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Background: In recent years, bacterial nanocellulose (BNC) based nanocomposites have 

been developed to promote healing property and antibacterial activity of BNC wound dress-

ing. Molecular study can help to better understanding about interaction of genes and pathways 

involved in healing progression. 

Objectives: The aim of this study was to prepare bacterial nanocellulose/silver (BNC/Ag) 

nanocomposite films as ecofriendly wound dressing in order to assess their physical, cytotoxicity 

and antimicrobial properties. The in vitro molecular study was performed to evaluate expression 

of genes involved in healing of wounds after treatment with BNC/Ag biofilms.

Study design, materials, and methods: Silver nanoparticles were formed by using Citrullus 

colocynthis extract within new isolated bacterial nanocellulose (BNC) RM1. The nanocomposites 

were characterized using X-ray diffraction, Fourier transform infrared, and field emission scanning 

electron microscopy. Besides, swelling property and Ag release profile of the nanocomposites were 

studied. The ability of nanocomposites to promote wound healing of human dermal fibroblast cells 

in vitro was studied. Bioinformatics databases were used to identify genes with important healing 

effect. Key genes which interfered with healing were studied by quantitative real time PCR.

Results: Spherical silver nanoparticles with particle size ranging from 20 to 50 nm were syn-

thesized and impregnated within the structure of BNC. The resulting nanocomposites showed 

significant antibacterial activities with inhibition zones ranging from 7±0.25 to 16.24±0.09 mm 

against skin pathogenic bacteria. Moreover, it was compatible with human fibroblast cells 

(HDF) and could promote in vitro wound healing after 48h. Based on bioinformatics databases, 

the genes of TGF-β1, MMP2, MMP9, CTNNB1, Wnt4, hsa-miR-29b-3p and hsa-miR-29c-3p 

played important role in wound healing. The nanocomposites had an effect in expression of 

the genes in healing. Thus, the BNC/Ag nanocomposite can be used to heal wound in a short 

period and simple manner.

Conclusion: This eco-friendly nanocomposite with excellent antibacterial activities and healing 

property confirming its utility as potential wound dressings.

Keywords: bioinformatics study, wound healing, bacterial nanocellulose, molecular study, 

gene expression, Citrullus colocynthis

Introduction
Bacterial nanocellulose (BNC) is produced by the fermentation of Gram-negative 

bacterium Gluconacetobacter xylinus, which can produce high-aspect ratio nanofibers, 

with three-dimensional (3D) porous networks.1,2 It has been utilized in many medical 
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and nonmedical applications including use for food industry,3 

acoustic diaphragm, functional paper,4 drug delivery,5 tissue 

engineering,6 wound dressing, and skin repairs.7,8

In the processing of skin tissue healing, the moisture 

environment provided by the dressing materials has been 

displayed to help wounds healing and decrease pain of 

patients. This nanofibrous BC hydrogel is capable of retain-

ing a high quantity of water in itself and provide the needed 

moisture for healing wounds. It similarly has an adequate 

compatibility, which decreases the sensitivity and wound 

pain. Biologic sheet inhibits microbes and pollutants from 

entering the wound bed owing to the nanofibers and thick 

structure.1,9

Silver has been established to be a favorable candidate 

for antibacterial activity toward a broad range of pathogenic 

bacteria.10 Sliver nanoparticles (Ag-NPs) are extensively used 

in the pharmaceutical products in the fabrication of creams 

and ointments to prevent burn- and wound-relevant infec-

tions.11 BNC has no antibacterial activity and it is not able 

to hinder wound infections. Hence, BNC-based antibacterial 

composites are usually fabricated. Numerous research groups 

combined drug,12 polymers,13 and nanoparticles13 in BNC 

to fabricate wound dressing composites with antibacterial 

capability, but the result was not so favorable as either they 

applied toxic materials in synthesis process or few success-

ful results have been reported. In most studies chemical 

methods have been applied to prepare Ag-NPs, which restrict 

the medical uses of nanocomposites, due to the toxicity of 

starting materials.14 Nowadays, to overcome the complica-

tion of toxicity in the production, biomass materials such as 

plant extracts, microorganism, and enzymes have been well 

known to have an important role in the nanoparticle synthe-

sis procedure.15 Bioconstituents of different plant extracts 

are known as potential synthesizers and stabilizers of metal 

nanoparticles. In addition, the plant metabolites with phar-

maceutical effects have the potential to be introduced on the 

nanoparticle surfaces during the synthesis procedure, which 

eventually leads to the occurrence of subsequent different sur-

face effects in their medical applications.16 Considering the 

advantages of biologic synthesis of metallic nanoparticles, 

we developed a green approach to synthesize Ag-NPs with 

fruit extract of Citrullus colocynthis (C. colocynthis).

C. colocynthis (Bitter Apple), a member of the Cucur-

bitaceae family, is an important and widely utilized plant in 

traditional medicine distributed throughout Asia. It has been 

described to have plentiful important biologic properties, for 

example antioxidant,17 anticancer,18 anti-inflammatory,19 and 

antimicrobial20–22 activities. The fruit contains phytochemicals 

such as glycosides, flavonoids, alkaloids, carbohydrates, fatty 

acids, and essential oil,23 which are capable of reduction and 

stabilization with biologic activities that motivate our interest 

to utilize it in the synthesis of Ag-NPs.

