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to evolution of antibiotic resistant bacteria that has caused 
limitation to various therapeutic options presented that 
cannot keep up with the prevalence of carbapenem-resis-
tant Enterobacteriaceae (CRE), carbapenem-resistant Aci-
netobacter baumannii (CRAB), and carbapenem-resistant 
Pseudomonas aeruginosa (CRPA) (Abdelkader et al. 2017; 
Bateman et al. 2016; Park et al. 2022).

Carbapenems are β-lactam antibiotics that can be con-
sidered the last line of defence against MDR bacteria, such 
as P. aeruginosa, Acinetobacter baumannii, and Klebsiella 
species (Tiwari et al. 2019). Unfortunately, carbapenemase-
producing organisms have acquired resistance against this 
group of antibiotics (El-Telbany et al. 2022). Antibiotics 
used against these MDR infections have been inactive, 
including imipenem and colistin, which were considered 
among the most potent antibiotics ever existed against severe 
bacterial infections. Alas, this reputation is fading out, due 
to the emergence of a very potent carbapenem-resistant Aci-
netobacter baumannii (CRAB), this microbial species has 
restrained the antibiotic capabilities and caused formation 
of antibiotic resistant biofilm (Harding et al. 2017; Li et al. 
2021; Park et al. 2022).

Introduction

Different bacteria have been subjected to long term usage of 
antibiotics, leading to the inevitable consequences, where 
multi drug resistant (MDR) and/or extremely drug resistant 
(XDR) genes have been acquired by various bacterial spe-
cies. Multiple Gram positive and Gram negative bacteria 
have been labelled insensitive to different and recent anti-
biotics, causing significant increase in mortality rates due to 
MDR bacterial infections (Yang et al. 2020).

DeLeo et al. (2014) asserted that “10 million people per 
year will die due to antibiotic multi drug resistant infec-
tions and the mortality rate by anti-microbial resistance 
(AMR) will be more than cancer”. This statement was due 
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World health organization (WHO) in 2017 and centre 
for disease control and prevention (CDC) in 2013, have 
announced that carbapenem and third-generation cephalo-
sporin resistant Enterobacteriaceae are a critical group of 
bacteria that need scientific focus to create alternative routes 
in our fight against their resistance to all existing antibiotics. 
This alert has specified carbapenem-resistant Acinetobacter 
baumannii (CRAB), P. aeruginosa and K. pneumoniae infec-
tions, and their future impact on our life, and listed them as 
the most serious pathogens that need to be considered and 
favoured in future research (WHO, 2017) (Goodman et al. 
2018; Li et al. 2021). The incidence of multidrug-resistant 
A. baumannii is approximately four times higher than that 
of multidrug-resistant Klebsiella pneumoniae and Pseudo-
monas aeruginosa. This significant increase in infection has 
caused the CDC to define it as a global threat, induce public 
health surveillance and preventive actions (Goodman et al. 
2018; Li et al. 2021). To further understand the extent of this 
MDR bacteria, we need to know that Acinetobacter bau-
mannii (AB) is a nosocomial pathogen and one of the major 
causes of death in hospitals. AB has caused various types 
of infections at different sites such as respiratory tract, skin, 
eyes, urinary tract, blood, and surgical site. Furthermore, AB 
is accounted for numerous healthcare-associated infections 
(HCAIs) in the United States, Europe and China (Li et al. 
2021). This type of bacterial infection has caused high mor-
tality rates due to pneumonia and haemodialysis associated 
infection, that reached up to 60% and 43.4%, respectively 
(Li et al. 2021). This pathogen high resistance rate against 
carbapenem antibiotics, has impacted the traditionally used 
treatment regimen and caused extreme difficulties to eradi-
cate it. The traditional way of treatment for A. baumannii 
infection, is the usage of different antibiotics such as poly-
myxins, tigecycline, tetracyclines and aminoglycosides (El 
Zowalaty et al. 2015). These antibiotics can be used alone 
or combined. The ability of CRAB to resist antibiotic can be 
referred to its ability to produce carbapenemase enzyme, or 
alter the antibiotic binding site or cause outer membrane dis-
ruption or active efflux of the antibiotic (Verma et al. 2022). 
Furthermore, this resistance has extended to K. pneumoniae, 
which has higher prevalence than any other Enterobacteria-
ceae member. It is well known for its potency and abilities 
to cause multiple complications in compromised patients, 
such as patients with asthma, emphysema, or cystic fibrosis.

