
3083

Abstract. – OBJECTIVE: Green synthesis of 
silver nanoparticles (AgNPs) using cyanobacte-
rial platforms is becoming more popular nowa-
days. In this study, the filamentous non-hetero-
cystous cyanobacterium Phormidium sp. was 
used for AgNPs production. Then, it was inves-
tigated for its antibacterial and wound-healing 
properties.

MATERIALS AND METHODS: The cyanobac-
terium cultures were challenged by AgNO3, and 
the obtained nanoparticles were characterized 
using UV and FTIR spectrometric methods. The 
antimicrobial activity of AgNPs was scrutinized 
against MRSA either alone or in combination 
0.5% chloramphenicol. The green synthesized 
AgNPs were tested for their skin wound healing 
activity using several wound models at different 
concentrations.

RESULTS: The cyanobacterial culture extract 
showed the characteristic surface plasmon reso-
nance peak at 440 nm for AgNPs. Different func-
tional groups that could contribute to the reduc-
tion of Ag+ to AgNPs or the stabilization of the 
nanoparticles were identified by the FTIR. AgNPs 
potentiated the antimicrobial activity of chloram-
phenicol against MRSA. Green synthesized sil-
ver nanoparticles have demonstrated topical ef-
fectiveness in different wound models, including 
excision, incision, and burn. Significant wound 
improvement and the increase in wound closure 
rate, hydroxyproline content, and the reduction 
in epithelialization period confirmed the wound 
healing potency of AgNPs. The enzymatic anti-
oxidant level escalation and inflammatory cyto-
kines attenuation supported the AgNPs substan-
tial effect on wound repairing.

CONCLUSIONS: Biogenic AgNPs produced 
by Phormidium sp. showed significant antimi-
crobial together with wound healing abilities.

Key Words:
Anti-inflammatory, Antioxidant, Cyanobacteria, MR-

SA, Silver nanoparticles, Wound healing. 

Introduction

Skin is the protective barrier that can distin-
guish, differentiate, and incorporate numerous 
indicators within the environment and instant-
ly establish appropriate responses1,2. There are 
various types of wounds, including an incised, 
lacerated, abrasion, contusion, ulcer, and burn 
wounds 3. The wound healing process involves 
four overlapping biological segments of hemo-
stasis, inflammation, proliferation, and remod-
eling1,4. Irregularities or vascular obstruction in 
any of these phases may result in a long-lasting or 
deferred wound healing process leading to poorly 
healed skin tissue1,4. During the inflammatory 
phase (first 2-4 days of healing), inflammatory 
cells (neutrophils and macrophages) eliminate in-
jured tissue and provide protection from infection 
and release chemotactic and mitogenic factors4-6. 
Throughout the proliferative phase, surrounding 
tissue fibroblasts proliferate to produce collagen, 
and concurrently epithelialization and angiogen-
esis arise4. Finally, during the remodeling phase, 
the newly produced collagen cross-links with the 
already existing collagen and protein molecules 
to intensify the scar tensile strength2,4. 

Nanoparticles are classified into organic and 
inorganic. Carbon nanoparticles represent the or-
ganic nanoparticles, while magnetic nanoparti-
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cles, noble metal nanoparticles (platinum, gold, 
and silver), and semiconductor nanoparticles (ti-
tanium dioxide and zinc oxide) exemplify the 
inorganic group. Inorganic nanoparticles are in-
creasingly used in drug delivery due to their 
distinctive features such as ease of use, good 
functionality, biocompatibility, ability to target 
specific cells and control release of drugs7. 

Wound treatment products, widely referred 
to as ‘colloidal silver’, include solutions that 
contain various concentrations of ionic silver 
compounds5. The unique properties of silver 
nanoparticles (AgNPs) with a particle size be-
tween 1 nm and 100 nm, making them ideal for 
numerous technologies, including biomedical, 
optical, and antimicrobial applications5. Utiliz-
ing nanotechnology development, many novel 
therapeutics have been developed using nano-
materials depending on their unique chemi-
cal features. However, chemically-synthesized 
nanomaterials used in therapies contain traces 
of chemical allergens, which have brought about 
some health problems, including allergies, rash-
es, itching, and swelling5. 

Cyanobacteria represent an eco-friendly pro-
ducer for biogenic nanoparticles. They possess 
the ability to biosynthesize nanoparticles, from 
the vicinity of ions and radionuclides in their 
niches as a part of mechanisms that help the 
organism to detoxify its environment8. Some 
cyanobacteria, such as Plectonema boryanum, 
demonstrated a potential to biotransform Au3 + 

to Au0 and subsequently the formation of gold 
nanoparticles (AuNPs)9. Cyanobacteria gained 
much intention as a noble metal nanoparticle 
producer as it is easy to grow and manipulate 
on relatively inexpensive growth media, which 
enables cost-effective production of these green 
nanoparticles.

Therefore, the present study focused on the 
biosynthesis and characterization of AgNPs pro-
duced by the filamentous, non-heterocystous cy-
anobacterium Phormidium sp. Furthermore, the 
wound healing effect of the produced AgNPs on 
different types of wounds, including excision, 
incision, and burn wounds, was investigated.

Materials and Methods 

Cyanobacteria Culture
The Phormidium sp. was previously collect-

ed and purified from Alhasa, Eastern province, 
Kingdom of Saudi Arabia, in 201710. 