Bioinformatics is an interdisciplinary field that aids to 

simplify scientific investigation of relevant diseases, genes, 

and pathways based on co-citations. Wound curing is a 

dynamic process that is controlled by a combination of the 

molecular regulators. During healing, chemosensory stimulus 

plays a critical role in directional cell migration. Chemoat-

tractants are small soluble molecules that promote distribu-

tion of fibroblasts, T cells, and macrophages throughout the 

wound site.24 Key effectors in wound healing process can be 

identified by bioinformatics databases.

In this study, we have first demonstrated in situ green 

synthesis of Ag-NPs using C. colocynths fruit extract in BNC 

fibers and characterization of the fabricated BNC/Ag nano-

composites. Secondly, antibacterial activity, cytotoxicity, and 

healing properties of the prepared BNC/Ag nanocomposites 

were examined. Through bioinformatics study, the chemo 

interaction genes that play a critical role in healing process 

were selected. Finally, pivotal genes that interfered with heal-

ing were investigated by quantitative real-time polymerase 

chain reaction (qRT-PCR).

Materials and methods
Preparation of pure BNc
According to a previous study, the pellicle products of 

G. xylinus (RM1) were obtained from rotten pineapple by 

fermentation process on modified Hestrin–Schramm medium 

(pH 5.5) within 24 days at room temperature (30°C) on stirring. 

Subsequently, the pellicles were rinsed with distilled water and 

boiled in NaOH (1M) solution for pellicles purification.

Preparation of C. colocynths extract
Fresh fruits were dried at room temperature and then milled 

to smooth powder by a grinder. The powder that passed 

through an 80-mesh sieve was used for extraction purpose. 

Briefly, the fine material was extracted with ethanol for 

8 hours in a Soxhlet apparatus. The solvent was removed by 

rotary evaporation.14 The dried, crude concentrated extract 

was then stored in a refrigerator (4°C).

Biosynthesis of BNc/ag nanocomposites
In this study, Ag-NPs were formed into BNC pellicles by a 

green method to prepare BNC/Ag nanocomposites. At first, 

silver nitrate (AgNO
3
) was impregnated into BNC by 

immersing BNC pellicles (2 g) in different concentrations 
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of the aqueous AgNO
3
 (1.0–16.0 wt%) under continuous 

stirring. After the Ag ions in the suspension were dispersed 

well, 20 mL of C. colocynths fruit extract was poured into 

the reaction mixture under gentle stirring at 45°C and the 

reaction was temporarily sustained until the color of the 

reaction mixture altered from yellow to dark brown, fol-

lowed by ultrasonication for 30 minutes. For purification of 

Ag-NPs, the obtained solution was centrifuged at 5,000 rpm 

for 15 minutes. Then, the supernatant liquid was removed 

and the samples were washed with distilled water several 

times and poured into plate dishes and subsequently dried 

in the freeze drier. The obtained sample films based on 

the percentage of applied Ag precursors (1.0, 4.0, 8.0, and 

16.0 wt%) were called BNC/Ag
(1.0%)

, BNC/Ag
(4.0%)

, BNC/

Ag
(8.0%)

, and BNC/Ag
(16.0%)

.

characterization of BNc/ag 
nanocomposites
The X-ray diffraction (XRD) analysis of the dried origi-

nal BNC, pure Ag-NPs, and BNC/Ag nanocomposites 

(1.0%–16.0%) was performed by Philips X’Pert PXRD 

with Cu-Kα radiation (λ=1.5406 Å), operating at 40 kV 

in the scan range of 2θ from 2° to 80°. Fourier-transform 

infrared (FTIR) spectra of nanocomposites were recorded by 

PerkinElmer 1725X at a frequency range of 4,000–400 cm−1. 

The morphologic characteristics of specimens were viewed 

using field emission scanning electron microscopy (FESEM) 

(JCM-6360LA Philips). UTHSCSA ImageTool software was 

used to measure the particle size and the size distribution of 

the Ag-NPs. The size and the particle size distribution of 

Ag-NPs were estimated by measuring the diameters of about 

50 particles selected randomly with the FESEM images of 

BNC/Ag (1.0–16.0 wt%).

swelling study of BNc/ag 
nanocomposites 
The kinetics of swelling was evaluated through periodi-

cally assessing weight increase of the films according to the 

method by Lavorgna et al.25 The swelling ratio (Q) was evalu-

ated by immersion of 100 mg of BNC/Ag nanocomposites 

in 0.01 M PBS, pH 7.4, at 37°C. The swollen sample films 

were taken from the solution at different time periods and 

excess water was removed from the surface by blotting on 

wet filter paper and weighted. The Q of bionanocomposites 

was assessed according to Eq (1):

 

Q
(w w )

w
2 1

1

=
−

where w
1
 is the initial weight of the sample and w

2
 is the 

weight of the swollen sample. The equilibrium swelling ratio 

(Q
equil

) was measured at the point the BNC/Ag nanocompos-

ites reached a constant weight value. The swelling capacities 

were computed in triplicate (n=3).

