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ABSTRACT
Gold nanoparticles (AuNPs) were synthesized using three red wine extracts (RW-Es); by varying 
temperature, pH, concentrations of RW-Es and gold salt. The RW-AuNPs were characterized by UV–vis, 
transmission electron microscopy (TEM), dynamic light scattering (DLS), and the Fourier Transform 
Infra-red Spectroscopy (FT–IR). Their stability was evaluated in water, foetal bovine serum (FBS), 
phosphate-buffered saline (PBS), and Dulbecco’s Modified Eagle Medium (DMEM) by UV–Vis. The effect 
of the RW-Es and RW-AuNPs on KMST-6 cell cell viability was evaluated by MTT assay; and their wound 
healing effects were monitored by scratch assay. RW-AuNPs synthesis was observed by colour change, 
and confirmed by UV–Vis spectrum, with an absorption peak around 550 nm. The hydrodynamic sizes of 
the RW-AuNPs ranged between 10 and 100 nm. Polyphenols, carboxylic acids, and amino acids are some 
of functional groups in the RW-Es that were involved in the reduction of RW-AuNPs. The RW-AuNPs were 
stable in test solutions and showed no cytotoxicity to the KMST-6 cells up to 72 h. AuNPs synthesized 
from Pinotage and Cabernet Sauvignon enhanced proliferation of KMST-6 cells and showed potential as 
wound healing agents. Further studies are required to investigate the molecular mechanisms involved in 
the potential wound-healing effect of the RW-AuNPs.

Introduction

The health benefits of grapes (Vitis vinifera) and its products 
cannot be overemphasized. These fruits have been explored 
since time immemorial. They have been mythically and scien-
tifically reported to reduce the risk of cardiovascular diseases 
and cancer [1,2]. Their sundry health attributes such as anti-
oxidant, anticancer, anti-inflammatory, antimicrobial, anti-ulcer, 
hepatoprotective and cardioprotective properties, are due to 
their high phenolic and flavonoid contents. The widely stud-
ied wine constituents include resveratrol, chlorogenic acid, 
catechin and gallic acid [1]. Polyphenols were reported to 
play a key role as reducing, capping and stabilizing agents in 
the green synthesis of metal-based nanoparticles (MNPs) [3]. 
Evidently, grape pomace, which contains seeds, skins, and 
stalks, is a rich source of polyphenolic compounds, which 
have been reported in the synthesis of MNPs [3,4]. Although 
pure compounds from grape pomace have been shown to 
synthesize MNPs, their low solubility limits their applications. 
Due to the high polyphenolic content, the fermented grape 

juice [3] and wine [5] were also considered for the synthesis 
of MNPs, including AuNPs. Wines have high alcohol content, 
sugars, and anthocyanins as opposed to other grape prod-
ucts such as the grape juice [6]. It is reported that the phe-
nolic content in RWs is 10-fold higher than white wines. The 
South African trademarked Pinot noir (PN) wine has higher 
amount of antioxidants compared to other RWs [7]. The phe-
nolic acids, stilbene, and flavonoids in the RWs have been 
widely used in medicine due to their health benefits as men-
tioned above [2,8], the employment of RW-Es in green syn-
thesis is relatively unexplored. This introduces a new 
dimension to the biosynthesis of AuNPs that will potentially 
harness the distinctive bioproperties of RW-derived 
polyphenols. Interestingly enough, only the Georgian Saperavi 
RW has been used to synthesize AuNPs [5]. Since alcoholic 
beverages, including RW have been used in wound healing 
as aseptic agents to prevent wound infections [9], it is 
believed that these activities may be enhanced in their 
bio-synthesized AuNPs.
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The global burden posed by chronic wounds on patients 
and the healthcare system continues to escalate and with it 
the mortality rates. The chronic wounds, such as diabetic 
foot ulcers, have a five-year mortality rate similar to that of 
cancer [10], yet there are not many conventional wound 
healing strategies in place. This growing pressure requires 
immediate attention and the contemporary new field of 
green nanotechnology may be one of the best candidates. 
Nanotechnology presents an innovative means of improving 
and modifying the existing technologies making them suit-
able and effective for wound healing strategies. 
Nanomaterials, the source matter, can be used in biomedical 
application as drug delivery vehicles or treatment [11,12]. 
Less work is available for the wound healing properties, 
especially where AuNPs from wine materials are applied 
despite the AuNPs having intrinsic properties that can aid in 
wound closure by enhancing cell migration. During the 
wound-healing process, molecular mediators such as reac-
tive oxygen species (ROS), neutrophils, and inflammatory 
cytokines are released [13]. ROS is released as a by-product 
of cellular metabolism where the excess amounts can be 
detrimental to the wound healing process. The grape prod-
ucts and AuNPs are antioxidants that can prevent the pro-
duction of the ROS thereby promoting wound healing [14], 
better still, a combination of the two systems might have 
synergistic wound healing properties further making this 
type of work highly attractive.

