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Due to the broad-spectrum of antibiotic resistance, herein we investigated the possibility of using imipenemconjugated silver nanoparticles (IMP-AgNPs) against multidrug-resistant isolates of Pseudomonas aeruginosa.
For this purpose, 200 clinical isolates were tested against different antibiotics to determine the antimicrobial
susceptibility. To identify blaVIM and blaIMP resistance genes, PCR was used. The synthesized AgNPs and
conjugants were characterized using UV-vis spectroscopy, XRD, SEM, TEM, DLS, and FTIR. The stability,
drug release kinetics, cytotoxicity, hemolytic and apoptotic effects of NPs were also investigated. MIC of the
imipenem, AgNPs, and conjugants were evaluated versus P. aeruginosa isolates. Finally, the effects of the
IMP-AgNPs to heal burn wounds in rats was evaluated. According to the results, about 68% of isolates showed
resistance to imipenem (MIC C 64 lg/ml to C 512 lg/ml). Analytical results veriﬁed the synthesis of AgNPs
and IMP-AgNPs. A Dose-dependent decrease happened in terms of the MIC values of IMP-AgNPs were also
affected by the existence of resistant genes. Low cytotoxic was observed regarding AgNPs which lead to
apoptosis. The histopathological results showed a considerable epithelization in treated groups with IMPAgNPs. Accordingly, IMP-AgNPs can be considered as a powerful antibacterial agent to treat the infections
caused by multidrug-resistant P. aeruginosa.
Keywords. Pseudomonas aeruginosa; multidrug resistance; imipenem; silver nanoparticle; conjugation;
antibacterial
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1. Introduction
Multidrug resistance (MDR) bacteria are a major
problem in the antibiotic treatment of infectious diseases, and the general use of broad-spectrum antibiotics
is the main underlying reason for antibiotic resistance
to many human bacterial pathogens (Blair et al. 2015;
Karam et al. 2016). In the same regard, Pseudomonas
aeruginosa is one of the most opportunistic and problematic pathogens that causes a high rate of mortality
and morbidity in hospitalized patients with a compromised immune system (Pachori et al. 2019). Antibiotics generally treat Pseudomonas infections; however,
unfortunately, in hospitalized patients, these infections
are becoming more difﬁcult to be treated, speciﬁcally
because of the increasing number of antibiotic-resistant
strains (Rocha et al. 2019; Subedi et al. 2018). In
recent years, the infections caused by this bacterium
have been one of the major challenges in hospitals that
have been associated with high rates of mortality
ranging from 33% to 71% in patients with carbapenemresistant Pseudomonas infections (Bassetti et al. 2018).
Given the seriousness of this issue, recent studies and
scientiﬁc knowledge are being devoted to understanding the infection mechanisms of P. aeruginosa for
designing new medications (Chirgwin et al. 2019;
Curran et al. 2018). Antimicrobial resistance consists
of several complex mechanisms that its cause depends
on the individual, the bacterial strains, and bacteria
developing resistance mechanism. Therefore, optimizing the pharmacokinetics and pharmacodynamics of
antibiotics are needed, so the risk of developing resistance and improve therapeutic outcomes. (Onufrak
et al. 2016; Yılmaz and Özcengiz 2017). On the other
hand, to solve the problem of antibiotic resistance, it is
necessary to change the protocols for the use of
antimicrobial drugs. The use of nontraditional
antibacterial agents to overcome the resistance created
by pathogenic microorganisms against the most common antibiotics is of great interest. (Rex et al. 2019;
Theuretzbacher and Piddock 2019). Today, nanomaterials and nanotechnology play an important role in
everyday applications and routines. Recently,
Nanoparticles are being used to ﬁght against bacterial
multidrug resistance emergence and seem to be a viable
alternative to antibiotics (Baptista et al. 2018; Wang
et al. 2017). Especially, silver nanoparticles (AgNPs)
are being considered much useful in both scientiﬁc and
industrial ﬁelds. Since ancient times, silver has been
known for its antimicrobial effects and centuries, and it
has been used to prevent and control several infections.
Recently, AgNPs have been considered attractive,

particularly for producing a new class of antimicrobials
offering new solutions for combating the wide range of
bacterial pathogens (Franci et al. 2015). AgNPs can
physically interact with the cell surface of different
bacteria. This is especially important for Gram-negative bacteria, where many studies have reported the
adhesion and accumulation of AgNPs to the bacterial
surface (Burduşel et al. 2018; Diniz et al. 2020;
Khataminejad et al. 2015). Many studies have conﬁrmed the ability of AgNPs to damage the cell membrane, which results in structural changes in the
membrane leading to a more permeable bacterial
membrane. For instance, a study on Escherichia coli
reported disruption in the integrity of the bilayer due to
accumulation of AgNPs on the bacterial cell membrane
which predisposes it to a permeability increase and
ﬁnally causing cell death (Dakal et al. 2016; Rafﬁ et al.
2008). Also, similar researches demonstrated some
permeable membrane compounds such as cationic
antimicrobial peptides in combination with b-lactam
antibiotics representing a synergistic effect against
MDR bacteria. Studies on the mechanism of synergistic
interactions between permeable compounds and blactam antibiotics have shown that these compounds
increase the permeability of the outer membrane
causing antibiotics to penetrate more quickly across
this barrier allowing more convenient access of
antimicrobial agents to the internal parts of the bacterial
cell (Azad et al. 2017; Dakal et al. 2016). Hence, as of
late, different antibiotic-conjugated metal nanoparticles
are being produced for antimicrobial treatments against
resistant pathogens. Gold, silver, iron, and zinc are
among the most frequent metals that can be used as
drug carriers (Patra et al. 2014; Zendegani and Dolatabadi 2019). For example, in a study by Naimi-Shamel
et al., (2019), the antibacterial activity of gold
nanoparticles conjugated with tetracycline was investigated against some Gram-negative and -positive
bacteria (Khataminejad et al. 2015; Naimi-Shamel
et al. 2019). Currently, carbapenems such as imipenem
are commonly used as last-resort antibiotics for treating
infections caused by isolates of MDR P. aeruginosa.
These antibiotics act as antimicrobial through inhibiting cell wall synthesis of various Gram-positive and
Gram-negative bacteria. However, extensive usage of
carbapenems while treating P. aeruginosa infections
has facilitated the emergence of mechanisms that
confer resistance against carbapenems, such as diminished permeability, overexpression of the intrinsic
efﬂux systems, and production of metallo-b-lactamases
(MBLs) (Codjoe and Donkor 2018; López-Garcı́a et al.
2018). The MBLs are able to confer resistance to
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carbapenem antibiotics in a wide variety of Gramnegative bacteria such as P. aeruginosa. MBL families
such as Verona imipenemase (VIM) and Imipenemase
(IMP) metallo-b-lactamase, which are classiﬁed in
group B of Ambler classiﬁcation, are encoded by genes
linked to mobile elements that facilitate their spread
among different bacterial species and isolates (Dantas
et al. 2017). In this study, to enhance the bactericidal
property of silver nanoparticles and improve the
antibacterial activity of imipenem antibiotic, we
investigated the antibacterial activity of IMP-AgNPs
(IMP-AgNPs) against MDR isolates of P. aeruginosa
in vitro and in vivo. Also, the possible mechanism of
resistance to carbapenems was identiﬁed by screening
the isolates for some metalo-b-lactamases genes such
as blaVIM and blaIMP genes.
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performed according to the study by Zendegani and
Dolatabadi (Zendegani and Dolatabadi 2019).
2.3.2 X-ray diffraction pattern: To conﬁrm the production of AgNPs, samples were also examined by the
XRD (Philips, Germany) technique regarding the
research done by Zendegani and Dolatabadi (Zendegani and Dolatabadi 2019).
2.3.3 Electron microscopy: Conﬁrming the formation
of nanoparticles, and also determining the particle size
and perform morphological analyses, sample analysis
was done by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Accordingly,
DI water was used for sample dilution. Then 50 ll of
each suspension was placed on a copper grid-covered
carbon ﬁlm for SEM and TEM (JEOL JEM-1230,
Japan) analyses (Rastogi et al. 2012).