In vitro release assessment of BNc/ag 
nanocomposites
The Ag release profile from BNC/Ag nanocomposites was 

measured by using inductively coupled plasma atomic emis-

sion spectrometry (Perkin Elmer 1000, USA). First, the 

samples were cut to a size of 1×1×0.1 cm3 and immersed 

in falcon tubes containing 10 mL of PBS solution (PBS, 

pH 7.4) at 37°C. The PBS solution was collected at specific 

time points (6, 12, 24, 48, 72, and 96 hours) and then the 

same volume of fresh PBS solution was added. The release 

profile of Ag from BNC nanocomposites was studied using 

the release kinetics Ritger-Peppas model,26 a semi empirical 

power law described by Eq (2)

 

Ct

Ceq
ktn=

where Ct and Ceq are the dense concentrations of Ag 

released from the nanocomposite at a specified time and at 

equilibrium, respectively, k is a characteristic constant of the 

hydrogel, and n is the diffusional coefficient used to interpret 

the release mechanism.

antibacterial activity
Antibacterial activity of BNC/Ag nanocomposites with dif-

ferent concentrations (1.0, 4.0, 8.0, and 16.0 wt%) was evalu-

ated by the disk diffusion approach against Gram-positive 

(Staphylococcus aureus and Staphylococcus epidermidis) 

and Gram-negative (Pseudomonas aeruginosa) bacteria on 

Muller-Hinton agar. The Ag-NPs-impregnated BNC was 

cut into a disk shape of 1.5 mm diameter. Afterward, the 

disk shapes were sterilized by autoclaving for 20 minutes at 

121°C, placed on the agar petri dishes, which were already 

inoculated with 100 µL of photogenic bacteria and inoculated 

overnight at 37°C. The antibacterial activity of samples was 

measured by observing the inhibition zone formed surround-

ing the disks. The inhibition zone was calculated by averaging 

three independent experiments.

In vitro cytotoxicity assay
A normal cell line (human dermal fibroblast, HDF) was pur-

chased from American Type Culture Collection (Manassas, 
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VA, USA) and was used to test the in vitro cytotoxicity effect 

of different concentrations of BNC/Ag nanocomposites (1.0, 

4.0, 8.0, and 16.0 wt%) by MTT (3-[4,5-dimethylthiazol- 

2-yl]-2,5-dephenyl-tetrazolium bromide)27 approach before 

performing scratch assay and further analysis. HDF cells 

were cultured in DMEM supplemented with 5% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin at a density of 

1×106 cells/mL in 96-well plates. The cells were maintained 

at 37°C, in a humidified incubator containing 5% CO
2
 for 

24 hours. After removing the old medium, the cells were 

treated with 0, 31.25, 62.5, 125, 250, and 500 µg/mL con-

centrations of BNC/Ag nanocomposites solution in DMEM 

and incubated at 37°C for 3 days. Then, MTT solution (20 

µL) was added to each well and further incubated for 4 hours 

at 37°C. The OD was read with enzyme-linked immunosor-

bent assay at 570 nm. Each concentration of the sample was 

utilized in triplicate and the cell viability percentage was 

calculated as follows:

 

Cell viability (%)

(OD of Control OD of Samples

OD of Cont
=

− )

rrol
100×

In vitro scratch assay
The spreading and migration capabilities of HDF cells were 

assessed using a scratch wound assay, which measures the 

expansion of a cell population on surface.28,29 According 

to protocol, HDF cells were cultured into a 24-well plate 

at a concentration of 3×105 cells/mL cultured in a medium 

containing 5% FBS and the cells let to grow and confluent 

for 24 hours at 37°C and 5% CO
2
. A wound was generated 

using a sterile (200 µL) pipette tip. Then, the debris cells 

were removed through washing with PBS. Untreated cells 

were used as a negative control. Finally, 62.5 µg/mL of 

BNC/Ag nanocomposites with concentrations of 1.0, 4.0, 8.0, 

and 16.0 wt% were added and incubated for 24 hours and 

the pictures of the migration of cells were taken at various 

time points (0, 24, and 48 hours) with a camera appended 

to a microscope.

Bioinformatics study
The most effective genes and chemoattractants in wound 

healing process were identified by literature mining. After-

ward, important genes associated with healing process were 

studied using different databases (DisGeNET [http://www.

disgenet.org], Genetics home research [https://ghr.nlm.nih.

gov/], UniProtKB [http://www.uniprot.org/help/uniprotkb], 

and Expression Atlas [https://www.ebi.ac.uk/gxa/home/]). In 

addition, Cytoscape v 3.4 was used for analyzing mapping 

network interaction.

qrT-Pcr
rNa extraction
According to scratch results, the best concentration of BNC/

Ag nanocomposites (8.0 wt%) was selected for gene regula-

tion study. Briefly, total RNA from the treated and untreated 

HDF cell line using RNeasy Mini kit (Qiagen, Inc., Valencia, 

CA, USA) was extracted at three different time points 

(6, 12, and 24 hours). Based on the protocol, the template 

was used for qRT-PCR to synthesize complimentary DNA 

from RNA with an RT2 First Strand Kit (Qiagen). Then, a 

pre-mix with 25 µL was provided, containing 12.5 µL of RT2 

SYBR®Green ROX TM FAST mastermix (Qiagen), 1.2 µL of 

primers (RT2 qPCR Primer Assays, Qiagen), 1 µL of cDNA, 

and 10.3 µL RNase-free water.

