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ABSTRACT

Background: Development of multidrug-resistant (MDR) organisms is becoming a
critical clinical problem for the management of numerous bacterial infections.
Investigating other antibacterial drugs is urgently needed that are nontoxic and effective
by different mechanisms. Methods: This study was aimed to develop silver nanoparticles
(AgNPs) utilizing a green synthetic approach involving highly solubilized curcumin in
freeze dried nanocrystals (CrNC) as a natural flavonoid reducing agent. Results: The
fabricated silver nanoparticles were typically found to be spherical in shape with particle
size distribution in the range of 10-50 nm and zeta potential of -18.3 £ 2.69mV. UV-Vis
spectroscopy presented a characteristic plasmon peak of silver at 410 nm. The minimal
inhibitory concentrations (MICs) of the prepared AgNPs against Staphylococcus aureus
ATCC® 43300™*  Escherichia coli ATCC® 8739™%*  Pseudomonas aeruginosa
ATCC® 27853™* and Klebsiella pneumoniae ATCC® 33495™* were 7.8, 1.9, 3.9 and
1.9 pg/ml, respectively. The in-vitro cytotoxicity on human lung fibroblast cells
demonstrated that green synthesized silver nanoparticles were nontoxic at the MIC. The
in-vivo study revealed that AgNPs loaded hydrogel presented an improved antibacterial
efficacy and wound healing effect, with normal skin appearance when compared with
silver sulfadiazine cream (Dermazin®). Conclusion: The present investigation suggests
that green synthesized silver nanoparticles are going to be a promising therapeutic
nontoxic antibacterial agent against MDR bacteria with improved wound healing efficacy.

Introduction

Multidrug-resistant

and ineffective treatment [3]. Methicillin-resistant
Staphylococcus  aureus,  Escherichia  coli,
Pseudomonas  aeruginosa and  Klebsiella

(MDR)  bacterial

pathogens' spread presents a serious health risk to
the human world with a significant impact on the
treatment of numerous infectious diseases [1,2].
This may be attributed to antibiotic overuse, as well
as production of biofilm by a microbial population
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pneumoniae are the most frequently seen
problematic MDR organisms which cause infections
in humans [4].
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Silver is a well-known antibacterial
therapeutic agent which is highly effective against
different types of bacteria, including some types
resistant to antibiotics [5]. Silver nanoparticles
(AgNPs) have a wide range of antibacterial action
against both Gram-positive and Gram- negative
microorganisms, restricted bacterial resistance, and
relatively low toxicity. AgNPs lead to bacterial
death via increasing the permeability of bacterial
membrane, penetrating into the cytoplasm,
denaturing bacterial proteins, and interfering with
DNA replication [6]. These activities are because of
the unique characteristics of nanoparticles such as
small particle size, particle morphology and large
surface area. Green synthesis of AgNPs is an
alternative technique for conventional
physicochemical approaches that has important
benefits, such as safety, environmental eco-friendly,
and economical availability, when compared with
chemical and physical synthesis techniques [7].
Among the phytochemical natural materials,
curcumin (Cr) has attracted significant interest. It
has been shown to have antibacterial, anticancer,
antiviral, antioxidant, and anti-inflammatory
activities [2]. Thus, utilization of curcumin
nanocrystals (CrNC) may improve water solubility ,
increase the theoretical yield of Cr and decrease the
hazards of the organic solvents in the process of
AgNPs green synthesis [8] .

Materials and Methods
Ethical approval

This study was approved by Local Ethics
Committee in the Faculty of Medicine, Assiut
University, Assiut, Egypt and conducted in
accordance with the provisions of the Declaration of
Helsinki involving human subjects and animal
experiments (Approval No. 17101414).

Materials and reagents

Cr (purity > 95%) was obtained from SD
Fine-Chem limited Mumbai India. Silver nitrate and
PluronicF-68 were purchased from Sigma-Aldrich
(St.  Louis, MO, USA). Hydroxypropyl
methylcellulose (HPMC), was purchased from
United Company for Chem. and Med. Prep., Egypt.
Mammalian cell lines: WI-38 (Normal human Lung
Fibroblast Cells) were obtained from the American
Type Culture Collection (ATCC, Rockville, MD).
The cells were transplanted onto RPMI-1640 media
with 10% inactivated fetal calf serum and 50 g/ml
gentamicin.

Bacterial strains

Staphylococcus aureus ATCC®
43300™*(mecA positive, SCCmec type II positive
and methicillin and oxacillin resistant), Escherichia
coli ATCC® 8739™#* Pseudomonas aeruginosa
ATCC® 27853™*(contained inducible AmpC beta
lactamase), Klebsiella pneumoniae ATCC®
33495™* were obtained from American type
culture collection (ATCC) from a microbiologic
company (USA).

Preparation of curcumin nanocrystals (CrNCs)

Curcumin nanosuspension was prepared
using antisolvent nanoprecipitation—ultrasonication
method using Pluronic F-68 as stabilizer at
concentration of 1 and 2% w/w [9,10].

Characterization of curcumin nanocrystals
(CrNCs)

Measurement of curcumin entrapment efficiency
percentage

By using an indirect method, the prepared
formulation's percentage of entrapment efficiency
was calculated by measuring free unentrapped
curcumin [11].

Measurement of particle size and zeta potential of
CrNCs

Mean particle size (nm) and polydispersity
index (PDI) were measured utilizing dynamic light
scattering method with a Zetasizer Nano ZS®
instrument (Malvern Instruments, Malvern, UK)®.
The zeta potential values were found using laser
doppler anemometry [12].

