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Wound management is key to healing. Poorly managed wounds lead to abnormal biological reactions and complications.
Microorganisms, bacteria or fungi, infect such wounds leading to their chronic nature. Gold nanoparticles (Au NPs) show wound
healing properties. In addition, ethnobotanical information from Siaya County in Kenya shows the leaves of Physalis peruviana
L. to be effective in wound management. A combination of Au NPs and leave extracts of Physalis peruviana L. through a one pot
biogenic synthesis leads to a new effective wound management substance. The synthesis was done at room temperature 25°C and
at 85°C. The UV-visible spectroscopy results show efficient sharper plasmon bands with a blue shift indicating a decrease in A max
compared to red shift which show an increase in A max. The surface plasmon resonance is a sharper at wavelength of about
540 nm. Dynamic light scattering and zeta potential analysis show that the polydispersity index is high and this is attributed to
heterogeneity of chemical components of the plants. Transmission electron microscopy results for Au NPs show similarity in their
shapes and sizes with grain size boundaries of between 1 nm and 100 nm. The particles are spherically shaped and crystalline with
small lattice due to the small grains. The gold nanoparticles synthesized from Physalis peruviana show antimicrobial activities
against gram-positive bacteria and, gram-negative bacteria as well as gram-positive fungus. The inhibition zones for Au NPs of
different concentrations vary significantly between concentrations (one-way ANOVA at P <0.05). The highest antibacterial
activity is at 100 mM of Au NPs against Escherichia coli, Bacillus subtilis, and Staphylococcus aureus. The inhibition zones for Au
NPs at concentration of 100 mM and Physalis peruviana extract vary significantly in all the microbial cells, except for Pseudomonas
aeruginosa (one-way ANOVA, F(;11,=2.67, P = 0.1189). Application of the Au NPs in wound healing is faster than controls. The
Au NPs also have good biocompatibility as signs of infection were not present.

1. Introduction

The human skin is considered key to our survival: sensing the
environment; maintaining physicochemical and thermal ho-
meostasis: being a reservoir of essential nutrients; providing
passive and active defense; responding to trauma and injury,
etc. [1]. When the skin is injured, it results into a wound.
Management of wounds has been a challenge to mankind.
There are two specific types of wounds: chronic and acute
wounds [2]. Chronic wounds are considered silently epidemic

and possess serious threat towards public health and global
economy [3]. They do not heal within a predictable period of
time, leading to further complications due to infections and
difficulty in healing [4]. Examples of such wounds include
diabetic ulcers, vascular ulcers, and pressure ulcers. For the case
of acute wounds, they are caused by incisions and are with
patients who pass through surgical treatments, traumas,
abrasions, or epithelial burns [5].

Wounds are susceptible to infection due to breakage of
cutaneous barrier that protects the underlying tissue against
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microorganisms such as S. aureus, P. aeruginosa, E. coli, and
Streptococci [6]. The extent of infection depends on the
degree of pathogenicity of the invading organisms and the
ability of the host to defend itself [4]. The healing process is
divided into four important phases; coagulation (haemo-
stasis), inflammation, proliferation (granulation), and
remodelling (maturation) [7].

Wound dressings containing plant extract with anti-
microbial compounds can be applied in order to control
wound infections. Wound infections can be caused by
planktonic bacteria, biofilms, and fungus. It is essential to
determine whether the plant extract loaded wound dressing
has an effect on these species or not [8]. Wound therapy has
moved from drying out the wound bed to maintaining a
balanced moist environment [9]. Traditional dressings in-
volve absorbing wound exudate and this made the wound to
develop a crust on its surface with remarkable scarring. This
has since been replaced by modern dressings which aim at
improving healing by handling wound fluid in a way that
prevents accumulation of excess exudate while maintaining
a certain degree of moisture, and thereby enhancing the
chance of obtaining new skin tissue without scarring [10].
There has been a constant search for methods and materials
which can help in reducing the quantity of scar tissue and,
ultimately, its remodelling and hence a great progress in the
preparation of engineered nanoparticles for different bio-
logical applications [11]. This has made researchers to ex-
ploit biological synthesis of nanoparticles using plant
extracts [12-14].