The inspiration for the green approach is motivated by the 
fact that it uses natural products, and researchers are always 
hoping to replicate nature’s ability to produce small clusters of 
atoms that can self-assemble to produce more elaborate struc-
tures [15]. Plant extracts are of interest in green synthesis 
because they are readily available, inexpensive and require less 
energy input. The biocompatibility of gold which has resulted 
in its long history of application in the treatment of cancer and 
arthritis serves as a great advantage for its choice [16], ulti-
mately influencing the use of AuNPs in many biomedical appli-
cations instead of other MNPs such as AgNPs, copper NPs, 
platinum NPs and palladium NPs. Comparatively, the AuNPs 
[17] and AgNPs [18] are the most widely researched MNPs 
owing to their medical and commercial presence, respectively. 
However, the major limitation for Ag-based products including 
AgNPs is their cytotoxicity. This reason opened a huge window 
for AuNPs research in various biomedical applications as drug 
delivery, therapeutic and diagnostic agents. All that needs to 
be done is for various parameters to be tuned in the control 
of AuNPs’ cellular uptake, interaction and function [19].

Conclusively, the AuNPs are now attracting a great inter-
est as potential wound healing agents [20] should they be 
incorporated into an existing ointment for a synergistic 
wound healing effects. In comparison to standard ointment 
treatment, the NP ointments healed 100% of the wounds in 
19 days instead of 21 days in control animals which was a 
highly encouraging result [21]. Green synthesized NPs can 
modify conventional technologies to increase their efficiency 
as well as develop novel strategies that have improved 
properties. We believe that wine synthesis can significantly 
reduce the cost of development and end products [22]. 

Consequently, for the first time, this work reports on the 
synthesis of AuNPs using identified polyphenol-rich RWs. 
The RW-AuNPs were tested in vitro through scratch assay on 
KMST-6 cells, and their effect on cell migration was evalu-
ated. These results are all discussed herein and hope to 
open a new research dimension involving one of the worldly 
loved products which has not been explored. Merging nan-
otechnology with green chemistry and biotechnology is a 
field like no other in addressing main sustainable develop-
ment goals beyond the next decade.

Methodology

Preparation of RW-Es

The South African RWs, Van Loveren Pinot Noir (PN), Van 
Loveren African Java Pinotage (P), and Coral Reef Cabernet 
Sauvignon (CS) RWs, were purchased from a local liquor store 
(Parow Centre Mall, Cape Town, South Africa). An aliquot of 
500 ml of each of the RWs was dried by a BUCHI rotary evap-
orator (Postfach, Switzerland) at 50 °C for 6 h [23]. The result-
ing paste was dried overnight in a 50 °C oven. 100 mg/ml 
stock solutions of the RW-Es were prepared in deionized 
water and stored at 4 °C until further use.