2. Materials and methods
2.1 Chemicals and reagents
The chemicals and reagents used in the experiments
were purchased from Sigma-Aldrich (USA).
2.2 AgNPs synthesis
AgNPs were synthesized according to Agnihotri et al.,
study (Agnihotri et al. 2014). Brieﬂy, silver nanoparticles were synthesized using sodium borohydride
(NaBH4) as the primary reducing agent and trisodium
citrate (TSC) as both the secondary reducing agent and
the stabilizing agent. In the beginning, freshly aqueous
solutions containing NaBH4 and TSC were mixed and
heated to 60°C for 30 min. After 30 min, the
AgNO3 solution was added drop-wise to the mixture
and then the temperature was raised to 90°C. At this
temperature, the pH of the solution adjusted to 10.5 and
heating continued for 20 min, until changing the color of
the solution. In order to remove the unreacted reductants
from nanoparticle suspension, AgNP suspensions were
centrifuged (12000 rpm, 15 min) and washed thrice by
DI water. AgNPs were ﬁnally stored at 4°C for future use.
In addition, the synthesized AgNPs as control were
purchased from Sigma-Aldrich (USA).
2.3 Characterization of AgNPs
2.3.1 UV-visible spectroscopy: The characterization of
the AgNPs using UV-visible spectroscopy was

2.3.4 Dynamic light scattering (DLS): According to
Lopez-Carrizales et al. (2018), AgNPs were characterized by Dynamic Light Scattering (DLS) based on
number size distribution (Lopez-Carrizales et al.
2018).
2.3.5 Fourier transform infrared spectroscopy (FTIR):
FTIR identiﬁed the functional groups present in the
AgNPs. A certain amount of NPs powder was injected
into the FTIR analyzer (Shimadzu, IRafﬁnity-1, Osaka,
Japan) using potassium bromide in 1:100 ratios. The
spectrum was taken in the range of 400–4000 cm-1
with a resolution of 2 cm-1 and 200 times scanning
using the attenuated total reﬂection (ATR) method.
2.4 Preparation and characterization
of imipenem-conjugated AgNPs (IMP-AgNPs)
For the production of IMP-AgNPs, aqueous solutions
of AgNPs and imipenem were prepared (0.01 g suspended in 1 ml phosphate-buffered saline (PBS)). The
combinations preserved the ratio of 1:1, and the ﬁnal
solution was incubated at 37°C for 24 h. Subsequently,
both solutions were centrifuged, and only the precipitate was kept and left to dry for 24 h at room temperature. To study the effect of imipenem on the
morphology, particle size and stability of the conjugated NPs, IMP-AgNPs were characterized by UVvisible spectroscopy, SEM, TEM, and DLS. On the
other hand, the identiﬁcation of chemical interaction
between the AgNPs and imipenem was carried out by
FTIR (Zendegani and Dolatabadi 2019).
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Table 1. Speciﬁc primers that were used for detection of the oprL, VIM, and IMP genes
Primer sequence (50 ? 30 )

Gene
oprL
VIM
IMP

Forward
Reverse
Forward
Reverse
Forward
Reverse

Amplicon length

TGCGATCACCACCTTCTACTTC
CGCTGACCGCTGCCTTTC
ATTGGTCTATTTGACCGCGTC
AATGCGCAGCACCAGGATAGC
CATGGTTTGGTGGTTCTTGT
ATAATTTGGCGGACTTTGGCC

2.5 Drug release kinetics
To determine the release proﬁle of imipenem from NPs,
a dialysis bag (MWCO 2 kDa) containing 5 ml of
phosphate buffer solution (pH 7.4 at 37°C) was prepared to which 30 mg of IMP-AgNPs was added. Then,
the dialysis bag was covered by 50 ml of the buffer and
centrifuged (200 rpm, 37°C) (Heidolph, Germany).
Next, at predetermined time intervals (1 to 72 h), 3 ml
of the solution was sampled and the buffer containing
released imipenem was analyzed by the UV-vis spectrophotometry at the wavelength of 529 nm. Each
sampled solution was considered 1 checkpoint. The old
released buffer was wholly replaced by fresh PBS (50
ml, pH 7.4), after each checkpoint. Korsmeyer–Peppas
model was used for the analysis of the kinetics of
imipenem according to the results of all samples. The
release proﬁle was determined using Mt/M? = Ktn
formula; where Mt is the increasing concentrations of
imipenem antibiotic released at time t, M? is the initial
imipenem loading, K is the release rate constant, and
n is the imipenem release exponent (Zendegani and
Dolatabadi 2019).
2.6 Bacterial strains
P. aeruginosa ATCC 27853 strain was used as control
from the Persian Type Culture Collection, Iranian
Research Organization for Science and Technology
(IROST). The clinical isolates (200 isolates) were sent
to the diagnostic laboratories (Khatam-al Anbia,
Moheb, and Shahid Motahari, Tehran, Iran). The
results were veriﬁed with control tests and PCR using
speciﬁcally designed primers (table 1).
2.7 Selection of multidrug-resistant isolates
The Kirby-Bauer Disk Diffusion Susceptibility Test
was used on Mueller–Hinton agar for the investigation
of the antibiotic resistance isolates. The antibiotics

References

105 bp

Shariati et al. (2018)

514 bp

Zafer et al. (2014)

428 bp

Zafer et al. (2014)

including co-trimoxazole (CTZ), nitrofurantoin (NIF),
ceftriaxone (CRO), gentamicin (GEN), tobramycin
(TOB), meropenem (MEM), ampicillin (AMP), cefepime (FEP), ceftazidime (CAZ), ciproﬂoxacin (CIP),
piperacillin (PIP), piperacillin-tazobactam (PTZ), imipenem (IPM), norﬂoxacin (NOR), chloramphenicol
(C), and nalidixic acid (NA) were chosen in accordance
to the Clinical and Laboratory Standards Institute
(CLSI) guidelines. They were obtained from SigmaAldrich (USA) as disk and powder. Screening of the
resistant isolates was implemented using the antibiogram test (The Kirby-Bauer Disk Diffusion Susceptibility Test), and the antibiotic resistance was reported
measuring the diameter of inhibition zones. Of the
samples, the bacterial isolates with the highest antibiotic resistance were selected (Amani et al. 2015; CLSI
2010).