Preparation of Silver Nitrate
A stock solution of silver nitrate (Sigma-Al-

drich, St. Louis, MO, USA) of 1 M concentration 
was prepared and used in the study. The solution 
was kept in a dark bottle. For the synthesis of 
biogenic AgNPs, 5 ml of culture suspended in 
distilled water was completed to 19 ml by 0.1 M 
phosphate buffer at pH 7, and then 1 ml silver 
nitrate solutions of the concentration 0.5 mM) 
The reaction mixture was incubated at room 
temperature. 

Silver Nanoparticles Synthesis
Production of AgNPs from Phormidium sp. 

was based on the method described by Hamouda 
et al 11 with some modifications. Mid-logarith-
mic Phormidium sp. culture was grown for 60 
days in F2 medium, the cells were harvested by 
centrifugation (10 minutes, 2000 x g), and 15 
mg of the biomass was suspended in phosphate 
buffer (pH 7) (19 ml) the 1 ml of 0.5 mM of 
silver nitrate (AgNO3) was added. The cultures 
were kept under illumination (2000 ± 200 Lux) 
for 72 hours. A negative control was prepared by 
repeating the above process and replacing cya-
nobacterial biomass with distilled water. Turn-
ing the external solution into yellow then brown 
indicated the production of silver nanoparticles. 
The process of AgNPs production was mon-
itored by UV-Vis spectrometry (Genesys10S, 
Thermo Scientific, Austin, TX, USA) scan every 
6 hours. 

Characterization of the Produced 
Biogenic AgNPs

Characterization of silver nanoparticles was 
performed using UV-Vis spectrometry scan as 
mentioned above in the range of 200-900 nm. In 
addition, Fourier-Transform infrared spectrom-
eter (FT-IR) was used to detect the functional 
groups involved in the bio-production AgNPs 
through using FT-IR spectrometer (Agilent Cory 
630, Agilent Technologies, TX, USA) through 
an investigation region of 4000-500 cm−1. The 
particle size of the biosynthesized AgNPs was 
characterized by dynamic Light Scattering tech-
niques using Zetasizer Nano ZS (Malvern Pan-
alytical, Spectris plc, Egham, Surrey, United 
Kingdom) 

Preparation of AgNPs for Analysis
The Cyanobacteria-AgNPs mixture was cen-

trifuged (12,000 × g, 20 min, 10°C), the super-
natant was discarded, and the generated pellets 
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were rinsed with 10 mL distilled water several 
times. The pellets were dried (30°C) for 24 hours 
and then spread in distilled water at the required 
concentrations.

Antibacterial Bioassay
The antibacterial potency of the produced Ag-

NPs was assessed against Methicillin-resistant 
staphylococcus aureus (MRSA) strain as stated 
by Hamida et al12. They used the Kirby Bau-
er Disk Diffusion Susceptibility method13 with 
some modification. Sterilized-Whatman number 
1 paper discs (6 mm in diameter) were saturated 
with 20 µl of AgNPs solution of the following 
concentrations (1, 5, 7, 10, 15, 20, and 30 µg/
mL). The paper discs were dried and placed 
on the surface of the inoculated nutrient agar 
medium with bacterial suspensions prepared in 
physiological saline. Plates were kept for 2 hrs 
at 4°C to ensure the diffusion of the bioactive 
material, after which the plates were incubated 
at 37°C. Discs containing 20 µl of sterilized 
distilled water were used as a negative control, 
whereas the positive control discs contained 
0.5% Chloramphenicol. A mixture of the Ag-
NPs and Chloramphenicol was used where the 
required concentration of AgNPs was prepared 
in 0.5% solution of chloramphenicol and then 
Sterilized- Whatman number 1 paper discs were 
impregnated in 20 µl of such solution. The pre-
pared paper discs are lifted to dry and then treat-
ed similarly as above. All plates were incubated 
for 24 h, and the diameters of inhibition zones 
were measured in triplicates (mm) to be used as 
an indicator for activity. 

In Vivo Wound Healing Assay – Animals
Male Wister Rats (weight 200-300 g) were 

supplied by the animal house facility, King Saud 
University, Riyadh (Kingdom of Saudi Arabia). 
Animals were housed separately in polypropyl-
ene cages and maintained under standard housing 
conditions (room temperature 25 ± 2°C, humidity 
50 ± 5°C with 12:12 light: dark cycles), with the 
exceptional caution for conserving the aseptic 
condition through the study14.

Ethical Statement
All experiments were appropriately performed 

in accordance with the “Ethical Conduct for the 
Use of Animals in Research” Guidelines in King 
Faisal University and the “Executive Regulations 
for Research Ethics on Living Creatures (Second 
Edition)”, published by the National Bioethics 

Committee, Saudi Arabia. All animal care and 
experimental procedures were approved by the 
Animal Research Ethics Committee at King Fais-
al University.

