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Eﬀects and formulation of silver nanoscaﬀolds on
cytotoxicity dependent ion release kinetics towards
enhanced excision wound healing patterns in
Wistar albino rats†
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Wound tissue regeneration and angiogenesis are dynamic processes that send physiological signals to the
body. Thus, designing novel nanoscaﬀolds by understanding their surface modiﬁcations and toxicological
response in a biological system with a potent anti-inﬂammatory response is a viable solution. In this respect,
inspired by the surface chemistry, in the present work we focus on the chemical optimization of silver
nanoscaﬀolds using surface cappings in order to understand their kinetic release behaviour in simulated
wound ﬂuids (SWF), to analyze their blood compatibility in human lymphocytes and erythrocytes and
then embed them in a chitosan-agarose matrix (CAM) as a productive drug delivery system to evaluate in
vivo excision wound tissue regeneration eﬃciency in Wistar rats. In this regard, polyvinyl alcohol capped
silver nanocomposites (PVA-AgNPs) exhibit a dominant antibacterial eﬃcacy with the sustained and
controlled release of silver ions and percentage cell mortality and percentage hemolysis of only 10% and
16% compared with uncapped-AgNPs or silver bandaids (SBDs). Also, PVA-AgNP impregnated CAM
(PVA-CAM) shows positive eﬀects through their anti-inﬂammatory and angiogenic properties, with
a nearly 95% healing eﬀect within 9 days. The complete development of collagen and ﬁbroblast
constituents was also monitored in PVA-CAM by hematoxylin & eosin (H & E) and Masson trichrome (MT)
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staining. These results provide a clear insight into the development of a potent therapeutic formulation
DOI: 10.1039/c9ra06913e

using CAM as a scaﬀold incorporated with surface functionalized PVA-AgNPs as a bioeﬀective and
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biocompatible polymer for the fabrication of eﬃcacious silver wound dressing scaﬀolds in clinical practice.