2.8 PCR for conﬁrmation of P. aeruginosa strains
with oprL gene, and identiﬁcation of blaVIM,
and blaIMP genes
In order to identify the P. aeruginosa strains by oprL
gene (De Vos et al. 1997) and detection of VIM and
IMP resistance genes in conﬁrmed isolates, PCR was
performed in a ﬁnal volume of 25 ll: PCR buffer (10x)
2.5 ll, MgCl2 (50 mM) 0.75 ll, dNTPs (10 mM) 1 ll,
forward and reverse primers (10 pmol/lL) 1 ll
(table 1) (Sinaclon, Iran), Taq DNA polymerase (5 U/
ll) 1 ll, distilled water 15.75 ll, and template DNA
3 ll. The thermocycler program for oprL gene consisted of 3 min for initial denaturation at 94°C, 35
cycles of denaturation at 94°C for 1 min, annealing
time at 56°C for 1 min, extension time at 72°C for
1 min, and ﬁnal extension time at 72°C for 5 min. The
thermocycler programs for VIM and IMP genes were
similar to that of the oprL gene, but the annealing
temperature was 55°C and 56°C, respectively. The
PCR products were analyzed using %1 agarose gel
electrophoresis.
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2.9 Determination of minimum inhibitory
concentrations
To learn the Minimum inhibitory concentration (MIC)
of imipenem AgNPs, and IMP-AgNPs a broth
microdilution method with cation-adjusted Mueller–
Hinton broth (CAMHB; BD Diagnostic Systems,
adjusted to pH 5.9) was used, while the initial inoculum of bacteria isolates contained 1.5 9 108 CFU/ml
(0.5 McFarland) taking into account the CLSI
guidelines.
Incubating the selected isolates was performed in
96-well microplates for 24 h at 37°C to determine the
MIC. Isolates were exposed to serial dilutions of imipenem, AgNPs, and IMP-AgNPs, and the endpoints
were determined when no turbidity was observed in the
well. After 24 h of incubation bacterial turbidity was
determined using the absorbance at 600 nm of each
sample using a microtiter plate reader (Biotek Instruments, Winooski, VT, USA). The lowest concentration inhibiting visible growth of bacteria was deﬁned
as MIC. Besides, the MIC50 and MIC90 values were
determined as indicators of the relevant concentration
that inhibit the growth of 50 and 90% of the bacteria,
respectively. P. aeruginosa ATCC 27853 strain was
used as control (CLSI 2010; Moravej et al. 2019).
2.10 Time-killing assay
To determine the bactericidal or bacteriostatic activity
of imipenem, AgNPs, and IMP-AgNPs and the survival of P. aeruginosa isolates, we used the Timekilling assay. To do that, P. aeruginosa isolates were
cultured in Muller–Hinton broth to achieve the exponential phase. Afterward, a 0.5 McFarland standard
suspension (1.5 9 108 CFU/ml) was prepared from
them and diluted to 5 9 105 CFU/ml (1/300). The
diluted culture was exposed to the MICs of imipenem,
AgNPs, and IMP-AgNPs, and then incubated at 37°C.
Then, aliquots were taken at 0, 0.5, 1, 2, 4, 8, 16, 18,
and 24 h. Samples were cultured on Muller-Hinton
agar for 24 h at 37°C. Finally, colonies were counted to
obtain the CFU after 24 h, (Amani et al. 2015; Moravej
et al. 2019).
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conjugated AgNP at a concentration equal to MIC for
two h at 37°C. Next, 10 ll of the treated cell suspension was placed onto a 0.45 lm pore membrane ﬁlter
(Schleicher and Schuell, Dassel, Germany), ﬁxed for
one h with 3% glutaraldehyde in 0.1 M phosphate
buffer with pH 7.2, then washed and post-ﬁxed with
1% OsO. The samples were dehydrated with graded
ethanol series and then air-dried. For washing and
diluting the ﬁxing reagents, 0.15 M phosphate-buffered
sodium (pH 7.2) was used. A small amount of platinum
was spattered on the samples to avoid charging in the
microscope. Then, samples were analyzed by TEM
(JEOL JEM-1230, TEM) (Azad et al. 2017).
2.12 Assessment of VIM, and IMP expression level
in treated isolates by AgNPs and IMP-AgNPs using
real-time PCR
Studies have shown that nanoparticles such as AgNPs
can alter the expression level of genes in bacterial cells
(Baptista et al. 2018; Slavin et al. 2017). Accordingly,
the effect of AgNPs and imipenem-AgNPs on the
expression level of blaVIM and blaIMP genes was
evaluated using real-time PCR. The treated (carrying
two genes) and untreated isolates were used as positive
and negative controls, respectively. In this regard,
isolates were cultured in Muller–Hinton broth to
achieve the exponential phase, then, a 0.5 McFarland
standard suspension (1.5 9 108 CFU/ml) was prepared
from them and diluted to 5 9 105 CFU/ml (1/300).
Diluted bacteria cultures were treated by 0.5 9 MIC of
AgNP and imipenem-conjugated AgNP, and then
incubated at 37°C for 24 h.
According to the study by Moosazadeh Moghaddam
et al., (2019), total RNA was extracted and the complementary DNA (cDNA) was synthesized. The qPCR
assay was performed by 20 ll of mixture solution
consisting of 10 ll of SYBR PCR Master Mix (ABI,
United States), 1 nM concentration of each designed
primer (table 2), 3.5 ll of sterilized water, and 4.5 ll of
cDNA. The 16S rRNA gene was used as calibrator
control (Moosazadeh Moghaddam et al. 2019).
2.13 Cytotoxicity study of AgNPs and IMP-AgNPs
using MTT assay

2.11 Preparation of bacterial sample for TEM
Bacteria in the mid-exponential growth phase were
diluted with a salt-free medium to the cell as mentioned
earlier density and treated with the imipenem-

We evaluated the toxicity of AgNPs and IMP-AgNPs
on the eukaryotic cells, using human keratinocyte cells
(HaCaT cells) according to the study by Lopez-Carrizales et al. However it is notable that in the current
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Table 2. Designed primers that were used for real-time
analysis
Primer sequence (50 ? 30 )

Gene
16S RNA
VIM
IMP

Forward
Reverse
Forward
Reverse
Forward
Reverse

CGGYCCAGACTC CTACGGG
TTACCGCGGCTGCTGGCAC
AAGTCCGTTAGCCCATTCCG
GCGATATGCGACCAAACACC
CCAGGGCACACTCAGGATAA
TTAACAGCCTGCTCCCAAGT

study, AgNPs and IMP-AgNPs concentrations were
2–10 lg/ml and incubation time was 24 and 48 h,
respectively, at 37°C (Zendegani and Dolatabadi 2019).
2.14 Assessment of cell apoptosis by Acridine
orange/ethidium bromide (AO/EB) staining
To better understand the morphological change of
keratinocyte cells and apoptotic effect of IMP-AgNPs,
the treated cells with IC50 concentration of IMP-AgNPs
were observed under AO/EB double staining after 24
and 48 h. For staining, ﬂuorescent dyes including
ethidium bromide (EB, 100 lg/ml) and acridine orange
(AO, 100 lg/ml) were added to the ﬁxed cells which
were then incubated for 10 min at room temperature in
the dark. Afterward, cells were observed under a ﬂuorescence microscope. Morphological criteria were
used to evaluate cell injury. Cells containing normal
nuclear chromatin exhibited green nuclear staining
while cells with fragmented nuclear chromatin due to
apoptosis exhibited yellow to red nuclear staining.
2.15 Hemolysis effect of AgNPs and IMP-AgNPs
on erythrocytes
According to the study by Moosazadeh Moghaddam
et al. (2014), the hemolytic activity of AgNPs and
IMP-AgNPs was evaluated on the human erythrocytes
(Moghaddam et al. 2014).
2.16 Histopathological examination
Six-week-old female BALB/c mice were purchased
from the Animal Laboratory Service of Pasteur Institute
of Iran, Tehran, Iran. Mice were acclimated for 1 week
before the initiation of the experiment. Accordingly,

