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The therapeutic use of metal and alloy nanoparticles is claimed to have reduced side effects and enhanced
curative activity as compared to its ionic counterpart. With this view, the present study focused on the
synthesis of silver (Ag), gold (Au) and silver/gold (Ag/Au) nanoparticles (NPs) by using actinobacterial
metabolites as a reducing agent for enhanced in vitro antimicrobial and in vivo wound healing activities.
Physico-chemical parameters of the synthesised nanoparticles were systematically assessed by using X-
ray based spectroscopic, zeta potential, dynamic light scattering (DLS), atomic and electron microscopic
analysis. The average sizes of the AgNPs, AuNPs and Ag/AuNPs were found to be 30.5 nm, 14.5 nm and
41.5 nm respectively. The synthesized AgNPs and Ag/AuNPs showed better antibacterial activity on Gram
negative bacterial pathogens (Escherichia coli, Pseudomonas aeruginosa and Aeromonas hydrophila)
than Gram positive bacterial pathogens. A Minimum Inhibitory Concentration (MIC) value of 6.25 pg ml™*
was observed for E. coli, P. aeruginosa and Candida albicans. AQNP and Ag/AuNP based ointments of
about 10% concentration heal (100%) the excision wound within 19 and 21 days in contrast with standard

ointment. Further, the complete healing process was evaluated by histopathological analysis, and
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Accepted 30th October 2017 estimation of tensile strength, inflammatory cytokines (IL-6, TNFa, IL-10) and collagen constituents

(hexosamine, hydroxyproline and hyaluronic acid). Metal and alloy nanoparticle use may provide a new
and effective therapeutic direction for achieving development of novel antimicrobial drugs and scarless
wound healing in clinical practice.
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Introduction

Infection control is exclusively important within healthcare
settings, where the risk of infection to patients is critically
increased. Regarding the epidemiological evolution, infectious
diseases remain a public health problem; they are a significant
cause of morbidity and mortality worldwide, especially in
developing countries. Infectious diseases are an insistent global
problem, costing lives, reducing life expectancy, weakening
economic growth and increasing the pressure on health
systems." In 2013, the global mortality related to infection in the
human population was 11.8 million. In fact, the developments
made in preventive actions such as hygiene practices,
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vaccination, and antibiotic therapy have been countered by the
continuing emergence and re-emergence of infectious diseases
and microbial resistance to antibiotics.** Consumption of
antimicrobial drugs has increased by nearly 40% in the last
decade worldwide.® Infectious diseases cost the worldwide
economy billions of dollars annually,® by the requirement for
long-term hospitalization and healthcare.”® In India, the range
and burden of infectious diseases is enormous and it contrib-
utes to about 30% of total disease burden.’

Particularly the threat of Gram-negative bacteria, such as
Acinetobacter, Pseudomonas and various Enterobacteriaceae
(including Klebsiella, E. coli, Serratia, and Proteus) that are
resistant to most of the antibiotics, including carbapenems and
third generation cephalosporins - the best available antibiotics
for treating multi-drug resistant bacterial pathogens.'® Addi-
tionally, they are the prime agents of severe and often deadly
infections such as bloodstream infections and pneumonia.
There is a broad increase in the number of antibiotic resistance
in medically important pathogenic and opportunistic microor-
ganisms obliges the scientific community to continuously
develop new drugs and drug targets. New antimicrobial agents
have been developed in the last decade due to the continuous
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selection of antibiotic resistance traits and none of them has
enhanced the activity against multidrug-resistant bacteria and
other pathogens. Additionally, nanoparticles have demon-
strated their antimicrobial activities, the development of novel
applications in this field makes them an attractive alternative to
commercial antibiotics."* Similarly, emerging antiviral drugs
targeting the virus and maintaining host cell viability is a chal-
lenging one, causing millions of circumstances every year.*>"
For instance, nanoparticles have been examined for their ability
to reduce infections in skin* and burn wounds.”® Wound
healing is a natural curative response to tissue injury and is able
by a complex cascade of biochemical and cellular reactions that
generate resurfacing, restoration and reconstitution of the
tensile strength of the injured skin.'® The ultimate goal for
wound healing is an immediate recovery with minimal scarring
and maximal function."” Normally healing process includes
four phases such as, hemostasis, inflammation, proliferation
and maturation which typically lead to scar formation.*®

Applications of metallic nanoparticles in the biomedical
fields are abundant, and there is a strong potential for
continued growth in this area. Over the past few decades,
inorganic nanomaterials, whose structures reveal significantly
novel with improved physico-chemical, biological properties
and functionality due to their nanometre size, have encouraged
much interest. Since nanoparticles are more biocompatible
than the conventional therapeutic carriers, they are exploited
for drug encapsulation and delivery.” It has been stressed over
the years that size reduction of nanomaterial plays a significant
role in improving their bioavailability for therapeutic applica-
tions in disease diagnosis like cancer, AIDS, etc.*® Based on this
view, the present study focused on the enhanced antimicrobial
and wound healing activities of actinobacterially synthesised
Ag, Au and Ag/Au alloy nanoparticles.