Green synthesis of AgNPs using CrNCs

A novel green chemistry synthesis
technique was displayed for AgNPs fabrication by
reducing silver nitrate (AgNO3) using an aqueous
solution of freeze-dried CrNCs[13].
Characterization of green synthesized AgNPs
(CrNCs-AgNPs)

Measurement of silver by inductively coupled
plasma atomic emission spectroscopy

The concentration of silver was assessed
using a Thermo Scientific ICAP 6200 DV
inductively coupled plasma—optical emission
spectrometer (ICP-OES) [14,15].

UV-visible spectrophotometry analysis of (CrNCs-
AgNPs)

The reduction of AgNO3 solution and
synthesis of AgNPs using CrNC solution was
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monitored by scanning the resulted suspension using
a Ultraviolet-Visible (UV-Vis) spectroscopy
(Thermo Scientific Evolution™ 300 UV-Vis
Spectrophotometer; Thermo Fisher Scientific,
Waltham, MA, USA) [15].

Transmission  electron  microscopy (TEM)
observations

A TEM micrograph of the AgNPs was
obtained using the JEOL TEM (Model 100 CX II;
Tokyo, Japan) [8].

Particle size and zeta potential measurements of
(CrNCs-AgNPs)

Dynamic light scattering was utilized to
measure mean particle size (nm) and polydispersity
index (PDI) with a Zetasizer Nano ZS ® instrument
(Malvern Instruments, Malvern, UK). Also, the
zeta-potential values were determined by a Malvern
Zetasizer Nanoseries ZS ® instrument using laser
doppler anemometry [12].

X-ray diffraction (X-RD) analysis

Crystallin feature of the developed AgNPs
synthesized using CrNCs was noticed exhibiting a
Philips X-ray diffractometer, model PW 1710
(Amsterdam, Netherlands), with CuK radiation ( =
1.5405 ), at voltage of 40 kV and current of 30 mA
that were applied for the operation [10].

Fourier-transform infrared analysis(FT-IR)

FT-IR spectra of Cr, CrNCs, synthesized
AgNPs powders were recorded employing
Shimadzu IR-470 spectrophotometer (Shimadzu,
Seisakusho Ltd, Kyoto, Japan) [16].

In-vitro antimicrobial susceptibility testing

Well diffusion method (Agar cup diffusion
method)

The antimicrobial activity was assessed for
AgNPs prepared using CrNCs as reducing agents
(CrNC-AgNPs) and compared with those prepared
using free Cr (Cr-AgNPs) against the bacterial
strains [17].
Disc diffusion method (Kirby-Bauer method) in
accordance with CLSI [18].

The suspension's turbidity was adjusted to
a bacterial density of 1.5 X 10® CFU/ml or 0.5
mcFarland, The appropriate  antimicrobial-
impregnated discs ( filter paper 8 mm, Whatman no.
3, impregnated for 2-3 hours for antibiotic disc)
were applied to the agar's surface one at a time.
2pg/ml vancomycin and 2.5pug/ml gentamicin used
as positive control [19].

Broth microdilution approach to determine the
MIC according to CLSI [18,20].

The antibacterial activity of the different
types of AgNPs compared by determining the
minimal inhibitory concentration (MIC) against
several bacterial strains. Serial two-fold dilutions of
each of AgNPs in concentration from 1000 to 0.9
pg/ml were put into a 96-well plastic microdilution
tray. Inoculum was prepared by growing reference
strains for 24 h in MH broth.

Time Kill curve (Effect of CrNC-AgNPs on
microbial growth Kkinetics)

The growth Kkinetics were studied of
bacterial strains in the presence and absence of
different concentrations of CrNC-AgNPs using the
96-well plate. Plots of each culture's growth curve at
varied nanoparticle concentrations were made
[4,21].

In-vitro cytotoxicity assay

The cytotoxic effects of CrNC-AgNPs
were tested on WI-38 cell lines (normal human lung
fibroblast cells). The cells were cultured in 96-well
plates and incubated for 24 hours. Then, different
concentrations of CrNC-AgNPs were added to
separate wells (three replicates). After 48 hours of
further incubation, the number of viable cells was
determined using the MTT assay. The optical
density of treated and untreated cells was measured
using a microplate reader. Cell viability was
calculated as a percentage using the formula: %
viability = (ODt/ODc) x 100%. ODt represents the
mean optical density of wells treated with the test
sample, and ODc represents the mean optical
density of untreated cells. The Graphpad Prism
software was used to calculate the cytotoxic
concentration (CC50) using the dose-response curve
[22,23].

Preparation of  CrNC-AgNPs
formulation:

In order to facilitate the topical application
of AgNs dispersion, hydrogel preparation was
fabricated using hydroxypropyl methylcellulose
(HPMC15000) as gelling polymer [24].

