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Abstract

This study aimed to evaluate the in-vitro and in-vivo biological activities of newly synthesized
nanochelating based silver nanoparticles (AgNPs) in mouse model. Nanochelating technology
was used to design and synthesize the AgNPs. The animals studies were including the lethal dose
(LD50) determination by the intraperitoneal administration in mice, and determination of liver
enzymes levels and hematological parameters. Flow cytometry analysis was used to quantitatively
determine apoptosis and necrotic cells in-vitro. The NPs A and NPs B have LD50 = 250 mg/kg
and LD50 = 350 mg/kg, respectively and classified as non-toxic. In general, minor alterations
were observed in levels of liver enzymes as indicative of liver damage. For blood parameters
several factors associated with significant changes in AgNPs treated animals. Regarding animals
weight, combination therapy showed more effective to maintain animals weight losses after
infection. Flow cytometry results showed that AgNPs induced cell apoptosis-necrosis depends
on AgNP size, concentration and exposure time. Cells damage due to AgNPs (A) with lower
size (20-25 nm) were relatively more than cells exposed to AgNPs (B) (30-35 nm). The findings
support the potent antibacterial activities of nanochelating based AgNPs. Also, the present study
showed that nanochelating based AgNPs induce a moderate level of apoptosis/necrosis in mice,
and affected several clinical parameters like blood parameters, liver enzymes, and body weight
with no definite signs of toxicity.
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Introduction

Hospital-acquired infections (HIs) are a
widespread problem that currently presents
in healthcare environments, occurring in
approximately 4 to 10 percent of hospitalized
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patients annually (1). Multiple-drug-resistant
(MDR) bacteria including methicillin-
resistant Staphylococcus aureus (MRSA),
vancomycin-resistant  enterococci  (VRE),
extended-spectrum beta-lactamase (ESBLs)
producing Enterobacteriaceae, Pseudomonas
aeruginosa, and Acinetobacter baumannii
(A. baumannii) are the main causes of Hls
(2-6). In the recent years due to uncontrolled
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use of antibiotics and development of various
antibiotic resistance mechanisms, increasing
trend of antibiotic resistance in bacterial
strains become one of the major threats to
human health (7-9). Moreover, the majority of
MDR infections require prolonged antibiotic
treatment that is associated with increased
hospitalization and health-care costs (10-12).

The antibiotic resistance challenging
and dynamic pattern of infectious diseases
indicating that there is a serious need to
develop new therapeutics options which can
overcome drug resistance (13). Non-traditional
antibacterial agents such as antibody-based
therapeutics and metal-based nanoparticles
(NPs)areamongthe mostinterestingalternative
to overcome the antibiotic resistance problem
in pathogenic microorganisms (14). NPs are
now considered as a practical alternative to
antibiotics and seems to have a high potential
capability to solve the emergence of MDR
bacteria (15). Antimicrobial NPs offer many
distinct advantages in reducing acute toxicity,
overcoming resistance, lowering cost, targeted
delivery, combinatorial antibiotic delivery,
and nanoparticle-based bacterial detection
when compared to conventional antibiotics
(16). In particular, silver nanoparticles
(AgNPs), which has an ancient history as an
antimicrobial agent and showed antiseptic and
antibacterial properties against a wide range of
Gram-positive and -negative bacteria (14, 15).

The use of combination strategies to
overcome antibiotic resistance is slowly finding
its way as a promising attempt to reduce the
number of antibiotics to be administered,
generate synergistic effects, and counteract
antibiotic resistance (14, 17 and 18). In this
regard, NPs offer unique properties to increase
combinatorial antibiotic delivery and numerous
applications have been studied to address a
variety of bacterial infections. For example,
NPs capped or in combination with existing
antibiotics indicate enhanced antibacterial
activities against resistant bacteria compared to
antibiotics and NPs alone (16, 19).

