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Background: The growing threat of microbial resistance against traditional antibiotics has
prompted the development of several antimicrobial nanoparticles (NPs), including silver NPs
(AgNPs). In this article, a simple and eco-friendly method for the synthesis of AgNPs using
the cranberry powder aqueous extract is reported.

Materials and methods: Cranberry powder aqueous extracts (0.2%, 0.5%, and 0.8% w/v)
were allowed to interact for 24 hours with a silver nitrate solution (10 mM) at 30°C at a ratio
of 1:10. The formation of AgNPs was confirmed by ultraviolet-visible spectroscopy and their
concentrations were determined using atomic absorption spectroscopy. The prepared NPs
were evaluated by transmission electron microscopy, measurement of {-potential, and Fourier-
transform infrared spectroscopy. The in vitro antimicrobial properties of AgNPs were then
investigated against several microbial strains. Finally, in vivo appraisal of both wound-healing
and antimicrobial properties of either plain AgNPs (prepared using 0.2% extract) or AgNP-
Pluronic F-127 gel was conducted in a rat model after induction of a Staphylococcus aureus
ATCC 6538P wound infection.

Results: The formation of AgNPs was confirmed by ultraviolet-visible spectroscopy, where
a surface-plasmon resonance absorption peak was observed between 432 and 438 nm. Both
size and concentration of the formed AgNPs increased with increasing concentration of the
extracts. The developed NPs were stable, almost spherical, and polydisperse, with a size range of
1.4-8.6 nm. The negative {-potential values, as well as Fourier-transform infrared spectroscopy
analysis, indicated the presence of a capping agent adsorbed onto the surface of the particles.
In vitro antimicrobial evaluation revealed a size-dependent activity of the AgNPs against the
tested organisms. Finally, AgNPs prepared using 0.2% extract exhibited a substantial in vivo
healing potential for full-thickness excision wounds in rats.

Conclusion: AgNPs were successfully synthesized from a silver nitrate solution through a simple
green route, using cranberry powder aqueous extract as a reducing as well as capping agent.

Keywords: cranberry, silver nanoparticles, antimicrobial properties, wound healing

Introduction
The growing ineffectiveness of traditional antibiotics and the continuous emergence
of resistance among target microorganisms has become a common phenomenon. In
this context, several classes of antimicrobial nanoparticles (NPs) and nanosize carriers
for antibiotic delivery have proven their effectiveness for the treatment of infectious
diseases, including antibiotic-resistant ones, both in in vitro and in animal models."
Among the various types of metallic NPs, silver NPs (AgNPs) have proven to be
the most effective against bacteria and viruses.! In addition, microbes are unlikely to
develop resistance against silver, because the metal attacks a broad range of target
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sites in the organisms.”? AgNPs target both the respiratory
chain and the cell-division machinery, while concomitantly
releasing silver ions (Ag*) that enhance bactericidal activity,
finally leading to cell death.® The antimicrobial activity of
AgNPs depends on their size* and shape.? Diverse applica-
tions of AgNPs include wound dressings, coating for medical
devices and surgical masks, woven fabric microfiltration
membranes, and nanogels.>®

There are different approaches for the synthesis of
AgNPs; however, chemical and physical syntheses have
many drawbacks. These methods mostly depend on the use
of toxic and highly reactive reagents, thus posing a risk to
the environment and humans. Moreover, these procedures are
too expensive to be of industrial value.® Therefore, the green
synthesis of stable AgNPs with controlled size and shape is
a very lucrative approach. As a result, some novel methods
have recently been developed using either microbes (such as
bacteria and fungi)®!® or plant extracts (from seeds, leaves,
and tubers)!''""3 for the synthesis of AgNPs.

The use of plants for AgNPs synthesis is preferred over
other biological processes for several reasons: 1) it is less
expensive, 2) it could be suitably scaled up for large-scale NP
synthesis, 3) it avoids the elaborate process of maintaining a
cell culture,'* and 4) plant extracts possess many antioxidants,
which act as reducing as well as capping agents."

Cranberry fruit was used as extract powder that was
standardized to contain not less than 5% of anthocyanidins.
Cranberry fruit has a diverse phytochemical profile that
included three classes of flavonoids (flavonols, anthocyanins,
and proanthocyanidins), catechins, hydroxycinnamic and
other phenolic acids, and triterpenoids.'® All polyphenolic
compounds present in the extract can act as both reducing
and capping agents for the prepared particles.

The proposed mechanism of formation of AgNPs using
plant phytochemicals can proceed through three steps: first,
charge transfer from reducing agents to Ag* results in the
formation of Ag atoms, which subsequently nucleate to
form small AgNPs; second, a condensation step occurs in
which small particles grow to form larger ones, followed
by surface reduction of any Ag* present on the surface of
the formed NPs; and third, adsorption of excess negatively
charged reducing agents ions on the surface of the formed
particles, achieving electrostatic stabilization and thus con-
trolling their sizes. Steric hindrances arising from the large
capping molecules result in further stability in the size of
the AgNPs."”

PuiSo et al'® prepared AgNPs using cranberry juice by
ultraviolet (UV) irradiation; they proved that AgNPs could

potentially be used for food preservation in the form of
antimicrobial food packaging. However, the prepared NPs
were unstable, wherein the silver colloidal solution under-
went discoloration after 12 hours.