Experimental Design
Three wound models (excision, incision, and 

burn) were used to assess the wound healing 
activity in this study. Rats were randomly 
divided into five groups in each model (n=8). 
Group I, was treated with vehicle ointment 
containing only the bacterial biomass, prepared 
as mentioned in the section “Preparation of Ag-
NPs for analysis” (negative control), Group II, 
was treated with the commercial standard oint-
ment (Silver Sulfadiazine 1% ointment (SSD) 
(Dermazin®), manufactured by Medical Union 
Pharmaceuticals, Saudi Arabia) for wound 
healing (Positive control), Group III, IV and V 
treated were treated with 10, 30 and 50 μgAg-
NPs/kg ointments, respectively (AgNPs (10 
μg/kg); AgNPs (30 μg/kg); AgNPs (50 μg/kg)). 
Different topical formulations (ointments) were 
prepared as mentioned elsewhere4. Prepared 
topical preparations were applied once daily, 
directly on the open wound until the wound 
was completely healed. No antibiotic was ad-
ministered to any of the animals’ groups, and 
the animals were monitored daily or any wound 
contamination. 

After complete wound healing, the animals 
were sacrificed using pentobarbitone sodium 
(60 mg/kg; i.p.), and tissue specimens were har-
vested and cut apart along a uniform direction 
and maintained in liquid nitrogen and physiolog-
ical saline solution for biochemical and tensile 
strength analysis.

Excision Wound Model
The model was adopted from Naraginti et al4 

with minor modifications. In brief, the animals 
were anesthetized (mild ether), the excision 
wound outline (approximately 500 mm2 circu-
lar area) was marked on the shaved dorsal por-
tion, and then, a wound (2 mm thickness) was 
created at the marked area using a sterilized 
sharp surgical blade. The wound was cleaned 
with a sterile cotton wipe dipped in normal 
saline and then treated with their above-men-
tioned respective group topical treatments. 
Wounds were kept without dressing throughout 
the experimental duration. Topical treatment 
continued until complete full epithelization 
was achieved, and the number of days taken 
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to reach full epithelization point was recorded, 
considering the day of wound creation as day 0. 
Photographs were taken for each wound with a 
digital camera.

Incision Wound Model
This model was implemented according to 

Pannerselvam et al5. Briefly, 8 cm straightforward 
incision was performed paravertebrally through 
the whole thickness of the skin, on either side of 
the vertebral column, with a sharp, sterile scalpel, 
then an interrupted suture (about 1 cm apart) was 
used to close the wound. Days of topical prepara-
tions’ application started from day 0 to day until 
day 21 post-wounding. 

Burn Injury Model
This model was implemented according to 

Zhang et al6. Overnight fasted animals were anes-
thetized using ether, and their back was shaved to 
induce burn wound. Hot molten wax (70ºC) was 
poured onto the shaven back from cylinder has 
400 mm2 circular openings and remained on the 
skin until solidified. The wax was removed with 
caution, and the above prepared topical formula-
tion was applied once daily until epithelization 
was complete. Treatment continued, and the end-
point of epithelization was taken as the sloughing 
of the scar, leaving no raw wound behind.

Wound Area Parameters
Wound area: the progressive changes in the 

open wound area edges were measured by tracing 
the outline of the wound onto millimeter-scale 
graph paper, and the percentage of wound heal-
ing was calculated as the change in the original 
wound size for each animal on predetermined 
days post-wounding. 

Epithelialization time: it is the number of days 
taken to drop off the dead tissue without any sign 
of raw wound, and it was measured from day 0 as 
formerly stated3,15. 

Wound contraction percentage: it was calculat-
ed as mentioned earlier4,16 using the below equa-
tion: wound contraction percentage = ((wound 
area day 0-wound area day X)/wound area day 
0) × 100 where X represents the number of days 
until complete healing.

Skin Tissues Measured Parameters
Hydroxyproline content: the hydroxyproline 

content in wound tissues was determined as 
described earlier16. Briefly, the wound tissues 
were dried in a hot air oven at 60°C to a constant 

weight and then hydrolyzed with 6 N Hydro-
chloric acid (HCl) (1:10, w:v) at 130°C for 4 h in 
sealed glass tubes. The hydrolysates were neu-
tralized to pH 7.0 and then subjected to oxidation 
via Chloramine T. The reactions were terminated 
by the addition of perchloric acid (0.4 M), and the 
colors were then developed using Ehrlich reagent 
at 60°C and measured at 557 nm. The hydroxy-
proline concentrations were calculated from the 
standard linear curve and presented as mg/g of 
dry tissue weight.

Antioxidant enzymes: the supernatants from 
wound tissues homogenates were used to evalu-
ate the activity of the numerous antioxidant en-
zymes, including catalase (CAT, Cat. No.707002), 
superoxide dismutase (SOD, Cat. No. 706002), 
and Glutathione peroxidase (GPx) using corre-
sponding ELISA kits (all obtained from Cayman 
Chemicals (Ann Arbor, MI, USA) and according 
to the manufacturer protocols. 

Lipid peroxidation assay: the lipid peroxi-
dation in supernatants from wound tissue ho-
mogenates was determined by thiobarbituric 
acid reaction and expressed as malondialdehyde 
(MDA) level using thiobarbituric acid-reactive 
substances (TBARS) assay as stated elsewhere16. 
TBARS kit (Cat. No. ab 118790) was obtained 
from Abcam (Cambridge, MA, USA). The ab-
sorbance was determined at 530 nm, and the 
results were expressed as the amount of MDA 
(nmol) per mg of protein. 

Cytokines determination: expression patterns 
of interleukin-6 (IL-6, Cat. No. ab100772), inter-
leukin-10 (IL-10, Cat. No. ab100764), and IFN-γ 
(Cat. No. ab239425) were investigated in different 
days of the experiment by ELISA kits using the 
supernatants from serum obtained from Abcam 
(Cambridge, MA, USA). 