1. Introduction
Skin is the protective physical barrier of the integumentary
system preventing external injury and damage and which is
involved in sensation, immunological surveillance, prevention
of dehydration and the eﬀective synthesis of vitamin D3.1 The
skin controls body temperature by vasodilation and vasoconstriction of cutaneous blood vessels, and is formed of three
main layers: the epidermis covering the outer surface; the
dermis, which covers the connective tissue; and the hypodermis, which contains the hair roots and varying amounts of
at cells.2 However, the structural integrity of the skin gets
disrupted by cuts, burns, scratches or surgical injuries, which
can be termed wounds, and can be caused by chemicals, pressure, heat, friction, or some diseases.3,4 The condition of
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a wound depends on the diameter and depth of the wound
caused in the epidermis and dermis layers of the skin.5,6
Aer a skin injury/disruption, the body will eventually
undergo a regeneration mechanism termed wound healing,
which is a dynamic series of anatomical and biochemical
cascades that involves four diﬀerent phases: namely, hemostasis, inammation, proliferation and remodeling. Various cell
organelles, cytokines, enzymes, hormones and proteins are
involved in these tissue repair processes.7
Briey, at the wound site, thrombin stimulates platelet
activation, which in turn produces various growth factors
(chemokines, cytokines). These growth factors assist broblast
migration and proliferation to the injured site.8 The release of
histamine and serotonin forces the endothelial cells to open up
their junctions for the free entry of monocytes and neutrophils
(known collectively as macrophages). Lymphocytes and polymorphs are required at the injured site to kill pathogens,
thereby preventing bacterial contamination.9 Later, the
inammatory phase is accompanied by the proliferative phase,
in which the epithelial cells and broblasts form new blood
vessels. During the remodeling phase, brous proteins,
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bronectin, collagen and proteoglycans are synthesized and
deposited. As the wound matures, collagen gels will be transformed into collagen bers which will be distributed all over the
wound bed,10 resulting in wound contraction, which is
a dynamic process whereby a larger wound area gets closed by
a secondary skin intention.11
To protect the wound from external and internal forces,
a number of preventive measures, including wound dressings,
the administration of painkillers and the topical application of
anti-inammatory drugs, have emerged in the market. According to recent reports, wound management products are expected to gradually increase from US$18.35 billion in 2017 to
US$22.01 billion by 2022. The formulation of wound dressings
is an essential and important sector in biomedical and pharmaceutical research worldwide. Modern dressings are produced
on the basis of type of material (hydrocolloid, bandage, hydrogel or lm).12 Hydrocolloid products are produced from
colloidal suspensions combined with other media such as
adhesives and elastomers.13,14 Bandages are obtained from
natural materials (cellulose and cotton wool) and synthetic
polymers (polyamide) which perform various functions. Gauze
material dressings are produced from nonwoven and woven
cotton bers; rayon or polyester; or both.15 Hydrogels are
hydrophilic materials that are found to be insoluble and which
are obtained from polymethacrylates and can be applied as
amorphous, solid sheet, elastic or lm formats. But hydrogels
are found to possess decreased mechanical strength, are diﬃcult to handle and are found to aﬀect patient compliance.16,17
Film dressings obtained from nylon derivatives were carried on
a polyethylene frame. Most types diﬀer in terms of adhesiveness, extensibility and vapour permeability.18,19 Even though
there have been tremendous improvements in wound dressings
and antibiotics in the pharmaceutical research market, wound
healing bandage formulations are found to be ineﬀectual
because of instability, high cost, low availability, low eﬀectiveness, and cytotoxic and deleterious eﬀects.20
Silver based biomedical products could play a most eﬀective
part in preventing bacterial infections and in healing
wounds.21,22 Also, silver encapsulated nanoparticles have gained
extensive attention owing to their sturdy antimicrobial activity
towards a broad range of microorganisms, including fungal and
bacterial species.23,24 Furthermore, silver nanoparticles (AgNPs),
due to their extensive physicochemical properties, have a great
aptitude to deal with multi-drug resistance against recent
medicines,25,26 and have secured a new therapeutic potential
using diﬀerent polymer cappings of AgNPs as wound dressings
for use on various types of wounds due to their safety, reliability,
low toxicity, eﬀectiveness and resistance to various microorganisms.27 It has also been demonstrated that AgNPs control
the respiratory signaling pathways of cells, keeping them alive
so that regeneration of skin cells might be achieved, which
leads to reproliferation within the required time period and
therefore reconstruction of the skin surface.28 AgNPs and silver
ions have a widely known biological eﬀect that occurs in environmental media of more complex composition. The physicochemical characteristics of AgNPs are suitable for better
encapsulation, improved solubility of drugs by intravenous
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administration, and active and passive targeted delivery, and
they allow for the controlled and sustained release of antimicrobial agents.29 Work on dissolution characteristics has been
analyzed in many publications,30–35 and furthermore the rate of
silver release from AgNPs can be controlled. Studies have
analyzed the combination of AgNPs with various biocompatible
polymers, such as polyvinyl pyrrolidone (PVP), polyvinyl alcohol
(PVA), polylactic acid (PLA) and chitosan, for applications in
wound healing in diﬀerent types of dressings, mats and
hydrogels,36–39 but there is less knowledge to be found about
their behaviour in more complex media, such as in biological
processes and in the environment.
The purpose of employing polymers in AgNPs is to protect
against the nature of instability and to accelerate the wound
healing process through an alteration in growth factors and
a reduction in the matrix metalloproteinase (MMP) levels and
upgraded cellular apoptosis.40,41 The role of diﬀerent polymer
cappings with AgNPs of smaller size and shape with an eﬀective
stability is to allow catalytic and reactive sites for quicker
counteraction and healing potential during the diﬀerent phases
of the wound healing process.42 Polymer engulfed AgNPs have
the capacity to penetrate inside the circulatory system and
hence across the blood barrier medium in the human body. In
that way, chitosan and agarose have attractive physicochemical
properties that are essential for tissue engineering applications.
Agarose is well known for controlled degradation, greater
mechanical strength and its capacity to withstand cellular
phenotypes.43–45 But, agarose on its own is not suﬃcient to
mimic the environment for hepatocytes. So, the incorporation
of an ECM-like polymer component could enhance the biomimetic characteristics of the scaﬀold matrix. In this case, chitosan has shown excellent biodegradability, biocompatibility,
non-toxicity and the ability to degrade in human bodily
uids.46 Biomimetic scaﬀolds composed of chitosan and
agarose could act as key components in balancing cell proliferation and adhesion, enabling tissue regeneration and helping
in biological delivery.
In our present study, we have formulated a chemically optimized AgNP synthesis using various capping agents, such as
trisodium citrate capped silver nanoparticles (TSC-AgNPs), polyvinyl pyrrolidone capped silver nanoparticles (PVP-AgNPs), and
polyvinyl alcohol capped silver nanoparticles (PVA-AgNPs), and
compared them with uncapped-AgNPs and conventional silver
bandaids (SBD) to ensure their antibacterial eﬃcacy against
Staphylococcus aureus, to control their ion release kinetic behaviour in simulated wound uids (SWF) and to analyze their
behavioural cytotoxicity using blood compatibility studies.
Further, in vivo excision wound healing potential was proven in
Wistar albino rat models using a chitosan-agarose matrix (CAM)
as a scaﬀold impregnated with AgNP formulations. Histopathological analysis of the impregnated scaﬀolds was carried out
using hematoxylin & eosin (H & E) and Masson trichrome (MT)
staining. The main aim of this work is to authenticate the role of
bioeﬀective polymers and silver nanocomposites in forming
competitive scaﬀolds associated with the sustained and
controlled release of silver ions in biological systems as a major
prospect for angiogenic response in clinical practice.
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2.1. Materials used
Uncapped-AgNPs were procured from IoLiTec (Ionic Liquids
Technologies GmbH, Germany). Silver nitrate (AgNO3) was
procured from Sigma-Aldrich (Bangalore, India). Sodium
borohydride (NaBH4), TSC, PVP, PVA, nutrient agar (NA),
nutrient broth (NB), Muller Hinton broth (MHB), chitosan
(degree of deacetylation $ 75.00%) and agarose were obtained
from Himedia Laboratories (Mumbai, India). Ultrapure deionized water was acquired from a Cascada™ Biowater
System (Pall Corporation, USA). The chemicals used in the study
were of analytical reagent grade.
2.2. Particle formulation
2.2.1. Synthesis process. Three diﬀerent cappings of
AgNPs of similar particle size (15–25 nm) and ionic concentration were formulated in this work, which were stabilized
with TSC, PVP or PVA in accordance with a previous method47
with slight modications. Briey, all AgNPs were chemically
synthesized under ambient conditions. The colloids of AgNPs
were prepared by reducing 7 mL of 1 mM AgNO3 as a silver
precursor with 30 mL of 2 mM ice-chilled NaBH4 as a strong
reducing agent. The addition of AgNO3 (1 mM) into the icechilled solution was conducted by titration at the rate of 1
drop per second under vigorous stirring followed by the
addition of 1 mL of 1% TSC, PVP, or PVA which were added
individually to the AgNP colloidal solution and maintained
under stirring for 1 minute.48 Before the inclusion of AgNO3 in
the synthesis process, the AgNO3 suspension was maintained
under tight light exclusion to prevent photoreduction. The
presence of an atom from the photoreduction of AgNO3 may
induce nanoparticle synthesis.49 All particle suspensions were
separated and cleaned using a 1 kDa cellulose membrane and
processed for removal of excess reactants using a dialteration
method at normal room temperature for 15 minutes and
stored in the dark for further use. The nal silver concentration in the nanoparticle system was analytically determined by
inductively coupled plasma optical emission spectrometry
(ICPOES) (PerkinElmer Optima 5300 DV, USA). Silver standards were determined and the silver concentration in the test
sample was analyzed aer suitable dilution. Also, the prepared
suspension was microwave digested with analytical grade
nitric acid (HNO3). Using a dilution factor, the total silver
concentration was quantied for further studies. The chemically synthesized AgNPs were characterized and analyzed by
spectroscopic and microscopic techniques.
2.2.2. Conventional silver bandaid – process parameters.
For the conventional SBD, non-adhesive bilayer pads were procured
from Dakar (Medical Safety Emergency Limited, Israel) and further
analyzed by conducting instrumental characterization, as described
previously.50 Briey, the silver bilayer pad was dispersed in deionized water or dissolved in ammonia solution prior to homogenization. Later, centrifugation was carried out at 8000 rpm for 15
minutes in order to remove unwanted dust particles, and ltration
was carried out to obtain a clear suspension. The suspended
solution was characterized for further analysis.
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A comparative study with the procured uncapped-AgNPs,
capped-AgNPs (stabilized with TSC, PVP or PVA) and SBDsuspensions (collectively termed U-C-B) was conducted and
they were characterized and evaluated in in vitro and biosafety
studies, their controlled release behaviour on SWF was
studied and in vivo experimentation using excision wound
models was coupled with histopathological evaluation on
Wistar albino rats.
2.3. Particle characterizations
All characterization studies were analyzed a day aer the
synthesis to obtain the best stabilization. The U-C-B colloids
were investigated to determine the surface plasmon resonance (SPR) peak using a UV-Visible spectrophotometer
(Hitachi double beam model (U-2910), Japan) with a quartz
cell size of 3 cm. The absorbance values ranged from 300 to
800 nm with 1 nm intervals at an optimum temperature, and
the recorded spectra were re-plotted using Microso Excel.
Millipore water was used as a blank and the test samples were
analyzed.
Analysis of nanoparticle hydrodynamic size and surface
charge zeta potential measurement was carried out using
a particle size analyzer (Horiba Scientic Nanoparticle analyzer
model (SZ-100), Japan) at room temperature. The nanoparticle
size was derived based on the measurement of time-dependent
scattering of laser light undergoing Brownian motion, using
a dynamic light scattering (DLS) technique. The zeta potential
measurement is dependent on the velocity and direction of
particles under the inuence of an electric eld. Triplicate
measurements were taken and averaged to estimate the zaverage and polydispersity index (pDI).
The morphology, particle core size and distribution were
observed by transmission electron microscopy (TEM). Samples
were obtained by drying a drop of U-C-B colloid on a copper
grid (300 mesh) enriched with a carbon support lm (Agar
Scientic) at ambient temperature. The copper grid was
cleaned eﬀectively with de-ionized water and the solvent
allowed to evaporate. The absolute core size was quantied
through TEM images (at least 500 nanoparticles were counted)
using an FEI Tecnai G2 F20 X-TWIN (accelerating voltage of
200 kV) with a W-source and a high-resolution pole piece. The
AgNP suspension was dispersed on cotton fabric and oven
dried at 40–50  C for 30 minutes. The surface morphology of
the cotton fabricated AgNP suspension was determined using
scanning electron microscopy (SEM) (Carl Zeiss EVO 18
Research model, USA) operated at EHT 5 kV. Prepared thin
fabrics were mounted on a carbon coated copper grid and
allowed to dry by placing them under a mercury lamp for 5
minutes and the samples were analyzed under high-resolution
magnication mounted with energy dispersive X-ray spectroscopy (EDS) (INCA x-act model: 51ADD0048, Oxford
Instruments, Great Britain) in order to quantify the percentage
elemental analysis in the generated U-C-B suspensions. The
puried aliquots of U-C-B were evaluated using Fourier
transform infrared spectroscopy (FTIR). All FTIR measurements were conducted on a PerkinElmer Spectrum One
instrument, (Waltham, USA) at a resolution of 4 cm1 in
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potassium bromide (KBr) pellets. The silver concentration in
the AgNP stock suspensions was analyzed by ICPOES. (The
names and conditions of the analytical techniques were discussed above.) The weight loss and reaction state were determined using a thermogravimetric analysis/diﬀerential
thermal analysis (TGA/DTA) thermal system (DTG-60, Shimadzu, Kyoto, Japan). The electronic and chemical structures
at the molecular metallic interface and the stability of the
ligands in the capped AgNPs were investigated using X-ray
photoelectron spectroscopy (XPS) (K-Alpha surface analysis
XPS instrument, Thermo Fisher Scientic, U.K.). The ion
source was operated with an acceleration voltage of 600 V at
near ambient pressure.
2.4. In vitro proles – minimum inhibitory concentration
evaluation
The antimicrobial eﬃcacy of U-C-B colloids was analyzed
against Gram positive Staphylococcus aureus procured from the
American Type Culture Collection (ATCC-25923). In order to
optimize against MIC standard values, EUCAST clinical breakpoint tables v. 9.0 (MIC breakpoints – Gentamicin (R < 18 mm)
for Staphylococcus aureus) were used as a reference for standardization. Aliquots of U-C-B of desired working concentrations were made from the stock suspension. In order to evaluate
the minimum inhibitory concentration (MIC), the U-C-B
colloids were diluted to appropriate concentrations and interacted with a bacterial suspension containing 106 to 107 colony
forming units (CFU) in 96 well plates. Triplicate measurements
were made for statistical observation.
MIC was referenced as the minimal concentration of AgNP
that completely inhibits the bacterial growth of a target microorganism aer incubation at a temperature of 37  C.51 Briey,
the bacterial cells were grown in NB overnight and diluted in
1 : 100 MHB (culture – set OD at 0.1) to a cell density of 1  108
CFU mL1. Various working concentrations of U-C-B were
interacted with gentamicin and MHB media as positive and
negative controls, respectively, and incubation was carried out
at 37  C for 24 hours. Then, 10 ml of resazurin dye was added to
all the wells. Aer 2 hours of incubation the MIC was evaluated
for a colour change.52,53
2.5. Release studies
To determine the release kinetics of silver onto SWF, dialysis
experiments for the AgNP formulations were conducted using
a beaker method with a known volume of various capped AgNP
suspensions (0.35 g L1 Ag) dispersed in the freshly prepared
SWF, adjusted to a neutral pH of 7.4. The dialysis method was
carried out with a magnetic stirrer under slow stirring at normal
ambient temperature.54,55 Aer appropriate time intervals (0, 1,
2, 3, 4, 5, 6, 12, 18 and 24 hours), the samples were replaced by
wound uids and the percentage of silver ions released with
respect to time duration was evaluated at 400 nm. Thus, the
percentage at which the release of silver becomes controlled can
be evaluated for the respective AgNPs in order to understand
their dissolution behaviour in the biological system within
stipulated time intervals.
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2.6. Biosafety studies
2.6.1. Evaluation of cell viability. Human blood cells were
collected from healthy male blood donors under the age of 20–
45 and suspended with Ficoll Hypaque gradient and white buﬀy
coat was isolated from the blood.56,57 Nearly 96% of the pure
blood cell lymphocytes were collected from the monocytes.
Lymphocyte cells were obtained and cultured at an optimum
density of 106 cells per mL and suspended in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
10% (v/v) fetal calf serum (FCS), incubated with 2 mM L-glutamine and 100 international unit (IU) per mL penicillin and
streptomycin and kept under a humidied atmosphere maintained with 5% CO2 xed at 37  C. Collected lymphocyte cells
were utilized within 24 h aer isolation, which was termed time
0 (T0). 15  106 lymphocytes were seeded in each ask and
treated with U-C-B colloids and working concentrations were
obtained by dilution from the stock solutions with the culture
medium.
The percentage cell viability was evaluated by a 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.
2.6.2. Hemolysis assay. Human red blood cells (RBCs) were
freshly obtained according to a previous method58 with minor
modications. Briey, 2 mL of whole blood cells were suspended in 18 mL of 1 phosphate buﬀered saline (PBS), and the
RBCs were collected by a centrifugation process at 1500 rpm for
15 minutes. Then, 900 ml of isolated RBCs were interacted with
100 ml of U-C-B colloids and incubated in CO2 for 1 hour followed by centrifugation at 8000 rpm for 4 minutes. The highest
dose was xed at 20 mg mL1 and this concentration was found
to be close to the U-C-B concentration. De-ionized water and
PBS were interacted with isolated RBCs as positive and negative
controls, respectively. The absorbance values at 540 nm for the
interacted suspensions were analyzed using a microplate reader
(Biotek, Power Wave XS2, Vermont, USA) mounted with soware features designed to prevent common errors and boost
productivity when operated at a temperature of 37  C.
The percentage hemolysis of RBCs was calculated59,60
according to the equation:
percentage hemolysis ¼ ((sample absorbance  negative control
absorbance)/(positive control absorbance  negative control
absorbance))  100.