The current study demonstrates the simple green synthe-
sis of AgNPs through the reduction of an aqueous AgNO,
solution using an cranberry powder aqueous extract (Cr).
Cranberry was selected for AgNPs synthesis because it
possesses large amounts of natural antioxidants, which can
serve as both reducing and capping agents. The developed
particles were characterized in vitro in terms of size, shape,
concentration, UV-visible (UV-vis) absorption pattern, and
Fourier-transform infrared spectroscopy (FT-IR). In vitro
estimation of their antimicrobial activity against a range of
organisms and in vivo evaluation of NPs displaying optimum
in vitro characteristics were also performed.

Materials and methods

Materials

Cranberry (Vaccinium macrocarpon, family Ericaceae)
dried extract powder, standardized to contain not less than
5% anthocyanidins, was kindly provided by EMA Pharm
Pharmaceuticals (Cairo, Egypt). The following chemicals
were obtained from their respective companies: silver
nitrate (Winlab Ltd., Market Harborough, UK); sodium
hydroxide (Adwic; El-Nasr Pharmaceutical Chemicals
Co, Cairo, Egypt); nitric acid (El-Gomhouria Pharmaceu-
tical Co, Cairo, Egypt); 1,1-diphenyl, 2-picrylhydrazyl
(DPPH) radical (Sigma-Aldrich Co, St Louis, MO, USA);
Mueller-Hinton broth, (Oxoid Ltd, Basingstoke, UK);
Pluronic F-127 (BASF SE, Ludwigshafen, Germany);
thiopental sodium injection (Novartis International AG,
Basel, Switzerland); and cetrimide—chlorhexidine solution
(Novartis).

Preparation of cranberry powder

aqueous extract

Cr (0.2, 0.5, and 0.8% w/v) was prepared by adding the
dried extract to 50 mL distilled deionized water (DDW). The
mixture was stirred for 30 minutes and then filtered through
Whatman grade 1 filter paper. The pH of the extract was
adjusted to 6 using 0.01 M NaOH.

Synthesis of AgNPs

An aliquot of 1 mL of Cr was added to 10 mL of 10 mM
AgNO, solution. The mixture was shaken at 100 strokes
per minute in a water bath in the dark for 24 hours at 30°C.
The prepared AgNPs were purified by centrifugation at
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20,000 rpm for 1 hour at 4°C using a refrigerated centrifuge
(3K 30; Sigma Laborzentrifugen GmbH, Osterode am Harz,
Germany). The supernatant was removed, and the precipitate
was redispersed in DDW by sonication for 1 minute, and
then centrifuged again at 20,000 rpm for 1 hour at 4°C. The
washing procedure was repeated three times.

In vitro determination of free radical
scavenging activity cranberry powder

aqueous extracts

The antioxidant activity of different concentrations of Crs
against the DPPH radical was evaluated using a spectropho-
tometric assay, as previously described.!’ Briefly, an aliquot
(400 pL) of appropriately diluted extract was mixed with 2
mL DPPH solution (0.02 mg/mL). Samples were kept in
the dark for 15 minutes at room temperature, and then the
absorbance (Abs) was measured at 517 nm. Control samples
containing the solvent and DPPH were concomitantly pre-
pared, and their respective Abs was measured. The percent-
age of Abs reduction at 517 nm due to the decolorization
of the deep-violet DPPH solution was calculated using the
following equation:

%reduction _ Abs control — Abs sample
in Abs

x100 (1)
Abs control

The extent of decolorization was determined as a function
of concentration, and calculated relative to the equivalent
ascorbic acid concentration (0.005-0.015 mg/mL). The
radical scavenging activity was expressed in milligrams of
ascorbic acid equivalent (AAe) to the amount of reducing
agents in 1 mL plant extract (mg AAe/mL).

Determination of the concentration
of the prepared AgNPs using atomic

absorption spectroscopy

The assay was performed according to the method described
previously by Salem et al,® with slight modifications. The
dispersions of AgNPs were treated with concentrated nitric
acid (69%) at a ratio of 1:1 in a sand bath at 120°C for
90 minutes to ensure complete solvation of AgNPs into Ag*.
The silver concentration was measured after appropriate dilu-
tion in DDW by air—acetylene flame using a silver flame. The
fuel-flow rate was set at 0.9—1.2 L/min, and the atomization
temperature was 1,100°C. The device was calibrated using
a 3 ug/mL standard solution of metallic silver dissolved in
5% nitric acid.

Morphological examination and particle-
size measurement by transmission

electron microscopy

Samples to be examined by transmission electron microscopy
(TEM) were prepared by placing a drop of the NP dispersion
in DDW onto a carbon-coated copper grid; they were then
allowed to dry under ambient conditions. The average size
of the particles was measured, and the polydispersity index
(PDI) was calculated.

Measurement of &-potential

The prepared AgNP formulations were subjected to
&-potential analysis by photon-correlation spectroscopy using
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
E-Potential measurements were performed at 25°C with an
incident wavelength of 633 nm and a 173° back-scattering
angle. The viscosity, refractive index (RI), and absorption
values were provided by the Malvern software for water
(L=0.8872 cP, RI=0.135) and crystalline silver (RI =1.3330,
absorption =3.987).