Materials & methods
Description of nanoparticles and their characterization

In this study, the nanoparticles such as AgNPs, AuNPs and Ag/
AuNPs were synthesised by an extremophilic actinobacterium,
Streptomyces sp. B5 using bio-reduction process. The detailed
biosynthesis process and characterization of the nanoparticles
using, UV-vis spectroscopy, FT-IR, XRD, XPS, HR-TEM with
SAED pattern was reported.”* In addition, Scanning Electron
Microscopic (SEM) analysis was done by using FE - SEM (Model
ZWISS, Germany). A thin film was prepared by using the sample
containing metal and its alloy nanoparticles, on a carbon coated
copper grid by just dropping a very small amount of the sample
on the grid. The extra sample was removed using a blotting
paper and then the film on the SEM grid was allowed to dry by
putting it under a mercury lamp for 5 min. After that, the film
was magnified at different resolution power for the observation
of nanoparticles. In order to perform AFM analysis, the nano-
particles were mixed with methanol and a drop of mixture
deposited on a silicon slide and allowed to solvent evaporation.
Then, the thin film (1 cm x 1 ¢cm) containing the sample was
analyzed using AFM (Model Nanosurf A). Energy Dispersive X-
ray (EDX) measurements of the nanoparticles were carried out
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by SEM-EDX (Model ZWISS, Germany). The sample was
prepared by casting the biosynthesized nanoparticles on
a carbon-coated copper grid and placed for analysis. In the
analysis, the presence of nanoparticles is confirmed by strong
elemental Ag and Au signals.

Dynamic light scattering (DLS) was carried out to determine
the size distribution of the nanoparticles. Zeta Potential was
used to determine the surface charge of nanoparticles in
colloidal solutions as well as colloidal solution stability. It was
carried out in Zetasizer Nano-2S (Malvern Instruments Ltd, UK)
ranging from +100 mV to —100 mV.

Antimicrobial activity

Antibacterial activity by agar well diffusion assay. Human
bacterial pathogens such as, Staphylococcus aureus (NCIM
2079), Bacillus subtilis (NCIM 2063), Klebsiella pneumoniae
(NCIM 2706), Escherichia coli (NCIM 2256), Pseudomonas aeru-
ginosa (NCIM 5031), Serratia marcescens (NCIM 5246) and fish
pathogens such as, Aeromonas hydrophila (NCIM 5286), Provi-
dencia vermicola (MTCC 5578) were procured from Actino-
bacterial Research Laboratory, Periyar University, Salem.

Metals (Ag, Au) and their alloy (Ag/Au) nanoparticles were
tested against bacterial strains by using well diffusion method.*
Pure cultures were subcultured in Muller Hinton (MH) broth for
24 h at 37 °C. Each strain was swabbed uniformly onto the
individual Muller Hinton agar (MHA) plates using sterile cotton
swabs and wells of 5 mm diameter were made using well
puncture. Using sterile micropipette, the Ag, Au, Ag/Au nano-
particles and their corresponding metal salt solutions (silver
nitrate and gold chloride) (50 pl, 1 mg ml~ " concentration) were
poured into each of the wells in all the plates. For the
comparative study, the standard AgNPs (~35 nm), AuNPs
(~20 nm) and Ag/AuNPs (~50 nm) also was poured into the
wells at the same concentrations. The plates were then incu-
bated for 24 h at 37 °C and the zone of inhibition was measured
and the morphologically induced changes in control and
AgNPs, Ag/AuNPs treated bacterial (Escherichia coli and Pseu-
domonas aeruginosa) cells were analyzed by field emission
scanning electron microscopy (FE-SEM) with energy dispersive
X-ray (EDX) pattern (ZWISS, Germany).

Antifungal activity by agar well diffusion assay. Bio-
synthesised nanoparticles (Ag, Au and Ag/Au) were tested
against fungal strains such as Candida albicans and Candida
glabrata by using well diffusion method.**?* Both the strains
were obtained from Actinobacterial Research Laboratory, Peri-
yar University, Salem. Pure cultures were subcultured in MH
broth for 24 h at 37 °C. Each strain was swabbed uniformly onto
the individual MHA plates using sterile cotton swabs and wells
of 5 mm diameter were made using well puncture. Using sterile
micropipette, the biosynthesised nanoparticles, corresponding
metal salt solutions and standard nanoparticles (50 pul,
2 mg ml " concentration) were poured into each of the wells in
all the plates. Then the plates were incubated at 37 °C for
24-48 h and the zone of inhibition was measured.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) studies. The antimicrobial

This journal is © The Royal Society of Chemistry 2017
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efficacy of biosynthesized nanoparticles was studied by using
standard broth dilution method.” The MIC was determined in
Muller Hinton broth using serial two-fold dilutions of nano-
particles in concentrations ranging from 1.5625 pg ml™' to
100 pg ml~* with adjusted microbial concentrations (OD: 0.10
at 625 nm, 0.5 McFarland's standard, 1 x 10® CFU ml™") in
sterile 96 well plates. The positive control used in this study
contained MH broth medium with tested bacterial [Staphylo-
coccus aureus (NCIM 2079), Escherichia coli (NCIM 2256), Kleb-
siella pneumoniae (NCIM 2706), Pseudomonas aeruginosa (NCIM
5031), Serratia marcescens (NCIM 5246)] and fungal [Candida
albicans] concentrations and negative control was uninoculated
broth. The plates were incubated at 37 °C for 24 h, respectively.
The MIC is the lowest concentration of antimicrobial agents
that visually inhibits 99% growth of tested bacterial and fungal
strains. The MIC was noted by the visual turbidity of the tubes
both before and after incubation and it was done in three sets to
confirm its value for the tested pathogens.

After the MIC determination of the biosynthesised nano-
particles, aliquots of 100 ul from all the wells, which showed no
visible bacterial growth was seeded in MH agar plates (not
supplemented with any nanoparticles) and were incubated at
37 °C for 24 h. The MBC was noted for the presence or absence
of microbial growth in agar plates before and after incubation.
The MBC endpoint is calculated as the lowest concentration of
antimicrobial agent that kills 99.9% of the initial bacterial
population.