2.7. Preparation of chitosan-agarose matrix (CAM) sponge
like biocomposite
For CAM preparation, various concentrations of deacetylated
chitosan powder ranging from 0.5% to 2% w/v were dissolved in
1% acetic acid solution at room temperature with the help of
a magnetic stirrer. In a separate glass beaker, diﬀerent
concentrations of agarose ranging from 1% to 5% w/v were
dissolved in ultrapure de-ionized water and heated until a clear
transparent solution appeared.61,62 The prepared chitosan
solution was centrifuged at 5000 rpm for 15 minutes in order to
remove excess particulates. Then, the centrifuged chitosan
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% wound contraction ¼

wound area on initial day  wound area on specific day  100
wound area on initial day

solution was added to the dissolved agarose solution in
diﬀerent ratios. Once the transparent agarose solution had
disintegrated with the chitosan solution, 1 N of NaOH was
added under stirring mode and the polymeric solutions were
cooled down to ambient temperature. Finally, PVA-AgNPs, PVPAgNPs, TSC-AgNPs, uncapped-AgNPs and SBD-suspensions
were incorporated into the formulated polymeric matrix to
form PVA-AgNP impregnated CAM (PVA-CAM), PVP-AgNP
impregnated CAM (PVP-CAM), TSC-AgNP impregnated CAM
(TSC-CAM), uncapped-AgNP impregnated CAM (uncappedCAM) and SBD-suspension impregnated CAM (SBD-CAM),
respectively, and freeze dried for further analysis.
2.8. Animal studies
2.8.1. Excision wound models – wound healing study. The
excision wound healing model experiments were carried out on
Wistar albino rats (200–250 g) to analyze the wound healing
eﬃciency of the AgNP impregnated scaﬀolds. All the animal
experiments were performed in accordance with relevant
bioethics guidelines and regulations. Further, the wound healing experiments were performed with prior approval from the
Institutional Ethical Committee for Studies on Animal Models
(VIT/IAEC/14/NOV4/11). The rats were housed three per cage,
which were made of polypropylene, and they were also provided
with a standard laboratory diet (Lipton Feed, India) and water
ad libitum. The rats were separated into seven divisions with
three animals in each division (n ¼ 3). The prepared AgNP
impregnated CAM scaﬀolds were cut into (2 cm  2 cm) pieces
and treated. Group I was treated as the control (no treatment),
Group II was treated with CAM alone, Groups III, IV, V and VI
were treated with uncapped-CAM, TSC-CAM, PVP-CAM and
PVA-CAM, respectively. Group VII was treated with SBD-CAM.
All the scaﬀold matrices were treated topically over the excision wound models.
Firstly, the housed animals were systematically anaesthetized
with diethyl ether before the excision wound procedure.63,64 An
impression was made on the dorsal region, i.e., 1.5 cm away from
the vertebral column and 4.5 cm away from the ear. The predetermined area was shaved and the skin was excised to the full
depth to achieve a wound area of about 400 mm2. The wound
area was traced using transparent polythene graph paper and
measured. Treatment was given on predetermined days, in which
the prepared matrix scaﬀolds were used as substrates for
impregnation of AgNPs.65,66 The process includes the exposure of
various synthesized scaﬀolds (i.e., CAM alone, uncapped-CAM,
capped ¼ TSC-CAM, PVP-CAM and PVA-CAM, SBD-CAM) which
were allowed to react on alternate days with the wound area in
order to initiate the inammatory phase followed by the other
phases. The rate of wound contraction was observed with the
help of the graph paper on the prespecied days, i.e., 0th, 3rd, 6th,
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9th, 14th and 20th days, and the percentage wound contraction
was calculated according to equation (eqn (1))
The 0th day wound area was assigned a value of 100% to
demonstrate the percentage wound healing.
2.8.2. Histopathological observations. Collected skin
samples from the treated and (control) untreated rats were cut
vertically on the 9th and 14th day post wounding into diﬀerent
sections and preserved in 10% (v/v) formalin solution for H & E
staining, and Bouin's solution for MT staining. The epithelial
tissues were subjected to this staining and observed under
a phase contrast microscope (Cilika portable microscope,
model GPS-853, India) by making phase changes to separate the
illuminating light from the specimen-scattered light under
optimum conditions. This phase contrast microscope is
specially designed to monitor re-epithelization, collagen
formation and wound healing processes.67
2.9. Statistical analysis
The obtained results were evaluated in triplicate and expressed
in terms of mean  standard error with the help of Microso
Excel. Statistical analysis was done using analysis of variance
(ANOVA) with the Prism GraphPad v4.03 soware program (San
Diego, CA, USA) and the statistical diﬀerence was found to be
signicantly lower than p-value < 0.05.

