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Introduction: Silver nanoparticles (AgNPs) have been extensively used in wound healing 
applications owing to their valuable physicochemical and biological properties. The main 
objective of this study was to evaluate the combined effects of green-synthesized silver 
nanoparticles (G-AgNPs) and photobiomodulation (PBM; laser irradiation at 830 nm with 5 
J/cm2) in normal wounded and diabetic wounded fibroblast cells (WS1).
Methods: The combined effect of G-AgNPs and PBM was studied by various in vitro 
wound healing studies including cell morphology, cell migration rate and percentage wound 
closure, cell viability, cell proliferation, and filamentous (F)-actin and nuclear morphology 
staining.
Results: Cell viability results revealed good cellular compatibility of G-AgNPs to WS1 
cells. The combined therapy of G-AgNPs and PBM demonstrated promising results to 
achieve progressive migration and wound closure in both normal wounded and diabetic 
wounded cell models. G-AgNPs alone and in combination with PBM had no negative effect 
on cell viability and proliferation, and there was an increase in cell migration.
Conclusion: Overall, these findings demonstrate that the combined treatment of G-AgNPs 
and PBM does not display any adverse effects on wound healing processes in both normal 
wounded and diabetic wounded cell models.
Keywords: green synthesis, silver nanoparticles, photobiomodulation, laser, wound healing, 
cell migration

Introduction
Infected wounds are a major health concern and burden to patients with diabetes, 
and in some cases these ulcers take more than 20 weeks to heal and frequently 
lead to amputation.1 These ulcers are a major cause of disability and impact 
negatively on the patient’s quality of life. The treatment and management of 
chronic diabetic wounds are often multidisciplinary.2 Nowadays, silver-based 
dressings are actively used for the effective healing of infected diabetic 
wounds.3 The application of nanoparticles (NPs) in the biological domain is an 
emergent field due to increasing levels of understanding of biological systems 
and their interaction with nanomaterials.4 Silver nanoparticles (AgNPs) are 
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known as metal-based nanomaterials and have been 
extensively used for different biological applications 
due to their physicochemical and biological properties.5 

AgNPs have potent antibacterial, antimicrobial and anti- 
inflammatory effects, which play a key role in promoting 
wound healing.6,7 The use of AgNPs in the treatment of 
chronic wounds such as delayed chronic venous leg 
ulcers,8,9 and post-burn residual wounds10 is well 
documented.

Aloe arborescens (family Asphodelaceae) has been 
traditionally applied for its therapeutic and medicinal 
properties over thousands of years, including anti- 
inflammatory, antimicrobial, antibacterial, analgesic, anti-
allergic, and antioxidant.11–14 The non-toxic leaf sap 
extract (LSE) is a mucilage that can influence wound 
healing13 and acts as a stabilizing, reducing and capping 
agent for NPs via the green synthesis method.11,15 This 
method of preparation is suitable for large-scale synthesis 
and avoids the usage of synthetic or chemical-based 
agents. The green synthesis method possesses good toler-
ability and efficacy and is inexpensive as compared to 
current options.16,17

Photobiomodulation (PBM) has been shown to be 
effective in the treatment of normal and diabetic wounds 
by stimulating cellular processes. It involves the use of 
low powered light (typically light emitting diodes (LED) 
or lasers) to treat and heal a variety of conditions. It has 
been used with success and shown to influence extensive 
healing of different wounds.18–20 Ayuk et al (2012) 
reported that laser irradiation of diabetic wounded 
human skin fibroblast cells resulted in increased cellular 
migration, viability, proliferation, and collagen production 
compared to non-irradiated cells.21 It is well documented 
that PBM stimulates normal cellular processes in wound 
healing, and AgNPs have shown positive effects by redu-
cing bacterial levels and promotes wound healing 
mechanisms. However, the combined effect of AgNPs 
and PBM is not well documented. Therefore, the primary 
objective of this study was to evaluate the combined 
effects of G-AgNPs and PBM (laser irradiation at 830 
nm with 5 J/cm2) in normal wounded and diabetic 
wounded fibroblast cells (WS1). We used the central 
scratch assay to stimulate a wound in WS1 human skin 
fibroblast cells. The central scratch assay has been widely 
used to create a wound or gap in the confluent monolayer 
of cells to mimic a wound in vitro.22,23 A wavelength of 
830 nm and a fluence of 5 J/cm2 was chosen as these 
parameters have been previously shown to stimulate WS1 

cells and induce positive effects on diabetic wounded 
fibroblast cells.24 It has also been reported that a similar 
wavelength and fluence increases cutaneous wound ten-
sile strength in a diabetic murine model.25