Because of the significant increase in
antimicrobial resistance among common
bacterial pathogens in this study for the first time
we investigated the in-vitro and in-vivo biological
activities of newly synthesized nanochelating
based AgNPs against infected mice.
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Experimental
Synthesis of AgNPs
This in-vivo case-control study was
performed  using  Nanochelating  based

technology provided by the Sodour Ahrar
Shargh Co. to design and synthesize the AgNPs,
a method for producing chelate compounds was
registered at US20120100372A1 in the United
States Patent Office (20). Self-assembly method
has been applied to produce AgNPs as described
previously in our published work (21). Based on
electron microscopy assay the mean size of two
synthesized AgNPs were about 20-25 nm for
NPs (A), and 30-35 nm for NPs (B) (21).

Structural analysis

Structures of two synthesized AgNPs have
been investigated by X-Ray Diffraction (XRD)
analysis. The dry powder of them are used for
XRD analysis. The diffracted intensities were
recorded from 20 °C-80 °C at 2 theta angles.
XRD analysis was conducted by the Philips
X’Pert MPD (Philips, Netherlands) at Tarbiat
Modares University.

Evaluation of cytotoxicity

To assess the probable toxicity of
synthesized AgNPs standard tests for
evaluating the median lethal dose (LD50)
were carried out according to the Organization
for Economic Co-operation and Development
guidelines (OECD, guideline 420) in the
School of Pharmacy at Tehran University of
Medical Sciences (22, 23).

Bacterial strains

The used strains were a Gram-positive and
-negative bacteria including Staphylococcus
aureus (S. aureus) ATCC 25923, and A.
baumannii ATCC 19606, respectively. All
bacterial strains were obtained from the Institute
of Pastor Technology (Tehran, Iran). The
strains were recovered from stocks by cultured
overnight at 37 °C under aerobic conditions in
tryptic soy agar (TSA) plates containing 5%
defibrinated sheep blood (Merck, Germany).

Animals

Six to eight-weeks-old male Wistar albino
rats (Weight 200 + 10 g) were obtained from
the Pasteur Institute of Iran. All the animal



studies were conducted according to the
relevant national and international guidelines
of Shahid Beheshti University of Medical
Sciences (24). All the mice were maintained
in large group houses under temperature 25 +
2 °C and 12-hour dark/light cycles with proper
access to food and water.

In-vivo experimental design

Animals were divided into 22 groups, 6
mice in each group. Mice were shaved on the
back and injected intradermally with 10 pL of S.
aureus (groups Al to F1) and A. baumannii (A2
to F2) with a final concentration of 1 x 107 CFUs
using a sterile insulin syringe. At 24 h after the
first injection, mice treated with 0.1 mg kg! and
0.01 mg kg' NPs alone and simultaneously with
vancomycin (1 mg kg') and colistin (15 mg kg
') via intravenous injection (tail vein) (25). The
vancomycin, and colistin antibiotics powder
purchased from Sigma-Aldrich, USA. At first
and tenth day of the experiment, blood was
drawn from animals and serum was separated
by centrifugation (3000 rpm for 20 min). Then,
concentrations of liver enzymes, including
ALT, and AST were determined using marketed
reagent Kkits (Pars Azmoon, Tehran, Iran).
Hematological parameters including white blood
cells (WBCs), red blood cells (RBCs), mean
corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), red cell distribution width
(RDW), platelets (PLT), mean platelet volume
(MPV), and platelet distribution width (PDW)
were determinate using a BC3000 MINDRAY
automated hematology analyzer (Mindray,
China). Animals were weighed twice prior of
injections and at the end of experiments.