3.

Results and discussion

3.1. Eﬀects on formulation and characterization of AgNPs
The benecial eﬀects of silver nanomaterials in biomedical
applications demand a promising strategy for the preparation
of eﬀective wound dressings embedded with bioactive polymers
which could show their quality of tissue regeneration and their
scarless wound healing process.68 Though the topical application of antimicrobial drugs, silver has for years been promoted
in wound care,69 but the use of silver wound dressings has
recently faced numerous challenges, including a perceived lack
of eﬃciency, high cytotoxic eﬀects, rapid and sudden release of
ions, and concerns about cost-eﬀectiveness and safety.70–72 In
order to overcome the toxicological eﬀects and to control the
ionic release eﬀects, we tried using diﬀerent polymers encapsulated with silver to form polymer stabilized silver nanomaterials and compared their eﬃcacy with uncapped-AgNPs to
prove and authenticate the benets of capping properties as
a way to control ionic release into a biological system. The
advantage of using polymer stabilized AgNPs is that their action
against bacterial cells depends on the rate and amount of ionic
release, resulting in the death of bacterial cells and in detrimental non-reversible changes in the cell wall structure, thereby
inhibiting cellular growth.73

RSC Adv., 2019, 9, 35677–35694 | 35681

View Article Online

Open Access Article. Published on 04 November 2019. Downloaded on 1/2/2020 6:46:38 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

Paper

In summary, the purpose of synthesizing AgNPs is to
produce a relatively eﬀective nanomaterial with a well-dened
size and shape distribution, distinct morphological structure
and surface functionalization properties with better eﬃciency.74
Upon the addition of a strong reducing agent to the metal
precursor with the help of stabilizing agents, in accordance with
the previously established chemical reduction method, the
suspension turned from a colourless Ag+ solution to pale yellow,
which conrmed the identity of colloidal AgNPs. Ultraviolet
(UV) spectroscopy has been found to be an eﬀective analytical
technique for the structural determination of AgNPs. Plasmon
resonance absorption spectra for the uncapped and capped
(TSC, PVP, PVA) AgNPs were analytically evaluated at an average
of 395–450 nm. The broadening of the peak shows that the
nanoparticles were polydispersed in the medium, as shown in
Table 1. The peak centered from 400 to 420 nm is mainly due to
the plasmon resonance of the AgNPs. The shape and position of
the plasmon resonance of a noble metal nanocluster are
dependent on the shape, size, surrounding matrix and dielectric medium of the absorbed species.75,76 In addition, the variation in the SPR peak depends solely upon the activity and
presence of capping agents in the surrounding surface matrix.
Further, to determine the hydrodynamic particle size and
stability, the DLS technique is used eﬀectively to observe the
mean particle size and aggregation behaviour of the nanoparticles in the suspension. DLS provides a mean particle size
between 10 and 40 nm with an average limit of 40 nm and the
pDI was no greater than 0.5 (Table 1).
The values acquired from DLS are a little larger than those
from TEM due to the precipitation or accumulation of particles
in the solution. A pDI value below 0.5 may be associated with
high homogeneity and stability in the AgNP population. The pH
value for silver colloidal suspensions was adjusted to the range
of 7–8, as shown in Table 1. The successful synthesis of AgNPs is
in accordance with the structural morphology, particle diameter, and dispersions of AgNPs. This was conrmed by TEM, in
which the particles were found to be polydispersed, spherical in
shape and distributed uniformly upon the surface, conrming
the homogeneous formation of AgNPs as determined. The
generated particle core size was between 8 and 20 nm, as presented in Fig. 1(1a–1e), which shows that the TEM and DLS
results were similar in hydrodynamic size to the originally
synthesized nanoparticle colloids.
Generally, TEM is considered to be a most adaptable technique to monitor the shape, size and distribution of AgNPs.
Table 1

SEM images of various cappings of AgNPs at diﬀerent magnications have been depicted. SEM reveals the surface
morphology of the AgNPs, which determines their topographical features for further systemic characterization. The
impregnation of AgNPs in prepared cotton fabrics was monitored using SEM, which shows a prominent uniform diﬀusion
of AgNPs in the prepared cotton fabric material, as shown in
Fig. 1(2a–2e).
Further, the presence of elemental silver in the prepared
cotton fabric material was analyzed using EDS, which is an
analytical technique used to depict the presence of metal ions in
samples with the help of metallic signals.77 Fig. 1(3a–3e) shows
the EDS analytical results for the AgNPs. The strong Ag signal
denotes the presence of metallic AgNPs and their crystalline
nature. In this way, the percentages of silver present in uncappedAgNPs, TSC-AgNPs, PVP-AgNPs, PVA-AgNPs and SBD-AgNPs were
found to be 5.82%, 19.82%, 19.62%, 20.13% and 12.50%,
respectively. This shows the quantity of silver formed and present
in the state of AgNP formation. Together with these emitted
signals, O and C atoms were likely to be observed from the carbon
coated grid by the X-ray emission used in EDS analysis. Fig. 1(4a–
4e) shows the FTIR spectra of the AgNP formulations. The spectrum of uncapped-AgNPs (Fig. 1(4a)) shows stretching vibrations
of N–O peaks and N–H peaks at 1633 cm1 and 3270 cm1,
respectively. This shows that nitrogen atoms attach to and bind
upon the nanoparticle surface aer the indication of nanoparticle formation. FTIR spectra of TSC-AgNPs and PVP-AgNPs
show stretching vibrations of N–H peaks at 3288 cm1 and
3276 cm1, respectively, as shown in Fig. 1(4b and 4c). FTIR
spectra of SBD-suspensions show stretching vibrations of N]O,
C]C, O–H and N–H in peaks at 1710 cm1, 1361 cm1,
1425 cm1 and 3496 cm1, respectively. This indicates that the
polymer molecules are bound onto the nanoparticle surface, as
shown in Fig. 1(4e). Due to the presence of polymer molecules on
the surface of the nanoparticles, the particles do not merge
together. Prominent peaks of PVA-AgNPs are shown in Fig. 1(4d).
The peaks are found at 3309 cm1 and 1635 cm1, which
conrms the binding of PVA polymer on the surface of AgNPs.
The binding is shown by symmetric stretching with the carboxylate anion. The peaks at 3309 cm1 and 1635 cm1 may be due
to O–H and C–H bending. In addition, symmetric and asymmetric stretching of –CH2– was observed in PVA-AgNPs when
compared with other AgNP formulations. The concentration of
the silver present in AgNPs was evaluated upon oxidation with
excess concentrated HNO3 (65%). Aer a process of microwave

Physicochemical properties of synthesized AgNPs using diﬀerent capping agents

Contents

Uncapped-AgNPs

TSC-AgNPs

PVP-AgNPs

PVA-AgNPs

SBD-suspension

SPR peak
DLS size
pDI width
TEM
pH value
Mass concentration (mg L1)
Zeta potential (mV)
MIC value