Wound healing activity (excision wound model)

Preparation of ointment. About 4.50 g of petroleum jelly was
added with 0.5 g of the nanoparticle samples and stirred to
produce 10% nanoparticle formulated ointments. These oint-
ments were used for topical applications.>

Animals. Wistar albino rats (animal code: 003) of both sex,
weight ranging from 100-150 g prevailed from KMCH College
of Pharmacy, Coimbatore, India. Experimental protocols and
procedures followed in the study were approved by institu-
tional animal ethical committee (IAEC/KMCRET/Ph.D/10/
2015-16) as per the guidance of committee for the purpose
of Control and Supervision of Experiments on Animals
(CPCSEA), Ministry of Environment and Forest, Government
of India. The rats were maintained in a laboratory propylene
cage under standard environmental conditions with regular
diet and water ad libitum. For this study, all the experimental
protocols and procedures were used by following the standard
guidelines that were approved by the institutional animal
ethical committee. A day prior to the wound healing experi-
ments all the rats' dorsal sides were shaved. Anesthetic ether
was used for anesthesia and 50 mm? predetermined area on
the backside were excised using a sterile crucial blade. Each
group consist three animals. The experimental group specifi-
cations are as follows;

Group I: Control animals (Only wound)

Group II: Wound + Standard ointment (Nitrofurazone,
0.2% wiw)

Group III: Wound + 10% Ointment base with AgNPs

This journal is © The Royal Society of Chemistry 2017
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Group IV: Wound + 10% Ointment base with AuNPs

Group V: Wound + 10% Ointment base with Ag/AuNPs

Experiments. The ointments were applied regularly on the
excised region and the wound area was covered with dressings
in consequent days. The wound size reductions in length and
breadth were measured regularly and changes in the wound
sizes were photographed. The wound healing percentage was
calculated by using the formula, Percentage of wound contrac-
tion = HA/TA x 100 (where, HA — healed area, TA— total area,
healed area = original wound area — present wound area) was
recorded till the complete healing of the excision wound.

Histopathological analysis. In the histopathological analysis,
the damaged skins of the control and treated animals (5™ and
21 day) were removed and immersed in a fixative solution
containing 4% of phosphate - buffered paraformaldehyde for
24 h at room temperature. The specimens were then washed
under running tap water and processed for histopathological
embedding in paraffin. Longitudinal sections (5 pm) were
consecutively cut with a manual microtome and stained with
hematoxylin-eosin (HE) for histological observations. The
sections were examined under light microscopy at 400x
magnifications.

Mechanical wound strength testing. The tissue breaking
strength tests were carried out in tension on Dak system Inc's
U.T.M. testing machine with computerized data capture and
a maximum loading capacity of 500 kg at SITRA, Coimbatore. A
500 kg load cell with pneumatic grip was used. The transverse
gripping load on the specimen was about 200 kg, which mini-
mized the grip damage. The ultimate breaking strength of the
specimens (tissue samples) was taken as the maximum tensile
test force (100 mm min~") at final rupture. Results from spec-
imens displaying failure initiated at the grips or at a flaw other
than one associated with the anastomosis were not accepted for
analysis.”

Estimation of pro-inflammatory and anti-inflammatory
cytokine induction. Blood samples were collected from all
animals of each group on days 0 and 21 after wounding. Esti-
mation of pro-inflammatory (TNFa and IL-6) and anti-
inflammatory cytokines (IL-10) levels were done by performing
enzyme linked immunosorbent assays (ELISAs) using
commercial kits. ELISA kits for the determination of TNFa (Cat.
No. EH3TNFA), IL-6 (Cat. No. EH2IL6), and IL-10 (Cat. No.
EHIL10) were obtained from Thermo Fisher Scientific, USA.
Assays were performed according to the manufacturer's
instructions. The cytokine concentrations were calculated in
pg ml " by plotting the graph for the standard. All experiments
were done in triplicate to confirm the accuracy of the
observations.

Estimation of hydroxyproline, hexosamine and hyaluronic
acid. After the 5™ and 21°* days of wounding, pieces of skin from
the healed wound area were collected and examined for their
levels of hydroxyproline, which is the basic constituent of
collagen. Collected tissues were dried in a hot air oven at 60-
70 °C to an equal weight and hydrolyzed in 6 N HCl at 130 °C for
4 h in sealed tubes. The hydrolysate was neutralized to pH 7.0
with 0.1 N KOH and subjected to chloramine-T oxidation for
20 min. The reaction was terminated by the addition of 0.4 M
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perchloric acid and colour was developed with the help of
Ehrlich reagent at 60 °C and measured at 557 nm using a UV-Vis
spectrophotometer.”® To estimate the hexosamine levels, the
weighed granulation tissues were hydrolyzed in 6 N HCI for 8 h
at 98 °C, neutralized to pH 7 with 4 N NaOH, and diluted with
Milli-Q water. The hexosamine content of granulation tissues
was estimated as described protocols with minor modifica-
tions.” The diluted solution was mixed with acetylacetone
solution and heated to 96 °C for 40 min. The mixture was
cooled, and 96% ethanol was added, followed by the addition of
an 4-dimethylamino-benzaldehyde solution (Ehrlich's reagent).
The solution was thoroughly mixed and kept at room temper-
ature for 1 h, and the absorbance was measured at 530 nm using
a double-beam UV-Vis spectrophotometer. The amount of hex-
osamine was determined by comparisons with a standard curve.
For the estimation of hyaluronic acid, tissues were fixed with
5 ml of sulfuric acid reagent and cooled to 4 °C. The tubes are
then heated for 10 min in a vigorously boiling distilled water
bath and cooled to room temperature. (For extreme accuracy it
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is suggested that the tubes are to be cooled to - 70 °C before the
sample is layered and then allowed to warm up to room
temperature while being shaken). Then 0.2 ml of carbazole
reagent was added and the tubes are shaken again, heated in
the boiling bath for a further 15 min, and cooled to room
temperature. The optical density (OD) is then read at 530 nm
using a UV-Vis spectrophotometer.** Glucuronolactone is used
as the standard for estimation.