MicrorNa (mirNa) extraction
miRNA (#200 nucleotides) was extracted from total RNA 

of HDF cell line using mirVana™ miRNA Isolation Kit 

(Ambion, Austin, TX, USA). The concentration of RNA 

was quantified by the absorbance at 260 nm. Poly (A) 

polymerase (Takara) was used for RNA polyadenylation. 

According to the manufacturer’s instructions the reaction 

includes the preparation of a mixture of enzyme, enzyme 

buffer, and the isolated miRNA, and then incubation at 

37°C for 1 hour. The Reverse Transcription procedure was 

performed using a SuperScript III (invitrogen) kit. Table 1 

demonstrates that primer pairs of genes, β-actin, and 5srRNA 

were picked out.

The PCR default conditions were as follows: to activate 

the enzyme for 5 minutes, the conditions were set to 95°C, 

and then 40 and 35 cycles for 30 seconds at 95°C (denatur-

ation) were carried out, followed by a 30-second cycle at 

60°C (annealing and synthesis) and 30 seconds at 72°C for 

RNA and miRNA, respectively. Finally, the dissociation 

curve was built to check and justify the results right after 

the PCR run. The expression of all genes (TGF-β1, MMP2, 

MMP9, Wnt4, β-catenin, has-miR-29b, and hsa-miR-29c) 

was compared with the housekeeping genes (β-actin and 

5srRNA). Relative gene expression was calculated for 

each mRNA marker using the 2−ΔΔCt method: 2ΔΔCt = 2Ct 

(treated cells)−Ct (control cells), where 2 is a derivation of 

the amplification efficiency doubling the template in each 

cycle while ascending in strength.
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statistical analysis
Statistical analysis was performed using Graph pad prism 

software version 7.01 (GraphPad Software Inc., La Jolla, 

CA, USA). Results were analyzed by one-way analysis of 

variance. A difference was considered to be significant at 

P,0.05.

Results and discussion
characterization of BNc/ag 
nanocomposites
In this study, Ag-NPs were synthesized using the fruit extract 

of C. colocynths as a reducing agent in BNC hydrogel, a 

stabilizer for immobilization of the Ag-NPs without using 

any toxic chemical materials. The synthesis of Ag-NPs was 

monitored with the color change of reaction suspensions 

from yellowish to brown after 30 minutes of incubation time. 

Fruit extract of C. colocynths was remarkably effective on the 

formation of Ag-NPs because of having abundant reducing 

groups such as hydroxyl (O–H) and carbonyl (C=O) in their 

structures. BNC was also used as a stabilizer to immobilize 

NPs because of having plentiful hydroxyl groups and anionic 

character. The interaction of Ag nanoparticles with the BNC 

inhibits further nanoparticles combination by stabilizing the 

particles.

XrD analysis
The XRD patterns for BNC/Ag nanocomposites and pure 

BNC are exhibited in Figure 1. The two sets of diffraction 

peaks related to BNC and Ag-NPs have been shown in the 

XRD patterns of nanocomposites. Two main diffraction 

peaks showed at 2θ=14.01° and 22.23° are attributed to the 

BNC. The characteristic peaks of Ag-NPs that are located at 

2θ=37.17°, 46.07°, and 64.81° and its corresponding lattice 

plane value were indexed at (1 1 1, 2 0 0) and (2 2 0) planes of 

face-centered cubic nature. Because of the comparable typi-

cal peaks that can be detected in BNC/Ag nanocomposites, it 

Table 1 genes used in quantitative real-time polymerase chain reaction

Genes Forward primer Reverse primer

TGF-β1 5′-cccTggacaccaacTaTTgc-3′ 5′-ccTacaTTTggagccTggac-3′
Wnt4 5′-cagTcgTTTgTggaTgTgcg-3′ 5′-gTTTgaTggTgccacTgagg-3′
MMP2 5′-cTagggcTggacTcTacaTc-3′ 5′-ggccTccTgaTgacaaaTgc-3′
MMP9 5′-gaagaTgcTgcTgTTcagcg-3′ 5′-gagTgagTTgaaccaggTgg-3′
CTNNB1 5′-cTTcacaTccTagcTcggga-3′ 5′-gcTaTTgaagcTgagggagc-3′
β -actin 5′-gcaTccTcacccTgaagTac-3′ 5′-gTaccacTggcaTcgTgaTg-3′
5srRNA 5′-cggccaTaccacccTgaac-3′ 5′-ccTacagcacccggTaTTc-3′
hsa-miR-29b 5′-UagcaccaUUUgaaaUcagUgUU-3′ –
hsa-miR-29c 5′-UagcaccaUUUgaaaUcggUUa-3′ –

θ
Figure 1 X-ray diffraction patterns of pure BNc (A) and BNc/ag nanocomposites (1.0–16.0 wt%) (B–E), respectively.
Abbreviation: BNc, bacterial nanocellulose.
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in the formation and stabilization of synthesized Ag-NPs. 

