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Abstract Globally, a high prevalence of multi-drug-
resistant (MDR) bacteria, mostly methicillin-resistant
Staphylococcus aureus and carbapenem-resistant En-
terobacteriaceae, has been reported. Infections caused
by such bacteria are expensive and hard to treat due to
reduced efficient treatment alternatives. Centered on the
current rate of antibiotics production and approvals, it is
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anticipated that by 2050 up to 10 million people could
die annually due to MDR pathogens. To this effect,
alternative strategies such as the use of nanotechnology
to formulate nanobactericidal agents are being explored.
This systematic review addresses the recent approaches,
future prospects, and challenges of nanotechnological
solutions for controlling transmission and emergence of
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antibiotic resistance. A comprehensive literature search
of PubMed and BioMed Central databases from
June 2018 to January 2019 was performed. The search
keywords used were “use of nanotechnology to control
antibiotic resistance” to extract articles published only in
English encompassing all research papers regardless of
the year of publication. PubMed and BioMed Central
databases literature exploration generated 166 articles of
which 49 full-text research articles met the inclusion
guidelines. Of the included articles, 44.9%, 30.6%, and
24.5% reported the use of inorganic, hybrid, and organic
nanoparticles, respectively, as bactericidal agents or
carriers/enhancers of bactericidal agents. Owing to the
ever-increasing prevalence of antimicrobial resistance to
old and newly synthesized drugs, alternative approaches
such as nanotechnology are highly commendable. This
is supported by in vitro, ex vivo, and in vivo studies
assessed in this review as they reported high bactericide
efficacies of organic, inorganic, and hybrid
nanoparticles.

Keywords Multidrug resistance - Inorganic
nanoparticles - Organic nanoparticles - Nanohybrid -
Nanocarriers - Cytotoxicity - Nanomedicine

Background

The prevalence of nosocomial and community-acquired
multidrug-resistant (MDR) bacterial infections with lim-
ited effective treatment options is on the rise worldwide
(CDC 2013; CDDEP 2015). Notable examples include
the increase in the incidence of methicillin-resistant
Staphylococcus aureus (MRSA), emergence of MRSA
clinical isolates insensitive to vancomycin (CDC 2013;
Iyamba et al. 2014; Thati et al. 2011; Loomba et al.
2010), and high prevalence of carbapenem-resistant En-
terobacteriaceae (CRE) infections. This is worsened by
the fact that most of these resistant infections have no
commendable treatment alternatives (Livermore et al.
2011; Nordmann et al. 2011, 2012). With such conse-
quences, antimicrobial resistance (AMR) has resulted
into increased morbidity and mortality to would-be un-
threatening bacterial infections. Therefore, AMR has
emerged as one of the leading threats to human and
animal health (CDC 2013; Lowy 2003). A number of
factors have been implicated as drivers of AMR. The
most common ones include biofilms, overuse of antibi-
otics, irrational prescription of antibiotics, and the use of
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antibiotics in livestock to promote growth (Hausner and
Wuertz 1999; Heiby et al. 2010; Economou and Gousia
2015; Warnes et al. 2012; Ceri et al. 1999). Overcon-
sumption of antibiotics presents selective pressures to
bacterial population where some adapt by developing
molecular resistance mechanisms such as antibiotic
resistance-encoding genes (Queenan and Bush 2007:
Brody et al. 2008; Punina et al. 2015; Perez et al.
2007; Gulmez et al. 2008; Pfeifer et al. 2012; Poirel
and Nordmann 2006; Perez et al. 2007), hence evolving
to form resistant strains. A number of studies have
documented the molecular mechanisms of AMR; these
are summarized in Table 1 and Figs. 1 and 2.

Furthermore, leading pharmaceutical companies
have shut down their antibiotics research and develop-
ment programs due to the fact that antibiotics are less
lucrative than other drugs used in the treatment of
protracted ailments. This is mainly because (a) most
new antibiotic generations are inaccessible, prohibited,
shelved and used as last resort antibiotics ostensibly to
protect them against resistance, and (b) they are used for
a short period of time, and they become obsolete due to
emergence of resistance limiting the initial return on
investment (Nature Biotechnology Volume 36 Number
7 July 2018; Spellberg et al. 2004; Power and Schering—
Plough Corporation 2006). Therefore, based on the
present rate of antibiotic production and approvals, it
is projected that by 2050, up to 10 million people could
die annually due to MDR superbug infections (Nature
Biotechnology Volume 36 Number 7 July 2018). Thus,
this necessitates development of novel alternatives to
antibiotics.