Synthesis and characterization of RW-AuNPs

The RW-AuNPs synthesis was optimized by varying the tem-
perature (25, 30, 50, and 100 °C), RW-Es concentration 
(0–50 mg/ml), HAuCl4 (Sigma, St Louis, USA) concentration, pH 
(4–10), and time, as previously described with some modifica-
tions [24,25]. Briefly, 0.04 ml of each RW-Es was added into an 
Eppendorf tube containing 0.36 ml of pre-warmed 1 mM 
HAuCl4 at 1:10 ratio. The reactions were carried out on an 
Eppendorf Thermomixer (Hamburg, Germany) for 1 h at 
1000 rpm mixing rate while observing colour changes. The 
necessary parameters were optimized one at a time. The for-
mation of the RW-AuNPs was monitored by UV–Vis 
spectrophotometer.

Characterization of the RW-AuNPs

The RW-AuNPs were centrifuged on an Eppendorf 5417 R cen-
trifuge (Hamburg, Germany) for 15 min at 10,000 rpm. The 
RW-AuNPs pellets were resuspended in a 0.4 ml of deionized 
water. This mixture was then diluted in a 1:10 ratio in deion-
ized water and characterized as described in the literature 
[26] using; the UV–Vis recorded in a POLARstar Omega plate 
reader (BMG Labtech, Offenburg, Germany); by DLS to deter-
mine the hydrodynamic size, polydispersity index (PDI) and 
zeta potential using the Malvern Nano ZS90 Zetasizer (Malvern 
Panalytical Ltd. Enigma Business Park, UK). The morphology 
of RW-AuNPs was studied by FEI Tecnai T20 TEM (Oregon, 
USA), and the phytochemical groups involved in AuNPs syn-
thesis were analyzed by FTIR PerkinElmer spectrum two™ FT–
IR instrument (UK) between 4000 cm−1 and 400 cm−1 
wavenumbers. The crystalline structure of the RW-AuNPs was 
analyzed by Bruker D8 Advance X-ray diffractometers 
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(Karlsruhe, Germany). The crystalline mean crystalline size (D) 
was calculated using the Scherrer equation (Eq. (1)).

	 D
cos

=
( )

K λ
β θ

	 (1)

where k = 1, λ = 0.1542, β is the full width at half maximum 
(FWHM) and θ is the diffraction angle [27].

Effect of RW-Es and RW-AuNPs on cell viability

The KMST-6 cells were purchased from Thermofisher Scientific 
(Waltham, MA, USA), and a donation from Prof Denver Hendricks 
(Department of Clinical and Laboratory Medicine, University of 
Cape Town, South Africa). The cells were seeded at a cell density 
of 1 × 105 cells/ml−1 in 96-well plates (100 µl/well) and incubated 
for 24 h at 37 °C in a humidified 5% CO2 incubator (Thermo elec-
tron corporation, Labotec, USA). The cells were treated with 
0–1 mg/ml RW-Es and 0–50 µg/ml RW-AuNPs prepared in DMEM. 
Treatments with RW-AuNPs were done in quadruplicates, one of 
the wells was used to account for AuNPs interference. After 24 h, 
cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) assay, as previously described 
[26]. The percentage of cell viability was calculated using Eq. (2):

	 % Cell viability = 
untreated
treated

�
�
�

�
�
�  × 100%	 (2)

Effect of RW-Es and RW-AuNPs on wound healing

The in vitro scratch assay was performed on KMST-6 cells to 
evaluate the effect of treatments on cell migration following 
a reported protocol [28]. Briefly, 2x105 cells/ml were seeded 
onto a 24-well sterile plate and incubated for 24 h at 37 °C. 
A scratch was created by a sterile 200 µl pipette tip across 
the centre. The detached cells were washed off with PBS 
and treated with 0.25 mg/ml of RW-Es, 50 µg/ml RW (PN, CS, 
P)-AuNPs and 50 µg/ml Allantoin prepared in DMEM supple-
mented with 1% FBS. The wound gap was viewed under 
EVOS XL core light microscope (Invitrogen, USA) and images 
were taken at 0 − 72 h at 10× magnification. The images 
were analyzed using ImageJ (https://imagej.nih.gov/ij/
download.html). The % wound closure was calculated using 
Eq. (3):