The  developed AgNPs  hydrogel
formulation (10 g) was evaluated visually for its
color and homogeneity and its viscosity was
measured utilizing a Brookfield DV-III ULTRA
programmable rheometer, model RV, T-bar with
number of spindle 96 (Brookfield Engineering
Laboratories, Inc., Middleboro, MA, USA) [24].

hydrogel
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In-vivo antibacterial activity

Twenty-five mature female mice were
purchased from the Faculty of Veterinary Medicine,
Assiut University, Egypt. Two doses 150 mg/kg
then 100 mg/kg of cyclophosphamide were
intraperitoneally administered into mice four days
and one day before infection [25]. Skin wounds were
made in a 1 cm? area without damaging the dermis
on the dorsal surfaces of mice using the abrasion
method. Five minutes following the wound, each
specified region was inoculated with an aliquot of
MRSA (Staphylococcus aureus ATCC® 43300T™*)
suspension (100ul of 108CFU/mL in phosphate-
buffered saline) using a micropipette tip. One day
after infection, the animals were separated into five
groups of five each, and each group was given the
specified treatment (0.5 g/d for 10 d). Group | was
the control (without any application), Group Il
received the blank hydrogel formulation (hydrogel
without drugs), Group Il received the marketed
silver cream (1%) (Dermazin®), group IV was
treated with the fabricated CrNCs, and group V was
treated with the fabricated CrNC-AgNPs hydrogel
(equivalent to 0.1% of silver). One day (before
treatment), three days (d), six days (d), nine days (d),
and eleven days (d) after infection, swab samples
were taken from the surface of the crossing
scratches. MRSA (CFU/mL) were counted
following serial dilution of the bacterial swab and
cultivation on mannitol salt agar, which was then
incubated for 24 hours at 37°C.

The wound area of each animal was
calculated on the first day of the experiment, and at
days 3, 6, 9 and 11 of post wounding using the ruler
daily. The percentage % of wound contraction was
calculated using the following equation:

Percentage % of wound contraction =
Wound area in the first day—Wound area in day x %100

Wound area in the first day

[25,26,27,28].
Histopathological examinations:

Intercellular and intracellular edema of the
epidermis, cutaneous edema, and inflammation
were assessed in skin sections stained by H&E
investigated under a light microscope and
photographed. Harris's hematoxylin and eosin was
used to produce and stain thin (5 m) paraffin slices
[25,26,27,28].

Statistical analysis

All the measurements were conducted in
triplicates and results were recorded as meanst

standard deviations (SD). The data was analyzed
using one-way analysis of variance (ANOVA)
followed by student t test. For tests, * p < 0.05 was
considered to be moderate significant, ** p-value <
0.01 was considered to be strong significant and ***
p-value < 0.001 was considered to be very strong
significant.
Results
Preparation of CrNCs

Table 1 shows that Cr-NC2 containing 2%
of Pluronic F-68 exhibited significant (p < 0.05)
smaller particle size and higher value of surface
charge (zeta potential). So, it was selected for the
development of AgNPs via the green chemistry
method.

Fabrication of CrNC-AgNPs

AgNPs were developed using stabilized
aqueous solution of CrNCs (containing highly
soluble flavonoid curcumin) as reducing agent. The
development of AgNPs was adopted by visual
monitoring of color changes from yellow color to
brown colloidal dispersion. The concentration of
AgNPs (1000pg/ml) stock colloidal solution was
measured using an inductively coupled plasma—
optical emission spectrometer (ICP-OES).

Characterization of green synthesized CrNC-
AgNPs

UV-visible spectrophotometry

The aqueous CrNCs showed maximum
absorbance at wavelength (Amax) of 440 nm, while
the colloidal dispersion of synthesized CrNC-
AgNPs showed Amax around 400 nm at different
time periods (0.5, 1 and 2h) after the production of
colloidal dispersion.

Particle size and zeta potential of CrNC-AgNPs

The mean particle size was found to be of
52.37 £ 1.03 nm. Also, AgNPs dispersion showed a
good monodispersity, suitable polydispersity index
(PDI) (0.34 + 0.063) and high value of zeta potential
(-18.3 £ 2.69 mV) (Tablel) which reveals the
stability of colloidal dispersion.

X-ray diffraction analysis

X- ray analysis was performed to confirm
crystallin structure of the produced AgNPs using
CrNCs as a phytochemical reducing agent. The
spectrum of synthesized AgNPs demonstrated
diffraction peaks at 38.92°, 44.26°, 64.54° and
77.32°. Also, the diffraction of Cr-NC revealed the
disappearance of characteristic diffraction peaks of
pure crystallin Cr (Figure 1).
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The FTIR study

The spectra of CrNCs and synthesized
AgNPs using CrNCs. The spectrum of AgNPs
showed strong peaks at 3370, 2920 and around
1640, corresponding to the functional groups of
amide C=0 (around 1640 cm—1), C-H stretch
(around 2920 cm—1) and O-H vibration stretch
(around 3370 cm—1). The FTIR result illustrates that
the freeze-dried CrNCs does not produce any new
absorption peak after silver reduction. The spectrum
of the NCs represents no characteristic bands of pure
Cr, proving that Cr changed to amorphous form (in
agreement with X-ray results).

Transmission electron
(TEM)observations

The images of TEM and the histogram of
AgNPs that developed utilizing CrNCs as reducing
agent is presented in (Figure 2 a and b). Figure 1.
(A): XRD patterns of AgNPs prepared using CrNC
as reducing agent, freeze dried CrNC and Free Cr.
(B): FTIR spectra of AgNPs synthesized using
CrNC as reducing agent, freeze dried CrNC and
Free Cr. Figure 2. TEM micrographs (a) and
particle size distribution histogram (b) of AgNPs
synthesized using CrNC as reducing agent.

In-vitro antimicrobial susceptibility testing

Well diffusion method (Agar cup diffusion
method)

All the bacterial strains that were examined
had distinct inhibition zones after being exposed to
1000-to 1.9 pg/mL of AgNPs (Table 2).