One of the promising strategies to control antibiotic
resistance is the use of nanoparticle (NP) therapeutics,
nanostructured coating of indwelling and other medical
devices in addition to nanodrug delivery systems. Nano-
particles are materials where at least one dimension lies
between 1 and 100 nm (Khan et al. 2017). Nanoscale
materials have garnered attention since they occupy
very little space but with a very large surface area to
volume. Reducing material to nanoscale increases the
surface area to volume ratio, and this affords the resul-
tant NPs very high versatility, solubility, chemical reac-
tivity, and different morphologies with different mecha-
nisms of action (Padmavathy and Vijayaraghavan 2008;
Simon-Deckers et al. 2009). Various types of NPs pres-
ently accessible and under fabrication include inorganic
metals, organic polymers, organic natural compounds,
and nanostructured materials. Diverse engineering
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Table 1 Molecular mechanisms of antibiotic resistance

Type of antibiotic resistance

Molecular mechanism of resistance

Reference

Limiting entry of antibiotics

Acquisition of multiple
chromosomal and plasmid
efflux pump genes

Modification and protection of

antibiotics target

Hydrolytic enzyme-mediated anti-

biotic resistance

Mutation in the gene-encoding outer membrane porin (OMP) protein

through which antibiotics diffuse into the cell resulting into altered
OMPK36 variant porin with reduced permeability to antibiotics in
K. pneumoniae

Decreased permeability to antibiotics in E. coli, Pseudomonas spp.,

and Acinetobacter due to downregulation of the main porins or
replenishing the cell membrane with novel selective protein
channels

Efflux pumps actively drive several antimicrobials out of the cell.

Their upregulation provides resistance to previously clinically
efficacious antibiotics, such as broad-spectrum MDR efflux pumps
in E. coli (AcrB) and P. aeruginosa (MexB)

Change the configuration of the targets, thereby reducing the binding

affinity of antibiotics. K. pneumoniae and S. aureus resistance to
linezolid were achieved through modifications in alleles encoding
23S rRNA ribosomal subunit in Gram-positive bacteria linezolid
target

Resistance to macrolides, lincosamines, and streptogramins through

methylation of their binding site, the 16S rRNA by the
erythromycin ribosome methylase (erm) family genes. Resistance
to phenicols, pleuromutilins, streptogramins, lincosamides, and
oxazolidonones, mediated by the addition of a methyl group to
A2503 in the 23S rRNA by enzyme chloramphenicol-florfenicol
resistance (cfr) methyltransferase

Methicillin resistance in Staphylococcus aureus due to the acquisition

of the chromosomal mecA gene that transcribes for a single
supplementary penicillin-binding protein, PBP2a with low affinity
for all 3-lactams

Main molecular mechanism of resistance is through acquisition of

chromosomal and plasmid-borne gene encoding for antibiotics
degrading enzymes. Notable example is of (3-lactamases which
include penicillinases which degrade only penicillins,
cephalosporinases which favorably deactivate cephalosporins and
aminopenicillins, extended-spectrum (3-lactamases (ESBL) that
digest all 3-lactams but carbapenems and carbapenemases that

Nordmann et al. 2012

Lavigne et al. 2013; Tangden
et al. 2013; Novais et al.
2012

Ruggerone et al. 2013;
Hinchliffe et al. 2013

Billal et al. 2011; Gao et al.
2010

Long et al. 2006

Stapleton and Taylor 2002,
Neu 1992; Spratt 1994

Ssekatawa et al. 2018;
Nordmann et al. 2012

incapacitate all 3-lactams
Modification of
antibiotic-mediated resistance

Acquisition of genes coding for enzymes that inactivation of
antibiotics via addition of functional group. Aminoglycolides

Wright 2005

resistance in Campylobacter coli is due to acetylation,
phosphorylation, and nucleotidylation of its hydroxyl and amide
exposed groups by acetyltransferases, phosphotransferases, and

nucleotidyltransferases

systems are required to fabricate these nanoparticle
types, and each type can exhibit a variety of biomedical
functions via different modes of action. NPs have dem-
onstrated potent antibacterial activity in ex vivo, in vivo,
and in vitro experiments. Thus, these NPs have attracted
the attention in the health sector to be used as alternative
or co-antimicrobial agents, nanoantibiotics delivery sys-
tems, and nanostructured coatings owing to their undis-
puted bactericide ability mediated by different mecha-
nisms (Simon-Deckers et al. 2009).

Inorganic metal NPs such as silver, gold, zinc, cop-
per, and titanium and organic NPs such as chitosan have
been experimented as substitutes to antibiotics and con-
ventional disinfectants. Notable examples include the
use of NPs to avert catheter-associated infections and
biofilm formation and the use of NPs in antimicrobial
wound dressing and coatings (Padmavathy and
Vijayaraghavan 2008; Simon-Deckers et al. 2009; Li
et al. 2011; Ren et al. 2009; Meghana et al. 2015; Lai
et al. 2015; Jahnke et al. 2016; Shahverdi et al. 2007;
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Fig. 1 Molecular mechanisms of antibiotic resistance. (Addae
et al. 2014) Acquisition of chromosomal and plasmid antibiotics
resistance genes (gene-encoding enzymes which (a) hydrolyze
antibiotics and (b) modify drugs). (Ali et al. 2011) Acquisition of
antibiotics efflux pump genes. (Alves et al. 2017) Mutation in the