The importance of gold nanoparticles (Au NPs) ranges
from chemical stability, capacity to absorb infrared light,
ease of synthesis and applications in wound therapy [15].
Several polymeric, lipid-based, ceramic, inorganic, metal,
and metal oxide nanomaterials have been widely investi-
gated for cutaneous wound healing [16]. According to a
research study by Arafa and El-Kased [17], the surface
plasmon resonance is tuned to make the Au NP gels gain
thermo responsiveness, and this improves the NP antibac-
terial and healing properties, both in-vitro and in-vivo, a fact
backed by histopathologic examinations [17].

Gold NPs can either directly target the bacterial cell wall
or can bind to bacterial DNA, blocking the double-helix
from uncoiling during replication or transcription, thus
exerting bactericidal and bacteriostatic properties. As a
result, they can inhibit multidrug-resistant pathogens, such
as S. aureus and P. aeruginosa. Moreover, Au NPs prevent
the formation of reactive oxygen species, thus acting as
antioxidants, aiding the healing process [18]. A study on ex
vivo permeation showed that gold NPs can also be used in
the therapy of burns, being able to promote healing and
inhibit microbial colonization, while being transdermally
active [17]. It has been reported that interaction of inorganic
nanoparticles and gold nanoparticles for this matter with
microorganisms may exhibit antibacterial and antifungal
activity [19]. The gold nanoparticles exhibit strong cyto-
toxicity to varied microorganisms; the interaction with
various surface-exposed functional groups present on the
bacterial cell surface may lead to bacterium destruction and
inactivation. This activity may either be as a result of coating
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on the Au NPs surface or to reaction contaminants left over
from the manufacturing approach rather than the Au NPs
cores [20].

2. Material and Methods

Hydrochloric acid, sodium hydroxide, and hydrogen tet-
rachloroaurate (III) were purchased from Sigma-Aldrich,
South Africa. Autoclaved distilled water was used
throughout the experiments. Eppendorf tubes of 1.5mL
were used for optimization. The ethical review number at
Jaramogi Oginga Odinga University of Science and Tech-
nology is ERC/29/4/22-25 with a subsequent research
permit from the National Commission for Science, Tech-
nology and Innovation, Kenya identification license num-
ber: NACOSTI/P/22/18037 (see support information file).
The recommended small animal handling certificate by the
ethical review committee was done at the Jomo Kenyatta
University of Agriculture and Technology (support infor-
mation file).

2.1. Collection of Plant Materials. Plant materials, Physalis
peruviana L. (see Figure 1), used for the study were collected
from Gem Subcounty which is located in Siaya County in
Kenya. Siaya County lies between latitude 0°26’ and 0°18’
north and longitude 33°58’ east and 34°33' east [21]. The
climate of the study area is heavily influenced by its geo-
graphical location and altitude relative to the Lake Victoria.
The study area stands in the upper eastern flanks of Lake
Victoria, therefore benefiting from the convergence of the
easterlies and lake winds. The samples were taken from April
to end of July at different places within a radius of 100 meters
in 2019. Leaves from these plants were harvested and kept in
brown paper envelopes for transportation to the laboratory.

2.2. Synthesis and Characterization of Au NPs. Synthesis and
characterization of gold nanoparticles were done according
to Kumar et al. [22]. They are described fully in the support
information. Synthesis was done for 1 hour both at room
temperature (25°C). Colour changes were observed whereby
aruby red or a red wine colour was desired. The 96-well plate
was used to determine the absorbance for the reaction. An
efficient surface plasma resonance (SPR) was studied based
on the peaks obtained using ultraviolet-visible spectroscope
(Polar Star Omega, BMG LABTECH GmbH, 77656,
Ortenberg, Germany). This informed the choice of synthesis
conditions for the gold nanoparticles.

2.3. Characterization Studies. Ultraviolet-visible spectros-
copy (UV-Vis) was performed using UV-visible spectro-
photometer (Polar Star Omega, BMG LABTECH GmbH,
77656, Ortenberg/Germany) in a range of 400-700 nm. The
studies of size and morphology of the nanoparticles were
performed using transmission electron spectroscopy (TEM)
in the Physics Department, University of Western Cape, and
surface area electron dispersion (SAED) using FEI Tecnai G2
20 field-emission gun. Samples for TEM studies were
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FIGURE 1: Physalis peruviana L. (cape gooseberry); family:
Solanaceae.

prepared by placing drops of the Au NPs on carbon-coated
TEM copper grids. Dynamic light scattering (DLS) was used
to determine the zeta potential of the synthesized Au NPs.
The hydrodynamic diameter of the Au NPs was calculated by
the Stokes—Einstein equation in which water was used as a
continuous phase. The polydispersity index (PDI) measured
the molecular mass distribution of the synthesized
nanoparticles.