Disc diffusion method (kirby-Bauer method)

At concentration of 1000 pg/ml CrNC-
AgNPs formulation was more effective than Cr-
AgNPs against Staphylococcus aureus ATCC®
43300™*  Escherichia coli ATCC® 8739T™M*
Pseudomonas aeruginosa ATCC® 27853™%* and
Klebsiella pneumoniae ATCC® 33495™* with a
zone of inhibition of 19.3, 15, 15.3, 16.3mm,
respectively. The results show that the CrNC-
AgNPs exhibited an improved antibacterial effect
against all bacterial strains in dose dependent
manner (Table 3). Effect of CrNC-AgNP was more
than effect of vancomycin against Staphylococcus
aureus ATCC® 43300™*, and more than effect of
gentamicin against Escherichia coli ATCC®
8739™*  and more than effect of gentamicin
against  Pseudomonas  aeruginosa ATCC®
27853™* and less than effect of gentamicin against
Klebsiella  pneumoniae ATCC®  33495TM*
(Table 4).

microscopy

Broth microdilution method (MIC, MBC)

The results of antibacterial activity studies
illustrated that the developed CrNC-AgNPs shows a
broad-spectrum inhibitory effect against all tested
strains. Staphylococcus aureus ATCC® 43300T™*
was found to be the most resistant among the tested
strains with an MIC value of 7.8 pg/ml. Escherichia
coli ATCC® 8739™* and Klebsiella pneumoniae
ATCC® 33495™* were found to be most sensitive
among the examined strains with an MIC value of
1.9 and 1.9 pg/ml (Table 5).

Time kill curve (Performance of CrNC-AgNPs
on microbial growth kinetics)

The growth kinetics of bacterial strains in
the presence and absence of different concentrations
of CrNC-AgNPs were studied (Figure 3).

In-vitro cytotoxicity assay

Cell viability analysis exhibited that
exposure of the human fibroblasts to different
concentrations of CrNC-AgNPs (the highest MIC
value), did not produce any effects on the viability
of the normal cells comparing with untreated control
cells, proving that the prepared AgNPs are nontoxic
and biocompatible (Table 6). The MTT assay was
conducted after 48h of incubation of fibroblast
normal cells with CrNC-AgNPs at concentrations
ranged from 1 up to 500 pg/ml which include MIC
values (7.8, 1.9, 3.9 and 1.9 pg/ml ) of CrNC-
AgNPs against Staphylococcus aureus ATCC®
43300™*  Escherichia coli ATCC® 8739T™M*
Pseudomonas aeruginosa ATCC® 27853™%* and
Klebsiella pneumoniae  ATCC®  33495TM*,
respectively.

Figure 3. Growth Kkinetic curve of
Staphylococcus aureus ATCC® 43300T™*
Escherichia coli ATCC® 8739™3*  Pseudomonas
aeruginosa ATCC® 27853™%* and Klebsiella
pneumoniae ATCC® 33495T™* in the presence and
absence of different concentrations of CrNC-
AgNPs.

In-vivo antibacterial activity

Using female mice, the wound-healing
performance of CrNC and CrNC-AgNPs was
assessed. Representative mouse skin attrition
wounds were photographed each day at varied
intervals in all the study groups (Figure 4).
Comparing the groups who got marketed silver
cream and CrNC-AgNPs gel, the group that received
the latter showed a better efficiency in the healing of
the contaminated area (Figure 5). Both mice treated
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with blank gel and untreated animals bled pus from
their infected lesions. The mouse groups had an
average bacterial count of around 4x10°® CFU/mL
before the therapy (1 day) began (Figure 6) displays
the percentages of bacterial count in mice skin
abrasions (n=5) at different time intervals after daily
application of the topical treatment (as opposed to
the untreated control group). The mice group
receiving CrNC-AgNPs hydrogel demonstrated a
significantly (P <0.001) quicker and better decrease
in bacterial growth than the other groups over the
course of the 11-day treatment period. The skin
treated with CrNC-AgNPs hydrogel showed 18% of
the bacterial count in the control untreated skin in
the first bacterial swab assay after the
commencement of the therapy, compared to 33.5%
and 92% for the groups that received marketed silver
cream (Dermazin®) and blank hydrogel,
respectively (3d). In the most recent bacterial swab
evaluation (11d), the skin treated with CrNC-AgNPs
hydrogel revealed 1.3% of the bacterial count in the
control untreated skin, whereas the groups that
treated with CrNC hydrogel, marketed silver cream
(Dermazin®) and blank hydrogel exhibited 21, 20
and 50 percent of the bacterial count, respectively,
in the control untreated skin and in comparison to
the mice group that received marketed silver cream
(Dermazin®) and CrNC hydrogel, the CrNC-
AgNPs hydrogel group significantly (P <0.001)
reduced bacterial growth more quickly and
effectively. The CrNC-AgNPs hydrogel treated
mice group demonstrated a significantly (P <0.001)
quicker and superior reduction in bacterial growth
than the group control, which was very significant.
Histological examination

The H&E stained sections of wounded
areas of all groups were examined to evaluate the
histological features of healing rates in each group.
It was observed that compared to lack of complete
epithelization, presence of surface exudate and

shredded cells mixed with bacterial aggregation
with features of inflammatory cells in the wound
base (wounded untreated) (G1). The treated groups
(medicinal medication and CrNC hydrogel) (G3,
G4) showed complete but hyperplastic surface
epithelization and decreased inflammatory reactions
in the wound base. In the group treated with CrNC-
AgNPs (G5), thin epithelization; nearly similar to
control, was observed. The wound base showed
normal collagen and fibroblasts and absence of
inflammatory cells. Primordial hair follicles as a
feature of hair growth could be observed in the
wounded area treated with CrNC-AgNPs (Figure
7).