In-vitro cell viability assay

Flow cytometry analysis was used to
quantitatively determine apoptosis and necrotic
cell population induced by AgNPs in L929
mouse fibroblast cell lines was purchased from
the Pasteur Institute, Tehran, Iran (26). Cells
were grown as monolayer cultures in Dulbecco’s
Modified Eagle’s Medium (DMEM; Bioidea,
Iran), culture medium supplemented with 10%
fetal bovine serum (FBS; Gibco, USA), and 1%
antibiotics (100 IU/mL penicillin, and 100 pg/
mL streptomycin; Bioidea, Iran). Cell lines were
maintained at 37 °C with 5% CO2 atmosphere
and 95% humidity. Cells were routinely sub-
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cultured when they reached 80% confluency.
The passage number of all used cells was
less than 10. Forward scatter characteristics
(FSC-A) and side scatter characteristics
(SSC-A) plots were used to set up the gates
to distinguish between NPs and cells. Briefly,
the cells were treated with 0.1 and 0.01 pg/mL
AgNPs for 24 and 48 h in a 96-well plate at
the density of 10,000 cells per well. After the
incubation period, the cells were detached,
centrifuged 10 min at 1800 rpm, washed and
stained with Annexin V and propidium iodide
(PI) using apoptosis detection kit according to
the manufacturer’s protocol (BD Bioscience,
USA) (27). In each panel the lower left
quadrant shows cells which are negative for
both Annexin V and PI staining, upper left
quadrant shows necrotic cells that stained only
with PI. The lower right quadrant shows early
apoptotic cells stained with Annexin V, and
the upper right quadrant shows late apoptosis
cells stained with both Annexin V and PI. All
analyses were performed on a FACSCalibur
(BD Biosciences, USA) flow cytometer. All
experiments were performed in duplicate, and
the data were analyzed by FlowJo software,
version 7.6.1 (Tree Star, USA).

Statistical analysis

The results are presented as descriptive
statistics in terms of relative frequency. Values
were expressed as the mean + standard deviation
(continuous variables) or percentages of the
group (categorical variables). Kruskal-Wallis
test and Tukey’s post hoc test was used to assess
inter-group comparison of variables by SPSS ver.
21.0 (IBM Co., Armonk, NY, USA) software.
P-value < 0.05 was considered as significant.

Results

LD50 assay

The toxicity report showed that intraperitoneal
LD50 of synthesized nanoparticles for mice
was 250 mg/kg and 350 mg/kg in A and B,
respectively. Thus, these NPs were classified as
non-toxic (Figure 1).

XRD characterizations of nanoparticles

As it can be seen in XRD spectrum of sample
A in Figure 2, the highest peaks are at angles
© = 322 and then © = 802. These two peaks



Hoseini-Alfatemi SM et al. / 1JPR (2020), 19 (2): 207-218

Acute toxicity of AgNPs (A) when administrated intraperitoneally to mice

Acute toxicity of AgNPs (B) when administrated intraperitoneally to mice

Mortality (%) | Mortality (%) | Mortality (%) | Mortality (%) Group A Dose (mg/Ke) Mortality (%) | Mortality (%) | Mortality (%] | Mortality (%)
Group A Dose (mg/Kg) After 24 hours | After 48 hours | After 72 hours | Up to 14 days After 24 hours | After 48 hours | After 72 hours | Up to 14 days
1 2000 100 0 ) 100 1 2000 80 20 0 100
2 1000 100 0 0 100 2 1000 60 0 0 100
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4 400 100 0 0 100 4 400 60 0 0 100
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Figure 1. The evaluation of lethal dose (LD50) of AgNPs when administrated intraperitoneal in mic. As it is shown in the graph,
nanoparticle A and nanoparticle B have LD50 = 250 mg/kg and LD50 = 350 mg/kg, respectively. This test is done on 9 mice groups
of 5 according to protocol of the Organization for Economic Cooperation and Development (OECD).

are distinguishing indices of nano structure
A, while in XRD spectrum of sample B, the
highest peak is at angle © = 352 with a higher
intensity than sample A. No peak is observed
in the range of © = 802. The most important