The most important change is related to the presence of a 

new peak at 1,610 cm−1, which can be attributed to Ag-O 

band14 and the peaks at 1,402 and 1,040 cm−1 became stron-

ger, which indicates the formation of new bonds between 

BNC and Ag-NPs and immobilizing of nanoparticles by 

the BNC matrix.

FeseM
FESEM images of pure BNC and BNC containing different 

concentrations of Ag-NPs are presented in Figure 3A–E. The 

structure of BNC is 3D nonwoven networks and involves 

huge number of holes (Figure 3A). Such a 3D network per-

mitted guest molecules to enter throughout its inside space 

definitely. After BNC being immersed in Ag ions solution, 

Ag seeds emerged to stick to the surface and interior of BNC 

fibers (Figure 3B–E), representing the attraction between the 

nanoparticles and the BNC. As revealed in Figure 3B–E, Ag 

nanoparticles with spherical shapes were synthesized and 

immobilized in BNC matrices with the average particle size 

of 30±5.4, 33±4.3, 35±4.2, and 38±4.2 for BNC/Ag (1.0 

to −16.0 wt%) nanocomposites, respectively (inset graphs). 

The well-distributed Ag-NPs were observed up to 8.0 wt% 

Ag+ loading. Beyond this level most of the nanoparticles 

formed because of the small dimensions, large specific 

surface area, and high surface activity were agglomerated14 

(Figure 3E). Thus, the agglomeration of nanoparticles may 

have an effect on the potential activity and properties of the 

synthesized Ag-NPs.

swelling behavior
The swelling capacity is significant for the wound dressing 

throughout the wound healing process for both the chronic and 

serious trauma. In this study, the water absorption performance 

of the BNC and BNC/Ag nanocomposites dry films reflected 

by the swelling ratio was examined in saline solution.

It was observed from the graph (Figure 4) that the swell-

ing ability increased with time, first quickly and then gradu-

ally, reaching an utmost constant swelling. Based on the data, 

good water-binding capacity with a maximum swelling ratio 

of 3.19±0.3 for pure BNC and 3.92±0.5, 8.41±0.3, 11.32±0.3, 

and 10.6±0.2 (P#0.0001) for the BNC/Ag nanocomposites 

(1.0–16.0 wt%) were observed after 120 hours.

The increase in swelling ability was more pronounced in 

the biocomposite containing 8.0 wt% Ag loading and may be 

credited to the impregnation of BNC with charged Ag-NPs. 

The introduction of surface-charged Ag-NPs inside ionic 

BNC results in an afflux of water to balance the osmotic 
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Figure 2 Fourier transform infrared spectra of (A) fruit extract, (B) pure BNc, and 
(C–F) BNc/ag nanocomposites (16.0–1.0 wt%), respectively.
Abbreviation: BNc, bacterial nanocellulose.

can be established that the development of Ag-NPs in BNC 

did not affect any phase alteration of Ag-NPs. Furthermore, 

the diffraction peaks of Ag-NPs became steadily strong as 

the content of Ag was increased, proposing the crystalline 

structure of the Ag-NPs enhanced.

The average crystal size was estimated using the Debye–

Scherrer equation (D=Kλ/βcosθ), where D is the mean crystal 

size, K is the Scherrer constant (0.9), λ is the XRD wave-

length (0.15418 nm), β is the peak width of half-maximum 

intensity, and θ is the Bragg diffraction angle. Hence, the 

average crystal size of the Ag-NPs was measured in the 

range of 20–50 nm.

FTIr analysis
Figure 2 shows the FTIR spectra of C. colocynths fruit 

extract (A), pure BNC (B), and BNC/Ag nanocomposites 

(C–F). The FTIR spectrum of BNC showed characteris-

tic bands at 3,327, 2,887, 1,677, 1,402, and 1,040 cm−1 

corresponding to O–H, C–H stretching, O–H bending 

absorbed water, C–H bending vibration, and C–O–H 

stretching vibrations, respectively.30 The FTIR spectrum 

(Figure 2A) exhibits the structure of C. colocynths fruit 

extract with bands of O–H and C=O at 3,304 and 1,708 cm−1, 

respectively. After synthesis of Ag-NPs, the position and 

intensities of peaks were changed in the FTIR spectra of 

BNC/Ag nanocomposites, indicating the involvement of 

functional groups of C. colocynths fruit extract and BNC 
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Figure 3 Field emission scanning electron microscopy images of pure (A) BNc and (B–E) BNc/ag nanocomposites (1.0–16.0 wt%), respectively, and (inset graphs) particle 
size distribution of ag-NPs.
Abbreviation: BNc, bacterial nanocellulose.

Figure 4 swelling ratio of pure BNc (A) and BNc/ag nanocomposites (1.0–16.0 wt%) (B–E), respectively.
Notes: The values represent the mean ± sD (n=3). **P#0.01; ***P#0.001; ****P#0.0001.
Abbreviation: BNc, bacterial nanocellulose.
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pressure buildup, which leads the BNC to swell.31 More 

incorporation of Ag-NPs results in an extra strengthening of 

the polymer network, which will cause the opposite result 

and limit the swelling of the bionanocomposites.28

The equilibrium swelling ratio (Q
equil

) of the pure BNC 

was 2.9±0.32. Depending on the content of the Ag-NPs, 

nanocomposites achieved a higher Q
equil

 than that of the 

pure BNC.