Figure 4. A series of images over time of
MRSA-infected skin abrasion wounds on
representative mice. First group as control
(untreated), second group treated with blank
hydrogel, third group treated with commercial silver
(1%) (Dermazin®), fourth group treated with CrNC
gel and fifth group treated with CrNC-AgNPs
hydrogel (0.1%). Figure 5. Percentages of the
wound contraction in the examined different groups:
First group as control (untreated), second group
treated with blank hydrogel, third group treated with
commercial silver (1%) (Dermazin®) and fourth
group treated with CrNC-AgNPs hydrogel (0.1%)
indays 1, 3, 6, 9 and 11. Figure 6. Bacterial counts
expressed as a proportion of the bacterial counts in
the control, untreated mice group were found in the
infected scratch wounds of several mouse groups at
various time points. First group as control
(untreated), second group treated with blank
hydrogel, third group treated with commercial silver
(1%) (Dermazin®) and fourth group treated with
CrNC-AgNPs hydrogel (0.1%).

Figure 7. Gross picture to wounded area in
different groups to show the healing rate, notice the
most response is in treated groups (D, E) with most
effective in group E (CrNC-AgNPs).

Table 1. Characterization of the fabricated AgNPs and CrNCs dispersions for particle size, PDI and zeta

potential
Formulation Particle size PDI Zeta potential
Cr-NC1* 201.13 +21.87 0.29 +0.049 -4.95 + 1.60
Cr-NC2# 196.03 £ 2.31 0.28 £ 0.026 -17.46 +£1.31
G-AgNPs** 52.37 £1.03 0.34+0.063 -18.3 £ 2.69
C-AgNPs ## 46.56 + 6.20 0.30 + 0.087 -19.06 + 2.86

*Curcumin Nanocrystals contains Pluronic F-68 as stabilizer 1%w/v
# Curcumin Nanocrystals contains Pluronic F-68 as stabilizer 2 %wi/v

** Silver nanoparticles fabricated by green synthesis using Cr-NC
## Silver nanoparticles as a control
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Table 2. Evaluation of antibacterial activity of different concentrations of Cr-AgNPs and CrNC-AgNPs against
Staphylococcus aureus ATCC® 43300™*, Escherichia coli ATCC® 8739™*  Pseudomonas aeruginosa
ATCC® 27853™* and Klebsiella pneumoniae ATCC® 33495™* by agar well diffusion

Microorganism Conc. Of Mean of Zone Mean of Zone diameter of | p.value
antimicrobial agent diameter of Cr-AgNPs | CrNC-AgNPs + SD (mm)
(ng/ml) = SD (mm) (n=3) (n=3)
Staphylococcus 1000 19.3+£0.7 24.3+0.6 <0.001
aureus ATCC® 500 18+ 0.5 23+ 0.7 <0.001
43300T™* 250 16.6+ 0.5 22+ 0.5 <0.001
125 14.6+ 0.6 21+ 0.6 <0.001
62.5 11.6+£0.7 20.3£0.8 <0.001
31.2 0 18.3+0.2 <0.001
15 0 19.6+£ 0.5 <0.001
7.8 0 17+04 <0.001
39 0 0
1.9 0 0
Escherichia coli 1000 18.6+ 0.4 22.6+0.2 <0.001
ATCC® 8739™* 500 17.6+£ 0.5 22+ 0.3 <0.01
250 17+£0.4 20.6x 1 <0.001
125 143+ 0.4 20.3£ 0.5 <0.001
62.5 0 19+ 1 <0.001
31.2 0 18.6+ 0.5 <0.001
15 0 17.6+0.8 <0.001
7.8 0 15.3+0.7 <0.001
3.9 0 12+ 0.6 <0.001
1.9 0 10+ 0.5 <0.001
Pseudomonas 1000 17.3+£0.3 24.3+£0.3 <0.001
aeruginosa ATCC® 500 15.6+£0.4 21.6+0.1 <0.001
27853T™* 250 15.1+ 0.6 19.3+ 0.6 <0.001
125 12.3£ 0.5 18.6+ 0.5 <0.001
62.5 0 18.3+0.3 <0.001
31.2 0 17.3+ 0.4 <0.001
15 0 17.3+0.5 <0.001
7.8 0 17+ 0.3 <0.001
3.9 0 17+ 0.3 <0.001
1.9 0 4.6+ 0.6 <0.001
Klebsiella 1000 16.6+£ 0.4 22.3£0.8 <0.001
pneumoniae ATCC® | 500 156+ 1 20.3£0.5 <0.01
33495 250 15+ 1 20+ 0.2 <0.01
125 143+ 0.2 20.3£0.2 <0.001
62.5 0 19.3+0.5 <0.001
31.2 0 19+ 0.3 <0.001
15 0 15+ 1 <0.001
7.8 0 14+ 0.2 <0.001
3.9 0 13+ 0.4 <0.001
1.9 0 10+ 0.2

Note: p-value < 0.01 was considered to be strong significant and p-value < 0.001 was considered to be very strong significant.
Abbreviations: Cr-AgNPs silver nanoparticles prepared using free curcumin, CrNC-AgNPs silver nanoparticles prepared using freeze

dried curcumin nanocrystal, SD standard deviation.
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Table 3. Evaluation of antibacterial activity of different concentrations of Cr-AgNPs and CrNC-AgNPs against