Materials and Methods
Cell Culture (2D)
WS1 human skin fibroblast cells were used for experi-
ments. All cell line experimental procedures performed 
in this study was approved by the Faculty of Health 
Sciences Research Ethics Committee of the University of 
Johannesburg (REC-01-27-2017). All methods and proce-
dures were performed in accordance with the relevant 
guidelines and regulations. All chemicals and reagents 
used in the study were of analytical grade. Deionized 
water (MilliQ element, 18 Mohm/cm) was used for all 
the experiments. Human skin fibroblast cells (WS1, 
ATCC®, CRL-1502™) were grown in minimum essential 
medium (MEM, M7278, Sigma–Aldrich, South Africa) 
supplemented with 10% (v/v) fetal bovine serum (FBS, 
F9665, Sigma–Aldrich, South Africa), 2 mM L-glutamine 
solution (G7513, Sigma–Aldrich, South Africa), 100 
U Penicillin and 100 μg/mL Streptomycin (P4333, 
Sigma–Aldrich, South Africa), 2.5 μg/mL Amphotericin- 
B (A2942, Sigma–Aldrich, South Africa), 1 mM sodium 
pyruvate (S8636, Sigma– Aldrich, South Africa), and 0.1 
mM non-essential amino acids (NEAA, M7145, Sigma– 
Aldrich, South Africa).

Two models, namely normal wounded (NW) and dia-
betic wounded (DW), and eight groups were used, namely 
non-irradiated normal wounded (NW 0J), non-irradiated 
G-AgNP treated normal wounded (NW 0J NP), irradiated 
normal wounded (NW 5J), irradiated G-AgNP treated 
normal wounded (NW 5J NP), non-irradiated diabetic 
wounded (DW 0J), non-irradiated G-AgNP treated dia-
betic wounded (DW 0J NP), irradiated diabetic wounded 
(DW 5J), and irradiated G-AgNP treated diabetic wounded 
(DW 5J NP). A diabetic model was achieved by continu-
ously growing cells in MEM (basal glucose concentration 
of 5.6 mMol/L) containing an additional 17 mMol/L 
glucose.23 To determine the effects of PBM cells were 
detached by adding TrypLETM express (1 mL/25 cm2, 
Gibco 12563–029, Life Technologies, South Africa) and 
incubated for 3 min at 37°C. For experiments, excluding 
proliferation studies, 6 x 105 cells were seeded into 3.4 cm 
diameter tissue culture plates as determined by the Trypan 
blue exclusion test, and plates were incubated overnight at 
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37°C in 5% CO2 to allow cells to attach. For proliferation 
studies, 106 cells were seeded.

A wound was simulated whereby the cell monolayer 
was scratched down the center with a sterile disposable 
1 mL pipette.26 The selected groups were treated with 12 
µg/mL G-AgNPs, incubated for 30 min and then irra-
diated. Untreated and non-irradiated (0 J/cm2) cells served 
as controls. It was reported in our previous study that the 
selected concentration (12 µg/mL G-AgNPs) showed 
a satisfactory level of bactericidal activity against both 
Gram-positive and Gram-negative pathogenic bacterial 
cells11 and hence, we used a concentration of 12 μg/mL 
in all assays.

Laser Irradiation
The laser was supplied by the Council of Scientific and 
Industrial Research (CSIR), National Laser Centre (NLC) 
of South Africa. In this study, a diode laser emitting at 
a wavelength of 830 nm was used. Laser parameters are 
summarized in Table 1. Cells were irradiated in 3.4 cm 
diameter tissue culture plates in 1 mL of culture medium 
in the dark, from above, with the culture dish lid off. 
Irradiation was performed at a distance of 7 cm, which 
created a spot size of 9.1 cm2 that directly corresponded to 
the area of the tissue culture plate. After the desired time 
of incubation (24 and 48 h), cellular responses were eval-
uated by different methods.

Cell Viability
The Cell Titer-Glo® luminescent cell viability assay 
(Promega G7573, Anatech Analytical Technology, South 
Africa) is based on the quantification of intracellular 
adenosine triphosphate (ATP) which indicates the pre-
sence of metabolically active cells.27 The assay measures 
the luminescent signal produced by the conversion of 
ATP to adenosine monophosphate (AMP) by the enzyme 
luciferase. Cells were treated with a range of concentra-
tions of G-AgNPs (4, 8, and 16 μg/mL) and incubated for 

48 h. Untreated cells were kept as controls. After treat-
ment and incubation, equal volumes of reagent and cell 
suspension (50 μL) were added and mixed for 2 min to 
induce cell lysis. The plate was allowed to incubate at 
room temperature for 10 min to stabilize the luminescent 
signal. Luminescence was read in Relative Light Units 
(RLU) on a multilabel counter (Perkin Elmer, 
VICTOR3™, 1420).