Estimation of tensile strength implemented 
according to Pannerselvam et al5 and Yadav et 
al15. This parameter was measured in cases of 
incision and burn wounds models. Skin area 
was incised 1.5 cm (in incision wounds, after 21 
days) and 1 cm (in burn wounds, after 18 days) 
away from each side of the wound, align with the 
anterior-posterior axis of the animal to warrant 
samples consistency. Additionally, the thickness 
of the skin and the width of the gauge regions 
were measured with Vernier calipers before load-
ing. The obtained wound tissues were used to 
measure the load (force) required to break the tis-
sue with a computerized tensiometer (EZTESTI 
30804100798, Shimadzu Corp., Japan). Tensile 
strength was calculated using the following for-
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mula: Tensile strength (N/cm2) = Breaking force 
(N)/ Area cm2 where area (cm2) = thickness (cm) 
× width (cm).

Results

The biosynthesis of nanosilver was indicated 
by the change in the reaction mixture, containing 
the cyanobacterial cell and AgNO3, in relation 
to the negative control, which verified the pro-
duction of AgNPs by the organism. The transit 
color change from yellowish green to brown 
implies the reduction of Ag+ ion to Ag0 and the 
formation of AgNPs. Dynamic light scattering 
technique was used to measure the particle size 
of the produced AgNPs to be 86.38 (± 3.364) nm 
(Figure 1A). 

UV-Visible Spectrometric Profile of 
AgNPs Produced by Phormidium sp.

Figure 1B illustrated the presence of AgNPs 
surface plasmon resonance (SPR) peak at 440 
nm after the addition of 0.5 mM AgNO3 to the 
cyanobacterial cells, and the intensity increased 
with time until reaching the maximum after 48 
hours. This is in accordance with the charac-
teristic bands in the UV-Visible spectrometric 

analysis indicative of silver nanoparticles, which 
showed plasmon resonance in the range of 410-
450 nm17.

FT-IR Spectrometric Profile of AgNPs 
Produced by Phormidium sp.

FT-IR can aid in revealing the potential second-
ary metabolites or at least the functional groups 
that may contribute to the reduction of the silver 
ion and formation of the nanoparticles or those 
involved in the stabilization of the nanoparticles 
produced. Figure 1C illustrates the FT-IR profile, 
which indicates the presence of 20 peaks for the 
Phormidium sp. extract directly after the addition 
of AgNO3 (zero time), whereas the same mixture 
after 48 hours showed 14 bands (Figure 1D). Fig-
ure 1 C and D showed distinctive broadband at 
around 3100-3500 cm−1 representing the hydroxyl 
group stretching vibration, indicating the presence 
of hydroxyl functional groups type. The peak 
shifting in AgNPs spectral profile (Figure 1D) 
could be attributed to the interactions between 
functional groups responsible for those bands and 
AgNPs18. In the hereby study, the shifting for the 
broad hydroxyl band from 3417 to 3441 cm-1 could 
be explained by the interaction of hydroxyl groups 
of polyphenols or sugars in the cyanobacterial 
extract with the produced AgNPs. The presence 

Figure 1. Characterization of biogenic AgNPs synthesized by Phormidium sp. A, Dynamic scattering graph identifying the 
particle size. B, UV–Vis light spectrometry. C, FTIR spectrum of Cyanobacterial extract at zero time directly after addition 
of AgNO3. D, FTIR spectrum of Cyanobacterial extract after 48 hours of AgNO3 addition.
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of a unique peak of 2920 cm-1 represents the C-H 
stretching vibration could indicate the involvement 
of hydrocarbon chains in the stabilization of Ag-
NPs. The involvement of amide groups (might be 
from amino acids, peptides or proteins) could be 
suggested from the band at 1650 cm−1, shifted from 
1631 cm-1, assigned to the stretching vibration of 
(NH) C=O group (Amide band II) and the band 
1382 cm-1 (shifted from 1319 cm-1) and assigned 
for C–C and C–N stretching vibrations19. The 
carboxyl and N-H groups of amides are used to 
stabilize the formed AgNPs through surrounding 
the nanoparticle by proteins20.

Antibacterial Assay of Phormidium 
sp.-AgNPs

AgNPs produced by Phormidium sp. were 
evaluated for their anti-MRSA activity using 
the disc diffusion method. Several concen-
trations of the cyanobacterial-AgNPs extracts 
were investigated, and the lowest concentration 
with significant action was 5 μg/ml; howev-
er, the optimum concentration was 20 μg/ml, 
which was able to produce 1.3-fold activity 
more than the positive control (0.5% chloram-
phenicol) (Figure 2A). When the same concen-
tration (20 μg/ml) of Phormidium sp.-AgNPs 

Figure 2. Disc inhibition zone against MRSA. A, Phormidium sp.-AgNPs. B, a mixture of Phormidium sp.-AgNPs and 0.5% 
chloramphenicol.
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extract was combined with 0.5% chloramphen-
icol, the antibacterial activity increased nearly 
to double (1.86 fold) than the 0.5% chloram-
phenicol alone (Figure 2B).