	 %Woundclosure=
−( )−( )

−
×

pre migration migration

pre migration
100%%	 (3)

‘Pre-migration’ is the initial area of the wound at 0 h and 
‘migration’ is the wound area after a particular time point 
(24 − 72 h). After 72 h, the total cell count was performed using 
Trypan blue dye exclusion assay using a haemocytometer.

Statistical analysis

The data are presented as mean ± standard deviation, which 
were obtained from three independent experiments that 

were performed in triplicates. The difference between the 
means was considered to be significant when p < .05 accord-
ing to two-way ANOVA.

Results and discussion

The bio-inspired synthesis of AuNPs is becoming popular with 
increasing environmental impact consciousness. Not only are 
these methods eco-friendly, but also cost-effective and a 
rapid form of MNP synthesis. The AuNPs are of particular 
interest as they are the most stable form of MNPs [29] and 
have been synthesized from numerous plant extracts, for 
examples Dracocephalum kotschi [30] and Elaise guineensis 
[29]. The extracts may be from the peels, fruits, stems, and 
roots [31]. It is known that the plants contain metabolites 
such as polyphenols, sugars, proteins, terpenoids and alka-
loids which play a role in the reduction of gold salt to their 
metallic AuNPs and ensure their stability [32]. Synthesis occurs 
in a single step, and the mechanism of the biosynthesis of 
NPs from plants is based on the cellular uptake mechanisms, 
combination of phytochemicals, enzymes and biomolecules 
they possess. Generally, due to mentioned properties, plants 
have been used in the extraction of metals from biomass to 
return an economic profit [33]. In the current study, RW-Es 
were explored for the synthesis of AuNPs.

Biosynthesis of RW-AuNPs

The RW-AuNPs were produced through green synthesis as 
depicted in the reaction scheme shown in Figure S1. Different 
reaction parameters have a significant impact on the physico-
chemical properties of AuNPs, such as their shape, size, and 
surface charge [34]. The reaction conditions that favour green 
synthesis and formation of stable RW-AuNPs [22, 35], such as 
temperature, pH, incubation time, concentrations of RW-Es 
and HAuCl4 were optimized. One or two parameters were var-
ied at a time while the others were kept constant, and the 
progress of the reaction was monitored visually and by UV–
Vis spectra. The colour change to brick-red or wine-red was a 
first indication of the formation of RW-AuNPs [36], and this 
was further confirmed by the uniformed SPR peak at ~500 nm 
using the UV–Vis [37].

The SPR provides information about the size, morphology, 
and relative concentration of the AuNPs. The SPR is an 
important phenomenon influenced by the inter-particle dis-
tance, electron density, and the refractive index of the reac-
tion medium [38]. These factors can be tuned by altering the 
reaction parameters, most of which are investigated in this 
study. A change in absorbance to a longer wavelength (the 
red-shift) result from an increase in particle size and a reduc-
tion in particle size gives a shorter wavelength or blue 
shift [39].

The optimal conditions for the biosynthesis of RW-AuNPs 
are described in detail in the supplementary materials (Figures 
S2–S4) and summarized in Table 1. PN-AuNPs were synthe-
sized using 25 mg/ml of PN-E at pH 6 at 25 °C; CS-AuNPs were 
synthesized with 12.5 mg/ml of CS-E at pH 4 at 50 °C; and 
P-AuNPs were synthesized with 50 mg/ml of P-E at pH 5 at 
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50 °C. PN- and P-AuNPs were synthesized using 1 mM HAuCl4 
using a 1:10 ratio, and 1:5 for CS-AuNPs. These parameters do 
vary from plant to plant and may be optimized by simply 
varying the reaction parameters. However, while it is desir-
able to synthesize AuNPs at ambient temperatures, studies 
show that not all plant extracts can readily generate the 
nanoparticles at temperatures below 25 °C [24].