The summarized results of XRD analysis

distinguishing indices of these two structures
are peak positions © = 802 and © = 322 in nano
structure A, which are absent in nano structure
B and also the absence of peaks in the range of
© =652 and © = 372 in sample A.
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Figure 2. X-Ray diffraction (XRD) analysis of AgNPs. XRD was used to analysis the structure characterization of two synthesized

AgNPs. (A) results of AgNPs (A); (B) results of AgNPs (B).
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In-vivo assay

In general, minor alterations were
observed in clinical chemistry parameters
including the level of ALT, and AST as an
indicator for liver damages (Table 1). These
parameters showed a dose-dependent effect
since the elevation of chemistry parameters

Cytotoxicity of Nanochelating Based AgNPs

with reduction of injection dose (0.1 to 0.01
mg kg') was decreased. Moreover, significant
synergetic effects observed when antibiotics
administrated with NPs. A significant lower
liver damage was seen in groups treated with
AgNPs (A) indicated in their better activity
compared to AgNPs (B).

Table 1. Effects of AgNPs treatment on levels of ALT, AST, and weight of studied animals.

ALT (Unit/L) AST (Unit/L) Weight (gram)
Groups Variables
1t day 10" day 1%t day 10" day 1%t day 10" day
Al SA 155+1.3 14.8+0.8 522+1.7 553+1.2 2053+2.2 223 +3.1
SA + AgNPs (A) at
Bla 40.8+0.8 30.8+1.2 422+1.7 447+2.2 208 £2.1 201.8 +3.8
0.1 pg/mL
SA + AgNPs (B) at
Blb 442408 427+ 1 355+ 1.1 37.8+0.8 206+2.2 1728 +4.4
0.1 pg/mL
SA + AgNPs (A) at
Cla 438+1.2 463+ 1.6 385+1.9 412+19 205+1.5 170.8 £ 1.9
0.01 pg/mL
SA + AgNPs (B) at
Clb 443+0.8 44.5+0.5 37+14 332+1.5 206.5+2.2 188.5+5.1
0.01 pg/mL
SA + AgNPs (A) at 0.1
Dla . 353+1 37.5+1 233+1 262+1.2 207.7+1.9 187.5+5
pg/mL + vancomycin
SA +AgNPs (B) at 0.1
Dlb . 36.2+1.2 36+1.3 27.7+1.6 267+ 1.4 207.7+2.8 176.3+3.4
pg/mL + vancomycin
SA +AgNPs (A) at 0.01
Ela . 31.2+£1.2 29+ 1.5 28.7+4.4 31.2+1.7 205+ 1.4 173.7+5
pg/mL + vancomycin
SA + AgNPs (B) at 0.01
Elb . 29.8+1.2 31.8+£1.2 28+ 14 29.7+1.2 2063+ 1.6 1753 +5
pg/mL + vancomycin
F1 SA + vancomycin 508+ 1.5 533+£1.9 33+14 37+ 14 207.5+2.7  2053+£2.7
Gl Normal saline 1+1 142+0.8 17.8£0.8 17.8+1 2062 +2.1 228.2+2.6
A2 AC 21+1 25+0.9 473+13 492+ 1.7 206.8 + 2.1 159.7+2.6
AC + AgNPs (A) at
B2a 26.8+1.2 275+1 45.1+1.2 475+ 1.5 207.5+1.9 204.5 +2.1
0.1 pg/mL
AC + AgNPs (B) at
B2b 33.8+1.2 36.8+1.2 31.7+1 35.7+0.8 208.2+3 186.7+3.9
0.1 pg/mL
AC + AgNPs (A) at
C2a 17.8+1.5 17+14 34+0.9 363+ 1 209 + 1.8 201.5+2.9
0.01 pg/mL
AC + AgNPs (B) at
C2b 177+ 1.4 158+1.2 325+ 1.1 348+1.5 2105+1.9  201.5+£29
0.01 pg/mL
AC + AgNPs (A) at
D2a 442+1.2 478 +1.7 31.3+1.2 325+1.1 210 +£2.1 202.7+2.7

0.1 pg/mL + colistin
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Continued Table 1. Effects of AgNPs treatment on levels of ALT, AST, and weight of studied animals.