2.4. In-Vitro Studies of Gold Nanoparticles. The interaction
between gold nanoparticles against various kinds of path-
ogenic microorganisms was studied. The experimental
studies involved the measurements of the mortality constant
rate for various gram-negative and gram-positive bacterial
strains from the American Type Culture Collection (ATCC)
as well as fungal strains; E. coli (ATCC, 10536),
P. aeruginosa, C. albicans, and B. subtilis (ATCC, 6538). The
agar solution was incubated for 24 hours at 37°C after
sterilization. The inhibition zone was measured after 24
hours of incubation by the disc diffusion method that was
performed on Mueller-Hinton agar. To ensure reproduc-
ibility, the experiment was repeated three times. The min-
imum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) were also obtained using
E. coli (ATCC, 8739), E. faecalis, S. aureus (ATCC, 6538),
and S. saprophyticus in nutrient agar medium after 24 hours
of incubation [23].

2.5. Inoculation of Microorganism. The nutrient agar me-
dium was prepared by dissolving 28 g of nutrient agar in
1000 mL of hot distilled water and allowed to cool. The
mixture was then sterilized by autoclaving at 120°C for
about 15 min at 15 psi pressure and cooled to 50°C [23].
The medium was dispensed into Petri-dishes to yield a
depth of 4mm and isolated colonies were aseptically
transferred to nutrient broth in the Petri-dishes and in-
cubated at 37°C for 24 hours so as to mimic human body
temperature since the bacteria that were used are human
pathogens.

2.6. Sample Preparation. Minimum inhibitory concentra-
tion (MIC) of Au NPs for various concentrations (range:
100-0.01 mM) was tested [23]. Disks of 6 mm were placed in
solutions of gold nanoparticles prepared from different

concentrations of gold salt. The disks were screened for anti-
E. coli, anti-S. aureus, anti-P. aeruginosa, anti-C. albicans,
and anti-B. subtilis activities by using disc diffusion method
in Botany Department, J K.U.A.T [23]. Inoculum suspen-
sion (108 CFU/MI) was spread over the nutrient agar surface
by sterile collection swab and 6 mm disc was sterilized at
120°C for about 15min and then loaded with gentamycin
(10 mg/mL) each as positive controls. The films were placed
onto the surface of inoculated plates with flamed forceps.
The plates were labeled and incubated at 37°C for 24 hours
for 2-3 days. The zone of inhibition (ZOI) was measured
using a ruler in millimeters around the disc as low activity
(1-6mm), moderate activity (7-10mm), high activity
(11-15mm), very high activity (16 and above), and no ac-
tivity (0) [24].

2.7. In-Vitro Disc Diffusion Antimicrobial Assays. The in-
teraction between gold nanoparticles against various kinds
of microorganisms was studied using disc diffusion assays.
The experimental studies were focused on the measurements
of the mortality constant rate for E. coli (ATCC, 10536),
S. aureus (ATCC, 6538), P. aeruginosa, C. albicans, and
B. subtilis. The agar solution was incubated for 24 h at 37°C
after sterilization [25]. The zones of inhibition were mea-
sured after incubation of 6 mm disk impregnated with Au
NPs for 24h on Mueller-Hinton agar. To ensure repro-
ducibility, the experiments were carried out three times and
the zones of inhibition reported as the mean + standard
deviation. The minimum inhibitory concentrations (MIC)
were obtained using Au NPs prepared using different
concentrations [25].

2.8. In-Vivo Wound Healing Studies. To evaluate the wound
healing properties of Au NPs, a nude rabbit with no hair on
the skin was used [7]. (Training in small animal handling was
done at JKUAT in collaboration with JICA). Using a cotton
swab, part of the back was scrubbed oft by rubbing a de-
pilatory on the epidermis of the skin and incising a wound
2cm in length using a scalpel blade. This procedure was
carefully carried out to avoid damaging the subcutaneous
tissue under the dermis. Before placing the bandage on the
prepared wound, the Au NPs were applied on the sterile
cotton swabs by deep coating the gauze in the nanoparticle’s
solution for 1 hr followed by drying in an oven set at 50°C to
constant weight. The Au NP coated gauze was then stuck on
the wounded part and the healing condition was observed
for 14 days [26].