Another Gram negative resistant bacteria is P. aerugi-
nosa, that can be described as a machiavellian MDR patho-
gen. This bacterial species has severe threating capabilities 
to human health worldwide, as it can be found throughout 
mucosal surfaces and biomedical invasive devices, causing 
biofilm formation, which is more resistant to antibiotics and 
more difficult to eliminate (El-Telbany et al. 2022).

All these abilities and severity of MDR infections have 
created the sense of urgency for finding new alternatives to 
the inactive antibiotics in our fight against these life threat-
ing pathogens (Bateman et al. 2016; Li et al. 2021; Wu et 
al. 2017; Yang et al. 2020). The ability of MDR Gram nega-
tive bacteria to evade antibiotics has caused a catastrophic 
consequence represented by biofilm formation on wound 
surfaces, sepsis and septic shock resulting from bacterial 
infections, with a huge financial burden on hospitals and 
impacted hospitalization (Grijalva et al. 2020; Pant et al. 
2021; Sen and Sarkar 2021). Therefore, the need for alter-
native antimicrobial approaches is essential and manifested 
by various recent interventions and technological proposals 
focusing mainly on treating and preventing these carbape-
nem-resistant pathogen spread, as controlling these manipu-
lative microorganisms is a highly complicated process once 
infection has established (Cave et al. 2021; Sen and Sarkar 
2021).

Antibiotics and their related drug resistance have caused 
multiple adverse effects that included and not limited to 
drug toxicity. Therefore, the search for a new therapeutic 
route with lower challenges and better outcomes is targeted 
by multiple scientific researches (Murugan and Rangasamy 
2022). Recently, nanoparticle-based targeted delivery strate-
gies was represented as a new pathway in treatment of MDR 
infections, by using less therapeutic dosages of antibiotics 
leading to lower side effects or combining nanoparticles 
with various antibiotics, and observing their effect on MDR 
bacteria (Abdelkader et al. 2017; Lahiri et al. 2022; Qing et 
al. 2019; Rajivgandhi et al. 2019). Combining antibiotics 
with nanomaterial has taken many forms, where one of the 
most used forms is the formation of trapped antimicrobial 
agent inside biodegradable/biocompatible nanoparticles as 
a form of encapsulation, whether the nanoparticles engulf 
the antibiotic or are chemically attached to it. This form was 
proposed to prolong the drug release rates, solubility and 
stability.

This systematic review aims to analyse and put a spotlight 
on the preclinical studies using nanomaterial combined with 
antibiotics against MDR bacterial infections, in vivo, using 
animal models, to estimate the role and effect of this com-
bined structure in the fight against carbapenem resistance.

Methodology

In this systematic review, authors had reported the 
search results according to the PRISMA abstract check-
list. Our protocol registration number at PROSPERO is 
CRD42023383018. Any change and its reason will be 
updated and made public through the PROSPERO database.
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We systematically searched using keywords such as 
enterobacteriaceae, nanomaterials, antibiotic resistance, and 
carbapenem resistance aspects. Literature search databases 
of PubMed, BioMed and ScienceDirect were used to find 
related research studies that evaluated the effect of nano-
material associated or not associated with antibiotics that 
acted on animal models, this systematic search was done 
with restriction to english language up to the date of Decem-
ber 6, 2022.