400
25.2 nm
0.51
19.5  0.2
7.1
15.70
10
20 mg mL1

394
12.7 nm
0.46
10.5  0.5
7.97
24.07
34
10 mg mL1

410
19.1 nm
0.53
17.8  0.2
8
26.15
70.3
10 mg mL1

407
18.1 nm
0.589
13.4  0.4
7.94
25.51
90.5
5 mg mL1

403
32.2 nm
0.306
20.1  0.5
7.0
23.15
26
20 mg mL1
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Characterization of chemically synthesized AgNPs using various capping agents. (1a–1e) Determination of particle core size using
transmission electron microscopy (TEM) for the AgNPs. (2a–2e) Surface morphological features of AgNPs impregnated onto cotton fabrics using
scanning electron microscopy (SEM). (3a–3e) Presence of elemental silver detected by energy dispersive X-ray spectroscopy (EDS) for the
AgNPs. (4a–4e) Determination of functional groups using Fourier transform infrared (FTIR) spectroscopy for the AgNPs. Uncapped-AgNPs (1a,
2a, 3a and 4a), TSC-AgNPs (1b, 2b, 3b and 4b), PVP-AgNPs (1c, 2c, 3c and 4c), PVA-AgNPs (1d, 2d, 3d and 4d), SBD-suspension (1e, 2e, 3e and 4e).
* represents the presence of capping agents on the surface of nanoparticles, + represents the presence of AgNPs and to denote where the EDS
was taken.

Fig. 1

digestion, the concentrations of silver for all AgNPs were eﬀectively determined by ICPOES with four-digit accuracy and the
observed concentrations for all the colloidal AgNPs were found to
be between 15 and 25 mg L1 (ppm), as shown in Table 1. The
zeta potential measurements were investigated for the AgNP
formulations, as shown in Table 1. The value of the zeta potential
for PVA-AgNPs was found to be 90.5 mV, which is highly stable
and monodispersed compared to PVP-AgNPs, TSC-AgNPs and
SBD suspensions, the values for which were found to be 70.3 mV,
34 mV and 26 mV, respectively. The value of the zeta potential for
uncapped-AgNPs was found to be only 10 mV, which shows it to
be a highly unstable suspension, which may be due to the
absence of capping agents in the colloidal suspension. The
stability of uncapped-AgNPs was found to be signicantly lower
than for the other AgNP formulations, as shown in Table 1.

This journal is © The Royal Society of Chemistry 2019

Although the percentage of PVA to AgNP in the colloidal
suspension was only 1%, the value of the zeta potential was
higher and it proved to be a more stable formulation.78 Results
from the TGA curve for uncapped-AgNPs show that there is an
insuﬃcient weight loss of only 2.655% in the temperature range
100  C to 400  C and the DTA prole for uncapped-AgNPs also
lies below 100  C, where there is incomplete decomposition and
crystallization of the sample, as shown in Fig. S1 (ESI†). Results
from the TGA curve for PVA-AgNPs exhibit a predominant weight
loss for the sample of nearly 64.15%, which occurs in the
temperature region 200  C to 500  C and the DTA prole for PVAAgNPs exhibits an exothermically intense peak between 100  C
and 200  C, which indicates a suitable and complete crystallization and thermal decomposition of the sample,79 as shown in
Fig. S2 (ESI†), compared to uncapped-AgNPs. (TGA/DTA curves
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for TSC-AgNPs, PVP-AgNPs and SBD suspensions – data not
shown). These results show that, compared to uncapped-AgNPs,
there is a systematic weight loss in PVA-AgNPs, which stabilizes
when it reaches and crosses a specic temperature. Evaluation of
elemental analysis using XPS for uncapped-AgNPs shows only the
presence of silver (Ag3d3/2 and Ag3d5/2) and there are no other
peaks connected to oxygen, carbon or nitrogen, which may be
due to the absence of capping agents, as shown in Fig. S3 (ESI†).
(XPS results for TSC-AgNPs, PVP-AgNPs and SBD suspensions –
data not shown). But evaluation of the elemental analysis for
PVA-AgNPs shows the presence of carbon (C–C peak), oxygen
(O1s peak) and nitrogen (NSiO2, NSi3 and NSi2O) connected to Ag
(Ag3d3/2 and Ag3d5/2), as shown in Fig. S4 (ESI†). These results for
PVA-AgNPs indicate the presence of oxygen, carbon and nitrogen
peaks, which may be due to the presence of capping agents on
the surface of the nanoparticles. Whereas, due to the absence of
capping agents on the surface of the nanoparticles, uncappedAgNPs show no carbon or oxygen peaks connected to Ag.
3.2. Antimicrobial eﬃcacy
The antibacterial eﬀect of the nanoparticles was concentration
dose dependent and was marked competent against Grampositive microorganisms.80 The MIC values of Staphylococcus
aureus against AgNPs were studied by the broth dilution
method, keeping 50% as the maximum MIC value. The
uncapped-AgNPs, TSC-AgNPs, PVP-AgNPs, PVA-AgNPs and SBDsuspensions exhibited MIC percentage values of 20 mg mL1, 10
mg mL1, 10 mg mL1, 5 mg mL1 and 20 mg mL1, respectively.
The results aer 48 hours showed high eﬃciency, as the MIC
percentage had increased to 60%. The results indicate that
Staphylococcus aureus was resistant up to 20 mg mL1, 10 mg
mL1 and 20 mg mL1 for uncapped-AgNPs, TSC-AgNPs and
SBD-suspensions, whereas for PVP-AgNPs and PVA-AgNPs, the
resistance of the Gram-positive strain was revealed as early as 5
mg mL1. This shows that the eﬃciency of antibacterial activity
was higher for PVP-AgNPs and PVA-AgNPs compared with
uncapped-AgNPs, TSC-AgNPs or SBD-suspensions. This proves
its eﬃciency in bacterial cell wall degradation. A few existing in
vitro research studies show that chitosan/PVA dressings had
excellent biodegradation and biocompatibility grades of healing
against the penetration of microorganisms81 and exhibited
eﬀective antibacterial activity with minimal side eﬀects. Also,
AgNPs with four diﬀerent capping agents, polyethylene glycol
(PEG), ethylenediaminetetraacetic acid (EDTA), PVP and PVA,
were studied and it was found that PVA-AgNPs had the smallest
particle size with a high stability and also displayed the highest
antimicrobial activity.82 These ndings correlate well with our
results and suggest that PVA capped composites would be an
ideal capping agent and an eﬀective polymer of interest for
biomedical applications.
3.3. Release studies
Although numerous studies have been done on the dissolution
behaviour of AgNPs,30–35 the eﬀect of the release of diﬀerent
cappings for nanomaterials on simulated biological uids
remains unanswered. Hence, this work could focus on ways to
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control the release of silver ions from synthesized AgNPs using
diﬀerent capping agents and correlate its ndings with the
toxicological eﬀects and wound healing mechanisms. The
dissolution kinetics of diﬀerent cappings of AgNPs were
monitored in order to observe the percentage rate of cumulative
release with respect to time period. Further, to evaluate the
interactions between AgNPs and SWF, we rst determined the
release time by providing a range between 400 and 420 nm.
Then, the silver ions released from AgNPs were studied using
UV spectroscopy when they interacted with SWF by monitoring
the absorbance which determines the plasmon resonance band
of AgNPs. As shown in Fig. 2, the rate percentage of cumulative
release for uncapped-AgNPs during consecutive time periods in
terms of hours (1, 2, 3, 4, 5, 6, 12, 16, 18, 20, 24, 28 and 32) was
found to have a maximum release compared with SBDsuspensions, TSC-AgNPs, PVP-AgNPs and PVA-AgNPs.
The cumulative release observed at the end of the 24th to
nd
32 hours for uncapped-AgNPs was found to be nearly 98%,
whereas the cumulative release for SBD-suspensions, TSCAgNPs, PVP-AgNPs and PVA-AgNPs were found to be nearly
91%, 80%, 68% and 11%, respectively, as shown in Fig. 2. These
observations imply that the maximum release of silver ions onto
SWF may be due to the cytotoxic eﬀect of the nanoparticles'
behaviour on the biological environment, whereas particles
with sustained and controlled release show a kinetically stable
dissolution behaviour in the biological medium. The release of
silver ions was preponderantly controlled by a diﬀusion mechanism known as Fickian diﬀusion. In summary, the release of
silver ions can also be controlled by their capping eﬀects and
properties. In this regard, the nanoparticles embedded with
PVA (i.e., PVA-AgNPs) show a sustained and controlled release of
silver ions onto SWF compared with uncapped-AgNPs, SBDsuspensions, TSC-AgNPs or PVP-AgNPs. The percentage cumulative release for PVA-AgNPs was only 11% during the 32nd hour,
and was found to have a minimal release of silver ions
compared with the uncapped-AgNPs, TSC-AgNPs, PVP-AgNPs or
SBD-suspensions. From the statistical observations made, PVAAgNPs show a more signicant diﬀerence (***) (p value # 0.001)
compared with uncapped-AgNPs. This may be due to the sustained and controlled release of PVA capped silver ions onto
SWF with respect to consecutive time periods. Whereas, SBDsuspension shows no signicant diﬀerence (ns) (p value >
0.05) compared with uncapped-AgNPs. This may be due to the
sudden release of silver ions with respect to consecutive time
periods. A few research studies have concluded that controlled
drug release was observed from PVA capped dressings, which is
required for wound care management and is in accordance with
the ndings proposed here.83 Blending of PVA composites
enhances a convenient and useful method to control the period
and rate of ion release in wound healing processes.84 PVA
hydrogel stabilized with nano-Ag exhibits controlled and sustained release with a pH identical to simulated body uids and
shows eﬀective antibacterial activity against Gram negative
Escherichia coli and Gram positive Staphylococcus aureus.85 The
results suggested that the release of silver ions from AgNPs may
depend solely upon the antimicrobial and anti-inammatory
proles and surface chemistry of the capping agents.
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Silver ion release kinetics of AgNPs using diﬀerent capping agents.