UV-vis absorbance spectroscopy

The reduction of Ag* was monitored by measuring the UV-vis
spectrum using a UV-160A double-beam spectrophotometer
(Shimadzu, Kyoto, Japan). The spectrum was recorded
throughout a range of 300—-800 nm, and the wavelength cor-
responding to maximum absorption was determined.

Fourier-transform infrared spectroscopy
AgNPs prepared using Cr 0.8% and the corresponding extract
were respectively freeze-dried (Cryodos freeze-dryer; Telstar
Industrial SL, Terrassa, Spain). The dried samples were
mixed in a mortar with KBr and compressed into disks. The
samples were scanned at 500—4,000 cm™ using an FT-IR
spectrometer (Perkin Elmer Inc, Waltham, MA, USA).

Evaluation of the in vitro antimicrobial
activity of AgNPs

Five microbial strains were used, comprising three standard
strains (Staphylococcus aureus [ATCC 6538P], Pseudomonas
aeruginosa [ATCC 9027], and Candida albicans [ATCC
2091]) and two clinical isolates: a methicillin-resistant
S. aureus obtained from an infected wound and a multidrug-
resistant P. aeruginosa isolated from blood. The sensitivity
of the test organisms to the prepared AgNPs was assessed
by determining the minimum inhibitory concentration (MIC)
using broth macrodilution.?! The MIC value was defined as
the lowest concentration of AgNPs resulting in complete
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inhibition of visible microbial growth after 24-48 hours of
incubation at 37°C, under conditions that allowed conflu-
ent growth of the respective test strain in control test tubes,
lacking AgNPs.

The minimum lethal concentration (MLC) was assigned
by inoculating 100 uL aliquots from test tubes showing
absence of microbial growth after 48 hours of incubation
at 37°C into 5 mL MHB (for bacteria) or glucose broth
(for yeast). The samples were incubated at 37°C for 24 and
48 hours for bacteria and fungi, respectively. The MLC was
defined as the lowest concentration of the antimicrobial agent
that prevented microbial regrowth.

Study of bacterial killing kinetics

To examine the killing kinetics of AgNPs, P. aeruginosa
ATCC 9027 and S. aureus ATCC 6538P were used as test
organisms. An aliquot of 200 uL of the overnight culture
of each organism was separately transferred into 20 mL
of double-strength MHB (dsMHB), and the subcultures
were incubated in a shaking water bath at 37°C until the
exponential phase (optical density at 600 nm wavelength
of around 0.5) was reached. Aliquots of these respective
subcultures were diluted with dsMHB to obtain a starting
inoculum of approximately 2x10° CFU/mL. An aliquot of
5 mL of AgNPs (at a final concentration of 2x MIC) pre-
pared using Cr 0.2% was added to an equal volume of the
inoculated dsSMHB. An appropriate control, where AgNPs
were replaced with sterile DDW, was run alongside the
experiment. The flasks were incubated in a shaking water
bath at 37°C. Samples were removed at 0, 1, 2, 3, 4, 5, 6,
and 24 hours for viable count estimations. Killing curves
were constructed by plotting the number of survivors (log
CFU/mL) against time over a period of 24 hours. Experiments
were performed in duplicate.

Evaluation of the effect of AgNPs on
bacterial cell structure using scanning

electron microscopy

An aliquot of 200 puL from the overnight culture of the
test organisms was separately transferred into 20 mL of
dsMHB. We proceeded as previously described to prepare
dsMHB containing a starting inoculum of approximately
2x10% CFU/mL. AgNP dispersion (1 mL) prepared using
Cr 0.2% (at a final concentration of 2x MIC) was added
to a sterile test tube containing an equal volume of the
inoculated dsSMHB. An appropriate control, where AgNPs
were replaced with sterile DDW, was run alongside the
experiment. Test tubes were incubated in a shaking water

bath at 37°C for 3.5 hours (P. aeruginosa) and 8 hours
(S. aureus). The samples were subsequently fixed by adding
4F:1G reagent (4% formaldehyde and 1% glutaraldehyde)
in phosphate-buffered saline (pH 7.2), at a ratio of 1:1, in
order to preserve the bacterial structure during the follow-
ing preparation steps. The samples were stored overnight at
4°C, and then centrifuged at 3,000 rpm for 15 minutes. The
bacterial pellet was washed twice with phosphate-buffered
saline (pH 7.2), followed by a dehydration process using
30%, 50%, and 70% ethanol. The fixed cells were mounted
on a glass slide, and then dried and gold-coated, to allow
observation of the morphology of the bacterial cells using
scanning electron microscopy (SEM).

Preparation of AgNP-Pluronic F-127

thermosensitive gel

A 25% wi/v of Pluronic F-127 gel containing AgNPs pre-
pared using Cr 0.2% was formulated. The concentration
of the NPs was set at 91.5 ug/mL, which was equivalent to
five times the MIC value of the test organism. The mixture
was refrigerated at 4°C and stirred periodically until a clear
solution was obtained. The solution was then left overnight in
the refrigerator. For comparison, a plain gel without AgNPs
was prepared.