Inclusion and exclusion criteria

The included studies met the following criteria: (1) animal 
experiment; (mice, rats and guinea Pig) (2) successfully 
established bacterial infection with MDR Gram nega-
tive bacteria model; (3) the intervention or treatment used 
Nanoparticles and Nanomaterial in any shape or form; (4) 
the control group was traditional antibiotic treatment and/
or antimicrobial agents; (5) the outcomes included serologi-
cal tests, histopathological studies and other tests such as 
polymerase chain reaction (PCR) and survivability tests. 
The excluded studies met the following criteria: (1) litera-
ture reviews, comments, other reviews, and editorials; (2) in 
vitro studies; (3) animal models other than mice, rats, and 
guinea Pig; (4) natural products as treatment; (5) studies on 
human; (6) studies written in languages other than English.

Data extraction and synthesis were tabulated and included 
general study characters such as authors, year, and paper’s 
title. And included animal model, nanomaterial type, resis-
tant bacteria species, the control/traditional antibiotic used, 
the establishment of infection and intervention method, the 
outcomes that varied as serological tests, PCR, histopatho-
logical investigations, and others.

Quality and risk of bias assessment

The quality of each included study was assessed indepen-
dently by two reviewers (OM and SM) using SYRCLE’s 
risk of bias (RoB) tool (The Systematic Review Centre for 
Laboratory Animal Experimentation) that has been derived 
from the cochrane’s risk of bias tool for clinical studies, and 
adapted for animal studies (Hooijmans et al. 2014). This 
tool uses ten item-checklist where questions were answered 
by “Yes” (if the question was adequately answered in the 
selected paper), “No” (if the question was not answered) or 
“Unclear” (if there is not enough information to answer by 
yes or no). Based on the answers to these signalling ques-
tions, the risk of bias domains was classified as low, high, 
or unclear. Finally, an overall risk of bias was evaluated and 
documented.

Study selection

A total of 763 eligible studies were retrieved from the elec-
tronic databases and hand search: 414 from Pubmed, 66 
from BioMed and 282 from Science Direct. Finally, Manual 
search resulted in 5 articles obtained and included. After 
exclusion due to duplication and abstracts review, 90 arti-
cles were selected, where after full reading, 9 studies were 
included in this systematic review. The process of article 
selection whether included or excluded is summarized in 
Fig. 1.

Fig. 1  Prisma chart of the study selection process

Characteristics of included studies

All relevant information related to data characteristics and 
synthesis are tabulated (Table 1). All included studies were 
in vivo animal studies, published between 2011 and 2022. 
In these eleven years, only 9 studies were found that were 
published investigating the combination between nanomate-
rial and antibiotics using the selected animal model, where 7 
studies used mice ( Lam et al. 2016; Li et al. 2021; Liu et al. 
2018; Qing et al. 2019; Rishi et al. 2015; Wan et al. 2016a; 
Yang et al. 2020) and 2 studies used rats (Abdel-Aziz et al. 
2017; El-Telbany et al. 2022). Regarding the MDR bacterial 
isolate used, we found that majority of the selected studies 
focused on Acinetobacter baumannii, referring to their high 
antimicrobial resistance and their high global health hazard 
status. Only 2 studies used MDR Pseudomonas aeruginosa. 
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lack the augmentation step with antibiotics. However, their 
results cannot be ignored, where they have showed very 
low cytotoxicity rates and highly promising antimicrobial 
effectivity (Rasha et al. 2021; Rasha, Monerah, Rasha et al. 
2021a, b; Sen and Sarkar 2021).