In vitro ag releasing properties of 
BNc/ag nanocomposites
Ag releasing profile of BNC/Ag nanocomposites in PBS 

solution is shown in Figure 5A and B. The power law expo-

nent, n, from slopes of the logarithmical curves of Ct/Ceq 

as a function of time and fitting coefficient (R2 calculated) is 

given in Table 2. The results show that n is approximately a 

similar value for samples, which is indicative of the analo-

gous transport mechanism. When n~0.45, this means that 

the Ag release mechanism is controlled by Fickian diffu-

sion. The power law exponent of Ag releasing rate of the all 

tested nanocomposite samples is near to 0.45 with R2$0.836, 

which indicates that the Ag release mechanism is controlled 

by Fickian diffusion.

It was noticeable that Ag was released from the BNC 

in the range of 117–195 µg (P#0.0001) after 96 hours of 

release. It is obvious that the release of Ag increased with 

increasing of the concentration of Ag loading in nanocom-

posites. The rest of the Ag might have stayed within the BNC 

because of physical interactions with BNC nanofibers.

antibacterial activity
The antibacterial performance of BNC/Ag nanocompos-

ites was assessed against Gram-positive (S. aureus and 

S. epidermidis) and Gram-negative (P. aeruginosa) bacteria 

by disc diffusion approach. Pure BNC was used as a negative 

control, and no antibacterial activity was observed. As shown in 

Table 3, the antibacterial activity of nanocomposites increased 

with increasing of Ag loading up to 8.0 wt%, and BNC/Ag 

nanocomposites (8.0 wt%) and (1.0 wt%) had more and less 

activity, respectively, toward S. epidermidis, S. aureus, and 

P. aeruginosa with inhibition zones of 14.50±0.09/12±0.1, 

16.24±0.09/5.32±0.33, and 15.30±0.38/7±0.25 mm 

(P#0.0001), respectively. Because of their small particle 

size, Ag-NPs can easily reach the nuclear content of bacteria 

by disrupting the cell walls of bacteria.32 In addition, the anti-

bacterial activity of Ag-NPs is also dependent on their shape. 

On the other hand, the large agglomeration form of BNC/Ag 

nanocomposites (16.0 wt%) showed a lower antibacterial 

activity than BNC/Ag nanocomposites (1.0–8.0 wt%), which 

were less presumable to enter into the cell membrane to 

damage the inside of bacteria.
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Figure 5 In vitro ag releasing properties of bacterial nanocellulose/ag nanocomposites in PBs buffer solution: (A) release quantity of ag in PBs and (B) log (release quantity 
of ag) vs log (times) curve.
Notes: The values represent the mean ± sD (n=3). ****P#0.0001.

Table 2 release quantity and release ratio of ag from BNc/
Ag nanocomposites after 1 and 4 days; slope of fitting and fitting 
coefficient of log (release quantity of Ag) vs log (times) curve

Sample Release quantity (µg) Slope of 
fitting (n)

Fitting 
coefficient (R2)1 day 4 days

BNc/ag(1.0) 38.6±2**** 117.6±4 0.391±0.02 0.836
BNc/ag(4.0) 47.4±5**** 145.5±3 0.405±0.05 0.884
BNc/ag(8.0) 54.6±3**** 173.1±6 0.427±0.03 0.904
BNc/ag(16.0) 85.6±4**** 195.4±5 0.418±0.02 0.936

Note: ****P#0.0001.
Abbreviation: BNc, bacterial nanocellulose.
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Although the mechanism of antibacterial activity of 

Ag-NPs has not been realized so far,33 it seems that the 

accumulation and dissolution of Ag-NPs on the surface of 

the bacterial membrane causes “pits” to form in the cell 

membrane (damaged to the cell wall), and the permeability 

of the membrane changes (progressive release of intracel-

lular factors lipopolysaccharides and membrane proteins).34 

Another reason for antibacterial activity of BNC/Ag nano-

composites is owing to the release of Ag ions (Ag+) from 

the BNC/Ag that later penetrate into the bacterial cells and 

interact by damaging the cell membrane.33,35 Furthermore, 

the chemical surface of Ag-NPs plated with biomolecules of  

C. colocynths extract with antibacterial ability can be effec-

tual on the antibacterial activity of Ag-NPs.

cytotoxicity assay
HDF cells were exposed with varying concentrations of 

BNC/Ag nanocomposites (1.0–16.0 wt%) before performing 

a biomedical study. The result of the cytotoxicity showed 

that BNC/Ag nanocomposites were less toxic to normal 

HDF cell line after 72 hours of incubation (Figure 6). The 

viability of cells at the highest concentration (500 µg/mL) 

of Ag 16.0 wt% was around 60%. The percentage of cells 

declined with the increase in silver concentration, but it did 

not affect the cellular activity of HDF cells much even at the 

highest concentration of 500 µg/mL. Based on the antibacte-

rial and cytotoxicity results, it was found that the BNC/Ag 

nanocomposites (8.0 wt%) had the best antibacterial activity 

and least toxicity against cells.