Experimental animals

The experimental animals used were male albino rats of
6 months’ age, weighing 200110 g (maintained at the animal
house of the Faculty of Pharmacy, Alexandria University,
Egypt). Rats, housed individually in cages, were kept at an
ambient temperature and given free access to rat chow (16%
protein; Tanta Oil and Soap Co, Tanta, Egypt) and water.
The cages were swabbed periodically throughout the study
with hot diluted Savlon and rinsed thoroughly. Experiments
were performed in strict accordance with the guidelines of
the Institutional Animal Care and Use Committee (Faculty
of Pharmacy, Alexandria University, Egypt, permit 29) who
also approved this study. Surgery was performed under
thiopental anesthesia, and all efforts were made to minimize
suffering.

In vivo evaluation of the antimicrobial
and wound-healing properties of AgNP-
Pluronic F-127 gel

Three preparations were subjected to in vivo evaluation,
namely: 1) plain Pluronic F-127 gel, 2) AgNP (Cr 0.2%)-
loaded Pluronic F-127 gel, and 3) AgNP dispersion. Their
antimicrobial and wound-healing potential were assessed
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in heavily infected full-thickness wounds (inoculated with
50 UL of S. aureus culture, 10° CFU/mL) in a rat model for
13 days. Wound healing was evaluated morphologically,
microbiologically, and histologically.

Rats were weighed and anesthetized with an intrap-
eritoneal (IP) injection of thiopental sodium (50 mg/kg
body weight). The dorsal and lateral areas of the skin of
the rats were shaved with an electric animal clipper (Oster
Golden AS; Jarden Corporation, Boca Raton, FL, USA).
The skin was prepared by scrubbing with a dilute solution
of cetrimide—chlorhexidine (1:30) followed by 70% ethanol.
Wound disinfection and all other surgical procedures
were performed under anesthesia using thiopental sodium
(50 mg/kg, IP).

Two standardized full-skin-thickness circular excision
wounds of an initial diameter of 10+1 mm were generated on
the shaved back of each rat parallel to the vertebral column
by marking using skin-marking ink (Delasco®; Dermatologic
Lab & Supply Inc, Council Bluffs, IA, USA) and then
surgically removing the marked circles. All excisions were
infected by careful instillation of an inoculum of 50 uL from
an overnight culture of the test organism (~10° CFU/mL)
using a micropipette. At 30 minutes postinfection, the
wounds were subjected to different treatments.

A total of 20 rats were divided into four groups: group 1,
control group, where the wounds were left untreated;
group 2, plain-gel group, where a daily dose of 200 uL of
the gel were instilled into each wound; group 3, AgNP-gel
group, where a daily dose of 200 UL of the AgNP-loaded
gel (equivalent to 18.3 ng of AgNPs) was instilled into each
wound; and group 4, AgNP-dispersion group, where a daily
dose of 200 uL of the dispersion (equivalent to 18.3 ug of
AgNPs) were instilled into each wound. After the respec-
tive treatment, the wounds were covered with transparent
Tegaderm™ (3M, St Paul, MN, USA) for the first 24 hours,
to ensure the successful induction of infection. Rats were
then returned to their cages and provided with unrestricted
food and water supply. The rats remained under observation
for 13 days. Wound healing was evaluated morphologically,
microbiologically, and histologically. Wound diameter taken
as the average of ten measurements in several directions at
days 0, 2, 6, 9, 12, and 13 was used to monitor the extent
of wound contraction by calculating percentage wound clo-
sure. Daily swabs taken from each wound were cultured on
appropriate media to detect the presence of wound infection.
The fatalities in each group were also counted. At the end
of the experiment, rats were killed using an overdose of an
IP thiopental injection, and the tissues from the wound site,

including the whole-skin thickness and surrounding skin,
were removed for histological examination.

The specimens collected were fixed in 10% neutral form-
aldehyde. Wound sections were stained with hematoxylin
and eosin and Masson’s trichrome stain and examined
microscopically.

Statistical analysis

Data obtained were subjected to statistical analysis using
one way analysis of variance, followed by post hoc Duncan
test. Analysis was done using SPSS 17 software (SPSS Inc,
Chicago, IL, USA), where P=0.05 denoted significance.

Results and discussion
Determination of the concentration of
the prepared AgNPs

The concentration of AgNPs was found to increase with
increasing extract concentration, ie, increasing concentration
of reducing agent (Table 1). This finding seemed to be consis-
tent with Sathishkumar et al,”> who attributed increased AgNP
concentration to the availability of more reducing biomol-
ecules for the reduction of Ag*. The in vitro determination of
free radical scavenging activity of various concentrations of
Crshowed DPPH free radical scavenging activities of 0.135,
0.238, and 0.282 mg AAe/mL extract for Cr 0.2%, Cr 0.5%,
and Cr 0.8%, respectively. The increased scavenging activity
with increasing concentration of each extract indicated good
reducing potential for the synthesis of AgNPs.