3. Results and Discussion

Temperature, time, pH, and concentration of the plant
extracts as well as concentration ratio of the gold salt to the
plant extracts were optimized. The concentration of hy-
drogen tetrachloroaurate (III) was 1 mM. Aqueous leaf
extract of Physalis peruviana was used for optimization and
synthesis. The formation of the ruby red colour was an
indication that synthesis had taken place.



3.1. Au Nanoparticle Synthesis. Synthesis of Au NPs to
determine the optimum ratio of the gold salt to the plant
extract was done with 1 mM HAuCl,, for the duration of 60
minutes at varied ratio of hydrogen tetrachloroaurate (III)
and the aqueous leaf extract of the plant. Choice of 1 mM
was from a similar study that optimized synthesis param-
eters and found that 1 mM concentration of HAuCl, was
suitable for biogenic synthesis [27]. The formation of the
ruby red colour was attributed to successful synthesis of Au
NPs because of the presence of polyphenolic content and
radical scavenging ability of the plant extract [28]. The
phenolic compounds present in polyphenols serve as both
reducing and capping agents by forming complexes with the
metal ions, reducing them to nanoparticles of diverse sizes
and morphologies [29-31]. The change in colour of the
solution was observed within 20-30 min and the reaction
was allowed to proceed for 60 minutes. The UV-Vis spec-
troscope was further used to characterise the synthesized
gold nanoparticles. The UV-Vis spectra revealed the pres-
ence of the SPR band of the Au NPs at a wavelength of
approximately 540 nm. Transmission electron spectroscopy
(TEM) was further used to confirm the analysis by UV-Vis
spectroscopy which suggested that the biogenically syn-
thesized Au NPs were likely to be anisotropic in shape as well
as size.

3.2. AuNanoparticle Characterization. Characterization was
done on the synthesized Au NPs using UV-Vis spectroscopy
at room temperature (Figure 1). It was also used to estimate
the size, shape, and concentration of the Au NPs by ob-
serving their optical intensity through the surface plasmon
resonance (SPR) effect which gives rise to an absorption
band at a wavelength ranging from 400 to 700 nm [32]. The
surface plasmon resonance wavelength of Au NPs is mainly
dependent on the size of individual Au NPs and the ag-
gregation state of the Au NPs [33]. The UV-Vis spectra of the
Au NPs are affected by various factors including the size,
shape, and concentration of the nanoparticle [34]. The
standard SPR of gold is between wavelengths 500-550 nm
[35]. The UV-Vis spectra revealed the presence of the SPR
band of the Au NPs at approximately 540 nm. This is in
agreement with previous research [36, 37]. The presence of
the SPR band was as a result of collective oscillations of the
free electrons caused by an interacting electromagnetic field
in metallic NPs [38].

The synthesis of Au NPs at room temperature (25°C)
with a 2:1 ratio of hydrochloroauric acid trihydrate to the
plant extract was observed to provide efficient sharper
plasmon bands with a blue shift (indicated by decrease in A
max) compared to the synthesis at higher concentration
ratio showing values as well as higher concentration of plant
extract compared to the gold salt, leading to a red shift
(indicated by increase in A max). Higher concentrations
show concentration values leading to instability of the Au
NPs and this may have affected capping agents and hence
formation of less anisotropic Au NPs. This temperature
dependent correlation was also reported in various other
studies [39, 40] while the effect of concentration on size of
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particles was also reported in other studies [41]. Further
optimization showed that plant concentration of 17.5 mg/ml
and pH of 9 were more viable for synthesis. However, in
another study, pH 7, 8, and 12 showed characteristic ab-
sorption during biogenic synthesis of gold nanoparticles
[42]. This reaction was timed for 1 hr and synthesis took 50
minutes to reach a completion. Similar synthesis reactions
took 120 to 150 mins though some syntheses would take as
low as 10 minutes [42]. Other than room temperature
synthesis, another synthesis was also carried out with
temperature ranging between 25°C and 85°C.