The spectra for the RW-AuNPs were symmetrical with SPR 
peaks at 542, 544, and 540 nm for P-AuNPs, PN-AuNPs and 
CS-AuNPs, respectively (Figure 1(a)). The P-AuNPs had two 
absorption peaks, at 540 and 710 nm, corresponding to the 
transverse and longitudinal plasmon modes. The two peaks 

suggested a presence of non-spherical AuNPs [40]. 
Quantitatively, the nanospheres were more than other shapes 
since the transverse peak was dominant [41]. This was con-
firmed by the HRTEM micrograms, showing spherical and 
triangular-shaped RW-AuNPs (Figure 1(b)). The anisotropic 
shapes are common in biogenic NPs, and this is associated 
with various phytochemicals present in the extracts, as 
reported for AuNPs synthesized by various plant extracts [24], 
such as Terminalia mantaly [42] and Cyclopia intermedia [26]. 
The RW-AuNPs had core size distribution in the range 10 – 
60 nm, the average core sizes for the CS-, P- and PN-AuNPs 
were 29.54, 23.11 and 22.57 nm, respectively.

Table 1. O ptimal conditions for RW-AuNPs synthesis.

RW-Es RW-Es stock (mg/ml) HAuCl4 (mM) RW-Es: Au salt Temperature (°C) pH Reaction time (h)

PN-E 25 1 1:10 25 6 2.5
P-E 50 1 1:10 50 5 2
CS-E 12.5 1 1:5 50 4 2

Figure 1.  UV–vis (a), HR-TEM micrographs (b) and histogram for size distribution (c) of RW-AuNPs.
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DLS analysis

The CS-AuNPs had the lowest hydrodynamic size (48.76 nm) 
compared to P-AuNPs (85.87 nm) and PN-AuNPs (82.13 nm) 
(Table 2). The hydrodynamic size accounts for the core size as 
well as the surface composition [37, 42]. The PDI of the 
RW-AuNPs ranged between 0.2 and 0.5, affirming that the RW-Es 
produced monodispersed and stable RW-AuNPs. CS-AuNPs had 
the lowest PDI of 0.205. Although PN-AuNPs and P-AuNPs had a 
relatively large PDI of 0.386 and 0.444, respectively, they were 
still considered to be monodispersed considering that these PDI 
values were all below 0.5. The PDI ranges between 0 and 1, 
where the poly-dispersed particles have higher PDI, typically 
≥0.7, and the PDI for monodispersed particles is below 0.5 [43]. 
The zeta potential of the RW-AuNPs was greater than + 40 mV, 
which is +10 mV above the stability index of +30 mV [44].

XRD analysis

The crystalline structure of the RW-NPs was determined by 
XRD analyzed in the range of 2θ between 20° and 85°. 
Diffraction peaks appeared around 38°, 44°, 64° and 77° for 
the RW-AuNPs as shown in Figure 2. These peaks are related 
to the prominent peaks (1 1 1), (2 0 0), (2 2 0) and (3 1 1) 
Bragg reflection planes of a face-centered cubic structure of 
gold [45]. These peaks confirmed the crystalline nature of 
the RW-AuNPs. The unassigned peaks could be related to 
the production of bio-organic crystalline on the surface of 
the RW-AuNPs [27].

The average crystalline size was calculated to be 8.89, 9.22 
and 9.21 nm for P-, PN- and CS-AuNPs, respectively, as shown in 
Table 3.

Table 2. O ptical and DLS properties of RW-AuNPs.