mice were kept in a room with a barrier system (temperature of 24 ± 1°C, the relative humidity of 55 ± 5%,
ventilation frequency of 18 times/h, and 12-h light/dark
cycle). The animals were housed at ﬁve mice per plastic
cage with sterilized softwood chips for bedding in a
speciﬁc pathogen-free animal facility. All animals were
allowed free access to tap water and diet. For creating
burn wounds, the rats were anesthetized by intramuscular injection of ketamine (60 mg/kg) and xylazine (10
mg/kg). After shaving the animal’s dorsum hair, a deep
second-degree burn wound was created by an iron cube
with dimensions of 1 cm 9 1.5 cm 9 0.5 cm that was
heated to 100°C for 15 s and an area of about 3 cm2 was
burned. After that, medication was initiated for seven
groups with different materials (table 3). Drug administration was done every 24 h. For pathology examination,
after 14, 21, and 28 days, the tissue samples were taken
and ﬁxed in 4% paraformaldehyde for 15 hours. Specimens were dehydrated in an alcohol series, cleared in
xylene, and embedded in parafﬁn to prepare 5 lm serial
sections. Sections were stained with hematoxylin and
eosin (H&E), then, examined by optical microscopy to
assess the histopathological changes.
2.17 Statistical analysis
We repeated all assays three times. Data are presented as
mean ± standard deviation (SD). The statistical analyses
were done using SPSS 18 (SPSS Inc., Chicago, Ill.
USA). The signiﬁcance level was set as P-value\0.05.
3. Results
3.1 Synthesis and characterization of AgNPs
and imipenem-conjugated AgNPs (IMP-AgNPs)
3.1.1 UV–visible spectrum: Analyzing the results of
UV–visible spectrum we observed a peak at a
Table 3. Different groups in vivo study
Groups
1
2
3
4
5
6
7

Treatments
Without treatment
Treated with zinc oxide ointment
Treated with standard silver nanoparticles
Treated with synthetic silver nanoparticles
Treated with imipenem antibiotic
Treated with standard IMP-AgNPs
Treated with synthetic IMP-AgNPs

Imipenem-conjugated IMP-AgNPs against MDR isolates of P. aeruginosa

wavelength of 400 nm for AgNPs; however, the peak
observed for IMP-conjugated AgNPs was at 410 nm
(ﬁgure 1). Following the imipenem addition, some
shifts were observed in the peaks which were due to
modiﬁcation in the surface chemistry of AgNPs. In the
current research, nanoparticles were linked with the
sulﬁde group of imipenem, and this interaction led to
the plasmonic resonance changes. On the other hand,
the stability of AgNPs and conjugates were evaluated
at room temperature within 3 months. Based on the
obtained evidence, no modiﬁcation was reported
regarding AgNPs and IMP-AgNPs absorbance peaks.
Also, visible aggregation, clearance and solution turbidity remained unchanged.
3.1.2 XRD analysis: Sharp peaks related to AgNPs
were observed in the XRD graph (ﬁgure 2).
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Accordingly, the intense peaks were observed at 2h
values of 37.54°, 43.61°, and 63.51° corresponding to
(111), (200), and (220) planes for silver, respectively.
This demonstrated that AgNPs formation is related to
the crystal nature of metallic silver.
3.1.3 SEM and TEM analysis: We used SEM and
TEM techniques to analyze the morphological shape
(spherical and pseudospherical shapes) of AgNPs and
IMP-AgNPs (as illustrated in ﬁgure 3). According to
the histogram distribution for particle size, from SEM
micrograph (n = 200), the mean (±SD) size of AgNPs
and IMP-conjugated AgNPs were 55.47 ± 1.27 nm
and 64.01 ± 0.80 nm, respectively (ﬁgure 3E and F).
3.1.4 DLS analysis: DLS technique was used to
characterize AgNPs and IMP-AgNPs (ﬁgure 4),
therefore, the dialyzed AgNPs and IMP-AgNPs
demonstrated a narrow size distribution with a hydrodynamic diameter of (±SD) 31.23 nm ± 0.91 nm and
35 nm ± 0.11 and a zeta potential value of 40.80 mV ±
9.54 mV and 48.00 mV ± 16.20 mV, respectively.
3.1.5 FTIR analysis: We investigated the potential
interactions between antibiotics and the surface of the
AgNPs using the FTIR method (ﬁgure 5). Analysis of
the presented FTIR peak at 3382 cm-1, 1368 cm-1,
and 1092 cm-1 showed that the weakest peak corresponding to the imipenem adsorption peaks is associated with the presence of a sulﬁde group on the surface
of imipenem. Also, FTIR spectra of the IMP-conjugated AgNPs showed peaks located at about 1316 and
963 cm-1. Therefore, the weakest peak position on the

Figure 1. UV–visible absorption spectra of produced
AgNPs (400 nm) and IMP-AgNPs (410 nm). (A) On the
day of preparation. (B) After 3 months.

Figure 2. XRD pattern of produced AgNPs. Peaks at
37.54°, 43.61°, and 64.8° angles revealed the presence of
silver nanoparticles.
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Figure 3. The morphological aspects, size distribution, and particle size of synthesized AgNPs and IMP-conjugated AgNPs
that were analyzed by SEM and TEM. The scale shows 0 nm in size. (A) and (B) represent the morphological aspects and
size distribution of AgNPs using SEM and TEM, respectively. (C) and (D) represent the morphological aspects and size
distribution of IMP-AgNPs by SEM and TEM, respectively. (E) and (F) represent the particle size distribution histogram
evaluated by SEM.

imipenem combined with AgNPs demonstrated the
chemical bond or electrostatic attraction in IMP-conjugated AgNPs (ﬁgure 5). On the other hand, ﬁgure 5
illustrates the stability of the IMP-AgNPs comparing to
AgNPs. The reduced energy level veriﬁed the binding
of the IMP and AgNPs.

loaded were released in the ﬁrst 2 days through the 3 days
of the release period. The 0.402 value illustrated in ﬁgure 6
expresses that the drug release is predominantly based on
the Fickian diffusion mechanism.