Statistical analysis. Values are expressed as means + SEM.
Differences were evaluated by Student's ¢-test and P values, less
than 0.05 were considered as significant.

Results & discussion
Characterization of nanoparticles

Due to the development of new antimicrobial agents and their
production on a large scale in the last century, which was
marked by major advances in the treatment of infectious
diseases.** However, the extensive use of antimicrobial agents
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has also led to the emergence of resistance to classical chemo-
therapies. Surveillance of drug resistance reported that bacteria
expressing P-lactamases have drained an attention of modern
researchers due to resistance to the broad range of B-lactams
including third-generation cephalosporin derivatives. Nosocomial
infections caused by these organisms have inadequate treatment
options.** Thus, a promising alternative to the microbial resis-
tance scenario is the use of nanomaterials in the treatment of
infectious diseases and their control. In this regard, metallic
nanoparticles are particularly interesting because of their selec-
tivity, specificity and versatility of incorporation into different
biomolecules. Compared with antibiotic production, syntheses of
antimicrobial nanoparticles are more cost-effective. Moreover,
nanoparticles usually have a prolonged shelflife and some of
them can withstand extreme conditions, such as high-temperature
sterilization, under which conventional antibiotics are inacti-
vated.*® Therefore, nanoparticles can be used for both in vivo and
in vitro biomedical research and applications.** Apart from these
applications, noble metals like Ag and Au showed potential uses in
the field of medicine due to their antimicrobial activities and
therefore used in many antimicrobial formulations.?**?

With these views, the present study is focused on the
biosynthesis of AgNPs, AuNPs and Ag/AuNPs nanoparticles by
using an extremophilic actinobacterium, Streptomyces sp. B5
using bio-reduction process. Aqueous Ag and Au ions, which
were exposed to the biomass of actinobacterial strain, were
reduced to form stable Ag, Au and Ag/Au nanoparticles under
optimized conditions. After that, the nanoparticles were
systematically characterized.”® The field emission scanning
electron microscopy (FE-SEM) and atomic force microscopic
(AFM) analysis were carried out to understand the surface
morphology and topographic features of the metal and its alloy
nanoparticles. FE-SEM observation showed the surface
morphologic characteristics of AgNPs, AuNPs and their alloy

This journal is © The Royal Society of Chemistry 2017

nanoparticles. Based on the results, most of the nanoparticles
were observed in a spherical shape (Fig. 1a-c). Energy Dispersive
X-ray Spectroscopy (EDX) is a very useful technique, to detect the
metal ions in the samples by using metallic signals. Fig. 1d-f,
showed the EDX analysis of AgNPs, AuNPs and their alloy
nanoparticles. The strong Ag and Au signals confirmed the
presence of metallic Ag and Au nanoparticles and their crystalline
nature. Together with signals from O and C atoms were observed
in the EDX analysis of the synthesised nanoparticles. The O and C
signals were likely caused by X-ray emission from the carbon
coated grid used in the EDX analysis. Comparable results have
been reported for AgNPs, AuNPs and Ag/AuNPs fabricated using
different microorganisms.’”~** Emission of energies by Ag and Au
were characterized by the peaks obtained in the spectrum which
confirms the presence of elements Ag and Au in the alloy sample.
The results were closely similar to Tripathi et al.** The specified
topographic features of the biosynthesised nanoparticles were
investigated by AFM analysis. The surface morphology of the
samples can be better visualized and understood by their
respective 2D and 3D topographic views. Fig. 2 showed the AFM
2D and 3D images of AgNPs, AuNPs and Ag/AuNPs. Similarly,
Sadhasivam et al.*’ reported the SEM and AFM observations of
Streptomyces sp. mediated synthesis of AgNPs and Srivastava
et al.*® studied that AFM analysis of biogenic synthesised gold
nanoparticles by Escherichia coli K12. The same kind of observa-
tions was noted in this study.

DLS is used to monitor the particle size and aggregation state
of the nanoparticle dispersion in solution. DLS histogram results
revealed that the average particles sizes are found to be 30.5 nm
(AgNPs), 14.5 nm (AuNPs) and 41.5 nm (Ag/AuNPs) respectively
(Fig. 3a-c).”* Similarly, the stability of nanoparticles can be ob-
tained either electrostatic/charge stabilization or polymeric
stabilization. Electrostatic stabilization is based on the formation
of a charged layer through adsorption of ionic groups on the

RSC Adv., 2017, 7, 51729-51743 | 51733
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Fig. 3 Particle size histogram of AgNPs (a), AuNPs (b) and Ag/AuNPs (c).