Temperature of 85°C was found to be the most viable for
the synthesis within the selected temperature range
(Figure 2(b)). UV-visible spectroscopy is used to estimate
the size, shape. And concentration of the Au NPs by ob-
serving their optical intensity through the SPR effect which
gives rise to an absorption band at a wavelength ranging
from 400 to 700 nm [32]. The Beer-Lambert law is applied
where a beam of monochromatic light is passed through a
solution of an absorbing substance and the intensity of
radiation monitored. The rate of decrease of intensity of
radiation with thickness of the absorbing solution is pro-
portional to the incident radiation and the concentration of
the solution. The resultant Au NPs from the optimum
concentrations of Physalis peruviana L. plant extracts were
chosen for further study and their UV-Vis spectra results
provided. The UV-Vis spectra of the Au NPs are affected by
various factors including the size, shape, and concentration
of the nanoparticle [34].

Synthesis at low temperatures may favour synthesis
unlike in high temperatures. This could be due to the
unique properties of the phytochemicals present in the
plant, which react differently with the gold salt under the
specific conditions. Moreover, it could also be postulated
that the sensitive phytochemicals could be destructed by
some heat which affects the synthesis of Au NPs. Higher
temperature is believed to alter the interaction of phy-
tochemicals with the nanoparticle surface, thereby
inhibiting incorporation of adjacent nanoparticles into
the structure of nanoribbons. Furthermore, in some sit-
uations, higher temperatures may facilitate the nucleation
process to the detriment of the secondary reduction
process and further condensation of a metal on the surface
of nascent nanoparticles [43].

Dynamic light scattering (DLS) and zeta potential
showed that the PDI was high and this may be attributed to
the heterogeneity of the chemical components of the plants.
Figure 3 shows the size distribution histogram by intensity
from zeta potential for synthesized Au NPs using Physalis
peruviana plant extract at room temperature.

It is observed from the histogram that the highest single
peak is between 10 nm and 100 nm. This shows that after
reaching a peak point, the scattering light intensity actually
decreases. Some of the laser light is absorbed or scattered by
the sample before the beam reaches the scattering volume,
thereby decreasing the laser intensity at the scattering vol-
ume and reducing the amount of light available for scat-
tering in the scattering volume. Likewise, light scattered
from the scattering volume is absorbed or rescattered by the
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FIGURE 2: UV-Vis spectra for (a) concentration course, (b) temperature course, (c) pH course, and (d) time course for synthesis using

Physalis peruviana.

medium on the way to the detector, thereby also decreasing
the amount of scattered light reaching the detector [44].
Transmission electron microscopy as technique is used
to show the morphology and the shape of the synthesized
nanoparticles. In this research study, spherical shapes are
more dominant with room temperature synthesis. There is a
diversity in the geometrical shapes of green synthesized Au
NPs [40, 45]. The anisotropic nature of the synthesized Au
NPs as shown by TEM confirms the analysis done by UV-Vis
which suggested that the Au NPs synthesized from Physalis

peruviana plant extract are likely to be anisotropic in shape
and size. Figure 4 shows the TEM images and the SAED for
room temperature synthesis, i.e., Figures 4(a) and 4(b), as
well as synthesis at 85°C, i.e., Figures 4(c) and 4(d),
respectively.

The Au NPs are porous and have a hollow structure. The
grain boundaries are of size 10 nm. The smaller the grains,
many pores could lead to large surface area. The particles are
also crystalline and the small lattice is due to the small grains.
Room temperature synthesis resulted in spherical-shaped
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FIGURe 3: Size distribution against intensity histogram from zeta potential for room temperature synthesized Au NPs using Physalis
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FIGURE 4: The TEM images and the SAED for room temperature synthesis (a, b), as well as synthesis at 85°C (c, d).

Au NPs which are equally porous and crystalline. The
particles are 20 nm in size showing their large surface. Lattice
fringes show crystallinity of these nanostructures.
Transmission electron microscopy image for synthesis
at temperature of 85°C showed that the particles

synthesized are generally spherical-shaped, porous, and
polycrystalline materials. The particle size was generally
5nm in size. The SAED showed that the particles are
polycrystalline considering that the diffraction is given in
concentric circles.
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3.3. Antimicrobial Activity of the Biogenic Au Nanoparticles.
Antimicrobial activities of Au NPs from Physalis peruviana
were studied for their antimicrobial activities as well as
wound management. This was done to determine inhibition
zones for gram-positive bacteria (S. aureus and B. subtilis)
and gram-negative bacteria (E. coli and P. aeruginosa) as well
as gram-positive fungus (C. albicans).

3.3.1. Analysis of the Microbial Activities. The analysis of the
microbial activities was studied by determining the inhi-
bition zones for the aqueous green gold nanoparticles. This
was compared to those of the selected standard antibiotics.
Table 1 shows minimum inhibition zones for aqueous green
gold nanoparticles at different concentrations.