E-Potential measurements

The &-potential values of AgNP dispersions (Table 1) pro-
vided satisfactory evidence for the efficiency of the capping
agents in stabilizing the NPs by providing intensive negative
charges. This finding was in agreement with Dhas et al,”> who
showed that the negative surface charge could be attributed to
the adsorption of bioactive components present in the aque-
ous plant extract onto the surface of the NPs. Interestingly,
a slight increase in &-potential values was observed with

Table | Concentration and {-potential values of AgNPs prepared
using cranberry powder aqueous extracts (Crs) of different
concentrations

AgNP Measured concentration® {-Potential®
formulation (ng/mL) (mV)
AgNPs (Cr 0.2%) 9.13+0.095 -31.310.05
AgNPs (Cr 0.5%) 17.39+0.92 -33.810.43
AgNPs (Cr 0.8%) 22.53+0.55 —36.8+0.62

Note: *Values listed are the average of three estimations + standard deviation.
Abbreviation: AgNP, silver nanoparticle.
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increasing concentration of the extract, which could have
been due to the greater availability of negatively charged
capping agents.

Morphological examination and particle-
size measurement by TEM

Figure 1 presents TEM images of the green-synthesized
AgNPs, together with the corresponding histograms demon-
strating the size distribution and PDIs. Particles were found

% frequency

25,000%

% frequency

% frequency

25,000%

to be approximately spherical in shape, with an average
diameter of 1.440.8, 2.842.1, and 8.6+2.5 nm for AgNPs
prepared using Cr 0.2%, Cr 0.5%, and Cr 0.8% extracts,
respectively.

The increase in the plant-extract concentration in the reac-
tion mixture resulted in an increase in both the concentration
and the size of the prepared AgNPs. This could be ascribed
to the increased amount of reducing agents in the reaction
mixture with increasing extract concentration. The use of a

Mean =1.4+0.8 nm
PDI =0.571
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Figure | Transmission electron microscopy images and corresponding histograms showing particle-size distribution and PDIs of AgNPs prepared using cranberry powder
aqueous extracts (Crs) of different concentrations: (A) Cr 0.2%; (B) Cr 0.5%; (C) Cr 0.8%.

Abbreviations: AgNPs, silver nanoparticles; PDI, polydispersity index.
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higher extract concentration resulted in the production of
more silver atoms, which nucleated to form smaller AgNPs
that aggregated faster into more stable larger particles.?*

Concerning the particle-size distribution, all the prepared
AgNPs were polydisperse, as indicated by the PDI value. This
could be attributed to variations in growth rates of individual
particles in the nucleation step.!”

UV-vis absorbance spectroscopy
Visual observation of the prepared AgNPs revealed a
yellowish brown color (Figure 2), which was attributed to
the characteristic surface-plasmon resonance absorption band
of metal NPs.'"'? Also, Figure 2 illustrates that the color of
the prepared AgNPs became darker as the extract concentra-
tion increased. Increasing the extract concentration above
0.8% w/v resulted in the formation of a grayish dispersion,
indicating the formation of silver colloid due to particle aggre-
gation, a finding previously reported by Mulfinger et al.®
The UV-vis spectra of the formed AgNPs for each extract
showed an increase in peak intensity with increasing extract
concentration (Figure 3), which could be attributed to the
increased concentration of the formed NPs. This was in
agreement with the results previously mentioned in Table 1,
as well as those reported by Khalil et al.!? The slight red
shift in the maximum absorption value of the prepared NPs
with increasing concentration (Figure 3) could be explained
by a slight increase in the particle size of the formed NPs.?
Moreover, the polydispersity of the prepared NPs, as previ-
ously revealed by the TEM examination, is believed to be
mirrored in the broad spectral surface-plasmon resonance
peaks of all NPs (Figure 3).%

Fourier-transform infrared spectroscopy
The dual role of the plant extract as a bioreductant and cap-
ping agent was confirmed by FT-IR analysis of the prepared

Figure 2 Silver nanoparticles prepared using different concentrations (0.2%, 0.5%,
and 0.8% w/v) of cranberry powder aqueous extracts (Crs).

Cr0.8%
Ao =438 NM, Abs =1.596

N
/CrO.S%" "
AN\

\/ < N\, =435 nm, Abs =1.046
\/ cr 0.202\
Ryr=432 nm, Abs =0.479

300 nm 800 nm

Absorbance

0

Wavelength

Figure 3 Ultraviolet-visible spectra of silver nanoparticles prepared using different
concentrations of cranberry powder aqueous extracts (Crs).
Abbreviation: Abs, absorbance.

AgNPs (Figure 4). The similarities between the spectra of
AgNPs prepared using Cr 0.8% and the corresponding extract
depicted in the aforementioned figure, with some marginal
shifts in peak position, clearly indicated the presence of
residual plant-extract components on the surface of AgNPs
as capping agents.?

The absorption bands around 3,760 and 3,400 cm™ in
the extract’s spectrum could result from bonded hydroxyl
(—OH) groups of phenols and carboxylic acids.?® The band at
2,925 cm™ could be attributed to the stretching vibration of
C—H groups of aliphatic acids.” However, this band split into
two bands in the AgNP spectrum (at 2,917 and 2,851 cm™),
indicating the stretching vibration of methylene groups
(=CH,) in aliphatic hydrocarbons. The new band observed
in the AgNP spectrum at 1,720 cm™! may indicate the pres-
ence of a new C=0 group belonging to either a ketone or an
aldehyde. This strongly suggested that the reduction of Ag*
was carried out by some hydroxyl groups that were oxidized
into carbonyl groups.?®

It could therefore be concluded that AgNPs had a strong
binding ability to many functional groups of the various
constituents of the plant material, such as polyphenolics and
proteins, suggesting the formation of a layer covering AgNPs
and acting as capping agent, thus preventing agglomeration
and providing stability to the NPs.