Cellular Morphology, Migration Rate and 
Percentage Wound Closure
Cellular morphology for all groups was captured using the 
live cell imaging microscope, Carl Zeiss Axio Observer 
Z1. Images were taken in the same spot at different time 
intervals (0, 24, and 48 h). The Axio vision LE (SE64 Rel. 
3.9.1 SP1) software was utilized to measure wound closure 
(diameter in μm). Cell migration rate and percentage 
wound closure were calculated as per the procedure 
reported by Fox et al, 2017.28

The cell migration rate towards the center of the 
scratch was observed in normal wounded and diabetic 
wounded cells at 24 and 48 h. The migration rate was 
expressed in µm/h and calculated using the equation (A):

Migration
rateðμm=hÞ ¼

ðPre � migrationÞlength � ðMigrationÞlength

TimeðhÞ

� �

(A) 

where (pre-migration)length was the initial wound length 
(µm) at 0 h and (migration)length was the wound length at 
a particular time (h).

The percentage of wound closure was expressed in 
percentage and calculated using the equation (B):

Wound
closureð%Þ

¼
ðPre � migrationÞlength � ðMigrationÞlength

ðPre � migrationÞlength

" #

� 100
(B) 

where (pre-migration)length was the initial wound length 
(µm) at 0 h and (migration)length was the wound length at 
a particular time.

Cell Apoptosis
The assay uses Annexin V–fluorescein isothiocyanate 
(FITC) and propidium iodide (PI) (BD Biosciences, 
556547, The Scientific Group, South Africa) to identify 
phosphatidyl serine sites on the membrane of apoptotic 
cells, as well as sites of membrane damage in necrotic 
cells, respectively. The assay was done according to the 

Table 1 Laser Parameters

Light Source Diode Laser
Wavelength (nm) 830

Emission Continuous wave

Power output (mW) 104
Power density (mW/cm2) 11.4547

Spot size (cm2) 9.1

Fluence/energy density (J/cm2) 5
Irradiation time 7 min 16 s
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manufacturer’s instructions and analyzed on the BD 
Accuri™ C6 flow cytometer. Annexin V–FITC is detected 
as green fluorescence and PI as red. After treatment and 
incubation, the cells from all the groups were detached and 
washed with Hanks Balanced Salt Solution (H9394, 
Sigma-Aldrich, South Africa). Cells were resuspended in 
the 1X binding buffer at a concentration of 106 cells/mL, 
and 100 µL of the cell suspension was transferred into 
flow cytometry tubes. Five microliters each of the Annexin 
V–FITC and PI reagents were added and mixed and incu-
bated for 10 min at room temperature in the dark. Flow 
cytometric analysis was performed within one hour at 
a rate of 400 events per second with a limit of 350 μL.

Cell Proliferation
The BD Pharmingen™ BrdU FITC Flow Kit (BD 
Biosciences, 559619/557891, The Scientific Group, 
South Africa) was used to measure cell proliferation. 
BrdU is included into newly synthesized DNA during 
the S-phase of the cell cycle. The assay was done accord-
ing to the manufacturer’s instructions and analysed on 
the BD AccuriTM C6. After treatment and desired incu-
bation (24 and 48 h), 106 cells/mL were labeled with 10 
μL of 1 mM BrdU and incubated for 1 h at 37°C. Cells 
were rinsed with 1 mL of staining buffer and the super-
natant was discarded after centrifugation for 5 min at 
300 g. The pellet was resuspended in BD Cytofix/ 
Cytoperm™ buffer and incubated for 10 min on ice. 
Cells were rinsed and centrifuged as previously men-
tioned and the pellet resuspended in BD Cytoperm™ 
Permeabilization Buffer Plus and incubated for 10 min. 
Cells were washed and centrifuged as previously men-
tioned and the pellet was resuspended and incubated for 
1 h at 37°C in 300 μg/mL DNase in Dulbecco’s phos-
phate-buffered saline (DPBS). Cells were rinsed and 
resuspended in BD Perm/Wash™ Buffer containing anti- 
BrdU and incubated for 20 min at room temperature. 
Cells were washed and resuspended in 1 mL staining 
buffer and analyzed by flow cytometry at a rate of 400 
events per second with a limit of 350 μL.

Filamentous Actin (F-Actin) and Nuclear 
Morphology Analysis
Filamentous actin and nuclear morphology were deter-
mined by staining with Rhodamine Phalloidin (RP) and 
Hoechst, respectively. Phalloidin is a seven amino acid 
peptide toxin from the mushroom Amanita phalloides, 

which binds specifically with the polymerized form of 
actin (F-actin) and is excited at 535–585 nm. Hoechst is 
a bis-benzimidazole derivative compound that binds to the 
minor groove of DNA and is often used for fixed- and live- 
cell fluorescent staining of DNA and nuclei in cellular 
imaging techniques. Hoechst is a cell-permeable DNA 
stain excited by UV light and emits blue fluorescence at 
460–490 nm. After treatment and desired incubation (24 
and 48 h), cells were incubated with 200 μL of 100 nM RP 
(# PHDR1, Cytoskeleton, Inc. Biocom Africa (Pty) Ltd, 
South Africa) for 30 min at 37°C in a humidified atmo-
sphere in the dark. After three washes with PBS, nuclei 
were counterstained with 1 μg/mL Hoechst 33258 
(861405, Sigma-Aldrich, South Africa) for 10 min at 
37°C in a humidified atmosphere in the dark, and washed 
three times with PBS. A fluorescence microscope (Carl 
Zeiss, AXIO Observer Z1) was used to evaluate F-actin 
and nuclear morphology.