ALT (Unit/L) AST (Unit/L) Weight (gram)
Groups Variables
1t day 10" day 1t day 10" day 1t day 10" day
AC + AgNPs (B) at
D2b O 502+1.5 495+1.9 36.2+1.2 38.3+£0.8 2092+ 1.7 204.5+ 1
0.1 pg/mL + colistin
AC + AgNPs (A) at
E2a . 46+ 1.1 482+1.2 30.7+£1.2 345+ 1.4 209.2+2.3 206.8 £2.8
0.01 pg/mL + colistin
AC + AgNPs (B) at 0.01
E2b . 483+19 515+1.6 21.5+1 25+14 208.2+2.2 207 +£2.4
pg/mL + colistin
F2 AC + colistin 587+1.2 565+ 1.1 412412 433+1.8 208.7+2.5 205.2+3.2
G2 Normal saline 10.2+0.8 14+£09 159+0.8 153+0.5 208.3+2.9 231433

SA: S. aureus; AC: A. baumannii.

For blood parameters, several factors
associated with significant changes in AgNPs
treated animals (Table 2). The total number of
WBCs was significantly decreased in groups
simultaneously  experienced AgNPs and
antibiotics compared to AgNPs alone, which is
indicated by their better healing effect. In RBCs
similar to WBCs combination therapy with
antibiotics showed better effects. Moreover, in a

dose-dependent manner, a lower concentration
of AgNPs showed a lower reduction in the total
number of RBCs. Regarding to animals weight,
combination therapy showed more effective to
maintain animals weight losses after infection.
In general, it seems that based on statistical
analysis results, AgNPs has a more pronounced
effect against Gram-positive strains than Gram-
negative strains.

Table 2. Effects of AgNPs treatment on hematological parameters of studied animals.

WBC RBC PLT
RDW (%) PDW (%)
(x103/uL) (x10%/puL) (x10%/nL)
Groups Variables
loth loth loth 10!h loth
1 da 1% da, 1*da 1% da 1* da
Y day Y day y day y day y day
Al SA 16.8+ 213+ 48+ 46+ 128+ 107+ 306.3 413 18.8 + 12.2
1.2 1.2 0.3 0.3 1.1 0.2 +4.9 +7 0.2 0.2
B SA + AgNPs (A) at 117+ 112+ 48+ 44+ 125+ 101+ 3077 4156 18.6+ 12.1
: 0.1 pg/mL 1.2 0.8 0.2 0.3 1.3 0.2 +2.1 +2.3 0.5 +1
Blb SA + AgNPs (B) at 10.7+ 108+ 49= 41+ 128+ 101+ 311+ 4177 176+ 122+
0.1 pg/mL 0.5 0.4 0.1 0.2 1.4 0.2 2.3 +2 0.6 0.2
c1 SA + AgNPs (A) at 103+ 106+ s.ol 42+ 129+ 102+ 3145 4222 195+ 121+
a .
0.01 pg/mL 0.5 0.5 0.2 1.4 0.2 +3 +4.4 0.4 0.2
Clb SA + AgNPs (B) at 11+ 11+ 55+ 47+ 127+ 105+ 3185 425 172+ 12.1
0.01 pg/mL 0.6 0.6 0.2 0.1 1.1 0.1 +2.1 +3 0.4 +1
SA +AgNPs (A)
1.3+ 4.7+ 47+ 127+ 103+ 1908 1773 162+ 123+
Dla at 0.1 pg/mL + 75+1
. 0.8 0.2 0.1 1.1 0.2 +6.9 +7.6 0.4 0.2
vancomycin
SA + AgNPs (B)
105+ 6.8+ 43+ 128+ 105+ 172+ 1237 185+ 121+
Dl1b at 0.1 pg/mL + 4.20.1
. 0.5 0.8 0.1 1.1 0.2 2.8 3.5 0.5 0.1
vancomycin
SA +AgNPs (A)
107+ 83+ 4.1+ 127+ 105+ 1655 121 185+ 12.1
Ela at 0.01 pg/mL + 4.70.1
. 0.5 0.5 0.1 1.1 0.2 +8.3 42 0.3 +1
vancomycin
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Continued Table 2. Effects of AgNPs treatment on hematological parameters of studied animals.