As the concentration of Au NPs increased, antimicrobial
activity also increased due to a subsequent increase in in-
teraction between Au NPs and the microbial cell wall. This
may be attributed to generation of reactive oxygen species
(ROS) [18]. Gold nanoparticles are usually not bactericidal at
low concentrations but show higher bactericidal properties
at relatively high concentrations [46, 47]. This may be at-
tributed to the effect of coexisting chemicals, such as gold
ions, surface coating agents, and chemicals involved in the
synthesis that were not completely removed [46, 47]. In a
study, higher concentration of CuO nanoparticles was re-
quired for a bactericidal effect to be achieved [48].

The antibacterial mechanism of Au NPs was associated
to (i) the collapse in the membrane potential, hindering
ATPase activity causing a deterioration of the cell meta-
bolism and (ii) hindering the binding subunit of the ribo-
some to tRNA [49], and (iii) Shamaila et al. showed that Au
NPs may affect the bacterial respiratory chain by attacking
nicotinamide [50].

Comparison was also made between minimum inhibi-
tion zones using Au NPs at the concentration of 100 mM and
that of aqueous Physalis peruviana extract. Table 2 shows the
comparison of minimum inhibition zones of aqueous Au
NPs at 100 mM with the aqueous Physalis peruviana extract.
From Table 2, it is evident that the minimum inhibition
zones varied significantly.

Gold nanoparticles can exert antibacterial activity
through a multitude of mechanisms. This includes direct
interaction of the Au NPs with the bacterial cell wall. The Au
NPs inhibit respiratory enzymes such as cytochrome oxi-
dases, malate, and succinate dehydrogenases. It has been
reported that nanoparticles are capable of holding fast onto
the bacterial cell membrane followed by penetration into the
cytoplasm. Once in the cytoplasm, the Au” transverses via
the ion channels leading to the ribosomes, in effect it leads to
the death of cells as a result of denaturing and suppression of
enzymes/proteins needed to produce energy. The Au”
present in the nanoparticles are also capable of interacting
with phosphorus and sulphur present in both DNA and
RNA leading to the disruption of DNA and RNA functions
as reported [51]. The Au NPs may also inhibit the formation
of biofilm, triggers innate as well as adaptive host immune
responses, generates reactive oxygen species, and induces
interactions of the Au NPs with DNA and/or proteins. The

fact that the mechanism of action of Au NPs against bacteria
is different from known standards, they can be of great
usefulness against multidrug-resistant (MDR) bacteria
[35, 52]. Table 3 shows inhibition zones for standard anti-
biotics compared to Au NPs.

The antimicrobial activity of Au NPs against E. coli was
comparable to those of amoxyclav, nitrofurantoin, nalidixic
acid, gentamicin, sulphamethoxazole and ceftriaxone.
However, when compared to norfloxacin and ofloxacin, its
antimicrobial activity was lower but its antifungal activity
was significantly higher or comparable to sulphamethox-
azole and ofloxacin. As observed in Table 3, the microor-
ganism under study demonstrated a significant level of
resistance to the standards used in this study at the tested
concentration. This activity was concentration dependent as
when the nanoparticles were prepared using hydro-
chloroauric acid trihydrate of 100 mM, the activity was
higher as more Au NPs were generated. As the concentration
of Au NPs increased, antimicrobial activity increased due to
a subsequent increase in interaction between Au NPs and the
microbial cell wall due to generation of reactive oxygen
species [18, 53]. Figure 5(a) shows the zones of inhibition of
Au NP solution; Figure 5(b) shows the zones of inhibition
for antibiotic standards, respectively.

3.3.2. In-Vivo Wound Healing Studies. The ability of Au NP
coated sterile wound gauze to promote wound healing was
evaluated using nude rabbits. Figure 6 shows macroscopic
appearance of experimental wounds at various time intervals
after surgery.

The rate of wound healing using Au NP coated sterile
cotton gauze was faster as compared to the control cotton
gauze and this trend was observed from the third day after
application of the dressings on the wound area. On the 6™
day, re-epithelization in animals dressed with Au NP coated
cotton gauze had already begun, while in the control group,
hematoceles could still be observed. On the 14™ day, both
the control group and the animals coated with Au NPs were
observed to be completely healed which implies that Au NPs
had good biocompatibility as signs of infection were not
present. In addition, we had hypothesized that the anti-
microbial activity of Au NPs effectively prevented the
proliferation of microorganisms which accelerated tissue
regeneration and healing.

