
orientation. Similar XRD studies for other plant-mediated AuNPs production may be
found (Khatua et al. 2020; Annamalai et al. 2013). The present data confirm the
distribution of AuNPs, the similar AuNPs made through photosynthesis have been
reported earlier (Shahriari et al. 2019; Gupta and Padmanabhan 2021).

The structural findings of other studies (Shahriari et al 2019; Gupta and
Padmanabhan 2021; Hammami et al. 2021) were consistently supported by the TEM
analysis of AuNPs in this research, which identified specific sizes and morphologies.
The EDX examination of AuNPs revealed an optical absorption peak at around 2.2 keV
(Elavazhagan and Arunachalam 2011). These results can be used to verify that the
crystalline peaks observed in XRD correspond to AuNPs, ensuring that the sample is
pure and free from other elements, also the results of EDX is correlates with the SPR
peak observed in UV-Vis spectroscopy, thus validating the formation of AuNPs. The
SAED data supports by the previous research (Gopinath et al. 2014) and the DLS data
supports previous reports (Wactawek et al. 2018, Uzma et al. 2020), which suggest that
the synthesized AuNPs are remarkably stable and remain within the nanometre range.

Various diseases, such as cancer, atherosclerosis, hypertension, and diabetes,
are influenced by oxidative stress. The herbal plant A. paniculata is known for its potent
antioxidant and anti-diabetic properties. Antioxidants, which are organic compounds,
possess the ability to prevent or delay the oxidation of substrates, even at low
concentrations (Al-Radadi 2022). Research has demonstrated that A. paniculata is
abundant in antioxidants (Karpagasundari and Kulothungan 2014a,b). The ROS
activity of AuNPs was assessed using the DPPH assay. The synthesised AuNPs at
higher concentrations led to a significant increase in DPPH radical scavenging activity.
Both the plant extract and AuNPs demonstrated peak radical scavenging efficiencies
ranging from 86% to 90%. The antioxidant properties of synthesized AuNPs have yet
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to be explored; however, similar plant-mediated synthesized AuNPs have demonstrated
promising results (Veeramani et al. 2021; Ghosh et al. 2020). The antimicrobial activity
of the synthesized AuNPs was assessed against clinically pertinent pathogens that are
responsible for severe infections, underscoring the necessity of active therapeutic
agents. The effectiveness was assessed by measuring the zone of inhibition surrounding
the well after incubation. The nanoparticles produced using A. paniculata extracts had
strong antibacterial characteristics, making them potential carriers for antibacterial
agents. Furthermore, nanoparticles produce free radicals that interact with cellular
proteins, lipids, and DNA, indicating that A. paniculata-mediated AuNPSs possess
substantial antimicrobial properties. Similarly, previous investigations have observed
that biosynthesized AuNPs exhibit improved antimicrobial efficacy (Donga et al. 2020;
Durga et al. 2020).

Diabetes is a worldwide health issue, and effective therapeutic alternatives are
frequently derived from natural sources. Complications in the cardiovascular and
nervous systems are associated with Type 2 Diabetes Mellitus (T2DM), which is
defined by hyperglycaemia. The degradation of complex carbohydrates to glucose is
facilitated by key enzymes such as alpha-glucosidase and alpha-amylase.
Consequently, the inhibition of these enzymes is a prevalent therapeutic strategy for
T2DM. In this study, the anti-diabetic effects of A. paniculata aqueous extract and
synthesized AuNPs were compared using an alpha-amylase inhibition assay. The
aqueous extract and the synthesized AuNPs both showed a substantial ability to block
a -amylase enzyme activity, indicating a noteworthy anti-diabetic impact of 90 to 93%.
Similar, studies on plant-mediated AuNPs and extracts have demonstrated potential
(Banerjee et al. 2017; Veeramani et al. 2021).

Wound healing is a complex procedure that involves the formation of
extracellular matrix, migration, and cell proliferation to reestablish the body’s natural
barrier to the external environment. Bacteria, including S. aureus, are likely to infect
untreated incisions. The development of AuNP-based dressings for wound care has
been promoted by the broad-spectrum antimicrobial properties of AuNPs. The present
research has shown that AuNPs have the potential to disrupt bacterial cells and enhance
their antioxidant capacity, rendering them an ideal choice for wound dressing
applications. Plant-based dressings, including films, foams, and gels, are replacing
conventional wound dressings like gauze, bandages, and plasters (Krishnan and
Thomas 2019). The thermosensitivity of Pluronic polymers, or poloxamers, is
particularly promising, as they will transition to a gel state at the body's physiological
temperature of 37 °C. PF127, a biodegradable and biocompatible polymer with
exceptional mechanical properties, is employed in drug delivery systems to treat
cutaneous conditions and cancer (Akash and Rehman 2015; Chatterjee et al. 2019). The
optimal filling and adhesion to the lesion area are guaranteed by the viscosity
measurement of gel preparations for topical applications (Mekkawy et al. 2013).

The viscosity of the AuUNPs-PF127 hydrogel was comparable to that of PF127
alone, suggesting that the gel’s flow properties were not affected by the AuNPs’
inclusion. The ideal formulation enabled uniform epidermal coverage, with a
spreadability that ranged from 6.0 to 7.7 cm (El-Kased et al. 2017). Furthermore,
AuNPs-PF127 hydrogel did not induce skin irritation in rodents, which corroborates its
potential for wound treatment. To restore the functionality of epidermis and tissues that
have been damaged, wound healing is a dynamic process that necessitates the
coordinated activity of a variety of biochemical elements (Diegelmann and Evans
2004). The potential of the PF127 hydrogel as an optimal wound dressing is
underscored by the controlled release of AuNPs and the synergistic action of AuNPs.
The small particle size increases the surface area to volume ratio, enhancing the
interaction with microbial cells and promoting better antimicrobial activity (Rajakannu
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et al. 2015; Gupta et al. 2024). When treating lesions with chemically synthesized
nanoparticles in gelatine hydrogels, Diniz et al. (2020) observed that the healing
process typically takes more than 14 days. The present findings were particularly
noteworthy, as they demonstrated an accelerated healing process, with complete
healing occurring within 10 days of treatment with AuNPs-PF127 hydrogel. The
sustained release of AuUNPs was responsible for the accelerated healing, as it enabled
them to interact with inflammatory cells at the lesion site without causing damage to
healthy cells. In summary, our research has shown that green-synthesized AuNPs can
be more effective in terms of their antibacterial and antioxidant properties, as well as
their prolonged efficacy.

CONCLUSIONS

1. Gold nanoparticles (AuNPs) produced with usage of the herb A. paniculata have
been confirmed suitable for biomedical uses through multiple characterisation
analyses.

2. The particles exhibited an average size of 23 nm, and their stability was confirmed
by zeta potential experiments. The anisotropic characteristics of these AuNPs, in
terms of their form and size, were clearly shown in UV-Vis spectra and confirmed
through TEM imaging.

3. The AuNPs produced from A. paniculata showed impressive antidiabetic,
antioxidant, antibacterial, and wound healing effects. Their significant role in
wound healing was demonstrated by the closure of incisions within 10 days,
showcasing their potential in managing wounds.

4. The addition of these AuNPs to PF127 hydrogel increased the rate of wound
contraction in mice without causing skin irritation. This biosynthesized AuNPs-
loaded hydrogel is a feasible and environmentally friendly option for treating
bacterial infections and promoting wound healing.

5. These findings support the use of AuNPs as a highly effective drug delivery
technology with broad applications in nano biopharmaceutical and biomedical
fields, highlighting its contribution to developing environmentally friendly and
efficient therapeutic solutions.
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