WBC RBC PLT
RDW (%) PDW (%)
(x10%/uL) (x10/pL) (x10%/uL)
Groups Variables
10* 10* 10* 10* 0™
1** da 1" da 1% da; 1% da; 1 da;
y day y day v day v day v day
SA + AgNPs (B)
103+ 55+ 43+ 47+ 128+ 106+ 1647 1312 186+ 123+
Elb at 0.01 pg/mL +
. 0.8 0.8 0.1 0.04 1.1 0.1 +3.8 +53 0.2 0.2
vancomycin
. 9.8+ 7.7+ 4+ 47+ 12,6+ 104+ 3108 2847 185+ 12.1%
F1 SA + vancomycin
0.8 0.5 0.04 0.04 1.1 0.1 +4.8 +3.8 0.6 0.2
. 7.7+ 7.7+ 4.1+ 47+ 12,6+ 102+ 261+ 2383 12+ 12.1
Gl Normal saline
0.8 0.8 0.1 0.04 1.1 0.1 4.9 +53 0.4 +1
10.2 + 5.1+ 47+ 132+ 102+ 320+ 3445 17.1x 122+
A2 AC 10+0
0.4 0.1 0.1 1.6 0.2 33 +4 0.4 0.2
B2 AC +AgNPs (A)at 102+ 1040 53+ 48+ 126+ 103 3163 3093 185+ 121+
a
0.1 pg/mL 0.4 0.1 0.1 1.2 0.2 +3.2 +3 0.4 0.1
B2b AC + AgNPs (B) at 108+ 108+ 4.5+ 47+ 131+ 105+ 302+ 284+ 185+ 12.1
0.1 pg/mL 0.4 0.4 0.1 0.04 1.3 0.2 5.5 4.6 0.3 +1
AC + AgNPs (A) at 13.8 13.7 4+ 13.1+  10.1 2645 2555 181+ 121+
C2a 4.7+0
0.01 pg/mL +1 +0 0.03 1.5 +1 +92 +£10.7 0.4 0.1
b AC + AgNPs (B)at  15.8+ 15+ 43+ 47+ 129+ 104+ 2498 2485 18.1% 12+
0.01 pg/mL 0.4 1.7 0.2 0.1 1.2 0.9 +2.7 +2.7 0.2 0.04
4.6+
Do AC +AgNPs (A) at 12+ 102+ 34+ 0.2 127+ 102v  156.8 160.7 194+ 125+
a .
0.1 pg/mL + colistin 0.6 0.4 0.1 1.2 0.6 +53 +52 0.1 0.1
AC + AgNPs (B) at 82+ 3.6+ 12.8  10.8+ 166.3 161.3 195+ 123+
D2b . 12+0 5+£0.5
0.1 pg/mL + colistin 0.4 0.1 +1 0.1 +3.6 +4.5 0.2 0.2
0 AC + AgNPs (A) at 10.7 7.3+ 44+ 47+ 131+ 103 187.2 1732 19.1+ 12.3
a
0.01 pg/mL + colistin +1 0.5 0.1 0.04 1.4 +1 +4.2 +54 0.5 +1
E2b AC + AgNPs (B) at 10.8 + soal 4.6+ 4.7+ 13.1 109+ 180.7 1775 19.1% 12.1
0.01 pg/mL + colistin 0.4 ' 0.1 0.1 +1 0.1 +53 +54 0.2 +1
4.7+
. 102 + 42+ 126+ 10.1+ 1643 159.7 185+ 122+
F2 AC + colistin 10£0 0.04
0.4 0.3 1.2 0.1 +4 +4.2 0.2 0.1
. 571 63+ 41+ 47+£0 127+ 104+ 2643 2427 12+
G2 Normal saline 12+0
0.8 0.3 1.1 0.1 +54 +5 0.04