Statistical Analysis
All graphs were created with GraphPad Prism (Version 
5.01). All experiments were done in triplicate to monitor 
for the reproducibility of the results, and data are 
expressed as the mean ± standard deviation. Statistical 
analysis was performed using SigmaPlot version 13.0. 
Differences between groups were determined using the 
one-tailed Student’s t-test and One-Way Analysis of 
Variance (ANOVA). The differences were statistically sig-
nificant when P ≤ 0.05.

Results and Discussion
AgNPs are extensively studied for their multifunctional 
biological applications which include their non-toxic, bio-
compatible, antimicrobial and anti-inflammatory 
activities.29 The anti-inflammatory properties of AgNPs 
play a major role in wound healing whereby it suppresses 
inflammatory events during the early phases of wound 
healing in both in vivo and in vitro models.30,31 PBM- 
based therapies are non-invasive and stimulate cellular 
pathways in wound repair and regeneration.32,33 In recent 
investigations, the combined therapy of metal-based nano-
particles with PBM has been studied in the treatment of 
wounds (in vivo). The synergistic effect of this combined 
therapy has shown antibacterial activity against pathogenic 
bacteria as well as the promotion of wound healing. Lau 
et al (2016) recently reported on the combined use of 
GNPs and PBM (808 nm diode laser with a total fluence 
of 5 J/cm2) in an in vivo cutaneous wound model. The 
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histological results revealed that the combined treatment 
had an optimal effect on wound healing by promoting 
angiogenesis and collagen production.34 In another study, 
Khan et al (2016) used gold nanorods and a Nd-YAG laser 
(1064 nm) and evaluated the potential of the combined 
therapy in a pathogen infected in vivo wound model. The 
treatment results revealed a reduced number in bacterial 
counts and accelerated wound healing.35

In our previous study, we reported that LSE 
extracted from A. arborescence has fundamental proper-
ties to act as a reducing, capping and stabilizing agent to 
produce G-AgNPs via the green synthesis approach, and 
G-AgNPs possessed excellent physicochemical and anti-
bacterial properties. The synthesized G-AgNPs demon-
strated a satisfactory level of bactericidal activity 
against human pathogenic bacteria (Staphylococcus aur-
eus and Pseudomonas aeruginosa).11 In view of these 
observations and in continuation of our previous work in 
wound healing, we tested the combined effects of 
G-AgNPs and PBM in normal wounded and diabetic 
wounded WS1 cell models through different methods, 
including cellular morphology, viability and prolifera-
tion, cellular migration rate and percentage wound 

closure, apoptosis, and F-actin and nuclear morphology 
studies.

Cellular Viability
In the present study, the biocompatibility of different con-
centrations of synthesized G-AgNPs (4, 8, and 16 μg/mL) 
was evaluated in vitro using the Cell Titer-Glo® luminescent 
cell viability assay (Figure 1). The different concentrations 
of G-AgNPs were compared to the control, and there was no 
significant difference at 4 μg/mL (p = 0.437), 8 μg/mL (p = 
0.446) and 16 μg/mL (p = 0.457). The results showed that no 
prominent cell death occurred during treatment with 
G-AgNPs, and cellular viability of G-AgNP treated cells 
was comparable with that of the control. Thus, there was 
good cellular compatibility of G-AgNPs against WS1 cells. 
According to our previous report, 8 μg/mL and 12 μg/mL of 
G-AgNPs were required to achieve Minimum inhibitory 
concentration (MIC) in Gram-positive and Gram-negative 
bacterial cells, respectively11 and hence, we used the max-
imum concentration of 12 μg/mL in the remainder of the 
assays. Galandakova et al (2015) evaluated cellular toxicity 
of AgNPs in fibroblast cells and reported that 
a concentration of up to 25 μg/mL is non-toxic and is the 

Figure 1 Cellular viability as assessed by the CellTiter-Glo® luminescent cell viability assay. Cellular viability was determined in WS1 cells treated with different 
concentrations of G-AgNPs (4, 8 and 16 μg/mL). Untreated cells were used as a control and analysed 48 h post-treatment. 
Abbreviations: μg/mL, microgram per microliter; RLU, relative light units; G-AgNPs, green-synthesized silver nanoparticles.
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most suitable candidate as a topical agent for wound healing 
applications.36