3.2 Release kinetics

3.3 Conﬁrmation of P. aeruginosa strains
with oprL gene and identiﬁcation blaVIM
and blaIMP genes using PCR

Analyzing the drug kinetic proﬁle, we realized that 80% of
the total loaded imipenem and about 57% of maximum

Results showed that the ampliﬁcation of the oprL gene
(105 bp) in all isolates was positive. Besides, for the

Imipenem-conjugated IMP-AgNPs against MDR isolates of P. aeruginosa

Figure 4. Diameter size of AgNPs (A) and IMP-AgNPs
(B) using DLS number size distribution.
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Figure 5. FTIR spectra of AgNPs, imipenem, and IMIAgNPs. As shown in this ﬁgure, nanoparticles bond to
sulﬁde groups of imipenem.

identiﬁcation of P. aeruginosa isolates with MBL
genes; PCR ampliﬁed blaVIM and blaIMP resistance
genes. The analyses showed that ampliﬁcation of VIM
(514 bp), and IMP (428 bp) were positive in 56 (28%),
and 48 (24%) isolates, respectively (data not shown).
Also, 20 (10%) isolates carried two genes (table 4).
3.4 Selection of multidrug-resistant isolates
For evaluating and selecting the clinical isolates with
the highest rates of antibiotic resistance, the antibiogram test was used. Results are analyzed based on the
CLSI guidelines, and susceptibility of all isolates to the
selected antibiotics is provided in table 5. Among all P.
aeruginosa samples, 145 (72.5%) isolates, showed the
highest antibiotic resistance pattern (MDR) to the
selected antibiotics, specially imipenem (68.1%)
(table 5).

Figure 6. The release proﬁle of imipenem from AgNPs for
72 h.

3.5 MICs Determination for Imipenem, AgNPs,
and IMP-AgNPs
The imipenem, AgNPs, and IMP-conjugated AgNPs
showed the minimum bactericidal and inhibitory concentrations, ranging from 64 to C512, 4 to 32, and 2 to
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Table 4. Distribution of resistance-associated genes among 200 clinical isolates of P. aeruginosa and MIC values of IMPAgNPs compared to AgNPs and imipenem
The average MIC value (lg/ml) of different antimicrobial agents
Imipenem
AgNPs
IMP-AgNP

MIC90: 128
MIC90: 8
MIC90: 4

64 to C512
4 to 32
2 to 16

The average MIC value (lg/ml) in isolates carrying resistance genes
Antibacterial agents (MICs)
Resistant genes

PCR results
Positive (N)

Imipenem

AgNPs

IMP-AgNP

VIM
IMP
VIM?IMP

56
48
20

128
128
C512

8
8
16

4
4
8

Table 5. Antimicrobial susceptibility of P. aeruginosa clinical isolates
Antimicrobial susceptibility
Antibiotics

S

SXT
FM
CRO
GM
TOD
MEN
AM
FEP
CP
PIP
PITZ
CAZ
NOR
IMP
C
NA

10.6%
11.7%
0
21.2%
36.5%
21.4%
20.7%
35.5%
32.5%
32.5%
26.4%
58.3%
48.3%
11.5%
52.4%
10.1%

*

I

R

S
IMP*

I
IMP

R
IMP

S
VIM

I
VIM

R
VIM

28.9%
31.1%
45.2%
30.1%
20.3%
25.2%
31.2%
33.2%
22.2%
30.1%
21.6%
20.4%
31.3%
20.4%
20.3%
27.5%

60.5%
57.2%
54.8%
48.6%
43.1%
53.4%
58.1%
32.2%
45.2%
37.4%
14.3%
21.2%
20.3%
68.1%
27.3%
62.3%

12.2%
32.3%
0
31.2%
20.3%
24.3%
10.3%
34.1%
35.1%
28.3%
50.6%
38.1%
51.5%
24.3%
38.1%
20.1%

30.2%
30.2%
36.7%
12.2%
29.1%
30.2%
31.3%
30.3%
21.3%
20.2%
32.2%
20.5%
20.2%
20.4%
31.1%
13.6%

57.6%
37.5%
63.3%
47.5%
50.5%
45.5%
58.4%
35.5%
43.5%
51.4%
17.1%
41.4%
24.2%
55.2%
30.8%
66.3%

27.6%
33.5%
0
32.5%
18.3%
28.4%
25.6%
35.7%
13.5%
18.4%
51.3%
37.4%
50%
13.4%
17.4%
37.3%

30.3%
29.3%
38.4%
30.3%
20.3%
35.9%
30.2%
28.4%
30.3%
30.2%
30.2%
32.55%
50%
20.5%
20.3%
20.4%

52.4%
37.2%
61.6%
37.1%
61.3%
35.7%
44.2%
35.9%
56.1%
51.3%
18.4%
30.1%
0
66.1%
61.3%
42.3%

Isolates carrying resistance genes.

16 lg/ml, respectively, against the clinical isolates of P.
aeruginosa. In addition, MIC90 and MBC90 were 128
and 256 lg/ml for imipenem, 8 and 32 lg/ml for
AgNPs, and 4 and 8 lg/ml for IMP-AgNPs. As a
control, the MIC and MBC against P. aeruginosa
ATCC 27853 were 16 and 32 lg/ml for imipenem, 4
and 8 lg/ml for AgNPs, and 2 and 4 lg/ml for IMPAgNPs. These results indicate that compared to imipenem and nanoparticle, IMP-conjugated AgNPs can
signiﬁcantly reduce the effective dosage. Accordingly,
in P. aeruginosa isolates carrying two resistant genes
with the highest MIC for imipenem (C 512 lg/mL),
MIC value decreased to 8 lg/ml after using IMPAgNPs (table 4).

3.6 Bacterial Killing Assay
The time-kill assays were used to analyze post-treatment bacterial viability and to deﬁne the minimum time
necessary to reach an inhibitory or bactericidal effect.
Viable counts of a clinical isolate of P. aeruginosa
(carrying two resistant genes) with imipenem, AgNPs,
and IMP-AgNPs at MIC90 concentrations, are displayed graphically in ﬁgure 7. In the bactericidal killing
assay, no bacterial colony was observed at MIC90 (4
lg/ml) for IMP-conjugated AgNP after 16 h, while for
other treatment groups, the growth of the bacteria had
not yet inhibited even after 18 h. However, the effect of
silver nanoparticles on bacterial growth was more

Imipenem-conjugated IMP-AgNPs against MDR isolates of P. aeruginosa
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severe than imipenem. There was a statistically signiﬁcant difference between treated and control groups
(P\0.05).
3.7 TEM study of IMP-AgNPs interaction with P.
aeruginosa

Figure 7. Time-killing assessment for P. aeruginosa treated
with the imipenem, AgNPs, and IMI-AgNPs. Horizontal and
vertical axes show the killing time and bacterial survival,
respectively. As is shown, the IMP-AgNP is more effective
in inhibiting bacteria growth compared to AgNP (P\0.05).

IMP-conjugated AgNPs’ interaction with P. aeruginosa
was studied with TEM. The IMP-conjugated AgNPs
were mixed with P. aeruginosa in solution at MIC
concentration and visualized by TEM after 2 h (ﬁgure 8). The untreated P. aeruginosa is shown in Fig. 8a
& b. After exposure of bacteria to IMP-AgNPs, the
analysis showed that most of the NPs assemble on the
bacterial surface (ﬁgure 8C-H).
3.8 Quantitative real-time PCR assay
Expression analysis of VIM and IMP genes involved in
resistance was performed for selected clinical isolates
of P. aeruginosa (MDR) using quantitative real-time
PCR, and the results were compared to that of the
untreated isolate. For evaluation, average relative
amounts of target genes were normalized to the average
relative amount of the 16S RNA reference gene. As
expected, the presence of AgNPs and IMP-AgNPs
reduced the expression of VIM and IMP genes in the
treated samples, but there was no signiﬁcant difference
in the expression level of VIM and IMP genes in
control and treated groups (P[0.05) (ﬁgure 9).