Wound treated with the cotton gauze with Au NPs did
not show the evidence of pus accumulation, fibrin deposi-
tion, polymorphonuclear cells infiltration, or edema in the
lesions of the animal, but were seen in control and basal
ointment groups as was observed in another study [54].
Accumulation and overactivation of lymphocytes, macro-
phages, and neutrophils in the wound site and their extreme
secretion produced pus in the wound which reduced the
healing process. Further, as reported elsewhere, the presence
of free radicals may increase the amount of pus [54, 55]. The
wound healed within the first 15 days and that is similar to
the results in another study on wound healing using metal
nanoparticles [56]. Endogenous collagen matrix may have
supported tissue regeneration [57].
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TaBLE 1: Minimum inhibition zones for Au NPs of different concentrations synthesized from Physalis peruviana.

Minimum inhibition zones (mean + standard deviation) in mm

Samples Conc. (mM)
EC PA CA BS SA
100 19.0+ 1.0% 10.0 + 1.052 17.0+1.0% 17.0+0.0% 17.0+ 1.0%
Au NPs 10 18.0+ 1.(133C 11.010.0]; 15.0 + 1.02 16.0 + 1.02 15.0 + 1.0i
1 17.0+ 1.0 10.0+ 1.0 13.0+0.0 14.0+ 1.0 13.0+0.0
0.1 16.0+1.0° 9.0+1.0° 12.0+1.0° 15.0+1.0° 12.0+1.0°

*Values represent means + Sd of triplicate analysis. * Means with different superscripts in the same column are significantly different at p > 0.05(data analysed
by SAS). Note. Au NPs: gold nanoparticles; EC: Escherichia coli; CA: Candida albicans; PA: Pseudomonas aeruginosa; BS: Bacillus subtilis; SA: Staphylococcus
aureus. The inhibition zones for Au NPs of different concentrations varied significantly between concentrations (one-way ANOVA at P <0.05). The Au NPs
showed antimicrobial activities at different concentrations with the mean inhibitory zone diameter of 16-19 mm in E. coli, 9-11 mm against P. aeruginosa,
12-17 mm against C. albicans, 14-17 mm against B. subtilis, and 12-17 mm against S. aureus. This activity was concentration-dependent and the inhibition
zones against the microbes increased significantly with concentration, except for P. aeruginosa with minimum inhibition zone of 9 mm. The highest
antibacterial activity was at 100 mM of Au NPs against EC, BS, and SA. The Au NPs were also effective against fungal infection based on the inhibition zone of
C. albicans (17 mm).

TaBLE 2: Comparison of minimum inhibition zones of aqueous Au NPs at 100 mM with the aqueous Physalis peruviana extract.

Minimum inhibition zones (mean + standard deviation) in mm

Sample Conc.

EC PA CA BS SA
Au NPs 100 mM 19.0 + 1.0% 10.0 + 1.0% 17.0 £ 1.0% 17.0 £0.0% 19.0+0.0%
Physalis peruviana extract 10° 9.0+ 1.0° 10.0+2.0* 0.0+0.0" 7.0+ 1.0° 8.0+ 1.0°

*Values represent means + Sd of triplicate analysis. *Means with different superscripts in the same column are significantly different at p > 0.05 (data analysed
by SAS). The inhibition zones for Au NPs at the concentration of 100 mM and Physalis peruviana extract varied significantly in all the microbial cells, except
for P. aeruginosa (one-way ANOVA, F11)=2.67, P = 0.1189). The inhibition zone for Au NPs at the concentration of 100 mM varied significantly in the
microbial cells of E. coli (F3,11)=2.67, P = 0.0306), C. albicans (F11y=2.67, P = 0.0005), B. subtilis (F(311)=2.67, P = 0.0306), and S. aureus (F(3,11)=2.67,
P = 0001) which was highly significant. Antimicrobial activity exhibited by the Au NPs was significantly higher than that of the aqueous extract, implying that
there was enhanced activity, as a result of incorporation of the gold ions.

TaBLE 3: Inhibition zones for standard antibiotics compared to Au NPs.