Wound Healing Assay
The effect of AgNPs produced by the cyano-

bacterium Phormidium sp. on different types of 
wounds was scrutinized hereby. Neither abnor-
mal clinical signs nor mortality was observed 
on the general health or behavior of the ani-
mals during the whole period of the study. Ag-
NPs-treated wounds exhibited no evidence of 
microbial contamination, bleeding or pus forma-
tion during treatment, whereas control wounds 
revealed notable inflammation. We observed an 
insignificant increase in the weights of rats of 
different groups after each treatment, suggesting 
a normal animal growth cycle during the whole 
study. All models showed very similar results 
related to skin tissue parameters and cytokines 
evolution, so we only represented the results re-
lated to the excision model. The tensile strength 
estimation experiment was applied in the incision 
and burn wound models.

Excision Wound Healing Evaluation – 
Wound Area Contraction and 
Epithelialization 

We utilized the changes in wound color and 
inflammation status, and wound area reduction as 
parameters to appraise the wound healing process. 
Representative wound photographs from each in-
vestigational group were taken on different days 
to estimate the potential of AgNPs on the wound 
healing process (Figure 3). On the first day of 
wound injury, a bright red color was observed in 
all wounds, indicating that the blood was recov-
ered to the underlying muscle after the skin injury. 
After three days of healing, a growing fresh skin 
after AgNPs treatments appeared smoother and 
leaves less scab than those of control groups re-
flecting the wound healing process initiation. After 
seven days, a dark brown color was detected for 
the treated groups signifying the scab formation, 
while the untreated negative wounds were still 
faintly red and swollen. On the 14th day, AgNPs 
treated wounds were significantly reduced in size 
with 81.39%, 89.39%, and 90.45%, respectively, 
as compared to untreated negative control and 
positive control groups (55.32% and 73.39%, re-
spectively) (Figure 3, Table I). As compared to the 

Figure 3. Photographic representation of wound healing process in excision wound model from different experimental groups 
at 0, 3, 7, 14, and 21 days of post wounding.
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control groups, the scab formation substantially 
reduced, and the wound area was significantly de-
creased in AgNPs treated groups (p < 0.05). After 
21 days of wound injury, the untreated rats still 
show an open wound (about 15%), in contrast to 
the treated groups in which a total contraction of 
wounds (almost 100%) was achieved. The wound 
contraction percentage results in days 7, 14, and 
21 showed significant differences between all the 
tested groups with the maximum seen in AgNPs 
(50 μg/kg) after day 7 (Table I). The mean period 
of epithelialization decreased from 23.5 ± 1.12 
days in the negative control group to 17.5 ± 2.5 
in AgNPs (100 μg/kg) group with no significant 
differences between different concentrations of 
AgNPs groups (Table I).

Evaluation of Skin Tissues 
Measured Parameters

Collagen is the principal extracellular protein 
in the skin tissue, and hydroxyproline is the main 

element of collagen, which makes it an excellent 
biochemical marker for collagen content with-
in the tissue. Therefore, hydroxyproline level is 
frequently used as a positive marker of wound 
healing15,16, since hydroxyproline amount inten-
sification can indicate any alteration of collagen 
synthesis and reflects the process of wound heal-
ing in the damaged tissues. Figure 4 indicated a 
significant increase in hydroxyproline levels for 
AgNPs treated groups (22.16, 26.15, and 33.01 
mg/g of tissue), respectively, when compared 
to the negative untreated control (17.37 mg/g of 
tissue) and positive treated groups (32.78 mg/g of 
tissue), indicating that AgNPs induced collagen 
production.

Furthermore, Figure 4 showed a notable 
reduction in MDA level (as a marker for lipid 
peroxidation) in the tissue obtained from ani-
mals treated with AgNPs in a dose-dependent 
manner (1.27, 1.14 and 0.86 nmole MDA/mg of 
protein, respectively) as compared to positive 

Table I. Percentage of wound contraction using the excision wound in the different experimental groups.

			                                         Percentage of wound contraction
		  Epithelization period	
	 Groups	 (days)	 3rd day	 7th day	 14th day	 21st day

Negative control 	 23.5 ± 1.12	 20.43 ± 0.89	 40.32 ± 0.55	 55.32 ± 2.51	 85.87 ± 0.65
Positive control 	 19.0 ± 2.1	 27.98 ± 1.08	 46.21 ± 0.87	  80.39 ± 1.45	 100
AgNPs (10 μg/kg)	 17.5 ± 2.5	 25.95 ± 0.81	 55.83 ± 2.32	 81.39 ± 3.74	 98.45 ± 5.43
AgNPs (30 μg/kg)	 16.0 ± 2.0 	 25.67 ± 1.35	 57.83 ± 1.53	 85.39 ± 4.77	 100
AgNPs (50 μg/kg)	 15.0 ± 1.5	 26.67 ± 1.02	 62.05 ± 2.92	 86.45 ± 3.65	 100

Figure 4. Effect of biogenic AgNPs synthesized by Phormidium sp. on (A) hydroxyproline content; (B) MDA (Lipid 
peroxidation product); (C) Superoxide dismutase (SOD); (D) Catalase, and (E) GPx (antioxidant enzymes) in excision 
wound model. 
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control group tissue (1.19 nmole MDA/mg of 
protein), and the negative control group tis-
sue (1.85 nmole MDA/mg of protein). Results 
indicated that the use of AgNPs significantly 
reduced the secondary oxidation product con-
tent (MDA).