In vitro wound healing assay
The effect of BNC/Ag nanocomposites on HDF cell line 

migration was determined through scratch assay (Figure 7). 

The images of the scratch test at 0, 24, and 48 hours after 

scratching illustrated that the HDF migration into the 

wound area was accelerated in the presence of BNC/Ag 

Table 3 Inhibition zones (mm) of bacterial nanocellulose/ag nanocomposites by disk diffusion method against gram-negative and 
gram-positive bacteria

Bacterial strains Zone of inhibition in mm at different concentrations (wt%)

1.0 4.0 8.0 16.0

Pseudomonas aeruginosa 12±0.1**** 13.20±0.32**** 15.30±0.38**** 11±0.1****
Staphylococcus aureus 5.32±0.33**** 10.15±0.13**** 16.24±0.09**** 9±0.2****
Staphylococcus epidermidis 7±0.25**** 13.20±0.18**** 14.50±0.09**** 12±0.3****

Note: ****P#0.0001.

Figure 6 Effect of bacterial nanocellulose/Ag nanocomposites on the viability of human dermal fibroblast cells.
Notes: The values represent the mean ± sD (n=3). *P#0.05; **P#0.01; ***P#0.001; ****P#0.0001.
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nanocomposites. After 48 hours, the scratch was closed with 

BNC/Ag nanocomposites (8.0 wt%); in contrast, negative 

control (untreated cells) required more time to get closure. 

According to the best results of MTT, antibacterial activity, 

and scratch assay, the BNC/Ag nanocomposites (8.0 wt%) 

were chosen for gene regulation study.

Bioinformatics study
According to literatures, in PubMed databases, the most 

effective genes and miRNAs (transforming growth factor β1 

[TGF-β1], MMP2, MMP9, CTNNB1, Wnt4, has-miR-29-3p, 

and has-miR-29c-3p) in healing of wounds were documented. 

As the chemotaxis migration of cells toward the injure site 

play an important role, we attempted to study the correla-

tion between genes and chemoattractant regulators in wound 

healing process.

The networks interactions of genes, miRNAs, and 

chemotaxis regulators in wound healing were drawn by 

using Cytoscape v 3.4 (Figure S1). Consequently, TGF-β, 

CTNNB1, MMP2, MMP9, and WNT4 genes possess an 

impact potential to control the wound healing process with 

the combination of chemoattractants like EGF, FGF2, FGF7, 

VEGF, GMCSF, PDGFa, CTGF, CCL2, CCL3, CXCL1, and 

CXCL8 (Figure S2).
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Figure 7 In vitro scratch assay.
Note: Human dermal fibroblast cells were injured and cell migration assay with and without treatment was performed at different time duration (0, 24, and 48 hours) and 
different concentrations of bacterial nanocellulose/ag nanocomposites.

miRNAs are important regulators of wound healing 

gene expression. The network interaction between miRNA 

gene including 93 nodes (miRNAs and miRNA targets) 

and 183 directed edges is given in Figure S3. Similarly, the 

hsa-miR-29b-3p and has-miR-29c-3p are the most potential 

regulators of the mentioned genes in wound healing process. 

Figure 8 shows the direct interactions between these miRNAs 

and their target genes. These genes and miRNAs were 

selected for molecular study (qRT-PCR).

gene expression study by qrT-Pcr
In this research, the effect of BNC/Ag nanocomposites (8.0 wt%) 

on healing genes (TGF-β1, MMP2, MMP9, CTNNB1, Wnt4, 

has-miR-29-3p, and has-miR-29c-3p) in the HDF cell line at 

three different time periods (6, 12, and 24 hours) was evaluated 

by qRT-PCR. The TGF-β is involved in a number of processes 

in the wound healing, which include inflammation, stimulating 

angiogenesis, fibroblast proliferation, collagen synthesis, and 

deposition and remodeling of the new extracellular matrix.36,37 It 

is interesting to note that the chronic, nonhealing wounds often 

show a loss of TGF-β1 signaling.38,39 Based on the TGF-β1 

results, after treatment with BNC/Ag nanocomposites for vari-

ous time durations, its expression was upregulated from 4.8- to 

11-fold at 6 and 24 hours, respectively (P,0.0001).
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The qRT-PCR approach created by Tarnuzzer et al in 

199640 was utilized to detect the expression of mRNA for 

TGF-β1 in acute wounds. They showed that the expres-

sion of TGF-β1 was grown up during healing of cutaneous 

wounds.40 In another research in 2001,41 it was showed 

that once an ulcer entered a healing phase expression of 

TGF-β1, its receptors were upregulated and at this stage 

exogenous addition of growth factors could be more effec-

tive. This could be of particular importance in the clinical 

trialing of growth factors for their effects on impaired 

wound healing.