Evaluation of the in vitro antimicrobial
activity of AgNPs

MIC estimation is a classical method for assessing the
potency of an antimicrobial agent. The MIC and MLC
values of various AgNP formulations against a number of
test microorganisms are listed in Table 2.

The MIC values of the different AgNP formulations
against the various test microorganisms ranged between
9.9 and 79 nug/mL, while MLC values were slightly higher
(12.7-81.7 ug/mL). These relatively low values indicated
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Figure 4 Fourier-transform infrared spectra.

Notes: Purified green-synthesized silver nanoparticles obtained after bioreduction (red line) and cranberry dry-powder extract (black line).

good bacteriostatic and fungicidal activity. In general, the
antibacterial activity of the AgNPs was more pronounced
than their antifungal activity, as indicated by the lower MIC
values (Table 2). Similar results were reported by Nabikhan
et al** and Puiso et al.'® In the latter study, this was attributed
to the adsorption of silver onto the bacterial surface, thereby
inhibiting bacterial respiration, which occurs across the cell
membrane, rather than across the mitochondrial membrane
of the eukaryotic fungi. However, our finding was in contrast
to an earlier investigation by Kim et al,*' who found yeast to
be more susceptible to the effect of AgNPs than S. aureus,
and to other studies that have reported comparable antifungal
and antibacterial effects for AgNPs.3>3

Furthermore, it should be noted that the Cr 0.8% for-
mulation showed a higher effect against Gram-negative
bacteria compared to Gram-positive ones. This observation

is consistent with the findings of other published studies, and
can be attributed to differences in their respective cell-wall
structure. Compared to Gram-negative bacteria, the cell wall
of Gram-positive bacteria is thicker and thus probably more
difficult for AgNPs to penetrate.!-3+3¢

Moreover, it is worth mentioning that for all of the tested
AgNP formulations, the MIC values for the drug-resistant
(methicillin-resistant S. aureus) and susceptible (standard-
strain S. aureus) strains were almost identical, indicating
that the activity of the prepared AgNPs is unaffected by
resistance mechanisms that differentiate both strains. This
is in agreement with previous studies, where AgNPs were
found to exert the same effects on drug-resistant and drug-
susceptible bacteria.’”3

One unanticipated finding was that the effect on the
multidrug-resistant P. aeruginosa isolate was greater than

Table 2 MIC and MLC values of the different AgNP formulations for various organisms

AgNP formulation MIC/MLC? (ug/mL)
S. aureus MRSA P. aeruginosa MDR C. albicans
ATCC 6538P ATCC 9027 P. aeruginosa ATCC 2091
AgNPs (Cr 0.2%) 18.3/36.6 18.3/36.6 19.8/29.3 9.9/19.8 38.3/38.3
AgNPs (Cr 0.5%) 20.4/40.9 20.4/81.7 20.4/27.2 12.7/12.7 61.3/61.3
AgNPs (Cr 0.8%) 39.5/79 39.5/79 25.3/28.2 12.7/19.8 79179

Note: *Values listed represent the average of three determinations.

Abbreviations: MIC, minimum inhibitory concentration; MLC, minimum lethal concentration; AgNP, silver nanoparticle; S. aureus, Staphylococcus aureus; MRSA, methicillin-
resistant S. aureus; P. aeruginosa, Pseudomonas aeruginosa; MDR, multidrug-resistant; C. albicans, Candida albicans; Cr, cranberry powder aqueous extract.
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that on its susceptible counterpart, contrary to what was
reported by Amirulhusni et al,* where both drug-susceptible
and -resistant strains of P. aeruginosa were similarly affected.
This might be attributable to differences in the experimental
setting, including the size and concentration of AgNPs, the
strains tested, and the nature of the antimicrobial assay.

Interestingly, the antimicrobial activity of the AgNP
formulations was highly dependent upon their particle size.
The MIC values for the different organisms increased as
the particle size of the AgNPs increased from 1.4 to 8.6 nm
(AgNPs prepared using Cr 0.2% and Cr 0.8%, respectively)
(Table 2). The enhanced activity of AgNPs with decreasing
particle size corroborates earlier findings by Lu et al* and
Duran et al.*> A possible explanation for this might be that
the decreasing particle size of AgNPs results in an increase in
their surface area in contact with bacteria and consequently
in enhanced penetration.*

Study of bacteria-killing kinetics
The kinetics of the time-dependent killing of bacterial popu-
lations in MHB were monitored at regular 1-hour intervals
(up to 24 hours) using viable count estimations of bacterial
suspensions treated with AgNPs (Cr 0.2%) compared to an
appropriate control (Figure 5). This AgNP formulation was
chosen based on its high antimicrobial efficacy (Table 2),
as well as the fact that it was prepared using a low extract
concentration, which is important from an economic point
of view.