Figure 4 presented a significant elevation 
in antioxidant enzymes (CAT, SOD, and GPx) 
amounts in the wound tissue homogenates treated 
with AgNPs, as compared to untreated groups. 
This elevation could be attributed to the decrease 
in reactive oxygen species (ROS) production. For 
example, GPx activity raised up from 0.15 μM/
mg protein (negative control) to 0.35, 0.43, and 
0.53 μM/mg of protein in AgNPs groups, respec-
tively signifying that AgNPs exposures increased 
the peroxidase activity. 

Evaluation of Cytokines 
Figure 5 described the levels of IL-6, IL-10, 

and IFN-γ (cytokines) in the wounded animals’ 
blood during the whole period of the study. 
AgNPs topical treatment kept IL-6 significantly 
lower throughout the healing process even when 
compared with the positive control group, while 
stimulated the production of cytokines IL-10 and 

IFN-γ, which enhance scarless wound healing 
processes. The differences attained in the levels 
of various cytokines show that AgNPs can mod-
ulate cytokine expression in a dose-dependent 
manner.

Incision Wound Healing Evaluation – 
Tensile Strength Estimation in an 
Incision Wound Model 

On the 15th day, tensile strength for each group 
was measured and reported in Table II. Breaking 
strength was found to be highest in the 50 μg Ag-
NPs/kg followed by 10 μg AgNPs/kg and 30 μg 
AgNPs/kg groups and finally positive control as 
compared to the negative control group.

Figure 5. Modulation of cytokine profile by AgNPs synthesized by Phormidium sp.. (A) IL-6; (B) IL-10 and (C) IFN-γ at 
various time intervals after excision injury.

Table II. Tensile strength using the incision wound model in 
the different experimental groups.

	 Groups	 Tensile strength (N/cm2)

Negative control 	 16.39 ± 2.7
Positive control 	 23.54 ± 2.44
AgNPs (10 μg/kg)	 25.43 ± 5.4
AgNPs (30 μg/kg)	 26.87 ± 3.9
AgNPs (50 μg/kg)	 30.65 ± 4.2
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Burn wound healing evaluation – 
Wound Area Contraction 
and Epithelialization 

Topical application of positive control and Ag-
NPs considerably reduced the epithelization peri-
od as well as an upsurge in wound contraction (p 
< 0.05), when compared to the negative control 
(Figure 6, Table III).

On day 1, the burn wounds in all experimen-
tal animals were swollen and bruised. On the 
6th day, the animals treated with AgNPs and 
positive control showed dark reddening and 
thickening of the wounded skin, whereas the 
wounds of the untreated group of animals did 
not show any thickening of the skin. On the 6th 
day, the topical preparation with AgNPs (50 
μg/kg) showed a 26.01% wound contraction, 
which could be compared with the positive 
control (25.81%) on the same day with no sig-
nificant difference between both groups. This 
healing effect of AgNPs continues till the 18th 
day with 85.81% wound contraction for the 
same AgNPs groups, which again could be 

compared to the positive control (Figure 6, 
Table III). The burn wounds treated either with 
different concentrations of AgNPs or with pos-
itive control preparations showed higher wound 
contraction percentages relative to the negative 
control. On the 12th day, the wounds treated 
either with different concentrations of AgNPs 
or positive control preparations showed mod-
erate exudation and hair growth, with scabs 
covering the wound surface. By contrast, the 
negative control group did not show any hair 
growth or scab covering. Furthermore, the burn 
wounds of the AgNPs treated groups displayed 
a dry surface, progressive wound contraction, 
and increased hair growth. On the 18th day, the 
wounds treated with different concentrations of 
AgNPs showed a marked reduction in size and 
hair growth around the wound site. 

The mean period of epithelialization decreased 
from 20.0 ± 1.2 days in the negative control group 
to 15.46 ± 2.7 in AgNPs (30 μg/kg) group with no 
significant differences between the 30 μg/kg and 
50 μg/kg AgNPs groups (Table III).

Figure 6. Photographic representation of wound healing in burn wound model from different experimental groups at 0, 6, 12, 
and 18 days of post wounding.
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Estimation of Tensile Strength
Application of AgNPs with different concen-

tration to animals’ burns significantly increased 
the average yielding load of the skin to 19.82 ± 
3.11, 25.74 ± 3.24, and 34.83 ± 2.24 for AgNPs 
(10, 30, and 50 μg/kg), respectively (Table IV), 
relative to the negative and positive controls 
(13.15 ± 1.71 and 30.22 ± 3.14, respectively). The 
tensile strength increased with AgNPs prepa-
ration application in a concentration-dependent 
manner until the AgNPs (50 μg/kg) could be 
compared with the positive control, showing no 
significant difference between both groups.

Discussion

Green synthesis of metal nanoparticles is priv
ileged over both the chemical and physical meth-

ods being eco-friendly, cost-effective, easily be 
scaled up for mass production, and the lack of toxic 
chemicals usage. Cyanobacteria have proved in ma-
ny instances their potential to produce several metal 
nanoparticles, including Nobel metals such as gold 
and silver, as a method for environmental detoxifi-
cation. Some common cyanobacterial genera that 
were proven to possess such capability are Anabae-
na, Calothrix, and Leptolyngbya21. In the hereby 
study, we tried to prove the ability of cyanobacteria 
from the genus Phormidium to produce AgNPs, to-
gether with the ability of the cyanobacteria-AgNPs 
to heal wounds in experimental animals. 