In the normal wound healing, matrix-metalloproteinase 

(MMP) seems to be involved in various processes. In the first 

phase of wound repair, MMPs participate in the removal of 

devitalized tissue. During the repair phase, MMP activities 

are necessary for angiogenesis, contraction of wound matrix, 

migration of fibroblasts, and for keratinocyte migration and 

epithelialization. During the final phase of wound healing, 

MMPs participate in the remodeling of newly synthesized 

connective tissue. In summary, spatially and temporally 

controlled expression of several distinct MMPs is necessary 

for normal wound healing and tissue repair.42–46

MMP2 (gelatinize A) and MMP9 (gelatinize B) have been 

widely studied in the cell migration and re-epithelialization, 

but this study still remains open on how these two proteinases 

activity MMP2 is involved during angiogenesis47 and for the 

generation of matrix fragments that act as a scaffold for cell 

migration and a chemotactic signal.48 In addition, MMP9 

(gelatinase B) promotes migration of a range of epithelial 

cell types, and it helps in the wound closure.49,50

The expression of MMP2 after treatment with BNC/Ag 

nanocomposites was upregulated at different durations 

(6, 12, and 24 hours) of treatment by around 3.1-, 7-, and 9.7-

fold respectively; in other words, the expression of MMP2 

was tripled by increasing the incubation time and the level 

of expression increased significantly. Figure 9 shows that 

the expression of MMP9 gene was upregulated from 3.7 to 

6.9 at 6–12 hours (P#0.0001).

Wnt/β-catenin signaling plays an essential role in the 

skin development and wound healing.51,52 Wnt4 is expressed 

in the epidermis of both embryonic and adult mouse skin.53 

We hypothesized that BNC/Ag nanocomposites might 

affect wnt4 and CTNNB1 and thus lead to accelerated heal-

ing. According to the qRT-PCR result, the expression of 

the wnt4 gene in the treated BNC/Ag nanocomposites was 

upregulated by 5.2-, 8.5-, and 11.4-fold at 6, 12, and 24 hours 

(P#0.0001). The ratio of CTNNB1 increased from 5.2- to 

8.9-fold at 6 and 12 hours, and the mRNA expression after 

24 hours grew dramatically as compared to the control.

miRNAs are a novel class of endogenous, small, non-

coding RNAs that control gene expression by binding to 

their target mRNAs for degradation and/or translational 

repression. MiR-29 is a typical multifunctional miRNA that 

is involved in regulating the epithelial–mesenchymal transi-

tion, cellular differentiation, extracellular matrix remodeling, 

and angiogenesis.54,55 Guo et al illustrated that miR-29b was 

downregulated in thermal injury tissue and miR-29b treat-

ment could promote wound healing, inhibit scar formation, 

and alleviate histopathologic morphologic alteration in scald 

tissues. Additionally, miR-29b treatment suppressed collagen 

deposition and fibrotic gene expression in scar tissues.56

Data analysis of the relative gene expression illustrated 

that the expression of has-mir-29b of HDF cells treated at 

6, 12, and 24 hours with nanocomposites was noticeably 

downregulated by −5.4-, −7.1-, and −10.15-fold, respectively. 

BNC/Ag nanocomposites had a significant effect on the 

expression of has-mir-29c in HDF cells, because it decreased 

the level of has-mir-29c at 6, 12, and 24 hours −4.7-, −8.3-, 

and −10.8-fold, respectively. In other words, the ratio of 

has-mir-29c was approximately doubled from 4.7 to 8.3 at 

6 and 12 hours (P,0.0001).

Conclusion
This study revealed that the BNC-based Ag nanocom-

posites were successfully prepared and they showed good 

antibacterial efficiency and healing properties. The BNC/

Ag nanocomposites of concentration 8.0 wt% with good 

healing property were remarkably effective on S. aureus. 

β

Figure 8 The network interaction analysis between has-miR-29b-3p and has-miR-
29c-3p with their targets.
Note: has-miR-29b-3p and has-miR-29c-3p have strong interactions with TGF-β1, 
MMP2, MMP9, CTNNB1, and Wnt4 genes.
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Bioinformatics study showed that TGF-β1, MMP2, MMP9, 

CTNNB1, Wnt4, has-miR-29-3p, and has-miR-29c-3p had 

strong interaction with each other to promote healing process. 

The BNC/Ag nanocomposites could increase the expression 

level of genes (TGF-β1, MMP2, MMP9, CTNNB1, and Wnt4) 

and the expression of miRNA (has-miR-29-3p and has-miR-

29c-3p) was downregulated in varying time periods. It was 

hypothesized that the BNC/Ag nanocomposites might also 

be tailored for preparing nanomedicines and targeted wound 

dressing in future.

Our favorable results suggest that the biosynthesized 

BNC/Ag nanocomposites could be a promising candidate for 

development of future wound dressings. The nature of bio-

synthesis and the therapeutic potential of BNC/Ag nanocom-

posites could pave the way for further research on design of 

green synthesized wound dressings, to deal with the treatment 

of infections and healing. Further studies are needed to fully 

characterize the mechanisms involved with the antimicrobial 

and healing effects of these nanocomposites.
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Figure S1 The effect of genes and mirNas in wound healing process.
Notes: The gene–gene and gene–mirNas network interaction that included 19,177 nodes and 54,573 edges. The network was mapped through cytoscape v3.4.

Figure S2 The interaction between genes and chemoattractions in wound healing process.
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Figure S3 The interaction between gene and mirNas. The white nodes are mirNas and the blue ones are genes.
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