Based on the data depicted in Figure 5, P. aeruginosa
(a Gram-negative bacterium) was killed faster than its Gram-
positive counterpart (S. aureus), the former being more sensi-
tive to lower concentrations of AgNPs, an observation that
coincides with Jain et al.* More precisely, AgNPs achieved
a3 log,, decrease in the viable count of P. aeruginosa ATCC
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9027 in the 1st hour, followed by complete eradication
within 5 hours, whereas the control showed a steady growth
throughout the study period. As for S. aureus ATCC 6538P,
a 1 log , decrease in viability occurred within 5 hours of
exposure to AgNPs; the effect extended over 6 hours, and
was then followed by a 4 log , decrease in survivor count
up to 24 hours. This apparent discrepancy in the effect of
AgNPs on both Gram-negative and Gram-positive bacteria
would be attributed to differences in their respective cell-wall
structures, as mentioned earlier.

Estimation of the effect of AgNPs on

bacterial cell structure using SEM

SEM was used to monitor ultrastructural changes in bacte-
rial morphology and to identify potential damages upon
exposure to the prepared AgNPs (Cr 0.2%). Control cells
showed an intact and more or less uniform surface (Figure 6,
left pane). On the other hand, treatment of exponentially
growing bacteria with AgNPs for 3.5 hours (P. aeruginosa
ATCC 9027) and 8 hours (S. aureus ATCC 6538P) caused
major damage to the treated cells, seen as a disrupted and
frayed cell envelope, with possible release of cellular contents
(Figure 6). The obtained results seemed to be consistent with
the morphological changes observed by Marius et al,*> who
attributed their findings to clusters of AgNPs attaching onto
the bacterial cell surface, probably inducing the formation
of distinct perforations in the cell membrane, and ultimately
resulting in cell lysis.

In vivo antimicrobial and wound-
healing effect of AgNP-Pluronic F-127

thermosensitive gel in rats
Green-synthesized AgNP-Pluronic F-127 thermosensitive
gel was prepared and used to treat localized infected
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Figure 5 Killing curve of AgNPs prepared using 0.2% cranberry powder aqueous extract (Cr 0.2%) against (A) Pseudomonas aeruginosa ATCC 9027; (B) Staphylococcus aureus

ATCC 6538P.
Abbreviation: AgNPs, silver nanoparticles.
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Figure 6 Scanning electron microscopy images.

Notes: Cultures of Pseudomonas aeruginosa ATCC 9027 (A and B) and Staphylococcus aureus ATCC 6538P (C and D). The left pane (A and C) depicts control cultures, while
the right pane (B and D) involves cultures treated with AgNPs (Cr 0.2%) for 3.5 (B) and 8 (D) hours, respectively.

Abbreviations: AgNPs, silver nanoparticles; Cr, cranberry powder aqueous extract.

excision wounds. The AgNP preparation (Cr 0.2%) was
chosen, since it displayed a high antibacterial activity against
S. aureus, a pathogen commonly found in infected wounds,
and because NPs were prepared using a low extract concen-
tration. Reduction of microbial load, histopathological exam-
ination, and healing of S. aureus-infected excision wounds in
male albino rats were used as monitoring parameters.

Figure 7 shows digital photographs depicting the healing
progress of excision S. aureus-infected wounds in rats.
Figure 8, illustrating the mean percentage wound-closure data
based on wound-size measurements during the study period,
shows that untreated wounds did not close completely until
the end of the experiment (13 days), indicating persistent
wound infection (a fact corroborated by microbiological
monitoring). In comparison to the untreated control group,
the plain gel-treated animals showed a slight improvement
at day 13. However, their mean percentage wound closure
at that day did not differ significantly (P>0.05) from that
of the control (untreated) group. On the other hand, faster
and more efficient healing was observed for the two AgNP-
based preparations, with statistically significant (P=0.05)
mean percentage wound closure at day 13 when compared
to control wounds.

The greatest wound closure was achieved at day 13
using the AgNP dispersion (95.4%), followed by the AgNP
gel (91.4%); however, this difference was not statistically

significant (P>0.05) indicating that the wound-healing
properties of the AgNPs were not significantly affected
by the gel matrix. Conversely, the untreated and plain gel-
treated groups showed maximum wound closure of 84.6%
and 88.4%, respectively, at day 13.

Although statistical analysis of the results revealed that
percentage wound closure of the plain gel-treated group was
significantly higher compared to the untreated one at days 2
and 6 (P=0.05), the difference was insignificant (P>0.05)
on subsequent days (9, 12, and 13). The slight improvement
in the early healing process (days 2 and 6) of the plain-gel
group could be ascribed to the wound-healing properties
of Pluronic F-127 gel, possibly by stimulation of epithelial
growth factors.®® The results of the current study seemed
to be consistent with those published previously.*** For
instance, Thirumurugan et al* synthesized AgNPs from
potato plant pathogenic fungus. The results of wound-
healing activity of the AgNP 0.125% (w/w) ointments
revealed significant wound-healing properties compared
to standard silver sulfadiazine ointment currently available
in the market. Similarly, Prestes et al*® found that nano-
crystalline silver dressing exhibited good wound-healing
potential in relation to wound contraction compared to the
control group.

According to Table 3, which lists the percentage of
infected wounds and number of fatalities throughout the first
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I

AgNP dispersion AgNP gel

Figure 7 Digital photographs showing the healing progress of excision Staphylococcus aureus-infected wounds in rats.