Figure 8. TEM micrographs of AgNPs and IMP-AgNPs
interaction with P. aeruginosa at MIC concentrations.
(A) and (B) represent untreated bacteria. (C) and (D) represent treated bacteria with AgNPs. (E–H) represents treated
bacteria with IMI-AgNPs.

Figure 9. Quantitative expression status of blaVIM, and
blaIMP genes in treated clinical isolates (MDR) of P.
aeruginosa by AgNPs and IMP-AgNPs at 0.5 9 MIC after
24 h. Untreated isolates were used as controls. There was no
signiﬁcant difference in the expression level of VIM and IMP
genes in the control and treated groups (P[ 0.05). For qPCR
assay, the I6S rRNA gene was used as calibrator control.
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Figure 10. Cytotoxicity effect of IMP-AgNPs and AgNPs
on HaCaT cells using MTT assay that was determined by the
percentage of viable macrophage cells after 24 h (A) and 48
h (B) based on the absorption of cell cultures at 540 nm (P\
0.05). The results conﬁrmed the in vitro cytotoxicity of
nanoparticles against cells. However, after 48 h the cytotoxic
activity of NPs at MIC90 was weak with about 20% toxicity.

3.9 Cytotoxicity study
In order to assess the IMP-AgNPs cytotoxicity on
keratinocyte cells, MTT assay was carried out in a
concentration range (2 to 10 lg/ml) using HaCaT cells.
Dose-dependent toxicity was observed (ﬁgure 10). The
results demonstrated that the NPs had cytotoxicity
against HaCaT cells. However, NPs at MIC concentrations did not exhibit signiﬁcant cytotoxicity on cells.
The cytotoxic activity of NPs at MIC90 was fragile that
could be neglected (showing about 20% toxicity).
Additionally, the IC50 value for AgNPs and IMPAgNPs was absorbed in 10 lg/ml concentration after
48 h.

Figure 11. AO/EB staining of HaCaT cells treated with
IMP-AgNPs with IC50 concentration. (A) Untreated cells,
(B) Treated cells after 24 h, (C) Treated cells after 48 h.
Early-stage apoptotic cells are marked by crescent-shaped or
granular yellow-green acridine orange nuclear staining (B).

cellular morphology, including chromatin condensation
and fragmented nuclei were observed after 48 hours.

3.11 Hemolytic activity assay
3.10 AO/EB staining
The staining shows that in treated HaCaT cells, the
AgNPs induced apoptosis after 48 h incubation. Cells
stained green represent viable cells, whereas bright
greenish-yellow staining represented early apoptotic
cells, and reddish or orange staining represents late
apoptotic cells. As shown in ﬁgure 11, changes in

The present study investigated the hemolytic activity of
AgNPs and IMP-AgNPs on human erythrocytes. DoseDependent toxicity manner was observed from NPs
(ﬁgure 12). The HD50 value (the 50 % hemolytic dose)
of AgNPs and IMP-AgNPs was at 8 lg/mg concentration, whereas the hemolytic activity of NPs in MIC90
was about 10% cytotoxicity on blood red cells.

Imipenem-conjugated IMP-AgNPs against MDR isolates of P. aeruginosa

Figure 12. The cytotoxicity of AgNPs and IMP-AgNPs on
erythrocyte cells using hemolysis assay. Dose-dependent
hemolysis was assessed with different concentrations of
NPs. The hemolysis percentage was determined by measuring human erythrocyte supernatant absorption at 415 nm in
comparison with the control sample (100% hemolysis) (P \
0.05).

3.12 Histopathological assay
The histopathological results showed that in groups 6
and 7 which were treated with standard and synthetic
IMP-AgNPs, respectively, 28 days after treatment, a
considerable epithelization was observed in comparison with other groups (ﬁgure 13). Also, similar wound
regeneration was observed in these groups. The
epithelization was higher in group 3 that was treated
with synthetic AgNPs compared to that of the standard
AgNPs-treated group (group 4). Hair follicle was seen
in the zinc oxide ointment group (group 2), which
showed a better wound healing during 28 days compared to groups 5 (imipenem-treated) and control
(group 1). On the other hand, the amount of epithelization and wound healing was higher in the imipenem
group in comparison with the control group. The
highest epithelization and wound healing were detected
in IMP-AgNPs nano drugs (groups 6 and 7) and the
lowest ones related to the control group.
4. Discussion
P. aeruginosa causes infection mostly in patients with
respiratory diseases, cancer, large wounds, and burns
injuries whose immune systems are suppressed. Controlling burn infections these days faces a major
problem due to the emergence of MDR strains in burn
units (Gonzalez et al. 2016; Tarashi et al. 2017). Carbapenems such as imipenem and meropenem are the
selective medication for the treatment of MDR P.
aeruginosa (Bassetti et al. 2019). A study by Moazami-Goudarzi and Eftekhar (2013) in Tehran, Iran,
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showed that 100% of P. aeruginosa isolates from
Shahid Motahari Burn Hospital were MDR of which
94.7% were resistant to both imipenem and meropenem (MOAZAMI and Eftekhar 2013). Also, in a
study by Saderi and Owlia (2015) in Tehran, Iran, the
prevalence of imipenem-resistance P. aeruginosa isolates was about 35%. In the current study, about 72%
and 68% of isolates were MDR and IMP-resistance
(MIC from 64 to C512), respectively (Saderi and
Owlia 2015). Antibiotic resistance in P. aeruginosa
may be mediated via several distinct mechanisms such
as b-lactamase production and efﬂux pumps. Therefore, here, the presence of b-lactamase genes, including
blaVIM, and blaIMP, was investigated in the isolates.
These enzymes are encoded by genes linked to the
mobile elements that facilitate their spread among different bacterial species and isolates. Among seventy
MDR isolates, 28%, and 24% of isolates carried VIM
and IMP genes as single, respectively, while only 10%
of isolates carried two genes. Our results showed that
the MIC of imipenem is inﬂuenced by the presence of
VIM and IMP resistance genes. In most cases, the MIC
value for the isolates lacking the resistance genes was
64 lg/ml but for isolates carrying VIM or IPM gene
was 128 lg/ml while isolates that carried two genes
exhibited more MIC values (C512 lg/ml). This ﬁnding
is consistent with a similar study that shows the MIC
values are affected by the number of resistance genes
(Zendegani and Dolatabadi 2019). In recent years,
novel strategies are now being employed in order to
control the microbial infections caused by MDR bacteria to reduce mortality as well as infection rates. The
rapid advance in nanotechnology offers researchers to
apply diverse nanomaterials against biocidal agents.
Nanoparticle forms of TiO2, ZnO, Ag, etc. are nanomaterials commonly known for their biocidal efﬁcacy
(Hoseinnejad et al. 2018). Silver nanoparticles play an
important role in nanoscience and nanotechnology,
particularly in nanomedicine.
One of the most important properties of AgNPs is
their antimicrobial action against pathogens (Franci
et al. 2015). The existing ions in nanoparticles such as
Ag? cause damage to the microorganism in various
ways. These ions could attack microorganism cell
walls, deactivate efﬂux pump, and pour cytoplasm via
cell wall to intercellular space. Consequently, cell lysis
and cell death occur (Marambio-Jones and Hoek 2010).
Studies showed that AgNPs are safe and non-toxic to
human and animal cells at low concentrations.
Accordingly, low concentrations of AgNPs have shown
extremely low toxicity compared to similar antibacterial agents, therefore, due to this fact, AgNPs have
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H&E stained skin sections of the rat after 0 days
of treatment. (A) Untreated group; (B) Treated group with
Zinc oxide cream; (C) Treated group with standard AgNPs;
(D) Treated group with synthetic AgNPs; (E) Treated group
with imipenem; (F) Treated group with IMP-AgNPs (standard); and (G) Treated group with IMP-AgNPs (synthetic).
(Left: 40X-scale bar 100 lm; Center: 100X-scale bar 100
lm; Right: 400X-scale bar 100 lm). Histological epithelization examination revealed that the amount of epithelization was increased in groups (groups 6 and 7) which were
treated by standard and synthetic IMP-AgNP during 28
days.