Cellular Morphology, Migration Rate, and 
Percentage Wound Closure
Cellular morphology, migration rate, and percentage wound 
closure were examined. The distance between the wound 
margins was measured at different time intervals (0, 24, and 
48 h), and the corresponding time-lapse images for normal 
wounded and diabetic wounded cell models are given in 

Figures 2 and 3, respectively. We observed that the morphol-
ogy of the WS1 cells appeared flat and spindle-shaped (bi or 
multipolar projections) in all the studied groups at 24 and 
48 h in both normal wounded and diabetic wounded models, 
which concurs with recently reported findings.21,37

Cell migration is considered as an important step in 
wound healing, and it directly indicates how fast 
a treatment promotes complete wound closure.28 The 
migration rate (μm/h) was obtained from the live cell 
imaging experiments for both normal wounded and dia-
betic wounded models and is depicted in Figures 4A and 

Figure 2 Time-lapse micrographs of non-irradiated normal wounded cells (NW 0J); non-irradiated, G-AgNP treated normal wounded cells (NW 0J NP); irradiated, normal 
wounded cells (NW 5J); and irradiated, G-AgNP treated normal wounded cells (NW 5J NP), analysed at 0, 24 and 48 h. 
Abbreviations: μm, micrometer; G-AgNP, green-synthesized silver nanoparticle.
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5A, respectively. In the normal wounded model at 
24 h (Figure 4A), both non-irradiated G-AgNP treated 
normal wounded cells (p < 0.05) and irradiated G-AgNP 
treated normal wounded cells (p < 0.01) showed 
a significant decrease in migration rate compared to 
baseline, non-irradiated normal wounded cells (NW 
0J). A significant increase was observed in irradiated 
normal wounded cells compared to irradiated G-AgNP 
treated normal wounded cells (p < 0.01). At 48 h there 
was complete wound closure thus no measurements 
could be taken.

In the diabetic wounded model at 24 h (Figure 5A), 
migration rate was significantly increased in irradiated 
diabetic wounded cells compared to the non-irradiated 
diabetic wounded cells (p < 0.01), and irradiated 
G-AgNP treated diabetic wounded cells (p < 0.01). 
Migration rate was significantly decreased in non- 
irradiated G-AgNP treated diabetic wounded cells (p < 
0.01) and irradiated G-AgNP treated diabetic wounded 
cells (p < 0.05) compared to the non-irradiated diabetic 
wounded cells. There was no statistically significant dif-
ference between irradiated G-AgNP treated diabetic 

Figure 3 Time-lapse micrographs of non-irradiated diabetic wounded cells (DW 0J); non-irradiated, G-AgNP treated diabetic wounded cells (DW 0J NP); irradiated, 
diabetic wounded cells (DW 5J); and irradiated, G-AgNP treated diabetic wounded cells (DW 5J NP), analysed at 0, 24 and 48 h. 
Abbreviations: μm, micrometer; G-AgNP, green-synthesized silver nanoparticle.
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Figure 4 Migration rate (μm/h = micrometer per hour) – (A) Non-irradiated normal wounded (NW 0J); non-irradiated, G-AgNP treated normal wounded (NW 0J NP); 
irradiated normal wounded (NW 5J); and irradiated, G-AgNP treated normal wounded (NW 5J NP) WS1 cells were analysed at 24 and 48 h (hours). (B) Wound closure (%) 
- Non-irradiated normal wounded (NW 0J); non-irradiated, G-AgNP treated normal wounded (NW 0J NP); irradiated normal wounded (NW 5J); and irradiated, G-AgNP 
treated normal wounded (NW 5J NP) WS1 cells were analysed at 24 and 48 h. Significance is shown as *p<0.05, **p<0.01 and ***p<0.001. G-AgNP = Green-synthesized 
silver nanoparticle. 
Abbreviation: G-AgNP, green-synthesized silver nanoparticle.
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Figure 5 Migration rate (μm/h = micrometer per hour) – (A) Non-irradiated diabetic wounded (DW 0J); non-irradiated, G-AgNP treated diabetic wounded (DW 0J NP); 
irradiated diabetic wounded (DW 5J); and irradiated, G-AgNP treated diabetic wounded (DW 5J NP) WS1 cells were analysed at 24 and 48 h (hours). (B) Wound Closure 
(%) - Non-irradiated diabetic wounded (DW 0J); non-irradiated, G-AgNP treated diabetic wounded (DW 0J NP); irradiated diabetic wounded (DW 5J); irradiated G-AgNP 
treated diabetic wounded (DW 5J NP) WS1 cells analysed at 24 and 48 h. Significance is shown as *p<0.05, **p<0.01 and ***p<0.001. 
Abbreviations: G-AgNP, green-synthesized silver nanoparticle.
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wounded cells and non-irradiated G-AgNP treated diabetic 
wounded cells (p = 0.079). At 48 h, the migration rate was 
significantly increased in irradiated diabetic wounded cells 
(p < 0.01) and decreased in non-irradiated G-AgNP treated 
diabetic wounded cells (p < 0.05) compared to the non- 
irradiated diabetic wounded cells.