AuNPs RW-Es (mg/ml) SPR (nm) Hydrodynamic size (d.nm) Zeta potential (mV) PDI

PN-AuNPs 25 544 82.13 +51.60 ± 2.2 0.386 ± 0.04
CS-AuNPs 12.5 540 48.76 +41.69 ± 3.69 0.205 ± 0.05
P-AuNPs 50 542 85.87 +50.76 ± 1.74 0.444 ± 0.03

Figure 2.  XRD spectrum of RW-AuNPs.

Table 3. C rystalline sizes calculation of RW-AuNPs using the Scherrer equation.

Bragg reflection 
planes

P-AuNPs PN-AuNPs CS-AuNPs

Peak position (2θ) FWHM
Diameter 

(nm) Peak position (2θ) FWHM
Diameter 

(nm) Peak position (2θ) FWHM
Diameter 

(nm)

111 38.5 0.9 10.0 38.2 0.6 15.3 38.3 0.9 10.7
200 44.6 1.3 7.3 44.4 1.7 5.5 44.4 1.3 7.5
220 64.9 1.1 9.1 64.6 2.1 4.9 64.8 1.2 9.0
311 77.8 1.3 9.1 77.6 1.0 11.2 77.8 1.2 9.6
Average 8.9 9.2 9.2
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FT–IR analysis

The FT–IR spectra of RW-Es and RW-AuNPs demonstrated that 
phytochemicals in RW-Es played a role in the reduction of 
Au+ to Au0. As shown in Figure 3, there were noticeable 

similarities between RW-Es and RW-AuNPs spectra. Some of 
the peaks were transmitted at the same wavelengths sug-
gesting that some phytochemicals present in the RW-Es were 
also present on the surface of the RW-AuNPs. The bands that 
were shifted in RW-AuNPs as compared to the RW-Es, are 

Figure 3. FT –IR spectra of RW-Es and the RW-AuNPs.
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summarized in Table S1. RWs are rich in polyphenolic com-
pounds such as tannins, anthocyanins, catechins and flavo-
noids [8], and the transmittance of O–H and C–O at 1680 and 
900 cm−1, validated their involvement in the RW-AuNPs syn-
thesis. In particular, the 1285 cm−1, reported as characteristic 
of flavonoid-based tannins [46,47]. There was a significant 
reduction in the broad O–H peak between 3000 and 4000 cm−1 
for the RW-Es compared to the RW-AuNPs [30]. The C = O 
group identified between 1600 and 1400 cm−1 indicated the 
presence of carboxylic acids and was more defined in the 
RW-Es. The polyphenols in RW-Es, evident in broad and 
smaller OH peak, proved that the carboxylic polyphenols 
were responsible for reducing Au+ to Au0. The 
hydroxyl-containing compounds has been reported as reduc-
ing, stabilising, and capping agents in the synthesis of AuNPs 
[48]. The bands around 700 to 900 cm−1 and 950 to 1285 cm−1, 
were attributed to the aromatic C-H out-of-plane and in-plane, 
respectively [49]. The significant shifts around 1400 cm−1 sug-
gested the involvement of esters, carboxylic acids [30], amino 
acids [50] and aromatic esters in the bio-reduction of the 
RW-AuNPs as reducing and stabilising agents [51].

Wound healing effects of RW-AuNPs

Phytomedicine has shaped the history of medicine, and 
resulted in discovery of cancer drugs (paclitaxel) and analge-
sics (morphine) [52]. Plant-derived drugs still continue to lead 
in the discovery and development of novel and improved 
treatments [52] for various diseases, including wound healing. 
A number of plant products, such as herbs, teas, fruits, etc., 
are reported to possess wound healing properties [53], and 
have been incorporated in various wound healing agents 
over the years [54]. Grape products were among the herbal 
therapies with long history in wound healing therapy [55], 
their bioactivities were attributed to a number of phytochem-
icals, especially resveratrol [56]. RW, in particular, was used as 
an antiseptic to prevent bacterial infections, and later used as 
a wound healing agent [9].