b Figure 13.

achieved the highest level of commercialization (Korani et al. 2015; Raza et al. 2016). However, it has been
conﬁrmed that AgNP can be toxic to several human
cell lines including red blood cells, peripheral blood
mononuclear cells, bronchial epithelial cells, umbilical

vein endothelial cells, liver cells, etc (Liao et al. 2019).
In general, the toxicity of AgNPs is depended on their
physicochemical properties such as size, shape, surface
area, chemical nature, charge and reactivity, compositions, and ease of aggregations (Asghari et al. 2012;
Raza et al. 2016). Due to the signiﬁcant potentials of
silver nanoparticles, the current study aimed to introduce IMP-conjugated AgNPs for the treatment of
imipenem-resistant P. aeruginosa isolates. During the
synthesis of AgNPs, change the color of the mixture to
brown indicated the synthesis of AgNPs, which is
consistent with the plasmon resonance of the
nanoparticle surface. Also, UV-vis spectroscopy, FTIR,
XRD, SEM, and TEM techniques veriﬁed the production of AgNPs. The sharp absorbance peak at
around 400 nm was in accordance with the ﬁndings of
other studies (23). The shapes obtained using SEM and
TEM were spherical and pseudospherical respectively
both with an average size of about 55 nm. However,
DLS analysis showed that the size of AgNPs and IMIAgNPs were about 30 and 35 nm, respectively, which
is due to the higher accuracy of this method. As
mentioned above, size and shape are of great importance in AgNPs activity, therefore, their antimicrobial
and cytotoxicity activities signiﬁcantly depend on size
and shape (Jeong et al. 2014). The smaller spherical
AgNPs showed higher antiseptic activity than that of
square or triangular AgNPs. Also, larger spherical
AgNPs had less bactericidal effect than square or triangle AgNPs (Raza et al. 2016). XRD spectral analysis
also revealed three sharp peaks at 37.54°, 43.61°, and
63.51° that indicated the presence of AgNPs in the
freeze-dried powder of the solution. Studies show that
AgNPs had the ability to be conjugated with antibiotics
through interaction between the AgNPs and active
groups of antibiotics such as amino (NH3?) and
hydroxyl (OH-) groups by chelation. Accordingly, the
AgNP-antibiotic conjugate is formed in which the
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AgNP core is surrounded by antibiotic molecules
(Naqvi et al. 2013). The characterization of AgNPs
after conjugating to imipenem was performed using the
UV-vis spectra and FTIR. Similar to the study by
Zendegani and Dolatabadi (2019), the UV-vis spectra
and FTIR study of the nanoparticles conjugated with
imipenem showed a little red shift, conﬁrming the
conjugation of imipenem to AgNPs. DLS and zeta
assessments, which showed an increase in the size and
zeta potential of IMI-AgNPs compared to AgNPs, also
supported the above statement. Generally, stability is a
critical feature for therapeutic agents that require longcirculating. Accordingly, UV-vis spectra also showed
that synthesized conjugates had proper stability after 3
months which is ideal for therapeutic purposes.
The analysis of the drug kinetics demonstrated an
appropriate state for the drug release proﬁle of AgNPs.
Also, the n value from 0.3528 to 0.4195 in Korsmeyer–
Peppas equation means that the release of imipenem
from AgNPs occurs through the Fickian diffusion
process. In the current study, 68% of isolates were
resistant to imipenem. Evaluations of the antimicrobial
activity of imipenem and silver alone and in conjunction showed a MIC range 64 to C512, 4 to 32, and 2 to
16 lg/ml, respectively. Based on these results, conjugation of imipenem with AgNPs increased the susceptibility of the P. aeruginosa isolates (2 B MIC B16
lg/ml), conﬁrming that antibiotic conjugation with
AgNPs can lead to an increase in their antimicrobial
activity. The time-killing results also showed that IMPAgNPs killed bacterial cells in a shorter time than
AgNPs, which caused the complete killing of bacterial
cells after 16 h. This increase in antimicrobial activity
can be due to several reasons, for instance, the small
size and extremely high surface area of the nanoparticles provide them for further drug loading, which
enhances the concentration of antibiotic at the site of
antibiotic-bacteria contact and therefore lead to
increased growth inhibition of the pathogen. In addition, the antibiotics-AgNPs combination may enhance
the binding afﬁnity to their targets, improve penetration
through the cell wall barrier and thus increase the drug
effectiveness against drug-resistant bacteria (Baptista
et al. 2018; Masri et al. 2018; Naqvi et al. 2013).
Accordingly, it is demonstrated that the permeability of
the membrane increases after the incorporation of
AgNPs into the cell membrane. Adsorption of
nanoparticles results in the depolarization of the cell
wall and changes the negative charge of the cell wall
that makes it more permeable (Baptista et al. 2018).
Moreover, studies show that the simultaneous use of
two antibacterial agents with different mechanisms is
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also important because if the bacteria resist one agent,
another antibacterial agent inhibits bacterial growth.
Furthermore, antibacterial compounds have lower
doses when used in combination, which reduces their
harmful effects (Amani et al. 2015). In this study, we
evaluated changes in expression levels of blaVIM and
blaIMP resistance genes after exposure to nanoparticles. Based on the studies, NPs exposed to bacterial
cells can cause changes in the genomic and proteomic
proﬁle of the cell (Slavin et al. 2017). For example, in a
study by McQuillan et al., they analyzed the wholetranscriptome response of Escherichia coli to acute
treatment with AgNPs or silver ions [Ag?] as silver
nitrate using gene expression microarrays. According
to their report, upregulation of a shared 161 genes and
downregulation of 27 genes in E. coli was observed.
Interestingly, AgNPs and Ag? exclusively regulated
309 and 70 genes, respectively (McQuillan and Shaw
2014). Also, Gou et al., reported that E. coli treated
with AgNPs upregulated many genes covering a wide
range of functions such as membrane structure, cellular
transport, protein efﬂux, and bioﬁlm formation (Gou
et al. 2010). Our ﬁndings showed that the expression
level of blaVIM and blaIMP genes were not affected by
silver nanoparticles. Although there was a slight
decrease, it was not signiﬁcant compared to the control
(P[0.05). We investigated in vitro cytotoxicity of the
AgNPs and IMP-AgNPs on keratinocyte (HaCaT) cells
using MTT assay. Results showed that AgNPs and
IMP-AgNPs had a low toxic effect so that after 48
hours, the cytotoxic activity of NPs at MIC90 was weak
with about 20 % toxicity. However, the toxicity level of
AgNPs was higher than IMP-AgNPs, but there were no
statistical differences between the cytotoxicity effect of
the NPs. Similar to these results, the cytotoxicity of
AgNPs and IMP-AgNPs on erythrocyte cells was also
increased in a dose-dependent manner, however, the
hemolytic activity of NPs in MIC90 was about 10%.
Generally, toxic effects of AgNPs, as well as cross of
AgNPs through biological barriers or cell uptake, are
dependent on their size, shape, stability, surface reactivity, and concentrations inside the cell (Zendegani
and Dolatabadi 2019).
Chen et al., found that coating or conjugating of
AgNPs by organic or inorganic compounds curtail the
cytotoxicity effect of the NPs (Chen et al. 2016).
Therefore, observing the difference in nanoparticle
toxicity can be due to antibiotic binding, although it
does not show a signiﬁcant difference. Also, at 10 lg/
ml concentration (IC50 value) of the silver nanoparticles, AO/EB staining of treated cells showed the
apoptotic effect of them. Results showed while the
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control group cells were about 95% viable, about 35%
of cells (48 h) treated with silver nanoparticles had
apoptosis at an early stage which is consistent with the
results of other studies such as the Jeyaraj et al., report
(Jeyaraj et al. 2013). Finally, in this research, histological epithelization tests revealed that the amount of
epithelization was increased in groups (groups 6 and 7)
which were treated by standard and synthetic IMPAgNP during 28-day with everyday treatment. These
results conﬁrmed the positive impact of IMP-AgNPs in
wound regeneration. The moderate groups of wound
healing were related to synthetic silver nanoparticles
and standard silver nanoparticles groups (groups 3 and
4) in comparison with groups 1, 2, and 5. The results
showed that treated groups with standard and synthetic
IMP-AgNPs had a signiﬁcant statistical difference with
the control group in epithelization and wound regeneration on 28-day (P\0.05). Similar to this study, there
are several reports that antibiotic-conjugated nanoparticles have been used against bacterial pathogens. For
example, Zendegani and Dolatabadi evaluated the
efﬁcacy of imipenem conjugated with AgNPs against
Acinetobacter baumannii clinical isolates. Of 100 isolates of A. baumannii 76% were resistant to imipenem
(MIC C 64 lg/ml to C 256 lg/ml). Also, the blaOXA-23,
blaPER, blaOXA-40, and blaIMP genes were the most
prevalent genes. Similar to our ﬁndings, the MIC values of IMP-AgNPs against resistant A. baumannii were
decreased in a dose-dependent manner and were based
on the existence of resistant genes, as, in the samples
that used IMP-NPs against them, the MIC range was
decreased to 2 B MIC B8 lg/ml. Also, the AgNPs
showed low cytotoxic effects. Accordingly, they suggested that IMP-AgNPs has a strong potency as a
powerful antibacterial agent against drug-resistant isolates (Zendegani and Dolatabadi 2019). In another
study by Patra et al., the antibacterial activity of the
ciproﬂoxacin conjugated zinc oxide nanoparticles were
evaluated against clinically isolated multidrug-resistant
bacterial strains of Escherichia coli, Staphylococcus
aureus, and Klebsiella sp (Patra et al. 2014). Under our
results, CIP-ZnO nanoparticles exhibited excellent
antibacterial activity against MDR strains. According
to their report, successful efﬁcacy was observed by
using CIP-ZNPs in a dose-dependent manner. Partial
growths of bacterial strains were visible up to 10 lg/ml
concentration of CIP-ZNPs, but no growths were visible at 20 lg/ml concentration of CIP-ZNPs. However,
a similar concentration of the antibiotic was unable of
producing antibacterial activity. Although the effective
dose in our study is much lower, this may be due to
differences in the type of bacteria, nanoparticles, and