Antibacterial Action
The control of infections represents a critical 

aspect in wounds management. In damaged skin, 
bacteria can reach the underlying tissues causing 
inflammation, which leads to the release of pro-
teases and reactive oxygen species from inflam-
matory cells2. Numerous studies3,4 described the 
topical application of silver for antimicrobial and 
wound healing applications. Silver ions inhibit 
bacterial enzymes by binding to DNA, whereas 
AgNPs prompt bacterial cell wall as well as cyto-
plasmic membrane damage4. 

Methicillin-resistant Staphylococcus aureus 
(MRSA) is a bacterium that infects different parts 
of the body; however, like other staphylococcus 
strains, it is most likely to cause skin infections. 
MRSA is resistant to many antibiotics; therefore, 
many approaches were investigated to decrease 
bacterial resistance, and one of these approaches 
is to use a combination of the antibiotic with other 
bactericidal or bacteriostatic agents. The study 
hereby tried to use the cyanobacterial generated 
silver nanoparticles alone and in combination 
with 0.5% chloramphenicol to inhibit the growth 
of MRSA. The presence of silver nanoparticles 
augmented and reinforced the effect of Chlor-
amphenicol against MRSA. Similar effects were 
reported before; for example, Surwade et al22 re-
ported the potentiation of the ampicillin effect on 
MRSA in the presence of 25 μg/ml AgNPs. Sim-
ilarly, Abdel Rahim and Ali Mohamed23 reported 
an increase in ampicillin activity as the concen-
tration of combined AgNPs increased. The types 
of studies, such as the hereby study, can add 
more to the growing pool of the term Nanoparti-
cle-based antibiotic constructs or Nanoantibiotics 
has become now more and more popular24. 

Wound Healing Properties
The results of the present study revealed epi-

thelialization, tensile, and hydroxyproline content 
amplification in animals treated with AgNPs due 

Table III. The effect of AgNPs on the burn wound contraction of experimental rats.

			                                         Percentage of wound contraction
		  Epithelization period	
	 Groups	 (days)	 6th day	 12nd day	 18th day

Negative control 	 20.0 ± 1.2	 10.25	 27.50	 29.57
Positive control 	 15.0 ± 2.1	 25.81	 64.52	 83.89
AgNPs (10 μg/kg)	 17.0 ± 1.5	 14.90	 36.13	 62.16
AgNPs (30 μg/kg)	 15.46 ± 2.7	 18.75	 53.12	 76.12
AgNPs (50 μg/kg)	 14.5 ± 1.5	 26.01	 58.71	 85.81

Table IV. The effect of AgNPs on the tensile strength and 
epithelization period of burn model experimental rats.

	 Groups	 Tensile strength (N/cm2)

Negative control 	 13.15 ± 1.71
Positive control 	 30.22 ± 3.14
AgNPs (10 μg/kg)	 19.82 ± 3.11
AgNPs (30 μg/kg)	 25.74 ± 3.24
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to the strengthening effect and maturation of 
collagen fibers synthesized in granulation tissue. 
Likewise, Tian et al25 reported that AgNPs ap-
plied topically in animal burn models reduced 
wound inflammation and modulated the fibro-
genic cytokines, contributing to wound healing. 
Also, Wasef et al26 showed that AgNPs-treated 
skin exhibited less epidermal necrosis and losses, 
lower collagen degeneration, and granulation tis-
sue formation, epidermal regeneration.

Tensile strength is a major index of wound 
repairing and strength since it indicates the sub-
dermal formation and deposition of the newly 
formed collagen fibers15. At the beginning of 
the healing process, a wound has little breaking 
strength, but as it heals, the breaking strength 
increases rapidly due to the synthesis of collagen 
and the formation of stable intraand intermolec-
ular crosslinking3. Wound curative agent should 
accelerate the viability of collagen fibers to in-
creases wound tensile strength15. A main element 
of collagen is hydroxyproline, which makes it an 
excellent biochemical marker for collagen content 
within the tissue15,16. Therefore, hydroxyproline 
amount intensification can be used as an indi-
cation of collagen synthesis rates, and any alter-
ation of collagen synthesis reflects the process of 
wound healing in the damaged tissues25. 

Lipid peroxidation of unsaturated lipids pro-
duces a wide variety of secondary oxidation 
products; amongst is malondialdehyde (MDA), 
which has extensively been benefited from as an 
appropriate biomarker for lipid peroxidation of 
polyunsaturated fatty acids16,25. Notable reduc-
tion in the MDA level was observed in the tissue 
obtained from animals treated with AgNPs as 
compared to control group tissue indicating that 
AgNPs significantly reduced the secondary lipid 
peroxidation products content, which is in har-
mony with results previously described by Tian 
et al25. Free radical and oxidative reaction prod-
ucts generate tissue damage and are particularly 
encountered during connective tissue disorders 
like fibrosis during wound healing16. Free radical 
formation, together with the lack of ability to 
scavenge reactive oxygen species, are causative 
factors of various skin lesions, and it interferes in 
the proliferation of fibroblast. Tissue wound re-
sponds to an increase in oxidative stress followed 
by the damaging effect on the cellular membrane, 
DNA, proteins, and lipid molecules results in 
the delay in the healing process15,16. Acceleration 
of the healing process could be achieved by the 
removal of these reactive oxygen species. Hence, 

granulation tissue estimation for antioxidant en-
zyme activity is pertinent to pace up the repair-
ing of wound tissue15. The results of the present 
study showed that AgNPs treatment significantly 
elevated the level of antioxidant enzymes, i.e., 
SOD, CAT, and GPx. Tian et al25 showed that the 
silver nanoparticles were able to avoid antibacte-
rial contamination, reduce wound inflammation, 
modulate fibrogenic cytokines, and contribute the 
wound healing acceleration.