nanoparticle surface, which leads to prevent the particle aggre-
gation due to the influence of repulsive force among each other.**
Based on the concept, zeta potential analysis is also carried out to
detect the surface charges acquired by Ag, Au and Ag/Au nano-
particles. Zeta potential of synthesised nanoparticles is found to
be —34.5 mV (AgNPs), —24.4 mV (AuNPs) and —31.8 mV (Ag/
AuNPs), which indicate that Ag and alloy nanoparticles are
highly stable. But, AuNPs is relatively stable in nature (Fig. 3d-f).
Similarly, various research groups were effectively reported that
the DLS and zeta-potential analysis of biosynthesised Ag, Au and
Ag/Au alloy nanoparticles.*>*>*¢

Antimicrobial activity

The antibiotic effect of nanoparticles was size and dose-
dependent and was more pronounced against Gram-negative

51734 | RSC Adv., 2017, 7, 51729-51743

Zeta potential pattern of the AgNPs (d), AuNPs (e) and Ag/AuNPs (f).

bacteria than Gram-positive organisms. In this study also, the
antibacterial activity of the biosynthesized Ag, Au and Ag/Au
alloy nanoparticles were tested against human bacterial path-
ogens such as, Staphylococcus aureus (NCIM 2079), Bacillus
subtilis (NCIM 2063), Klebsiella pneumoniae (NCIM 2706),
Escherichia coli (NCIM 2256), Pseudomonas aeruginosa (NCIM
5031), Serratia marcescens (NCIM 5246) and fish pathogens such
as, Aeromonas hydrophila (NCIM 5286), Providencia vermicola
(MTCC 5578) respectively. The zone of inhibition in antibacte-
rial activity against Gram-positive bacteria was in the range of
8.33 mm in diameter and Gram-negative bacteria from 7.66 to
15.16 mm (Table 1 & S-Fig. 11). The antibacterial activity results
clearly showed that Ag, Au and Ag/Au alloy nanoparticles, syn-
thesised in this study completely dominate the inhibition of
Gram-negative bacterial growth than Gram-positive bacteria.

This journal is © The Royal Society of Chemistry 2017
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“ The values are means of three replicates with standard deviations (mean + S.D.; n = 3).
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Additionally, the FE-SEM images clearly show that the
morphologically induced changes like rupture of the cell
membrane, cell shrinkage, aggregation of bacterial cells, etc. in
AgNPs and Ag/AuNPs treated samples, whereas in control cells
no changes were observed. EDX analysis also confirmed the
presence of strong Ag and Au metallic signals in treated cells.
Other minor signals like C, O, Cl, Mg and P were observed due
to the bacterial biomolecules. Cu signal raised from the copper
grid was used during analysis (Fig. 4). Subsequently, data from
this study indicated that the antibacterial activity of synthesized
nanoparticles depends upon their size, shape and composi-
tion.*” Tabrizi et al.*® compared the antibacterial potential of Ag,
Au and Ag/Au alloy nanoparticles in different molar ratio. The
alloys containing the Ag and Au ratio of 3 :1 showed better
activity than all the tested materials against E. coli. Unlike
commercial antibiotics, nanoparticles do not exhibit their
effects in a single specific way. Combinations of cellular
mechanisms such as disruption of cell morphology, inactiva-
tion of vital cellular enzymes and proteins, DNA condensation,*
depletion of ATP, loss of DNA replication,*® protein denatur-
ation,” accumulation at lethal concentration in cell, inhibition
of ribosome interaction,> generation of reactive oxygen species
(ROS), oxidative stress, and modulation of cellular signaling®
make nanoparticles as typical target for a broad range of path-
ogens (Fig. 4k). Various studies that highlighted the antimi-
crobial properties of nanoparticles against bacteria, fungi and
viruses are very common and have been explored extensively.
Though, the combination of noble metal nanoparticles and
drugs traditionally used in the treatment of these pathogens is
an important method for controlling microbial resistance.*
Development of resistance to nanoparticles is difficult because
these materials act on different stages of the microbial
metabolism.

Fungal mediated diseases contribute significantly to
increased morbidity and mortality rates in immunosuppressed
patients,* especially cases of cancer, HIV, transplanted organs,
and individuals undergoing long-term treatment with anti-
fungal drugs.”® Likewise, implementation of medical devices
such as central and peripheral vein catheters used for the
treatment of patients with hemodialysis, chemotherapy and
parenteral nutrition, contributes significant colonisation and
fungal invasion by Candida spp.*® In this study, all the nano-
particles showed notable inhibition on Candida albicans with
zone size of 15 mm (Ag), 10.83 mm (Au), 12.33 mm (Ag/Au) and
Candida glabrata with 15.83 mm (Ag), 14.5 mm (Ag/Au)
respectively. The AuNPs do not show any inhibition zone
against Candida glabrata (Table 2 & S-Fig. 21). Different studies
support the antifungal effect of metal nanoparticles including
Ag and Au, against Candida spp.””*® Interestingly, Nagaonkar
and Rai* stated the anti-candidal potential of Ag/Au nano-
particles against a wide range of Candida species.

Routine microbiological tests such as agar diffusion, MIC
and MBC were commonly used to assess the antibacterial effect.
Among, MIC and MBC methods used serial dilutions of a solu-
tion to determine the lowest concentration of material that
would still show antibacterial properties.®® In this study, AgNPs
showed the MIC value of 6.25 pg ml~" against Escherichia coli

RSC Adv., 2017, 7, 51729-51743 | 51735
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Fig. 4 FE-SEM analysis of control and NPs treated bacterial cultures with EDX analysis (a — E. coli control, b) E. coli treated with AgNPs, (c) EDX
analysis of AgNPs treated, (d) E. coli treated with Ag/AuNPs, (e) EDX analysis of Ag/AuNPs treated, (f) P. aeruginosa control, (g) P. aeruginosa
treated with AgNPs, (h) EDX analysis of AgNPs treated, (i) P. aeruginosa treated with Ag/AuNPs, (j) EDX analysis of Ag/AuNPs treated and (k)
Schematic diagram of the mechanistic aspects of the antibacterial action representing ROS generation induced by nanoparticles.