Reported outcomes and main results

All relevant selected 9 studies have reported in vivo outcomes 
using animal models. The measured outcomes included 
serological evaluations and/or histopathological examina-
tion from infected and treated animal models (Table 2). In 
addition, other variable outcomes such as bioluminescence 
imaging (luminescence images of the infected wound area) 
and/or survival assays were reported. Here we found that 
eight of the selected (9) studies reported serological results 
measuring the effect of the nanomaterial used against the 
blood bacterial counts (colony forming unit: CFU/mL) in 
blood (blood-cleansing treatment) of the animal model used 
and/or the inflammatory responses and markers of kidney 
and liver functions of infected and treated animal models 
(Lam et al. 2016; Li et al. 2021; Liu et al. 2018; Qing et al. 
2019; Wan et al., 2016; Yang et al. 2020 Rishi et al. 2015). 
Only El-Telbany et al. (2022) used a combined structure 
of meropenem–ZnO-NPs combination to treat localized 
inflected P. aeruginosa infection in the corneas of animal 
models. They showed the ability of nanoparticles to carry 
the antibiotic beyond its realm and target specifically the 
area of infection. The results showed significantly; than 
those obtained from using antibiotics alone. However, this 
study did not evaluate the capabilities of the nanomaterial 
alone or its efficacy without antibiotics, which may be seen 
as biassed attribution to the combined forms.

Six studies used histological assessment to verify the 
effectivity of nanomaterial associated with antibiotics, on 
the architecture of different organ tissue and calculate the 
count of inflammatory cells, beside the evaluation of the 
inflammatory response (Abdel-Aziz et al. 2017; Li et al. 
2021; Liu et al. 2018; Qing et al. 2019; Rishi et al. 2015; 
Yang et al. 2020).

Only 3 studies extensively tested and discussed the 
cytotoxic effect of nanomaterials using cryptdin-chitosan 
tripolyphosphate (C-TPP) nanoparticles, imipenem-encap-
sulated TRIDENT nanoparticles (Thermo-Responsive-
Inspired Drug-Delivery Nano-Transporter) and IPM@
AgNPs-PEG-NOTA nanocomposite (silver nanoparticles 
were coated with SH-PEG-NOTA as well as loaded by 
imipenem). These three relatively new nanomaterials have 
been tested for their biosafety on renal functions and histo-
logical analysis for five major organs (heart, liver, spleen, 
lung, and kidney) (Li et al. 2021; Qing et al. 2019; Rishi et 
al. 2015). One of the most important results was recorded 

In addition, there was one study for each of the other 
included Gram negative bacteria Salmonella Typhimurium, 
Klebsiella pneumoniae, and E. coli.

The combined structures and their augmented 
properties

Various types of encapsulated nanomaterials were used, and 
their characteristics were tabulated (Table 1). This diversity 
highlights the absence of a standardized method with high 
effectivity. This emerging side of the MDR treatment is new 
and still under investigation using different types of nano-
materials. Until 2022, only four papers used silver (Abdel-
Aziz et al. 2017; Wan et al., 2016; Li et al. 2021) and only 
one used zinc oxide (El-Telbany et al. 2022). Hundreds of 
research studies have used silver nanoparticles combined 
with antibiotics, but these papers targeted the in vitro phase 
only and did not show the effect of these combined forms on 
animal models. This gap of knowledge has led to the small 
number of studies that we have selected from the data base.

Six studies used biodegradable encapsulating nanoma-
terials such as chitosan, hyaluronic acid, nanofibers, and 
peptides to be combined with the antibiotic. Several papers 
showed a common method of augmentation which is the 
encapsulation, where nanoparticles are used to trap/engulf 
the antibiotic temporarily, and then release it continuously 
at the site of infection. This form of encapsulation is a 
cage-like form, which may be opened or disintegrated at 
the targeted site; in this way the amount of nanomaterial or 
antibiotic trapped are not wasted or mistargeted. This leads 
to usage of lower amounts of antibiotics or nanomaterials 
with positive effects on cytotoxicity levels and antimicro-
bial effectivity at lower ranges of therapeutic agents (Lam 
et al. 2016; Liu et al. 2018; Li et al. 2021; Qing et al. 2019; 
Rishi et al. 2015; Yang et al. 2020). Another form of encap-
sulation involves the chemical interaction between nanopar-
ticles or their oxide form with the antibiotics. This route was 
favoured by other researches, where their antimicrobial effi-
cacy was tested (Abdel-Aziz et al. 2017; El-Telbany et al. 
2022; Wan et al., 2016; Wu et al. 2017). We believe that 
this can be the ideal state for the combined structure, as 
nanomaterials are in their optimum condition do function as 
delivery system for the antibiotics and the entire dosage can 
reach its targeted site. Here we can state that this serves as 
the optimum form of synergy.