SA: S. aureus; AC: A. baumannii; WBC: white blood cell; RBC: red blood cell; RDW: red cell distribution width; PLT: platelets;

PDW: platelet distribution width.

In-vitro assay

Flow cytometry results showed that AgNPs
induced cell apoptosis-necrosis depends
on AgNP size, concentration and exposure
time (Figures 3 and 4). Cells damage due to
AgNPs (A) with lower size (20-25 nm) were
relatively more than cells exposed to AgNPs
(B) (30-35 nm). Both of synthesized AgNPs

were more cytotoxic at concentration 0.1 pg/
mL. Moreover, cell apoptosis-necrosis in both
AgNPs were time depended, since a higher
rate of cells damage was observed after 48 h
exposure compared to 24 h exposure. Finally,
AgNPs (A) were more cytotoxic than AgNPs
(B) regarding the same concentration and
exposure time.
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Figure 3. Flow cytometry results of induced cell apoptosis-necrosis by AgNPs (A) (the upper left quadrant represents necrotic cells;
the upper right quadrant contains the later apoptotic cells; the lower left quadrant shows viable cells; the lower right quadrant denotes

the early apoptotic cells).
Discussion

The increasing production and use of NPs
have been associated with the rise of public
health concerns regarding their biological
safety (28). To our knowledge, few data are
available in the literature regarding the in-
vivo evaluation of NPs biological activity. In
this regard, we evaluated related toxicity of
our newly synthesized nanochelating based
AgNPs at both in-vitro and in-vivo level.

Depending on the intensity of cellular insult,
two types of cell death, necrosis (accidental
cell death) and apoptosis (programmed cell
death), with different fundamental mechanisms

has been introduced (29). Necrotic cells
hallmarks are cell and mitochondria swelling
resulting in the disruption of cell membranes.
In contrast, apoptosis describes a type of cell
death characterized by cell shrinkage, nuclear
fragmentation, and formation of apoptotic
bodies (29). The findings of the present study
reveal that cell death caused by exposure to
AgNPs is associated with both necrosis and
apoptosis. Several different mechanisms
can cause NPs intracellular toxicity, but the
production of excess reactive oxygen species
(ROS) is the most important causes of their
cytotoxicity (30). Flow cytometry results
showed that regardless of concentration and
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Figure 4. Flow cytometry results of induced cell apoptosis-necrosis by AgNPs (B) (the upper left quadrant represents necrotic cells;
the upper right quadrant contains the later apoptotic cells; the lower left quadrant shows viable cells; the lower right quadrant denotes

the early apoptotic cells).

exposure time the rate of apoptosis and necrosis
in cells treated with AgNPs (A) (2.38-5.1%
for necrosis, and 7.56-16.31% for apoptosis)
were higher than AgNPs (B) (0.24-3.41%
for necrosis, and 1.14-6.44% for apoptosis).
Despite the several similar reports with our
findings, due to differences in NPs synthesizing
methods, structure, and experiment conditions
the comparison of newly synthesized NPs is
challenging (31-33). For example, Bendale
et al. showed the rate of apoptosis in the
human cancer cells treated with 200 pg/mL
of platinum nanoparticles (ptNPs) after 48 h
was 8% (31). Kang et al. showed the rate of
apoptosis in a murine dendritic cell line treated
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with  Polyvinylpyrrolidine-coated =~ AgNPs
was up to 2.6% in a concentration-dependent
manner (32). Kretowski et al. showed the rate
of apoptosis in a glioblastoma cell line treated
with Silica NPs was aprroximatly 5-70% in a
time and dose-dependent manner (33). As a
general concept from the previous studies, time
and dose of exposure are decisive factors for
effects of NPs on apoptosis/necrosis. However,
because of differences through the studies,
determination of the toxicity effects of each
individual newly synthesized NPs is essential.
Meanwhile, based on the apoptosis/necrosis
results, and considering potential role of
AgNPs in cell death regulation, understanding
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the association between NPs properties and cell
death will assist in designing and developing
NPs for biomedical implications, including
cancer therapy or autoimmune disorders.