Uncapped-AgNPs release a higher amount of Ag+ ions than
capped ones. In capped nanoparticles, ionic release is
controlled and varies according to the capping agent. From the
results obtained, PVA-AgNPs can be designed as an eﬀective
capping agent/surface coating agent in wound dressing
matrices for the sustained and controlled release of drugs into
a biological system.
3.4. Eﬀects on the cytotoxic analysis
3.4.1. Evaluation on the percentage of cell mortality. The
cytotoxicity of uncapped-AgNPs, TSC-AgNPs, PVP-AgNPs, PVAAgNPs and SBD-suspensions on isolated human blood lymphocytes was evaluated at xed incubation times with varying
concentrations of 20 mg mL1, 10 mg mL1 and 1 mg mL1.
The percentage cell mortality of lymphocytes can be regulated by the presence of diﬀerent cappings on AgNPs in
a concentration-dependent manner. In fact, a signicant
increase in cell mortality (%) of nearly 97% was found with
a higher amount of uncapped-AgNPs, whereas at lower
concentrations of uncapped-AgNPs, the percentage cell
mortality was 90%. This result indicates that a decrease in the
concentration of AgNPs may denitely decrease the percentage
cell mortality. Another aspect is that the percentage cell
mortality for uncapped-AgNPs at 20 mg mL1 was 97% and this
is signicantly higher than the values for PVP-AgNPs and PVAAgNPs, which were 42.4% and 10.43%, whereas with TSCAgNPs and SBD-suspensions, there was no signicant diﬀerence and the percentage mortalities were found to be 70.4% and
88.8%, respectively. Even at 10 mg mL1 concentration, the
percentage cell mortality for uncapped-AgNPs was 95.55%,
signicantly higher than the values for PVP-AgNPs and PVAAgNPs, which were 34.14% and 9.06%, whereas with TSCAgNPs and SBD-suspensions, there was no signicant diﬀerence and the percentage mortalities were found to be nearly

This journal is © The Royal Society of Chemistry 2019

63.02% and 85.1%, respectively. At 1 mg mL1 concentration,
the percentage cell mortality for uncapped-AgNPs was 90.25%,
signicantly higher than the values for TSC-AgNPs, PVP-AgNPs,
PVA-AgNPs which were only 55.18%, 25.81%, and 5.12%,
respectively, as shown in Fig. 3.
Even though the percentage mortality rates for TSC-AgNPs,
PVP-AgNPs and SBD-suspensions were found to be low
compared with uncapped-AgNPs, PVA-AgNPs possess a very
minimal cytotoxic activity (p # 0.001) which may be because of
the polyvinyl polymer being encapsulated with an OH group
and embedded on the outer surface of the AgNP that provides
the polymer with high stability and anti-angiogenic eﬃciency.
Also, from the statistical observations made, the percentage cell
mortality for PVA-AgNPs shows a more signicant diﬀerence
(***) (p value # 0.001) than the uncapped-AgNPs. This may be
due to the minimal cytotoxic eﬀect of PVA-AgNPs that show the
lowest percentage cell mortality. Although SBD fabricated with
polyethylene polymers has an anti-inammatory property, its
eﬃciency is comparatively low compared with SBD fabricated
with polyvinyl polymers. The reason for comparing diﬀerent
coatings of AgNPs with uncapped-AgNPs is to authenticate the
role of diﬀerent surface coatings in nanoparticle synthesis for
enhanced stability with antibacterial eﬃcacy and cytotoxic
inuence and to examine the angiogenic response in wounds.
3.4.2. Determination of hemolysis activity. The percentage
RBC breakdown using uncapped-AgNPs, TSC-AgNPs, PVPAgNPs, PVA-AgNPs and SBD-suspensions can be evaluated
by the activity of hemolysis. As shown in Fig. 4, at 20 mg mL1,
the percentage RBC breakdown for uncapped-AgNPs was
found to be 95.32%, whereas at 10 and 1 mg mL1, the
percentage RBC breakdown was found to be only 89.71% and
84.11%, respectively. This shows that a decrease in the
concentration of AgNPs will signicantly decrease the
percentage RBC breakdown.
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Cell mortality rate of WBCs interacted with diﬀerent AgNP formulations.

Another point to be discussed is that the percentage RBC
breakdown for uncapped-AgNPs at 20 mg mL1 was 95.32%,
which is signicantly higher than the values for TSC-AgNPs,
PVP-AgNPs, PVA-AgNPs and SBD-suspensions, which were
72.89%, 50.46%, 16.82% and 84.11%, respectively. Even at 10
mg mL1, the percentage RBC breakdown for uncapped-AgNPs
was 89.71%, which is higher than the values for TSC-AgNPs,
PVP-AgNPs, PVA-AgNPs and SBD-suspensions, which were
found to be 70.09%, 42.05%, 11.21% and 81.30%, respectively. At 1 mg mL1, the percentage RBC breakdown for
uncapped-AgNPs was found to be 84.11%, which is signicantly higher than the values for TSC-AgNPs, PVP-AgNPs, PVAAgNPs and SBD-suspensions, which were 64.48%, 36.44%,
8.41% and 78.5%, respectively, as shown in Fig. 4. Also, from

the statistical observations made, the percentage RBC breakdown for PVA-AgNPs shows a more signicant diﬀerence (***)
(p value # 0.001) than the value for uncapped-AgNPs. This
may be due to the minimal cytotoxic eﬀect of PVA-AgNPs that
show the lowest percentage RBC breakdown. Whereas SBDsuspensions show no signicant diﬀerence (ns) (p value >
0.05) at 10 mg mL1 or 1 mg mL1 concentrations compared
with uncapped-AgNPs. Although the percentage RBC breakdown for TSC-AgNPs, PVP-AgNPs and SBD-suspensions was
found to be low compared with uncapped-AgNPs, PVA
encapsulated AgNPs show a lower response to breakage of
RBCs (p # 0.001), which proves they are a better antimicrobial
agent for further applications in the design of lms and
dressings for wound healing applications.