Table 2 Antifungal activity of synthesised and standard nanoparticles

Zone of inhibition (diameter in millimetre)® at 50 pg mL ™"

Test AgNO; + STD

S. no. pathogens AgNO; HAuCl, HAuCl, STD AgNPs  STD AuNPs  Ag/AuNPs  AgNPs AuNPs Ag/AuNPs

1 Candida 9.83 £0.28 23.5+0.5 21.66 £ 0.57 13.16 +£0.76 11.83 £ 0.76 7.83 £ 0.28 15.0 £0.5 10.83 £ 0.28 12.66 % 0.28
albicans

2 Candida 11.0 £ 0.5 19.66 £0.28 23.5+ 0.5 14.83 +£0.76 11.83 £0.28 8.16 = 0.28 15.83 £ 0.28 0.0 = 0.0 14.5 £ 0.5
glabrata

% The values are means of three replicates with standard deviations (mean + S.D.; n = 3).

Table 3 Average body weight of the selected animals®

Wound + standard
drug [G II]

Only wound

Observation (control) [G I]

Wound + AuNPs
[G1V]

Wound + AgNPs
[G 11

Wound + Ag/AuNPs
[GV]

Body weight 170.12 £+ 1.807 182.43 + 2.617

% Values are expressed as mean + SEM (n = 3).

(NCIM 2256), Pseudomonas aeruginosa (NCIM 5031) and
Candida albicans. Similarly, AuNPs showed, 6.25 pg ml™"
against Pseudomonas aeruginosa (NCIM 5031) and Ag/AuNPs
exhibited the MIC value of 6.25 pg ml™" against Escherichia
coli (NCIM 2256), Pseudomonas aeruginosa (NCIM 5031) and
Candida albicans. The AgNPs showed the MBC value of
12.50 pug ml~" against Escherichia coli (NCIM 2256) and Pseu-
domonas aeruginosa (NCIM 5031). The AuNPs exhibited
12.50 ug ml ™" against Pseudomonas aeruginosa (NCIM 5031) and
alloy nanoparticles showed the MBC value of 12.50 pg ml™*
against Escherichia coli (NCIM 2256) and Pseudomonas aerugi-
nosa (NCIM 5031). (S-Table 1t). Similarly, Krishnan et al.** re-
ported that MIC and MBC of AgNPs against E. faecalis were
determined by microdilution method and was found to be
effective at 5 mg ml~'. The MIC values of Ag and Au nano-
particles against P. aeruginosa and B. subtilis were found as, 10
ng ml~* and the MBC have been demonstrated for two clinical

51736 | RSC Aadv., 2017, 7, 51729-51743

180.75 £ 2.110 181.5 £ 1.773 181.5 £ 1.732

strains P. aeruginosa and B. subtilis in concentrations of 140 and
170 pug ml ™Y, respectively.®

Salehi et al.®® studied the MIC and MBC of Ag/Au nanoparticles
by broth microdilution method. The results showed that 10 ppm
nanocomposite reasonably killed the tested bacteria, Pseudo-
monas aeruginosa. Based on the results, metal and its alloy
nanoparticles synthesized in the present study showed an
extensive MIC and MBC on tested bacterial pathogens. Environ-
mental Protection Agency (EPA) has established a chronic oral
Reference Dose (RfD) of 5 micrograms (ng) of Ag (or) Au per
kilogram (kg) of body weight per day (5 pg per kg per day). The
Occupational Safety and Health Administration (OSHA) and the
Mine Safety and Health Administration (MSHA) currently enforce
a Permissible Exposure Limit (PEL) of 0.01 mg m * for metallic
and soluble Ag compounds.®* MIC and MBC of metal and their
alloy nanoparticles against tested pathogens were found to be
6.25 ug ml~ ' and 12.50 pg ml~! in this study. Therefore the level
drops well within the safety zone for in vivo applications.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Percentage of wound contraction in excision wound models®

Only wound Wound + standard

Wound + AgNPs Wound + AuNPs Wound + Ag/AuNPs

Day (control) [G I] drug [G II] [G 1] [G1v] [GV]

oh day 0.08 + 0.0002 0.08 + 0.0001 0.08 £ 0.0 0.08 £ 0.0 0.08 £ 0.0001
3rd day 18.48 £ 2.11 30.73 £ 1.20 30.79 £1.21 23.49 £ 1.25 28.58 £+ 1.52
5th day 26.09 £+ 1.72 33.64 £+ 0.88 35.47 £ 0.72 30.22 £ 1.52 30.83 + 1.38
7% day 37.29 £ 2.96 43.86 £ 3.53 39.10 £ 1.56 37.58 £ 2.51 38.99 £+ 0.81
11 day 62.13 £+ 0.75 66.79 + 1.21 63.77 £ 2.02 62.83 £ 3.16 63.50 + 1.68
141 day 70.05 + 1.64 73.93 + 4.46 72.84 £ 3.06 70.92 £ 1.41 71.93 £ 0.93
170 day 79.94 £+ 1.52 84.14 £ 0.52 83.34 £ 2.32 77.21 £ 1.02 80.54 £ 1.62
19t day 94.85 £+ 1.02 98.16 £ 2.07 100.0 £ 0.0 96.58 £ 0.86 96.23 £ 2.75
21% day 96.46 + 0.66 98.76 + 1.28 100.0 £ 0.0 97.58 £ 0.58 100.0 £ 0.0

“ Values are expressed as mean =+ SD for three animal.