During our research other in vivo studies have used this 
encapsulation method but without any antibiotic, where they 
focused on the antimicrobial activity of the nanomaterials 
alone without any antibiotic additions. This form of studies 
presents another alternative, where they completely replace 
the antibiotics by nanomaterials and test their cytotoxicity 
on animal models. These studies were not selected, as they 
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Table 2  Augmented structures effect on animal models infected by MDR bacteria
Author Survivability 

rates
Bacterial Clearance Inflammatory markers Kidney & Liver Functions Histopathological Results

(Yang et al. 
2020)

100% HAP(Au/Ag)/NIR 
treatment inhib-
ited MDR-AB and 
showed the least 
CFU

Significant decrease 
in levels of TNF-α 
and IL-6 (220.74 pg/
mL and 153.07 pg/mL, 
respectively)

UREA, CREA, ALT, and 
AST values were similar 
to that of normal mice 
(7mmoL/L, 13µmoL/L, 
32U/L, and 173U/L, 
respectively)

Treatment showed
1) recovered separated pul-
monary alveoli structures, like 
normal lung tissue.
2) Red blood cells around 
alveolar walls were significantly 
reduced.

(Abdel-
Aziz et al. 
2017)

cured lung cell 
after treat-
ment (after 14 
days) with no 
survivability 
percentage

complete eradication 
of bacterial infection

No inflammatory 
markers tested

No kidney and liver func-
tions detected

Treatment showed
1) Presence of classically 
activated macrophages in lung 
tissues that help in host defence

(Rishi et al. 
2015)

survivability 
87%
(after 21 days)

Liver: Reduction in 
CFU by 1.6- 2 log
Intestine: Reduction 
in CFU by 1.7- 2 log

x liver tissues:
1) nitrite levels decreased 
to 4 micromoles/mg 
protein.
2) catalase increased by 
2.4-fold

Treatment showed:
1) Small intestine sections 
revealed decreased infiltration of 
lymphocytes, normal ileum.
2) liver tissue showed decrease 
in infiltration of lymphocytes.
with recovery from damage to 
normal liver cells.

(Qing et al. 
2019)

No survivability 
rates (on skin 
infection)

70% decrease in skin 
lesion size

PCT and CRP were 
measured against 
Gram positive MRSA-
infected mice only 
(the results did not 
include Gram negative, 
MDREC)

BUN less than 15 mmol/L 
and creatinine less than 8 
µmol/L

Skin tissues intact histological 
dermis structures

(Liu et al. 
2018)

No survivability 
rates (on skin 
infection)

Reduction in CFU by 
1.3 log

x x Skin tissue: increase in epidermal 
thickness, and significant reduc-
tion in inflammatory infiltrate

(Lam et al. 
2016)

100% Peritoneal cavity: 
Reduction in CFU by 
> 5-log
Spleen: Reduction in 
CFU by > 3-log

x x x

(Li et al. 
2021)

100%
(After 1 week)

Reduction in CFU by 
4-log

significant decrease in 
CRP (4.76 ± 1.94)
and
IL-6 and TNF-α ≈ 30 
pg/ mL

ALT, AST, BUN and 
CREA, values were similar 
to that of normal mice.
(113.6 ± 16.1 U/L, 
121.4 ± 24.5U/L, 
7.52 ± 2.04 mmol/L, 
14.67 ± 2.81 mmol/L, 
respectively)