Abbreviation: AgNP, silver nanoparticle.

8 days of the study period, only one fatality was recorded in
untreated rats, whereas no fatalities were observed with other
treatments. The percentage of wound infection remained
at 100% for all tested groups up to day 3, except for those
treated with AgNP gel, where it decreased to 90%. At day 8,
the infection subsided to 75% and 70% for untreated and
plain gel-treated rats, respectively, probably due to the rats’
host-defense mechanisms.*® On that same day, however,
wounds of rats treated with AgNP-based preparations were
microbe-free, confirming effective antimicrobial control.

It is worth mentioning that the AgNP gel showed a more
prominent reduction in percentage infection compared to the
AgNP dispersion up to day 6, which might be attributed to
the longer retention time of the gel compared to the aqueous
dispersion. Moreover, this constituted sufficient proof that
the antimicrobial activity of the AgNPs was not affected by
the gel matrix.

Results of histological examination using hematoxylin
and eosin and Masson’s trichrome staining for normal as well
as wounded skin are shown in Figures 9 and 10, respectively.

International Journal of Nanomedicine 2015:10

submit your manuscript

7217

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ashour et al Dove

o =6~ Untreated

S

g -8 Gel

©° -~ AgNP dispersion
X -« AgNP gel

0 2 4 6 8 10 12 14
Time (days)
Figure 8 Percentage mean wound closure over a period of |3 days, measured morphometrically.

Note: n=10 in all groups, except for the untreated group, where n=8.
Abbreviation: AgNP, silver nanoparticle.

Table 3 Percentage of infected excision wounds and number of fatalities in rats treated with AgNP gel in comparison to rats treated
with AgNP dispersion, rats treated with plain gel, and untreated rats, during 8 days of the study period

Rat group Percentage infected wounds on study days Fatalities
| 2 3 5 6 7 8

Untreated 100 100 100 100 100 100 75 |

Plain gel 100 100 100 100 90 70 70 0

AgNP dispersion 100 100 100 90 60 20 0 0

AgNP gel 100 100 90 70 50 20 0 0

Abbreviation: AgNP, silver nanoparticle.

Figure 9 Histological examination at a magnification power of 100X of a section in normal rat skin.
Notes: Stained with hematoxylin and eosin (A) and Masson’s trichrome (B).
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Untreated group  Plain-gel group

AgNP group
A3

AgNP gel group

Figure 10 Histological examination of excision wounds in rat skin of different animal groups.
Notes: (Al-A4) Wound bed stained with hematoxylin and eosin (magnification 100x). Wound bed (BI1-B4) and edge (C1-C4) stained with Masson’s trichrome

(magnification 40x).
Abbreviation: AgNP, silver nanoparticle.

Compared to normal skin, the untreated wound sections
showed an incomplete epithelium at the wound center and
extensive loose granulation tissue that lacked the presence
of well-defined collagen fibers in the wound bed (Figure 10,
Al and B1). At the wound margins, the ill-defined collagen
fibers from untreated wounds had the least staining intensity
(Figure 10, C1).

On the other hand, plain gel-treated wounds showed an
enhanced integrity of the granulation tissue, with a fully
developed epithelium at the wound center (Figure 10, A2
and B2) and an enhanced deposition of collagen fibers at the
wound margins (Figure 10, C2) compared to the untreated
group. However, there were still few areas of loose extracel-
lular matrix at the wound center, with a reduced presence
of collagen fibers, which was still higher than that seen in
untreated groups. In addition, there was no sprouting of hair
follicles in the wound area in the plain gel-treated group.

Sections taken from wounds treated with AgNPs (whether
aqueous dispersion or gel) for 13 days showed enhanced
integrity of the granulation tissue and a fully developed
epithelium. Both treatments were equipotent with regard

to improving the deposition of collagen fibers at the wound
bed and wound margin, which was significantly higher than
that observed for both the untreated and plain gel-treated
groups. Although both AgNP treatments showed remark-
able remodeling of the collagen fibers at the wound margins
(Figure 10, C3 and C4), the granulation tissue was not fully
resolved at the wound center (Figure 10, B3 and B4). Nev-
ertheless, the significant staining intensity of the collagen
fibers and their near-normal size, shape, and orientation at
the wound edges indicated good healing potential for both
the AgNP dispersion and the gel. Interestingly, both AgNP
preparations showed sprouting of hair follicles at both the
wound margin and center, indicating minimal scarring dur-
ing wound healing.*’

Conclusion

The green synthesis of AgNPs was successfully achieved
using various concentrations of cranberry fruit dried extract
powder. These extracts were proven to act as both reduc-
ing as well as capping agents for the prepared particles.
Interestingly, both size and concentration of the prepared
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particles increased upon increasing the extract concentra-
tion. Moreover, the prepared AgNPs possessed good, size-
dependent in vitro antimicrobial activity against a number of
Gram-positive and Gram-negative bacteria, as well as yeast,
with significantly higher antibacterial activity. Remarkably,
Gram-negative bacteria were more susceptible to the effect
of AgNPs than Gram-positive ones. Finally, the prepared
NPs, either in aqueous dispersion or as a Pluronic F-127
thermosensitive gel, exhibited potent in vivo antimicrobial
as well as wound-healing potential in rats.
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