Effect of RW-Es and RW-AuNPs on KMST-6 cells

AuNPs have great potential in biomedical applications such 
as drug delivery, imaging, diagnostic, and therapeutic agents 
[17]. However, there is limited information about their impact 
on human health when used in short- and long- term appli-
cations. Unlike their bulk counterparts, AuNPs possess unique 
physicochemical properties which allow them to penetrate 
and accumulate in the cells [57], and therefore, their toxicity 
on cells ought to be evaluated before clinical applications. 
The effect of RW-Es and RW-AuNPs on skin fibroblast (KMST-6) 
cells was assessed by MTT assay, which is based on the mito-
chondrial activity of viable cells to reduce the yellow tetra-
zolium salt into a purple formazan. The colour intensity is 
directly proportional to the number of viable cells [58].

The CS-E, P-E and their respective AuNPs were non-toxic to 
the cells after 24 h treatment at all tested concentrations, as 
shown in Figure 4. Their effect on cell viability was 
dose-dependent and showed a noticeable increase in cell 

viability as their concentration increased. P-E (Figure 4(a)) and 
P-AuNPs (Figure 4(b)) had the highest effect compared to 
CS-E and CS-AuNPs. At 50 µg/ml, the cells reached viability of 
~119% for the CS-AuNPs, and 132% for P-AuNPs, after 24 h. 
The PN-E and PN-AuNPs reduced the cell viability in a 
concentration-dependent manner. There was no significant 
toxicity to the cells treated with P-AuNPs and CS-AuNPs, 
which suggested the potential biocompatibility of these 
AuNPs in biological applications.

Effects of RW-AuNPs on cell migration

The possibility of the RW-AuNPs to promote in vitro wound 
closure was investigated further by a scratch assay [11], which 
has been successfully and extensively used to investigate the 
effects of various compounds, extracts and NPs on cell migra-
tion [59]. Figure 5 illustrates the change in wound gap over 
72 h of treatment with RW-Es and RW-AuNPs. The images 
show a time-dependent closure of the scratch. Although the 
RW-Es treatments were used at a concentration (0.25 mg/ml) 
that was five times higher compared to RW-AuNPs (50 µg/ml), 
they failed to completely close the scratch in 72 h. The effects 
of RW-AuNPs were comparable to other plant extract-derived 
AuNPs that were reported to promote wound healing that 
was attributed to the extracts such as Plectranthus aliciae eth-
anolic extract [60]. The wound closure for P-AuNPs and 
CS-AuNPs treated cells was faster than that of the cells treated 
with RW-Es. The overall wound closure for the CS-AuNPs and 
P-AuNPs was faster than that of the untreated cells (negative 
control). The cells treated with Allantoin as a positive control, 
CS-AuNPs, and P-AuNPs appeared to have overgrown after 
72 h when compared to the untreated cells. After 48 h of 
treatment, the wound closure for P-AuNPs and allantoin had 
already reached 80% closure. The wound gap on cells exposed 
to PN-E and their corresponding AuNPs did not completely 
close after 72 h. P-AuNPs followed by CS-AuNPs had compara-
ble effects to those of allantoin, indicating their potential 
wound healing effects.

The rate of the wound closure for each treatment is shown 
in Figure 6. There was a linear relationship between gap clo-
sure rate and gap area, and the 2D continuum model of col-
lective cell migration [61] had predicted this behaviour. All 
wounds treated with RW-Es did not close within the 72 h 
including PN-AuNPs with a wound closure of less than 50%. All 
treatments had the highest wound closure rate within the first 
48 h except for the non-efficacious PN-AuNPs. P-AuNPs had the 
highest wound closure rate for the first 48 h with ~62% of the 
wound closing in the first 24 h. The wound healing significantly 
slowed down for all RW-Es, P-AuNPs and allantoin in the last 
24 h of treatment; however, the closure rate was maintained for 
the untreated and the CS-AuNPs. The comparative activities of 
P-AuNPs and CS-AuNPs with allantoin, a well-known wound 
healing agent, positions these NPs as potential alternatives or 
adjuncts in wound healing therapies. This comparison is crucial 
for contextualising the efficacy of RW-AuNPs within the land-
scape of existing treatments and underscores their potential 
clinical relevance. These findings highlight the innovative 
nature of this study and position RW-AuNPs as valuable 



406 T. MGIJIMA ET AL.

candidates for further biomedical research and potential clini-
cal applications. The in vitro efficacy of RW-AuNPs could be 
translated into clinical applications, and be explored in devel-
opment of wound healing regimens.