The percentage of wound closure was obtained from 
the live cell imaging experiments for both normal 
wounded and diabetic wounded models and is depicted 
in Figures 4B and 5B, respectively. In the normal wounded 
model at 24 h (Figure 4B), wound closure (%) was sig-
nificantly increased in irradiated normal wounded cells 
compared to irradiated G-AgNP treated normal wounded 
cells (p < 0.001) and non-irradiated normal wounded cells 
(p < 0.05). Wound closure was significantly decreased in 
non-irradiated G-AgNP treated normal wounded cells (p < 
0.01) and irradiated G-AgNP treated normal wounded 
cells (p < 0.01) compared to non-irradiated normal 
wounded cells. There was no statistically significant dif-
ference between irradiated G-AgNP treated normal 
wounded cells and non-irradiated G-AgNP treated normal 
wounded cells (p = 0.068). At 48 h, all normal wounded 
groups showed complete wound closure.

In the diabetic wounded model at 24 h, there was 
a significant increase in percentage wound closure (Figure 
5B) in irradiated diabetic wounded cells compared to non- 
irradiated diabetic wounded cells (p < 0.05), while no 
significant difference between irradiated G-AgNP treated 
diabetic wounded cells and non-irradiated G-AgNP treated 
diabetic wounded cells (p = 0.140) was observed. There 
was a significant decrease in percentage wound closure in 
non-irradiated G-AgNP treated diabetic wounded cells com-
pared to non-irradiated diabetic wounded cells. No signifi-
cant differences were observed between irradiated diabetic 
wounded cells and irradiated G-AgNP treated diabetic 
wounded cells (p = 0.087). Complete wound closure was 
achieved over 48 h in irradiated G-AgNP treated diabetic 
wounded cells (100%), while only 77% wound closure was 
achieved in non-irradiated diabetic wounded cells, 91% in 
non-irradiated G-AgNP treated diabetic wounded cells and 
95% in irradiated diabetic wounded cells. At 48 h, wound 
closure (%) was significantly increased in non-irradiated 
G-AgNP treated diabetic wounded cells (p <0.01), irra-
diated diabetic wounded cells (p < 0.01), and irradiated 
G-AgNP treated diabetic wounded cells (p < 0.001) com-
pared to non-irradiated diabetic wounded cells.

A comparison between normal wounded and diabetic 
wounded cell models was performed at 24 h for both 

cellular migration and wound closure studies. In the 
migration study, the results showed that there was 
a significant increase in normal wounded cells compared 
to diabetic wounded cells (non-irradiated p = 0.006; non- 
irradiated G-AgNP treated p = 0.006; irradiated p = 0.007; 
and irradiated G-AgNP treated p = 0.025). In the wound 
closure study, the results displayed a significant increase in 
percentage wound closure in non-irradiated normal 
wounded cells compared to non-irradiated diabetic 
wounded cells (p = 0.017). No statistically significant 
differences were observed in normal wounded cells com-
pared to diabetic wounded cells (non-irradiated G-AgNP 
p = 0.259; irradiated p = 0.291; and irradiated G-AgNP 
treated p = 0.359).

Overall, we found a progressive migration rate and 
percentage wound closure in both normal wounded and 
diabetic wounded cell models. At 48 h, all groups in the 
normal wounded cell model showed complete wound clo-
sure. Therefore, there was no measurable wound length at 
48 h. In the diabetic wounded model, we achieved com-
plete wound closure at 48 h with the group treated with 
a combination of laser irradiation and G-AgNP treatment. 
It is well documented that laser irradiation at 830 nm has 
positive effects on diabetic wound healing24 and earlier 
studies have confirmed that tannic acid-modified AgNP 
treatment can increase cell migration in HaCaT (immorta-
lized human keratinocyte line) cells in vitro.38 Thus, this 
study found that the addition of G-AgNPs at 
a concentration of 12 μg/mL with laser irradiation (at 
830 nm with a fluence of 5 J/cm2) showed no toxicity 
response to the cells and the migration rate and wound 
closure was very similar to their baseline (NW 0J and DW 
0J) in both normal wounded and diabetic wounded cell 
models, with a beneficial effect on diabetic wounded cells.

Cell Apoptosis
The percentage of different cell population types (viable, 
early apoptosis (EA), late apoptosis (LA) and dead) were 
studied at 24 and 48 h using the FITC Annexin V/PI 
apoptosis assay by flow cytometry. The percentage of 
different stages of cells from both normal wounded and 
diabetic wounded models are shown in the supplementary 
information (see Supplementary Figure S1 and Figure S2). 
The percentage of viable cell counts from normal wounded 
and diabetic wounded models are shown in Figure 6A and 
6B, respectively.