Reduced inflammatory infiltra-
tion debris with no alveolar walls 
thickening or congestion

(El-Tel-
bany et al. 
2022)

No survivability
(induced inflam-
matory keratitis) 
(cornea of the 
eye)

Smallest area % of 
corneal opacity (less 
than 10%)

x x x

(Wan et al. 
2016a)

Survivability 
60%

complete eradication 
of bacterial infection

Not tested as aug-
mented structure (mea-
sured against antibiotic 
and nanomaterial, 
separately)

Recorded only in vitro x

Abbreviations: AgNPs: Silver nanoparticles, HA-P(Au/Ag)/NIR: Hyaluronic acid and peptide-modified (gold/silver)/ near-infrared, 
MDR-AB: Multi-drug Resistant Acinetobacter baumannii, SNAPPs: Structurally nanoengineered antimicrobial peptide polymers, IPM@
AgNPs-PEG-NOTA: imipenem, silver nanoparticles- Poly(ethylene glycol)- triazacyclononane-1,4,7-triacetic acid, TRIDENT: Thermo-
Responsive-Inspired Drug-Delivery Nano-Transporter, PT: piperacillin/tazobactam, MDREC: Multidrug-resistant Escherichia coli, CRAB: 
carbapenem-resistant A. baumannii, CFU: colony-forming unit, PMB: Polymyxin B, PCT: procalcitonin, CRP: c-reactive protein, CREA: 
creatinine, ALT: alanine transaminase, AST: aspartate amino-transferase, BUN: blood urea nitrogen, CREA: creatinine, pg/mL: picograms 
per millilitre, mmoL/L: Millimoles per liter, µmoL/L: Micromole per liter, U/L: Units per litre, µg: Microgram, µM: micrometre
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extended the drug half-life, improved its therapeutic index, 
and optimized its pharmacokinetics profiles.

Two studies have showed the highest survival rates 
up to 100% (Rishi et al. 2015; Yang et al. 2020). Another 
important aspect was targeted and discussed in 6 studies, 
was patients’ compliance, where they showed that using 
nanoparticles combined with antibiotic, led to lower dosage 
and frequencies. (Abdel-Aziz et al. 2017; El-Telbany et al. 
2022; Li et al. 2021; Liu et al. 2018; Qing et al. 2019; Wan 
et al., 2016). This aspect should be addresed and highlighted 
in any upcoming study regrading nanomaterial and antibiot-
ics, as it will affect darstically affect future clinical studies.

Risk of bias assessment

Risk of bias assessment was performed using the SYstem-
atic Review Centre for Laboratory Animal Experimentation 
(SYRCLE), this methodological approach was used to syn-
thesize evidence (Hooijmans et al. 2014). Using this tool 
has led to a total of 90 entries. Five studies showed some 
elements of high-risk bias, because of sequence generation 
and blinding domains. The other 4 studies were assessed as 
moderate risk of bias, as no item was registered as high risk 
of bias and most of the items were judged as low to moder-
ate risk of bias. In more detailed assessment, among the 90 
entries, 52.22% were answered as “Yes”, 10.0% as “No” 
and the remaining 37.78% as “Unclear” (Fig.  2). Selec-
tion bias sequence generation, baseline characteristics and 
allocation concealment frequently judged as of low risk of 
bias, performance bias random housing and blinding were 
unclear risk of bias, and detection bias random outcome 
assessment ranged from high risk of bias in some studies 
and unclear risk of bias other selected studies. Finally, attri-
tion bias, reporting and other bias domains showed majority 
of low risk of bias results (Fig. 3).