Staphylococcus aureus ATCC® 43300™*, Escherichia coli ATCC® 8739™*_ Pseudomonas aeruginosa

ATCC® 27853™* and Klebsiella pneumoniae ATCC® 33495™* py agar disc diffusion

Microorganism Conc. Of antimicrobial Mean of Zone diameter Mean of Zone diameter of p.value
agent (ug/ml) of Cr-AgNPs £ SD (mm) CrNC-AgNPs + SD (mm)
(n=3) (n=3)
Staphylococcus aureus 1000 15+ 19.3+ <0.001
ATCC® 43300™* 500 14+ 1 17£05 <0.01
250 12.3+0.2 14+ 05 <0.01
125 0 7+1 <0.001
62.5 0 0
31.2 0 0
15 0 0
7.8 0 0
3.9 0 0
1.9 0 0
Escherichia coli 1000 12+ 0.7 15+ 0.2 <0.01
ATCC® 8739™* 500 10.6+ 0.5 14+ 0.6 <0.01
250 0 12.3+0.7 <0.001
125 0 11.3+0.3 <0.001
62.5 0 0
31.2 0 0
15 0 0
7.8 0 0
3.9 0 0
1.9 0 0
Pseudomonas aeruginosa 1000 11.3+ 0.4 15.3+ 0.3 <0.01
ATCC® 27853™* 500 7£0.4 14.3+0.1 <0.001
250 0 13.3+ 0.4 <0.001
125 0 11+ 0.5 <0.001
62.5 0 0
31.2 0 0
15 0 0
7.8 0 0
3.9 0 0
1.9 0 0
Klebsiella pneumoniae 1000 12+0.1 16.3+£0.2 <0.001
ATCC® 33495mM* 500 11.3+ 0.6 16+ 0.8 <0.01
250 10.6x 1 15.3+ 0.6 <0.01
125 0 14+£0.5 <0.001
62.5 0 10+ 0.5 <0.001
31.2 0 0
15 0 0
7.8 0 0
3.9 0 0
1.9 0 0

Note: p-value < 0.01 was considered to be strong significant and p-value < 0.001 was considered to be very strong significant.
Abbreviations: Cr-AgNPs silver nanoparticles prepared using free curcumin, CrNC-AgNPs silver nanoparticles prepared using freeze
dried curcumin nanocrystal, SD standard deviation
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Table 4. Comparison between antibacterial effect of CrNC and CrNC-AgNPs with antibiotics effect
Microorganism Zone of inhibition £ SD (mm) (n=3) p.value 1 p.value 2
(CrNCand | (CrNC-
Blank Free-Cr AB (2ug/ml CrNC CrNC-AgNP | antibiotic) AgNPs and
vancomycin and antibiotic)
2.5ug/ml gentamicin)
Staphylococcus aureus | O 10 19+1 17.8+0.8 20 +1 (p>0.05) (p > 0.05)
ATCC® 43300T™*
Escherichia coli 0 12 17 £0.7 18 +0.4 18 +0.5 (p>0.05) (p > 0.05)
ATCC® 8739™™*
Pseudomonas 0 115 18 £0.5 18 +0.4 20 £1 (p>0.05) (p <0.05)
aeruginosa ATCC®
27853T™*
Klebsiella pneumoniae | 0 11 17 +0.5 16+1 17 £2 (p>0.05) (p > 0.05)
ATCC® 33495T™*

Note: * p < 0.05 was considered to be moderate significant,
Abbreviations: CrNC curcumin nanocrystal, CrNC-AgNPs silver nanoparticles prepared using freeze dried curcumin nanocrystal, SD

standard deviation.

Vancomycin for Staphylococcus aureus ATCC® 43300T™*
Gentamicin for Escherichia coli ATCC® 8739™* Pseudomonas aeruginosa ATCC® 27853™* and Klebsiella pneumoniae ATCC®

33495™™*

Table 5. Broth microdilution method used to determine MIC and MBC of Cr-AgNPs and CrNC-AgNPs
dispersions against Staphylococcus aureus ATCC® 43300™* Escherichia coli ATCC® 8739T*
Pseudomonas aeruginosa ATCC® 27853™* and Klebsiella pneumoniae ATCC® 33495T™*

Antimicrobi MIC pg/ml MBC pg/mi
al agent
Staphylococc | Escherichi | Pseudomon | Klebsiella | Staphylococc | Escherichi | Pseudomon | Klebsiella
us aureus acoli as pneumoni | us aureus acoli as pneumoniae
ATCC® ATCC® aeruginosa | ae ATCC® ATCC® aeruginosa | ATCC®
43300™™* 8739T™* ATCC® ATCC® 43300™™* 8739T™* ATCC® 33495T™*
27853T™* 33495T™* 27853™*
Cr-AgNPs 125 125 250 250 125 250 250 500
CrNC- 7.8 1.9 3.9 1.9 7.8 1.9 3.9 3.9
AgNP
p.value P P P P P P P P
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Note: p-value < 0.001 was considered to be very strong significant.

Abbreviations: Cr-AgNPs silver nanoparticles prepared using free curcumin, CrNC-AgNPs silver nanoparticles prepared using freeze

dried curcumin nanocrystal.