In normal wounded models (Figure 6A), the baseline 
(NW 0J) results were compared to all other groups and it 
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Figure 6 Determination of viable cell counts (%) measured by flow cytometry. (A) Non-irradiated normal wounded (NW 0J); non-irradiated G-AgNP treated normal 
wounded (NW 0J NP); irradiated normal wounded (NW 5J); and irradiated G-AgNP treated normal wounded (NW 5J NP) WS1 cells were analysed at 24 and 48 h (hours). 
Significance is shown as *p<0.05. (B) Non-irradiated diabetic wounded (DW 0J); non-irradiated G-AgNP treated diabetic wounded (DW 0J NP); irradiated diabetic wounded 
(DW 5J); and irradiated G-AgNP treated diabetic wounded (DW 5J NP) WS1 cells were analysed at 24 and 48 h. Significance is shown as *p<0.05 and **p<0.01. 
Abbreviations: G-AgNP, green-synthesized silver nanoparticle.
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showed that there was no significant differences at both 24 
and 48 h, except for a significant decrease in irradiated 
G-AgNP treated normal wounded cells at 48 h (p < 0.05). 
In diabetic wounded models (Figure 6B), the baseline 
(DW 0J) results were compared to all other groups and it 
showed that there was no significant differences at both 24 
and 48 h, except for a significant decrease in non- 
irradiated G-AgNP treated diabetic wounded cells (DW 
0J NP) at 48 h (p < 0.01). In this context, we observed 
that cells reached a higher density at 48 h, which could 
promote contact inhibition of proliferation (CIP), a process 
that ceases all cell proliferation and cell division upon 
reaching confluence.39

A comparison between normal wounded and diabetic 
wounded cell models was performed at 24 and 48 h. At 24 
h, results showed that there were no significant differences 
between normal wounded and diabetic wounded cell models 
(non-irradiated p = 0.398; irradiated p = 0.289; non- 
irradiated G-AgNP treated p = 0.916 and irradiated 
G-AgNP treated p = 0.960). At 48 h, a significant increase 
was observed in non-irradiated diabetic wounded cells (p < 
0.001) compared to normal wounded cells; while there was 
no significant differences between irradiated (p = 0.219); 
non-irradiated G-AgNP treated (p = 0.069) and irradiated 
G-AgNP treated (p = 0.108). Thus, through this study, we 
observed that the combination of G-AgNPs treatment and 
PBM showed no adverse effect on cellular viability in both 
normal and diabetic wounded cell models at 24 and 48 h.

Cell Proliferation
Cell proliferation was examined by BrdU incorporation. 
The percentage of S-phase cell population values were 
plotted for normal wounded and diabetic wounded cell 
models and are shown in Figure 7A and 7B, respectively.

In normal wounded models (Figure 7A), the baseline 
(NW 0J) results were compared to all other groups and it 
showed that there was no significant differences at both 24 
and 48 h in the percentage of S-phase cell populations, 
except for a significant increase in irradiated G-AgNP trea-
ted normal wounded cells at 24 h (p < 0.05). No significant 
differences seen were at 24 and 48 h in diabetic wounded 
models (Figure 7B). A comparison between normal 
wounded and diabetic wounded cell models was performed 
at 24 and 48 h for percentage of S-phase cell populations. 
At 24 h, results showed that there were no significant 
differences between normal wounded and diabetic wounded 
cell models (non-irradiated p = 0.405; irradiated p = 0.107; 
non-irradiated G-AgNP treated p = 0.037; and irradiated 

G-AgNP treated p = 0.034). Similarly, at 48 h, there was no 
significant differences (non-irradiated p = 0.295; irradiated 
p = 0.385, non-irradiated G-AgNP treated p = 0.978; and 
irradiated G-AgNP treated p = 0.257).

These results demonstrate that the combined treatment 
using G-AgNPs and PBM does not alter the cell prolifera-
tion mechanisms in S-phase during in vitro wound healing 
processes in both normal wounded and diabetic wounded 
cell models, which is supported by results seen in cell 
migration rate, percentage wound closure and viable cell 
counts. It is reported that the cell repair process predomi-
nantly involves both cell migration and cell proliferation in 
wound healing.40 As we discussed earlier in the cell apop-
tosis study, a similar phenomenon, such as CIP, is involved 
for 48 h and may stop cell proliferation and cell division 
once cultures reach confluence.39