Fig. 2  Risk of bias assessment evaluated according to the SYstematic 
Review Centre for Laboratory Animal Experimentation (SYRCLE): 
authors’ judgment about each risk of bias item (green = low, yel-
low = moderate, red = high)

by one of these studies, where Rishi et al. (2015) evaluated 
the effect of nanocapsulated cryptdin on small intestine and 
liver tissues of mice as animal model. This new nano form 
of encapsulation has showed its biocompatibility with heal-
ing effects on liver cells and intestine tissues that recovered 
normally after the infection. This study showed that the 
nanoencapsulated combined structure showed a significant 
decrease in MDA (malomdialdehdye) and nitrate levels, and 
increased the concentration of catalase enzyme and super-
oxide dismutase (SOD) activity, which positively impacted 
the capability of the animal model immune system, as the 
host tissues were able to scavenge superoxide radicals gen-
erated by the burst of immune cells, in comparison to crypt-
din-only treated group. These findings further strengthen the 
impact of nanosized material on the penetration power of 
the drug and their effectivity and reachability. This effect 
can only be achieved by the nanosized materials that are 
able to penetrate targeted sites.

Other studies showed the proinflammatory cytokines in 
the animal plasma, lung tissues and the levels of tumour 
necrosis factor alpha (TNF-α) and interleukin (IL)-6, where 
this combined encapsulated form had the lowest concentra-
tion of biomarkers and enhanced the antimicrobial activity 
of the antibiotic, whether the infection was established by 
MDR Acinetobacter baumannii, or K. pneumoniae (Abdel-
Aziz et al. 2017; Li et al. 2021; Wan et al. 2016a; Yang et al. 
2020). Furthermore, by studying the effect of these newly 
formed encapsulated structures on kidney and liver func-
tions by measuring ALT, AST, UREA and CREA concen-
trations in animal serum, results indicated minimal blood 
bacterial counts (CFU/mL) in blood (blood-cleansing treat-
ment) and cytotoxicity with significant increase in mice sur-
vivability rates, therefore improving their health overall.

Qing et al. (2019), used combined structures, TRIDENTs 
delivery system, which were evaluated for its safety and 
biocompatibility using biomarkers analysis and histologi-
cal images. These results showed no abnormalities in the 
hematoxylin and eosin stain (H&E) stained sections of the 
heart, liver, spleen, lung and kidney. This encapsulation of 
antibiotics can inhibit imipenem (IMP) degradation and 
nephrotoxicity caused using cilastatin that is normally co-
administered in clinical practices. This new delivery device 
used the combined structure on another level and showed 
the future prospect of nano delivery route of antibiotics at 
small doses.

Liu et al. (2018) used nanomaterial as carrier by coating 
nanofibers with antibiotics (piperacillin/tazobactam (PT). 
Results from histological analysis, showed that this coated 
combined structure exhibited a significant increase in mean 
epidermal thickness, and induced significant reduction in 
inflammatory infiltrate, re-epithelization with wide granu-
lation tissue. In addition, sustained antibiotics release has 
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sensitive bacteria. This can be judged as expected results, 
as various species of bacteria are susceptible already with 
antibiotics alone without the need for any other antimicro-
bial accelerating force.

On the other hands some studies have favoured the 
option of using the nanomaterial alone (such as graphine 
oxide, zinc oxide, copper, and silver nanoparticles), without 
any additions, against different MDR bacterial infections. 
These studies were excluded from our review as they did 
not assess the combined augmented structure of nanomate-
rial and antibiotics. But their results shade some light on 
the possibility of replacing antibiotics from our equation 
in the fight against MDR bacteria. These studies have pro-
vided evidence, using animal models, that nanomaterials 
alone can cause antimicrobial destruction to the MDR bac-
teria and elevate the survival rates more than 80%. They 
also highlighted, using histopathological images, the abil-
ity of these nanomaterials to improve and accelerate wound 
healing by impacting the skin regeneration at epidermal 
layer with keratinized covering layer and lowering bacterial 
inflammation without causing tissue damage, in comparison 
to antibiotics alone. (Huang et al. 2011; Rasha et al. 2021a, 
b; Sen and Sarkar 2021; Wu et al. 2017).