Minimum inhibition zones (mean + standard deviation) in mm

SA PA BS EC CA
Au NPs 19.0+£0.0 10.0+1.0 17.0+0.0 19.0+1.0 17.0+£1.0
SX 8.00+0.00 14.00 £ 0.00 12.00 £ 0.00 17.00 £ 1.00 9.00 +0.00
GEN 8.00+0.00 9.00 +0.00 8.00+0.00 13.00 £ 0.00 NI
AMC 9.00 +0.00 NI 8.00+0.00 14.00 £ 0.00 NI
Antibiotic standards NX 9.00 +3.00 14.00 £ 0.00 12.00 £ 0.00 28.00 £ 0.00 NI
CTR 32.00+1.00 9.00 +0.00 NI 25.00£2.12 NI
NIT NI NI 8.00+0.00 12.00 £0.00 NI
OF NI 11.00 £ 0.00 9.00 £ 1.00 27.00£3.00 12.00 £ 0.00
NA NI NI 9.00 +0.00 15.00 £ 3.00 NI

Key: SX: sulphamethoxazole (25 ug); GEN: gentamycin (10 ug); AMC: amoxyclav (combination of amoxycillin and clavulanic acid, 20/10 ug, respectively);
NX: norfloxacin (10 ug); CTR: ceftriaxone (30 yg); NIT: nitrofurantoin (200 ug); OF: ofloxacin (10 ug); NA: nalidixic acid (30 yg); NI: no inhibition; PA:
Pseudomonas aeruginosa; BS: Bacillus subtilis; EC: Escherichia coli; CA: Candida albicans; SA: Staphylococcus aureus.

Mechanistically, in wound healing, Au NPs may adhere
to the surface of bacterial cells by electrostatic interaction in
the form of metallic gold which causes impairment of cell
membrane, leakage of cell contents, and production of re-
active oxygen species (ROS) [58]. Moreover, gold ions re-
leased may also tend to bind to thiol (sulthydryl) groups of
cellular lipoproteins to interfere with the respiratory chain
and generate ROS [59]. In aerobic life of an organism, re-
active oxygen species (ROS) are never welcome. These
partial or activated derivatives of oxygen (singlet oxygen
(0,), superoxide anion (O,’), hydrogen peroxide (H,0O,)
and hydroxyl radical (HO)) are highly reactive and toxic,

possible of causing oxidative destruction of cell components
[60].

The effectiveness of ROS in damaging, as a protective or
signaling factor, depends on the delicate equilibrium be-
tween ROS production and scavenging at the proper site of
the cell and time [61]. When the rate of generation of ROS
overweighs the rate at which ROS is scavenging, it leads to a
harmful imbalance in the antioxidative system of the cell.
This imbalance (often called as oxidative burst) results in
widespread damage in cells including peroxidation of
membrane lipids, oxidative damage to vital biomolecules
such as nucleic acids and proteins, and also the activation of
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FIGURE 6: Macroscopic appearance of wounds at various time intervals. CD1, CD3, CD6, and CD9 show experimental wound appearances
for control, on day one, three, six, and nine, respectively. AuNPD1, AuNPD3, AuNPD6, and AuNPD9 show wound appearance when
treated with Au NPs on day one, three, six, and nine, respectively.

programmed cell death (PCD) pathway probably making it
possible for the NPs to initiate membrane lipid peroxidation.
Consequently, the disintegration of membranes then facil-
itates the entrance of metals and NPs. However, as reported
by [59], changes, including collagen content, epithelial
thickness, and related growth factors, cannot be determined
by the external phase.

4. Conclusion

In this study, aqueous leaf extract of Physalis peruviana was
found to successfully synthesize gold nanoparticles at room
temperature as well as at varied temperatures (25°C to 85°C).
The synthesized Au NPs, DLS, and zeta potential analysis
showed that the polydispersity index was high and this was
attributed to the heterogeneity of the chemical components
of the plants. The Au NPs synthesized from Physalis
peruviana plant extract were likely to be anisotropic in shape

and size. This was shown from the UV-Vis spectra and
confirmed by the TEM images obtained. The Au NPs are
porous and have a hollow structure. The grain boundaries
are of size 10 nm. The particles are also crystalline and the
small lattice is due to the small grains. The gold nanoparticles
have been found to have a higher antibacterial and anti-
fungal activity compared to plant extract. Study on the
wound healing efficacy of the plant was also positive with the
incision healing within 14 days showing positivity towards
wound management by the biogenically synthesized gold
nanoparticles.
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