Fig. 4 Hemolytic activity of AgNPs using diﬀerent capping agents.
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3.5. In vivo excision wound models
3.5.1. Eﬃciency on wound contraction. The stages of
wound healing include ve diﬀerent cascades: namely, hemostasis, inammatory phase, stage of migration, phase of
proliferation and remodeling stage. The beginning of hemostasis is to prevent blood loss through the process of vasoconstriction and to avoid microbial colonization.86 Second, the
inammatory phase involves the development of neutrophils,
monocytes and lymphocytes that exhibit a unique response
against pathogens and microbes.86–88 Both migration and phase
of proliferation begin with the production of extracellular
matrix constituents, such as hyaluronic acid, bronectin,
proteoglycan and collagen, which are involved in the origination of re-epithelization and new blood vessels.86 The remodeling step is the last stage of the wound healing mechanism and
the processes that are highly activated aer injury are rapidly
increased in this stage.89 To attain an eﬃcacious wound healing

RSC Advances

process, it is essential to set optimized conditions, such as
temperature, suﬃcient amounts of vitamins and minerals, and
oxygenation, and types of fabrication material, such as polymers (both synthetic and natural polymers) encapsulated with
silver based materials at the wound area that can produce the
most stable and eﬀective cellular functions during the
process.90 Activity on the rate of wound contraction was determined in order to monitor the wound healing eﬃciency of the
synthesized scaﬀolds compared with the control group (without
treatment). CAM is used as a scaﬀold matrix to impregnate
AgNPs and this can be monitored in order to calculate the
percentage wound contraction and wound closure. CAM as
a scaﬀold matrix was found to be moist and hydrated, which
determines the prevention of wound dehydration and water
loss. Also, the cellular proliferation on the matrix surface
suggests that carbon dioxide, oxygen and nutrient exchange
occurred and satised all the demands within the wound.91 So,

Fig. 5 Wound healing eﬃciency of diﬀerent CAM associated AgNP formulations during the 3rd day, 9th day, 14th day and 20th days. Healing
period with respect to number of days: (1a–1e) control group, (2a–2e) CAM, (3a–3e) uncapped-CAM, (4a–4e) TSC-CAM, (5a–5e) PVP-CAM,
(6a–6e) PVA-CAM, (7a–7e) SBD-CAM.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 35677–35694 | 35687

View Article Online

Open Access Article. Published on 04 November 2019. Downloaded on 1/2/2020 6:46:38 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

we used CAM as a base matrix for wound healing where it may
provide a suitable environment for the state of impregnation. As
shown in Fig. 5, wounds treated with PVA-CAM showed a greater
percentage wound contraction compared to PVP-CAM, TSCCAM, SBD-CAM, uncapped-CAM, CAM alone or the control
group.
From the results of Fig. 6, on the 3rd day, the percentage
wound contraction for PVA-CAM, PVP-CAM, TSC-CAM, SBDCAM, uncapped-CAM, CAM alone and the control group was
found to be 69.25%, 65.5%, 34.25%, 32.75%, 20.25%, 29.5%
and 18.25%, respectively. Similarly, on the 6th day, the
percentage wound contraction for PVA-CAM, PVP-CAM, TSCCAM, SBD-CAM, uncapped-CAM, CAM alone and the control
group was found to be 81.75%, 78.5%, 44.25%, 37.75%, 31.5%,
35% and 28.25%, respectively. On the 9th day, the percentage
wound contraction for PVA-CAM, PVP-CAM, TSC-CAM, SBDCAM, uncapped-CAM, CAM alone and the control group was
found to be 95.25%, 90%, 85.25%, 77%, 60.75%, 64% and
55.25%, respectively. On the 14th day, the percentage wound
contraction for PVA-CAM, PVP-CAM, TSC-CAM, SBD-CAM,
uncapped-CAM, CAM alone and the control group was found
to be 99.5%, 95%, 88.5%, 84.5%, 70.75%, 72% and 68.75%,
respectively. On the 20th day, the percentage wound contraction
for PVA-CAM, PVP-CAM, TSC-CAM, SBD-CAM, uncapped-CAM,
CAM alone and the control group was found to be nearly
100%, 100%, 100%, 98.5%, 90.25%, 99.87% and 89.75%,
respectively. Although the percentage wound contraction for
PVP-CAM, TSC-CAM and SBD-CAM was quite a bit higher than
for uncapped-CAM and the control group, wounds treated with
PVA-CAM show the maximum signicant wound contraction (p
# 0.001) eﬃciency due to their biocompatibility with wound
tissue. CAM is used as a base reference for impregnation with
AgNPs since it contains natural polymers for better wound
healing applications.

Fig. 6
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From Fig. 6, it is proven that the percentage wound
contraction for uncapped-CAM was signicantly lower than the
values for SBD-CAM, TSC-CAM, PVP-CAM and PVA-CAM on all
the respective (3rd, 6th, 9th, 14th and 20th) days, which may be
due to the absence of surface coating or capping agents in the
uncapped-CAM, which are responsible for nanoparticle stability
and healing potential. The results suggested that PVA-CAM has
greater percentage wound contraction and shows a more
signicant diﬀerence (***) (p # 0.001) than the control group.
This may be due to the higher eﬃciency of the polyvinyl
combined OH group for healing potential. The wound
contraction eﬃciency for uncapped-CAM was also found to be
comparatively lower (ns) (p value > 0.05) than that for PVA-CAM,
which may be due to the absence of capping agents in the
uncapped-CAM for wound healing applications. The degree of
wound contraction was monitored using various wound models
in rats.64,92–97 In some current research, antibacterial hydrogels
made using a horseradish peroxidase (HPR) system were optimized for the development of wound dressings. These antibacterial hydrogels were endowed with greater tissue
adhesiveness, enhanced antioxidant activity, and self-healing
capacity and they possess similar mechanical properties to
human skin. These wound hydrogels exhibit signicant vascularization and improved wound closure with sustained and
eﬀective drug release.98 However, in spite of all this, wound
dressings made with antibiotics will develop further antibiotic
resistance in microbes.99 Bacterial cellulose fabricated using
guided assembly based biolithography used on articial
wounds in live mouse models exhibits better broblast proliferation and collagen deposition with high levels of inammation and vascularization.100 Also, collagen incorporated with
gold nanoparticles used on articial wounds showed higher
neovascularization and maximum wound closure with a milder
inammatory reaction than in an untreated control.101

Percentage of wound contraction of CAM associated AgNP formulations.
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Composite wound dressings comprised of streptomycin and
diclofenac were tested against Staphylococcus aureus, Escherichia
coli and Pseudomonas aeruginosa, and showed greater antibacterial eﬃcacy with reduced chronic wound inammation and
infection.102 Antibacterial injectable conductive cryogels were
modeled using carbon nanotubes (CNT) for wound healing and
hemorrhage hemostasis. These cryogels show better platelet
activation and adhesion and a high blood ow uptake capacity
with greater speed of absorption.103 A series of hydrogels made
using chitosan-g-polyaniline and benzaldehyde functionalized
polyethylene glycol presented higher antibacterial and antioxidant activity with better self-healing capacity. Therefore,
they promote tissue thickness with greater collagen deposition
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and up-regulate the expression of growth factors.104 Herein,
silver encapsulated PVA solutions were synthesized by a specic
chemical route and characterized by analytical techniques, and
this composite was found to be a potential sensor for the
detection and determination of hydrogen peroxide for low-cost
applications.105 These results also agree with our ndings: apart
from being a diagnostic tool for the detection of hydrogen
peroxide, PVA-AgNPs could also be potential nanomaterials in
terms of wound healing and antimicrobial eﬃcacy with less
toxicological activity. For the antimicrobial drug ibuprofen
(IBP), b cyclodextrin carriers were formulated along with PVA
dressings which were produced by a carbon dioxide (scCO2)assisted process to promote rapid skin regeneration. Also, PVA-