In vivo excision wound healing activity

The current study hypothesized that Ag and Au nanoparticles
could improve the healing of burn wounds initially on the basis
of the known antimicrobial property of these nanoparticles. In
the present study, the excision wound model was created in rats
and treated with standard antibiotics, induced with fixed
concentration of AgNPs, AuNPs and Ag/AuNPs based ointment.
The average body weights of the tested animals in each group
were determined (Table 3). These results suggested that 10%
concentration of Ag and Ag/Au based ointments heal the wound
completely (100%) within 19 and 21 days compared with stan-
dard ointment. In case of Au based ointments, 97.58% was
attained within 21 days (Table 4 & 5).

The histopathological characteristics of the healed wounds
on day 5 and day 21 after wounding are shown in Fig. 6 & 7. On
the 5™ day, the group I animals were observed with ulcerated
skin epidermis. Dermis showed dense neutrophilic exudates
with karyorrhectic debris and mild edema. Group II animals
exhibited with ulcerated skin epidermis and dermis showed
dense infiltration of neutrophils, lymphocytes and

Wound (Without Treatment) Wound + Standard drug

5th Day 0 Day

21st Day

macrophages and fibroblasts. Additionally, stroma showed
edema. Group III animals' revealed skin with epidermis showed
early reepithelialisation. Dermis showed necrosis and neutro-
philic infiltrates. Group IV animals showed ulcerated skin
epidermis and dermis showed granulation tissue composed of
dense neutrophilic exudates with karyorrhectic debris and
edema. Group V animals were observed with ulcerated skin
epidermis and dermis showed abscess formation with a dense
collection of neutrophils (Fig. 6). After 21° day, the group I
animals were observed with normal skin epidermis. Dermis
showed fibro-collagenous stroma with scattered lympho-
plasmacytic infiltrates. Group II animals exhibited with normal
skin epidermis and dermis showed fibro-collagenous stroma
with mild lymphoplasmacytic infiltrates and thin-walled
vessels. Group III animals revealed normal skin epidermis
and dermis showed fibro-collagenous stroma with lympho-
plasmacytic infiltrates and thin-walled vessels. Group IV
animals showed normal skin epidermis and dermis showed
fibro-collagenous stroma with moderate lymphoplasmacytic
infiltrates and thin-walled vessels. Group V animals were
observed with normal skin epidermis and dermis showed fibro-

Wound + Ag/AuNPs

&

B

Fig. 5 Excision wound healing activity of standard drug and synthesised nanoparticles on Wistar rat models on 5" and 21 day.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Histopathological analysis of 5" day wound skin samples. (a, b)
Control animals (Group 1); (c, d) animals treated with standard oint-
ment (Group I1); (e, f) animals treated with AgNPs (Group 1Il); (g, h)
animals treated with AuNPs (Group IV); (i, j) animals treated with Ag/
AuNPs (Group V).

collagenous stroma with scattered lymphoplasmacytic infil-
trates and thin-walled vessels (Fig. 7). Previously Rigo et al.®
synthesized AgNPs for the active healing of the wound of rats,
evidenced by molecular and microscopic analysis. Naraginti
et al.®® reported that the excision wound healing in albino
Wistar rats by topical application of green synthesized, formu-
lated Ag and Au nanoparticles supported with histopathological
analysis.

In wound repair process, restoration of the mechanical
properties of tissue strength is a critical outcome. Measurement

51738 | RSC Adv., 2017, 7, 51729-51743

Fig.7 Histopathological analysis of 215 day wound skin samples. (a, b)
Control animals (Group 1); (c, d) animals treated with standard oint-
ment (Group Il); (e, f) animals treated with AgNPs (Group Il1); (g, h)
animals treated with AuNPs (Group IV); (i, j) animals treated with Ag/
AuNPs (Group V).

of wound strength provides a highly assessable estimation of
the efficacy of the aggregate healing practice. Determination of
various individual components of the healing phases can
provide important insights about events operative during
repair. However, if sufficient wound strength is not achieved the
net effect may be wound failure. Factors that reduce wound
repair can be evaluated according to the influence on the
development of wound strength. In the present study, the
healed wound skins of animals on the 21% day showed

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Estimation of pro-inflammatory (a — TNFa; b — IL 6) and anti-inflammatory (c — IL 10) cytokine induction in control and treated animals.

significantly higher elongation percentage than the animals at
5™ day after wounding. But, there is no significant difference
was attained in control groups at 5™ and 21° day of treatment
(S-Fig. 3af). In case of other groups, the wound breaking
strength was significantly increased upon continuous treatment
(S-Fig. 3b-et). Similarly, Bhaskar and Nithya® and Nagar et al.®®

This journal is © The Royal Society of Chemistry 2017

studied the tensile strength of the healed scar during the wound
healing process at different intervals. They also reported that
the tensile strength was significantly increased upon treatments
with different healing compounds.