Two papers have used synthesized nanodevices, one 
by Qing et al. (2019), who synthesized spherical shaped 
nanomaterial TRIDENT (Thermo-Responsive-Inspired 
Drug-Delivery Nano-Transporter) that showed its ability 
to facilitate imipenem (IMP) permeability causing irrevers-
ible damage to bacterial membranes, causing cell death and 
preventing sepsis development. The other nanodevice was 
created by Park et al. (2022), who used magnetic nanovesi-
cles (MNVs) with ability to remove wide range of antibiotic 
resistant bacteria from rats blood stream, without trigger-
ing undesirable immune reactions, as these MVNs used 
human cell membranes as camouflage. In their paper, they 
ignored the antibiotic usage completely, by using a cleans-
ing nanodevice attached to anesthetized rats’ jugular veins. 
The study investigated bacterial load in vital organs (lungs, 
spleens, and kidneys) and showed significant reduction in 
CFU values compared to other groups. Furthermore, WBC 
and platelets count showed normal levels with MVNs treated 
group. Colistin, the traditional antibiotic used against CR 
E.coli, failed to achieve similar results. This MNVs showed 
a significant potentiality to function as a nanocarrier with 
antimicrobial activity against multi drug resistant infections.

All these studies, included and excluded, showed, and 
explored the efficiency of encapsulation of traditionally 
used antibiotics and nanomaterials, forming extended struc-
ture, or the nanomaterial alone in the fight against MDR 
infections. However, perhaps the need for an alternative 
route, has somehow influenced researchers to highlight the 
pros of nanomaterial and antibiotics together in this fight, 

Fig. 3  Risk of bias assessment evaluated according to the SYstematic 
Review Centre for Laboratory Animal Experimentation (SYRCLE): 
authors’ judgment about each risk of bias item presented as propor-
tions. Selection bias: (1) sequence generation; (2) baseline character-
istics; (3) allocation concealment. Performance bias: (4) random hous-
ing; (5) blinding. Detection bias: (6) random outcome assessment; (7) 
blinding. Attrition bias: (8) incomplete outcome data. Reporting bias: 
(9) selective outcome reporting. 10) Other

Discussion

All collected data from studies were compared and analysed 
as possible. The overall results of the present systematic 
review showed that augmentation of antibiotics with nano-
material can help MDR bacteria and help in preventing and 
controlling emergence of more resistant bacterial infections, 
which will eventually impact the hospitalization periods and 
patient recovery process.

Different methods were used in studies to optimize the 
augmentation state between the nanomaterial and the anti-
biotic. Where encapsulation was presented in most selected 
papers, supporting the hypothesis that this form can reduced 
lung tissue edema and cause no thickening or congestion of 
the alveolar walls.

These unequivocal results lead to consequential assump-
tion that these new structures are safe, with good biocom-
patibility that was reflected by the RBCs count of combined 
treated group and with no impact on body weight of animal 
model. This can be considered as a new route against MDR 
bacteria emergence. These studies also have indicated that 
the antibiotics alone are unable to reach the lung tissues 
at satisfactory concentrations to stop the MDR bacterial 
invasion, and therefore alleviate the burden on the internal 
organs and influence survival rates as indicated in these 
studies.

One study conducted by Abdelkader et al.(2017), showed 
that encapsulation of meropenem-loaded chitosan nanopar-
ticles has caused improvement on the survival and bacterial 
clearance rates compared to antibiotic only. The only prob-
lem here, is that they tested this combined structure against 
meropenem sensitive bacteria, excluding the MDR aspect, 
causing a speculation about the ability of this form to treat 
MDR infection, although, this encapsulated meropenem has 
extended release and sustainability causing more efficient 
antimicrobial activity and drug penetration against differ-
ent bacterial cell parts, but all these results were against 
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