Multiple growth factors and cytokines re-
leased at the wound site strictly regulate wound 
healing and, due to the complex nature of the 
process, many factors can interfere in delaying 
wound healing, increasing patient morbidity, and 
mortality, and resulting in a low cosmetic out-
come and significant discomfort and distress2. 
As a result, the inflammation process acts as a 
crucial part of wound healing to avert the growth 
of pathogens in the wound area, which leads to 
shun an infection and ultimately increases the 
number of fibroblast cells along with the for-
mation of collagen15. Although cytokines are 
crucial in initiating, sustaining, and regulating 
the post-injury response, these same molecules 
have been implicated in impaired wound healing, 
abnormal scar formation, and uncontrolled in-
flammatory response25. Keratinocytes at the skin 
wound secrete several pro-inflammatory media-
tors, including IL-1α, IL-6, IL-8, IL-15, IL-20, 
TNF-α, CXCL10, and CCL20 (MIP-3α), and play 
an important role in the recruitment and activa-
tion of neutrophils6. Lack of amplification of the 
inflammatory cytokine cascade may be import-
ant in providing a permissive environment for 
scarless wound repair to proceed25. One of the 
unique actions of IL-10 is its ability to inhibit the 
synthesis of pro-inflammatory cytokines, includ-
ing IL-6, leading to matrix deposition reduction 
and scar-free healing25. IL-6 is an important 
cytokine involved in the early inflammation of 
burn injury, with its level peaking on post-burn 
days 3-46. IL-6 further enhances the effect of 
TNF-α and IL-1, which combine to amplify the 
inflammatory response in the post-burn period6. 
Decreased IL-6 resulted in fewer neutrophils 
and macrophages recruited to the wound and 
fewer cytokines being released in the wound 
with subsequently lower paracrine stimulation of 
cellular proliferation, fibroblast and keratinocyte 
migration, and extracellular matrix production25. 
Interferon-γ (IFN-γ) production by T lympho-
cytes and macrophages plays an important role 
in the tissue remodeling of wounds25. The reduc-
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tion of wound contraction by IFN-γ is mediat-
ed by retarding collagen production and lattice 
cross-linking with an increase in collagenase 
production25. As IFN-γ has been demonstrated 
as a potent antagonist of fibrogenesis through its 
ability to inhibit fibroblast proliferation and ma-
trix production, its control on TGF-β production 
may play a role25. In the current study, AgNPs 
suppressed the production of IL-6, pro-inflam-
matory cytokines, but stimulated the produc-
tion of an anti-inflammatory cytokine IL-10 and 
IFN-γ. Earlier reports similarly proved that Ag-
NPs suppressed the production of the pro-in-
flammatory cytokines, such as IL-6 mRNA, but 
promote the production of an anti-inflammatory 
cytokine IL-10, VEGF, and IFN-γ mRNA at the 
skin wound, indicating that AgNPs suppress 
inflammation6. AgNPs regulated pro-inflamma-
tory cytokine IL-6 production of keratinocytes 
and neutrophils infiltration through KGF-2/p38 
signaling pathway6. Wasef et al26 demonstrated 
that AgNPs upregulate the expression of inter-
leukin-1 (IL-1) and interleukin-6 (IL-6) in mac-
rophage cells. Furthermore, several reports have 
documented that suppressing inflammation by 
silver nanoparticles promoted wound healing in 
burn injury mouse models5,6,26, in full-thickness 
incision mouse model5, and in contact dermatitis 
porcine model.

Conclusions

In summary, AgNPs are produced from the 
cyanobacteria Phormidium sp. AgNPs are char-
acterized using UV and FTIR spectrophotometry. 
The antibacterial of the produced AgNPs against 
MRSA was proven, and the nanoparticles showed 
a potentiation effect for the bactericidal effect of 
the antibiotic chloramphenicol against the same 
bacteria. The green synthesized AgNPs have 
demonstrated effectiveness in the wound heal-
ing process in rat models. The results provided 
a scientific validation of wound healing poten-
cy of AgNPs (10, 30, and 50 μg/kg) in differ-
ent wound models (excision, incision, and burn) 
when topically applied. Wound healing potency 
was confirmed by the significant improvement 
and increase in the rate of wound closure, hy-
droxyproline content, and the reduction in epi-
thelialization period of granulation tissue. The 
substantial effect of wound repairing was further 
supported by enzymatic antioxidant level escala-
tion and inflammatory cytokines attenuation. Our 

findings indicate the efficient antioxidant proper-
ty of silver nanoparticles and implicate the ability 
of silver to modulate the cytokines involved in 
wound healing. Biogenic AgNPs produced by 
Phormidium sp. showed significant antimicrobial 
together with wound healing abilities. 
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