Although inflammatory cytokines are crucial in initiating,
sustaining, and regulating the post-injury response, these same

RSC Adv., 2017, 7, 51729-51743 | 51739
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Fig. 9 Estimation of hexosamine (a), hydroxyproline (b) and hyaluronic acid (c) contents in control and treated animals.

molecules have been associated with impaired wound healing,
abnormal scar formation, and uncontrolled inflammatory
response.®”’® Besides, the pro-inflammatory cytokine IL-6 has
been revealed to be a potent stimulator of fibroblast prolifera-
tion.” The important role of IL-10 is regulating the expression

51740 | RSC Adv., 2017, 7, 51729-51743

of proinflammatory cytokines in wounds, leading to decreased
matrix deposition and scar-free healing.” After wounding, the
TNFa level in the animals at 21% day was significantly lower (G1:
124.998, G2: 165.4, G3: 211.2, G4: 130.584, and G5: 194.896 pg
ml™") than the animals at 24 h of wounding (G1: 181.48, G2:

This journal is © The Royal Society of Chemistry 2017
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240.314, G3: 270.02, G4: 215.792, and G5: 285.84 pg mlfl)
respectively (Fig. 8a). At 24 h after wounding, the IL-6 level in the
animal groups were significantly higher (G1: 65.528, G2: 91.504,
G3:95.756, G4: 72.788 and G5: 84.424 pg ml~ ') than the animals
at after 21° days of treatment (G1: 41.184, G2: 66.34, G3: 72.91,
G4: 52.468 and G5: 55.268 pg ml ') (Fig. 8b). The IL-10 level
after wounding at 24 h in the animal groups showed signifi-
cantly lower (G1: 453.204, G2: 935.15, G3: 966.9, G4: 757.432 and
G5: 838.676 pg ml~ ') than the animals treated at 21 days (G1:
711.07, G2: 1340.92, G3: 1430.016, G4: 1171.2 and G5:
1247.16 pg ml~ ') (Fig. 8c). Pivodova et al.” revealed that the
wound healing activity of AuNPs with estimation of inflamma-
tory cytokines.

Collagen plays a vital role in the healing of wounds of skin
and other tissues. There is an overall agreement that synthesis
of collagenous constituents is required for restoration of phys-
ical strength of wounds. It is now also widely recognized that
clarification of the defined role of collagen in the wound healing
process requires not only information on the amount of
collagen present during the healing process, but, in addition,
data on the rate at which collagen is synthesized, deposited and
resorbed.” With this view, the quantity of collagenous constit-
uents such as hexosamine, hydroxyproline and hyaluronic acid
in healing wounds on different days (5 and 21) was estimated
and presented in Fig. 9. The hexosamine content was signifi-
cantly higher in the nitrofurazone ointment (day 5: 41.98 pg g™ %;
day 21: 63.16 ug g~ * of tissue) and nanoparticles treated groups
(day 5: 52.6 ng g, day 21: 92.66 ug g~ ' (Ag); day 5: 49.74 pg g,
day 21: 75.66 ug g~ ' (Au); day 5: 43.42 pg g~ ', day 21: 81.5 ug g~ "
of tissue) than in the control group (day 5: 34.78 pg g~ '; day 21:
53.66 pg g~ ' of tissue) (Fig. 9a). The hydroxyproline content was
significantly lower on days 5 and 21 after wounding in the
control group animals (day 5: 15.9 ug g~ '; day 21: 26.5 ug g~ * of
tissue) than in the nitrofurazone ointment (day 5: 17.88 pg g~ ;
day 21: 27.83 ug g~ ' of tissue) and nanoparticles treated groups
(day 5:19.12 pg g~ ', day 21: 57.5 g g~ * (Ag); day 5: 22.48 ug g,
day 21: 42.66 pg g~ ' (Au); day 5: 26.18 pg g~ ', day 21: 49.5 ug g *
of tissue) respectively (Fig. 9b). The hyaluronic acid content was
significantly higher on days 5 and 21 after wounding in the
nitrofurazone ointment (day 5: 18.9 pg g~ '; day 21: 28.66 ug g~ "
of tissue) and nanoparticles treated groups (day 5: 23.43 g g,
day 21: 55.66 ng g ' (Ag); day 5: 21.88 pg g ', day 21:
46.33 ug g ' (Au); day 5: 20.2 pg g~ ', day 21: 44 ug g~ * of tissue)
than in the control group (day 5: 14.65 pg g~ ; day 21: 26 ug g~
of tissue) (Fig. 9¢). Similarly, Bhaskar and Nithya®” reported the
increased levels of hexosamine, hydroxyproline and uronic acid
contents in healing wounds on different day intervals upon
treatments. Based on the available studies, this is the first
report on the wound healing activity of biosynthesised Ag/Au
nanoparticles on rat models.

The exact mechanism involved in the wound healing activity
of nanoparticles was not determined. However, nanoparticles
like Ag and Au, are excellent candidates to be used as anti-
inflammatory agents in various therapies.”” Advances in the
field of nanoscience and technology, particularly the ability to
formulate highly ordered nanoparticles of any shape and size,
have controlled to the development of new biocidal agents.

This journal is © The Royal Society of Chemistry 2017
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Conclusion

To conclude, the present study documented the synthesis of Ag,
Au and Ag/Au alloy nanoparticles by using actinobacterial
metabolites against in vitro antimicrobial (including antibac-
terial and antifungal) and in vivo excision wound healing
activities on Wistar rat models. Characterization of NPs was
done by using vital instrumental analysis. Based on the results,
AgNPs and Ag/AuNPs actively inhibit the growth of Gram-
negative bacterial pathogens and opportunistic Candida spp.,
Subsequently, both the NPs heal the excision wound within 21
days and exerted anti-inflammatory activity via inhibition of IL-
6 and TNF-« level than the standard. Additionally, the present
study will definitely be a challenging to develop novel alloy
nanoparticles based antimicrobial drugs and wound ointments
for better alternative applications. This enhances our knowl-
edge of the biological effects exerted by these precious metals
and opens a new paradigm of medical research.
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