Blood compatibility is an essential property
for the evaluation of biological activity of new
synthesized NPs and previously by several
authors (34-36). Therefore, the blood contact
properties of our nanochelating based AgNPs
evaluated prior to clinical use to estimate their
biological safety. Based on our results no adverse
alterations in the blood parameters, and also no
sign of liver toxicity by increasing ALT and AST
enzymes level were seen. In accordance with
our findings, Freese et al. showed no obvious
effects of 20 nm-sized PEGylated Gold (Au)
NPs on endothelial cells after entering the blood
stream (34). Yang et al. in agreement with our
results, showed amphiphilic-polymer coated
AgNPs and AuNPs had no significant signs of
toxic reactions on weight, liver, and hematology
markers (36). In contrast, Huang et al. showed
AgNPs with two different surface coatings
(polyvinyl pyrrolidone and citrate) could elicit
hemolysis and severely impact the proliferation
and viability of lymphocytes at concentrations
10, 20, and 40ug/mL (35). Nevertheless,
both coated AgNPs didn’t show any effect on
platelet aggregation, coagulation process, or
complement activation at up to ~40 pg/mL (35).
Based on previous reports, it is obvious that the
NPs chemical composition played a critical role
in their in-vivo biological activity.

Regard to the antibacterial activity of
our synthesized AgNPs at in-vivo level, we
observed a dose-related healing effects among
infected mice received NPs in comparison with
controls. Moreover, infected mice received a
combination of AgNPs with antibiotics showed
a better healing effect in comparison with
groups received NPs alone, and controls. One
of the prominent implications of antibacterial
properties of NPs in the medicine is their
healing effect on infected wounds. Previously,
several authors showed that different metal-
based NPs such as AgNPs, and AuNPs can
accelerating the treatment of infected skin
wounds (37-40). The results of present study,
regarding the healing effect of our newly
synthesized AgNPs with no obvious toxicity,
support our previous work on antibacterial
and antibiofilm activity of AgNPs (21). These
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findings encourage the use of these newly
introduced AgNPs to dealing with the rapid
emergence of antimicrobial drug resistance,
and the treatment of chronic infections, which
are often caused by the formation of biofilms
and/or by intracellular microbes.

In our findings, the biological effects of NPs
seem to be mostly size and dose-dependent,
since AgNPs with different size and surface
exhibited distinctive properties. NPs size and
surface area are crucial material characteristics
from a biological point of view, since the much
larger NPs were chemically inert, due to their
lower specific surface area (30). A similar
observation was cited by Nakhjavani et al.,
where they showed that green synthesized
AgNPs had a great potential for antibacterial
activity depending on the size of the particles
(41). It has been showed that cellular uptake
and efficiency of NPs processing in the
endocytic pathway are dependent on the size
of the material, therefore size plays a key role
in physiological response, distribution, and
elimination of materials (30).

Conclusion

In summary, our findings support the potent
antibacterial activities of nanochelating based
AgNPs as antibacterial agents in infected
mice. Also, the present study showed that
nanochelating based AgNPs induce a moderate
level of apoptosis/necrosis in mice, and
affected several clinical parameters like blood
parameters, liver enzymes, and body weight
with no definite signs of toxicity. We believe
this information provided important evidence
in the understanding of the biological activity of
AgNPs for evaluation in further clinical studies.
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