Fig. 7 Histopathological observations of wounds after treatment with CAM associated AgNP formulations. Red arrows represent the development of collagen and ﬁbroblast regeneration tissues stained using hematoxylin & eosin (H & E). Control group (1a and 2a), CAM (1b and 2b),
uncapped-CAM (1c and 2c), TSC-CAM (1d and 2d), PVP-CAM (1e and 2e), PVA-CAM (1f and 2f), SBD-CAM (1g and 2g). (1 represents 9th day, 2
represents 14th day).
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AgNPs play an important role in re-epithelization and a faster
skin regeneration process, which were carried out in an excision
wound healing model of Wistar albino rats.106 Formulated
nanocomposite hydrogels based on PVA containing 5 and
10 wt% were synthesized by a freezing–thawing facile cyclic
technique, and their characteristics show they can be used as
potent dressings in wound care. But our results showed a higher
amount of anti-inammatory property with 1% of PVA synthesized by a chemical reduction method along with the silver
precursor for optimum wound healing applications. Our results
suggest that PVA-CAM reveals a faster recovery of healing and
ends up with better proliferation of skin tissues and reepithelization levels in the wound healing cascades.
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3.5.2. Histopathological characteristics. Histopathological analyses of the excision wound models in the control
group (without treatment), CAM alone, uncapped-CAM, SBDCAM, TSC-CAM, PVP-CAM and PVA-CAM on the 9th and 14th
day aer the excision wound injury are depicted using H & E
and MT staining in Fig. 7, 8 and Table 2. As a base scaﬀold
matrix, CAM is used as a standard reference for wound
healing, and treatment with CAM alone in excision wound
models shows better eﬃciency than the control group
(without treatment) due to the presence of natural polymers
embedded in the surface matrix, as shown in Fig. 7 and 8.
This led us to keep CAM as a base reference for further
impregnations.

Fig. 8 Histopathological observations of CAM associated AgNP treated wounds using Masson trichrome (MT) staining. Red arrows represent the
maximum growth of collagen ﬁbers and ﬁbrin regenerative tissues. Control group (1a and 2a), CAM (1b and 2b), uncapped-CAM (1c and 2c), TSCCAM (1d and 2d), PVP-CAM (1e and 2e), PVA-CAM (1f and 2f), SBD-CAM (1g and 2g) (1 represents 9th day, 2 represents 14th day).
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Name of sample

Fibroblast Collagen Regeneration Comments

9th day (control group) —
9th day (CAM)
+
9th day (uncapped-CAM) —

—
+
+

—
+
+

9th day (TSC-CAM)
9th day (PVP-CAM)
9th day (PVA-CAM)
9th day (SBD-CAM)
14th day (control group)
14th day (CAM)
14th day (uncappedCAM)
14th day (TSC-CAM)
14th day (PVP-CAM)
14th day (PVA-CAM)
14th day (SBD-CAM)

++
+++
+++
+
+
++
+

+
+
++
++
+
++
++

+
+
++
+
+
+
+

Normal
Presence of collagen and broblast regeneration
Skin tissue shows dense inammation and minimal regeneration of collagen is
present
Fibroblast regeneration
Fibroblast and collagen regeneration found to be satisfactory
Fibroblast are plentiful, but minimal inammation is present
Skin ulceration shows dense inammation, granulation tissue present
Fibroblasts are present with collagen, inammation is present
Presence of collagen bers, brins, and erythrocytes regeneration
Presence of minimal collagen with regeneration

++
+++
+++
+

+
++
+++
++

+
++
+++
++

Moderate regeneration
Maximum collagen and broblast with moderate regeneration
Equally maximum regeneration
Dense brosin and scant inammation

a

+ Represents minimum regeneration; ++ represents moderate regeneration; +++ represents maximum regeneration.

Based on the observations made, on the 9th day aer the
excision wound injury, there was no signicant development of
the broblast, collagen or skin regeneration in the control
group. Even on the 14th day in the control group, there was only
minimal development of broblast and collagen observed, with
the presence of inammation. Histopathological studies on
treatment with PVA-CAM in the excision wound model showed
a maximum amount of broblast presence and collagen
regeneration aer the 9th day of the healing process, which was
found to be comparatively more eﬀective than CAM alone,
uncapped-CAM, PVP-CAM, TSC-CAM or SBD-CAM that showed
a minimal amount of broblast and collagen regeneration, with
the presence of dense inammation. Wound treatment with
uncapped-CAM aer the 9th day of observation showed skin
tissue with dense inammation, an absence of broblast
development and a very minimal amount of collagen regeneration, and was found to be comparatively less eﬀective than
CAM alone, PVA-CAM, PVP-CAM, TSC-CAM or SBD-CAM.
Similarly on the 14th day aer excision wound injury, treatment with PVA-CAM showed an equal maximum regeneration
of broblast and collagen and was signicantly more eﬀective
and angiogenic compared with CAM alone, uncapped-CAM,
PVP-CAM, TSC-CAM or SBD-CAM that showed a moderate
amount of collagen and broblast regeneration, with scant
inammation during their healing process. At the same time,
excision wounds treated with uncapped-CAM aer the 14th day
showed the presence of a minimal amount of collagen with
regeneration and incomplete tissue regeneration, compared
with CAM alone, PVA-CAM, PVP-CAM, TSC-CAM or SBD-CAM,
as shown in the Fig. 7, 8 and Table 2. Histopathological
results suggested that the angiogenic response and reepithelization potential in PVA-CAM were eﬀectively higher
than for uncapped-CAM. The main reason was the presence of
surface coating or capping agents in PVA-CAM, which leads to
a better healing capacity, an eﬀective angiogenic response and
complete broblast and collagen regeneration.

This journal is © The Royal Society of Chemistry 2019

As a whole, applications of polymers along with silver nanomaterials could be a promising strategy to study the complex
wound healing process both at cellular and molecular level. Of all
the optimized formulations being studied in these ndings, PVACAM possess a predominant antimicrobial potential with an
eﬀective wound healing contraction of nearly 69% on the 3rd day
aer the wounding process, in contrast with the uncapped-CAM
with a value of 20%. There is a consequent increase in the
percentage wound contraction for PVA-CAM with a maximum
amount of angiogenic response. A possible explanation is as
follows: the percentage cumulative release of PVA-CAM is found
to be a systematic and controlled release due to their less cytotoxic eﬀects on blood cells, whereas the percentage cumulative
release of uncapped-AgNPs is found to have a faster and sudden
release prole due to the absence of a capping agent and their
high toxicity to blood cells. Therefore, due to the lower toxicological eﬀects, controlled release of silver ions and dominant
antimicrobial eﬃcacy against selective microorganism, we
conclude that PVA-CAM can be considered a more eﬀective
polymer for therapeutic benets in wound healing applications.
Its benecial use may provide an eﬀective therapeutic route for
attaining scar-less wound care in clinical practice.

4. Conclusion
These ndings indicate that PVA-CAM have a predominant
antibacterial activity and accelerate the healing potential of
excision wound models in Wistar albino rats by enhancing
angiogenesis in the wounded sections and are comparatively
more eﬃcient (among polymers) than uncapped-CAM, SBDCAM or untreated wounds (the control). However, there are
many molecular mechanisms behind the healing potential and
anti-inammatory response for the diﬀerent cappings of AgNPs
that are as yet unknown. The obtained histopathological results
show the maximum development of collagen and broblast
deposition when treated with PVA-CAM and these are relatively

RSC Adv., 2019, 9, 35677–35694 | 35691
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higher than for other AgNP formulations. This provides
authentic evidence for the utilization of capping agents in the
synthesis of AgNPs. Hence, the antimicrobial eﬃcacy and
wound contraction response observed in PVA-CAM was at
a maximum rate. Also, controlled and sustained Ag+ ionic
release onto a biological medium can be observed in PVA-AgNPs
compared with other AgNP formulations. This PVA-AgNP
formulation may be incorporated in CAM as a potential scaffold and act as a therapeutic agent for biomedical wound
applications in clinical practice.
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