Filamentous Actin and Nuclear 
Morphology Analysis
F-actin and nuclear morphology in normal wounded 
(Figure 8A) and diabetic wounded cells (Figure 8B) was 
determined at 24 and 48 h using fluorescence microscopy. 
Hoechst (blue) stained cells showed no changes in nuclear 
shape, and the accumulation of Hoechst ensures its stiff-
ness in all the groups studied in both normal wounded and 
diabetic wounded cell models. Rhodamine-Phalloidin (red) 
stained cells showed the presence of dense F-actin stress 
fibres in WS1 cells. The thickness and density of F-actin 
fibres were substantially increased at 48 h compared to 24 
h in both normal wounded and diabetic wounded cell 
models, which may have occurred due to the reorganiza-
tion of cytoskeletal F-actin fibres. In summary, these 
results demonstrate that G-AgNP and PBM did not cause 
any adverse effect on the normal structure of F-actin and 
nuclear morphology during the in vitro wound healing 
process. In wound healing, restoration or rearrangement 
of the cytoskeleton is considered an important process, and 
the dynamic changes of F-actin expression in the cytoske-
leton are strongly associated with cell motility and wound 
repair mechanisms.41,42

Conclusion
We used a concentration of 12 μg/mL of G-AgNPs 
throughout this study and it revealed good cellular com-
patibility against WS1 cells. We found that G-AgNPs 
alone and in combination with PBM does not exhibit any 
adverse effects on cellular viability counts and does not 
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Figure 7 Determination of cell proliferation by BrdU incorporation in newly synthesized DNA as measured by flow cytometry (% of cells in proliferative, S-phase). (A) 
Non-irradiated normal wounded (NW 0J), non-irradiated G-AgNP treated normal wounded (NW 0J NP); irradiated normal wounded (NW 5J); and irradiated G-AgNP 
treated normal wounded (NW 5J NP) WS1 cells were analysed at 24 and 48 h (hours). (B) Non-irradiated diabetic wounded (DW 0J); non-irradiated G-AgNP treated 
diabetic wounded (DW 0J NP); irradiated diabetic wounded (DW 5J); and irradiated G-AgNP treated diabetic wounded (DW 5J NP) WS1 cells were analysed at 24 and 48 
h. Significance is shown as *p<0.05. 
Abbreviations: G-AgNP, green-synthesized silver nanoparticle.
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alter the cell proliferation mechanisms in S-phase during 
in vitro wound healing processes in both normal wounded 
and diabetic wounded cell models. It exhibited 
a progressive migration rate, complete wound closure, 
and increased thickness and density of F-actin at 48 

h. Overall, these findings suggest that the combination of 
G-AgNPs and PBM could be utilized in wound healing 
applications, including diabetic wound healing. However, 
in vivo trials on this combination therapy are required, as 
well as further pathogen infected in vitro models to unlock 

Figure 8 Filamentous actin (Rhodamine Phalloidin, red) and nuclear morphology (Hoechst stain, blue) analysis at 24 and 48 h. (A) Normal wounded (NW) cell models: non- 
irradiated (NW 0J); non-irradiated G-AgNP treated (NW 0J NP); irradiated (NW 5J); and irradiated G-AgNP treated (NW 5J NP). (B) Diabetic wounded (DW) cell models: 
non-irradiated (DW 0J); non-irradiated G-AgNP treated (DW 0J NP); irradiated (DW 5J); and irradiated G-AgNP treated (DW 5J NP). 
Abbreviations: G-AgNP, green-synthesized silver nanoparticle.
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the molecular mechanisms and their responses in wound 
healing.

Abbreviations
A. arborescens, Aloe arborescens; AgNPs, silver nano-
particles; AMP, adenosine monophosphate; ANOVA, 
analysis of variance; ATCC, American type culture col-
lection; ATP, adenosine triphosphate; DNA, deoxyribo-
nucleic acid; DW, diabetic wounded; DW 0J, diabetic 
wounded non-irradiated; DW 0J NP, G-AgNP treated 
diabetic wounded non-irradiated; DW 5J NP, G-AgNP 
treated diabetic wounded irradiated; DW 5J, diabetic 
wounded irradiated; FBS, foetal bovine serum; FITC, 
fluorescein isothiocyanate; G-AgNPs, green synthesized 
silver nanoparticles; GNPs, gold nanoparticles; LSE, leaf 
sap extract; MEM, minimum essential medium; MIC, 
minimum inhibitory concentration; NEAA, non- 
essential amino acids; Nd-YAG, neodymium-doped 
yttrium aluminum garnet laser; NIR, near-infrared laser; 
NPs, nanoparticles; NW 0J, normal wounded non- 
irradiated; NW 0J NP, G-AgNP treated normal wounded 
non-irradiated; NW 5J NP, G-AgNP treated normal 
wounded irradiated; NW 5J, normal wounded irradiated; 
NW, normal wounded; PBM, photobiomodulation; PBS, 
phosphate buffered saline; PI, propidium iodide; RLU, 
relative light units; RP, rhodamine phalloidin; UV, ultra- 
violet.
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