Table 6. Cytotoxicity test of CrNC-AgNPs using human lung fibroblast normal cells

Sample conc. (ug/ml) Viability % Inhibitory % S.D. (1)
500 5.97 94.03 0.51
250 15.28 84.72 0.96
125 37.52 62.48 1.74
62.5 56.04 43.96 2.18
31.25 79.13 20.87 1.59
15.6 92.38 7.62 0.64
7.8 97.16 2.84 0.82
3.9 100 0

2 100 0

1 100 0

0 100 0

Note: MICs of CrNC-AgNPs against Staphylococcus aureus ATCC® 43300™*, Escherichia coli ATCC® 8739™*_ Pseudomonas

aeruginosa ATCC® 27853™* and Klebsiella pneumoniae ATCC® 33495™* were 7.8, 1.9, 3.9 and 1.9 respectively
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Figure 1. (A): XRD patterns of AgNPs prepared using Cr-NC as reducing agent, Freeze dried Cr-NC and Free
Cr. (B): FTIR spectra of AgNPs synthesized using Cr-NC as reducing agent, freeze dried Cr-NC and Free Cr.
Origin-2018 software was used to prepare this graph
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Figure 2. TEM micrographs (a) and particle size distribution histogram (b) of AgNPs synthesized using
Cr-NC as reducing agent
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Figure 3. Growth kinetics curve of Staphylococcus aureus (A), Escherichia coli(B), Pseudomonas
aeruginosa(C) and Klebsiella pneumoniae(D) in presence and absence of different concentrations of CrNC-
AgNPs
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Figure 4. A series of images over time of MRSA-infected skin abrasion wounds on representative mice. First

group as control G1(untreated), second group G2 (treated with blank hydrogel), third group G3 (treated with
commercial silver sulfadiazine (1%)), fourth group G4 (treated with Cr-NC gel) and fifth G5 group (treated

with CrNC-AgNPs hydrogel (0.1%)) .
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Figure 5. Percentages of the wound contraction in four different groups: First group as control (untreated),
second group (treated with blank hydrogel), third group (treated with commercial silver sulfadiazine (1%)),
fourth group (treated with CR-NC (1 %) hydrogel) and fifth group (treated with CrNC-AgNPs hydrogel
(0.1%)) indays 1, 3,6, 9 and 11

Bcontrol mBlank gel iosilver sulphadiazin ®BCrNC-AgNPs mCr-NC
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20
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Figure 6. Bacterial counts expressed as a proportion of the bacterial counts in the control, untreated mice group
were found in the infected abrasion wounds of several mouse groups at various time points. First group as
control (untreated), second group (treated with blank hydrogel), third group (treated with commercial silver
sulfadiazine (1%)) and fourth group (treated with CrNC-AgNPs hydrogel (0.1%)).
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Figure 7. Gross picture to wounded area in different groups to show the healing rate notice the most response
isin treated groups (D,E) with most effective in group E (CrNC-AgNPs).

Discussion

Curcumin was formulated as freeze-dried
nanocrystals with Pluronic F-68 as a stabilizer at a
concentration of 2%wi/v. These nanocrystals were
used as a reducing agent to develop AgNPs through
green synthesis [29]. The synthesized AgNPs have
desirable characteristics and high acceptable yield
which indicate the efficiency of Cr freeze dried
nanocrystals to reduce silver nitrate in an aqueous
solution forming AgNPs. Therefore, CrNC could be
utilized as promising reducing agents for AgNPs
fabrication via green chemistry approach.

The antibacterial effect of CrNC-AgNPs
against the MDR bacterial strains was investigated
using the agar well diffusion method. Pseudomonas
aeruginosa ATCC® 27853TM* was shown to have
the highest resistance pattern with a mean minimum
inhibition zone of 18.6mm for CrNC-AgNPs at
concentration 125 pg/ml. Staphylococcus aureus
ATCC® 43300™* was found to be most sensitive
with a mean maximum inhibition zone of 21mm for
CrNC-AgNPs at concentration 125 pg/ml.  Qais,
Shafiq et al. used Murraya koenigii in synthesis of
AgNPs, they found that the most resistant
microorganism was methicillin-sensitive S. aureus
(MSSA2)with a minimum inhibition zone of 16mm
for MK-AgNPs at 100pug/ml. E. coli was found to
exhibit a maximum inhibition zone of 21mm [4].
Another study by Hetta, Al-Kadmy et al. used

50pg/ml of AgNPs against two hundred isolates of
multidrug resistant Acinetobacter baumannii, they
found that AgNPs produced inhibition zone in all the
previously tested bacterial strains (mean 16mm )
[21].

CrNC-AgNPs  exhibit  broad-spectrum
antibacterial activity, surpassing that of Cr-AgNPs.
The (MICs) of CrNC-AgNPs against tested bacterial
strains were 7.8, 1.9, 3.9, and 1.9 g/mL. for
Staphylococcus aureus ATCC®  43300™™%*,
Escherichia coli ATCC® 8739™%*  Pseudomonas
aeruginosa ATCC® 27853™* and Klebsiella
pneumoniae ATCC® 33495T™%* respectively.