antibiotics. It is demonstrated that ZNPs damaged the
cell membrane through the generation of reactive
oxygen species (ROS) with free electrons which
assisted ciproﬂoxacin to enter into the cell and inhibit
bacterial growth. In a study by Naimi-Shamel et al.,
they investigated the antibacterial effects of gold NPtetracycline conjugates against MDR clinical isolates
of Escherichia coli, Pseudomonas aeruginosa, Bacillus cereus, and Staphylococcus aureus (Naimi-Shamel
et al. 2019). Their results showed that the MIC of TCGNPs had a much greater antibacterial activity against
MDR isolates as compared to tetracycline and free
GNPs. However, tetracycline did not exhibit any inhibitory effect against all of the pathogens, but GNPs
displayed moderate antibacterial activity, in the range
of 12.5 to 100 lg/ml, against all bacterial strains.
Based on their results, the antibacterial activity of TCGNPs against pathogens was also strong compared to
respective free GNPs, but unlike IMP-AgNPs, GNPs
conjugated tetracycline had no activity against P.
aeruginosa MDR isolates. In some studies, the
antibacterial activities of conventional antimicrobial
agents alone and in combination with silver nanoparticles have also been investigated against multidrugresistant bacterial strains (Baptista et al. 2018; Hari
et al. 2014; McShan et al. 2015; Sabir 2018). Related
evaluations indicated that infections caused by multidrug-resistant microorganisms could be treated using
a synergistic combination of antimicrobial drugs and
AgNPs.
5. Conclusion
In general, the results indicate that the use of IMPAgNPs conjugates can treat bacterial infections due to
multidrug-resistant isolates. Accordingly, IMP-AgNPs
can provide a continuous and stable dose of imipenem
for several days which makes the antibiotic more active
on the bacteria. The IMP-AgNPs exhibited potent
antibacterial activity despite the existence of the
antibiotic-resistance genes in selected isolates, but the
similar concentration of antibiotic was unable to inhibit
bacterial growth. Although these results are promising,
for therapeutic applications, further studies are necessary to evaluate the speciﬁc mechanisms of action,
which could help predict undesirable interactions. On
the other hand, although the chemical method is the
most economical and common method for producing
silver nanoparticles, it can be hazardous due to the use
of toxic chemicals. In recent years, green synthesis
(biosynthesis) has been proposed as a new and low-risk
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method for the production of silver nanoparticles with
various sizes and shapes without the use of toxic
reductants. Therefore, the use of this method can be
considered in future studies. Of course, it should be
noted that one main drawback of the green synthesis of
AgNPs is the long reaction time compared to the
chemical method.
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Yılmaz Ç and Özcengiz G 2017 Antibiotics: pharmacokinetics, toxicity, resistance and multidrug efﬂux pumps.
Biochem. Pharmacol. 133 43–62
Zafer MM, Al-Agamy MH, El-Mahallawy HA, Amin MA
and Ashour MSE-D 2014 Antimicrobial resistance pattern
and their beta-lactamase encoding genes among Pseudomonas aeruginosa strains isolated from cancer patients.
BioMed Res. Int. https://doi.org/10.1155/2014/101635
Zendegani E and Dolatabadi S 2019 The efﬁcacy of
imipenem conjugated with synthesized silver nanoparticles against Acinetobacter baumannii clinical isolates,
Iran. Biol. Trace element Res. 197 330–340