As shown in Table 4, PN-AuNPs followed by RW-Es had the 
lowest number of viable cells after the 72 h of treatment. The 
number of viable cells after 72 h was higher for allantoin (180%) 
followed by P-AuNPs (110%) and CS-AuNPs (92%). Allantoin is a 
well-known cell growth enhancer [28,62], which promoted 
HaCaT cell proliferation at ≤10 µg/ml [28]. In the current study, 
allantoin at the similar concentration (50 µg/ml) of the RW-AuNPs, 
had the highest number of viable cells followed by P-AuNPs and 
CS-AuNPs. The CS-AuNPs and P-AuNPs can be considered as the 
growth enhancers, while PN-AuNPs appeared to have sup-
pressed cell growth. The increase in cell density may also be due 
to proliferation of the cells within the wells and not cell migra-
tion towards the scratch for the RW-Es and RW-AuNPs.

Plant extract-synthesized AuNPs have shown potential in 
wound healing as antibacterial, growth enhancer, and 

antioxidant agents [63]. Galenia africana and Hypoxis hemero-
callidea AuNPs exhibited antibacterial activity against 
Gram-positive and Gram-negative bacteria [24], a critical 
property for chronic wound healing. AuNPs were also shown 
to possess anti-inflammatory and immune modulatory prop-
erties [64], and promoted angiogenesis [65]; suggesting that 
AuNPs could have multiple effects in the wound healing 
process.

Conclusion

This study showed that RW-Es served as both the reducing and 
stabilising agents for synthesis of RW-AuNPs. A colour change 
from yellow to a wine-red indicated the presence of RW-AuNPs 
and was further confirmed by a SPR between 540 to 560 nm, 
which is a characteristic of AuNPs. Altering the reaction param-
eters such as temperature, pH and concentrations tuned the 
size and shape of the RW-AuNPs. Various functional groups in 
the RW-AuNPs were identified by FT-IR, and suggested that the 

Figure 4. E ffect of RW-Es and RW-AuNPs on KMST-6 cells. The cells were treated with increasing concentrations of RW-Es (a) and RW-AuNPs (b) for 24 h. Differences 
are considered statistically significant at p < .05, represented by # and * when compared to untreated and other treatments, respectively.
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Figure 5. E ffect of RW-AuNPs, RW-Es and allantoin on KMST-6 cell migration using a scratch assay. Wound gaps were assessed at 0 to 72 h after treatment with 
RW-AuNPs and RW-Es. Untreated: negative control; allantoin: positive control.

Figure 6.  Wound area (%) on KMST-6 cells after treatment with RW-Es, RW-AuNPs and allantoin compared to untreated cells. Differences considered statistically 
significant at p < .05, represented by *, # and @ when compared to untreated, PN-E and CS-E respectively.
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polyphenols, amino acids and esters were most likely to be 
involved in the reduction of Au+. The CS-AuNPs and P-AuNPs 
were not cytotoxic to KMST-6 cells, and accelerated wound clo-
sure by enhancing cell growth. These results suggested that 
RW-AuNPs could be considered as wound healing and growth 
enhancing agents, and therefore could be incorporated into 
wound healing regimens. More studies are needed to confirm 
this activity in other cell types (skin cells and fibroblasts), their 
specificity and mechanisms of action in vivo, to validate their 
wound-healing properties.
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