As concluded by Qais, Shafiq et al., the
MIC for MK-AgNPs against MRSA was measured
to be 32 pg/ml. E.coli was found to be most
sensitive among the examined strains with an MIC
value of 16 pg/ml, while extended-spectrum f-
lactamase-producing E. coli (ECESpL) was found to
have high resistance behavior against AgNPs with
an MIC value of 64 pg/ml [4]. Similar outcomes
have been reported in the past, when AgNPs
synthesized utilizing eucalyptus globulus were
shown to exhibit MIC and MBC values against E.
coli of 36 and 42 g/ml [32,33]. Additionally, against
methicillin-resistant S. aureus, Ansari and
Alzohairy investigated MIC and MBC values of
AgNPs generated by green synthesis method using
phoenix dactylifera seed extracts, and it was found
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to be 10.67 and 17.33 g/ml,respectively for MRSA
[34] . These differences could be caused by the
various inherent tolerance levels of the test strains
employed in the analysis, the size and features of the
nanoparticles, and the methodologies used for
measuring the MIC and MBC.

In similar study, Jaiswal and Mishra, used
free Cr in synthesis of AgNPs, they discovered that
Cr-AgNPs displayed improved antibacterial activity
as seen by MIC values in the range of 2.5-10 mg/L,
indicating increased antibacterial efficacy, as
opposed to AgNPs manufactured using a chemical
synthesis strategy, which showed MIC in the range
of 10-15 mg/L. The most susceptible strain was
identified as B. subtilis ATCC 6633, which also had
the lowest MIC (2.5 mg/L), whereas the least
susceptible strain was identified as P. aeruginosa
ATCC 14886, which had the highest MIC (10
mg/L). Intermediate MIC values (5 mg/L) were
found for E. coli ATCC 25922 and S. aureus ATCC
9144 [20].

Qais, Shafiqg et al. investigated that the
main concept of the enhanced antibacterial activity
of AgNPs is related to the synergistic effect between
AgNPs and natural herbal products [4]. According
to Cardozo et al., the combination of phenazine-1-
carboxamide and AgNPs improved the antibacterial
efficacy against MRSA strains by 32-fold and
changed the morphology of bacterial cell walls
[35,36].

In the presence of CrNC-AgNPs at
different concentrations, the growth curves of the
tested strains showed three stages: lag phase,
exponential phase, and stabilization phase. No
decrease in growth was observed. Without CrNC-
AgNPs, the bacteria quickly entered the exponential
phase. However, when exposed to concentrations
equal to or above the (MIC) of CrNC-AgNPs, the
bacteria experienced a delay in growth, which
became more pronounced with increasing
concentrations. As concluded by Jaiswal and
Mishra, when 10° CFU/ml bacterial cells were
incubated with examined antibacterial compound
(Cr-AgNPs, AgNPs, free Cr, AgNO3and
antibiotics), the results showed that the growth rate
of bacteria was decreased as compared to the
control. Except free Cr, all other samples exhibited
complete inhibition after 5-6 h. While, free Cr
showed limited growth in all strains but it was not
completely inhibited as obtained in the case of using
Cr-AgNPs [20].

In this study the biocompatibility of CrNC-
AgNPs was examined displaying the normal human
lung fibroblast cells , CrNC-AgNPs at concentration
of MIC cell viability remained higher than 97%.
These observations were in matching with those
obtained in previous works, where a significant (p <
0.05) reduction in cell viability was obtained for
AgNPs at higher concentrations [37]. Jaiswal and
Mishra used the MTT test to determine the
preferential toxicity of Cr-AgNPs towards bacterial
cells over mammalian cells in human skin
keratinocytes [38]. They found that Cr-AgNPs
showed cytotoxic concentration on the human
normal cells much higher than MIC against bacteria.
The selective toxicity of the AgNPs towards
bacterial inhibition suggests improved safety of the
produced nanoparticles for human cells and is
harmful against bacterial cells [39]. They
investigated the safe application of AgNPs as
antibacterial agents in external wound dressing
without harm to skin keratinocytes. In our study, the
mice group that received CrNC-AgNPs hydrogel
demonstrated a considerably very strong significant
(P <.001), faster and superior reduction in bacterial
growth as compared with the group treated with the
marketed silver cream (Dermazin®). Nearly similar
results have been reported by Mekkawy, El-
Mokhtar et al., they synthesized AgNPs by silver
nitrate biological reduction using extract of the
fungus Fusarium verticillioides (green chemistry
approach), the mice group received 0.1% AgNPs
hydrogel demonstrated quicker and better decrease
in bacterial growth over the 15-day treatment period.
In the first bacterial swab analysis after starting the
therapy, the AgNPs hydrogel-treated skin had a
bacterial count of 20.5% of the untreated control
skin, compared to 44.7% and 94.5% for the maketed
silver cream (Dermazin®) and blank hydrogel
treated groups, respectively (3d)[25]. Another study
reported wound management applications of AgNPs
loaded bacterial cellulose hydrogels. They
concluded that these novel dressings showed
antimicrobial effects against Staphylococcus
aureus, Pseudomonas aeruginosa, and Candida
auris, which are the three common wound-infecting
pathogenic microorganisms [40].
Conclusion

A green synthesis method used to create
AgNPs using Cr and CrNCs as a reducing agent.
The resulting CrNC-AgNPs had a spherical shape,
were evenly distributed, and had a small size. The
synthesized CrNC-AgNPs demonstrated high
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antibacterial activity against various bacteria,
compared with Cr-AgNPs. The CrNC-AgNPs had
low MICs against the bacteria, effectively reducing
their growth. The study also developed a hydrogel
using the CrNC-AgNP, which showed superior
antibacterial and wound healing properties
compared to a commercially available silver cream.
Overall, the green-synthesized nanoparticles have
great potential as non-toxic antibacterial agents with
excellent wound healing capabilities.
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