Ivask et al. 2014; 35. Pérez-Diaz et al. 2015; Cui et al.
2013; Ramalingam et al. 2016; McQuillan and Shaw
2014; Ali et al. 2011). However, the emergence of
resistance to Ag NPs and other heavy metals in
Escherichia coli threatens the use of metal NPs as
substitutes to antibiotics (Panacek et al. 2017; Tajkarimi
et al. 2017). This resistance is attributed to the (a)
acquisition and upregulation of efflux pumps for Ag
NPs and other metal nanomaterials; (b) enzymatic alter-
ations of nanomaterials such as oxidation, reduction,
methylation, and demethylation; (c) gaining and over-
expression of metal-binding proteins notably metallo-
thionein, SmtA, chaperone CopZ, and SilE (Silver and
Phoung 2005); (d) limiting entry of nanomaterials by
mutation and suppression of expression of genes
encoding the metal ion transmembrane proteins
(Graves et al. 2015); and (e) extracellular secretion of
flagellin adhesive protein that induce agglomeration of
silver NPs (Tajkarimi et al. 2017). To achieve meaning-
ful outcomes, attempts should be made to design
nanotherapeutic agents with the capacity to circumvent
the modes of resistance to heavy ionic and nanoscale
metals in addition to the molecular mechanisms of re-
sistance that have rendered conventional antibiotics ob-
solete. Therefore, the fabrication process of antibacterial
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gene encoding a vital target protein such (PBP) so that an altered
drug target is expressed. (Ansari et al. 2014) Mutation in gene
expressing OMP so that a truncated OMP is produced or there is
downregulation of OMP

nanomaterial should encompass strategies to overcome
the emergence of resistance to the novel nanotherapeutic
agents as well as shielding antibiotics from the various
mechanisms of resistance.

Pathogen acquisition of AMR to a single therapeutic
agent is not complex as resistance can be achieved
through relatively simple genomic modifications
(Fig. 2) (Tajkarimi et al. 2017). Therefore, antimicrobial
combinatory strategy is the most promising approach to
curb antimicrobial resistance (Asgarali et al. 2009). This
may entail fabrication of nanocomposites through com-
bination of antibiotics and nanomolecules with antibac-
terial activity, two or three nanosubstances, and loading
antibiotics and NPs in nanodrug delivery systems
(Fig. 2). Combinatory effects of NPs and antibiotics,
two or more nanosubstances, will most likely evade
bacterial antimicrobial resistance mechanisms, while
nanodrug vehicles with antibacterial activity, such as
silver NPs, copper NPs, chitosan NPs, among others,
will not only protect antibiotics from the molecular
mechanisms of resistance but will confer the nanodrug
delivery system-antibiotics complex synergistic antibac-
terial effect; that is to say, conventional antibiotics will
be re-potentiated by synergistic combination with NPs
against MDR bacteria (Selvaraj et al. 2019). For
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Fig.2 Mechanisms of bacterial resistance to antibiotics and nano-
particles and how to combat them using nanotechnology. Acqui-
sition of (Addae et al. 2014) chromosomal or plasmid genetic
resistance determinants which encode for drug hydrolyzing en-
zymes, efflux pumps for both (Ali et al. 2011) drugs, and (Alves
et al. 2017) NPs. (Ansari et al. 2014) Mutation in the OMP genes
to express modified OMP; (Anwar et al. 2018) downregulation of

example, nanodrug/antibiotic delivery platforms boost
drug specificity and delivery, consequently reducing the
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of antibiotics
(Panacek et al. 2015). However, synergy is not a guar-
antee against the evolution of antimicrobial resistance,
as a pleiotropic mutation can simply reverse the effects
of synergistic treatments. Therefore, for effective
nanomaterial-antibiotics combinatory approaches,
nanomaterials should be designed to target bacterial
pathways so that the evolution of bacterial resistance
to nanomaterials compromises their resistance to several
classes of antibiotics as observed in phage therapy ex-
periments (Chan et al. 2016). Furthermore, nanodelivery
systems enhance susceptibility of MDR or pan-drug-
resistant (PDR) bacteria strains to antibiotics as they
shield them from bacterial hydrolytic enzymes and they
defeat resistance mechanisms such as impermeability to

Gene enconding drug
inactivation enzyme

Expression of metal
ion and metal NPs "
effluxpump  Hybrid nano-comppsite

GO
7Mtwb:0‘. ¢

Drug-drug nano delivery
system complex

drug channels (OMP); (Asadishad et al. 2012) drug nanocarriers to
shield drugs from the inactivation of enzymes, conjugating drugs
to NPs and nanobodies; (Asgarali et al. 2009) NPs to NPs with
antibacterial activity such as antibodies, Ag, CuO, and chitosan,
among others, to attain multiple modes of action synergistic anti-
bacterial activity; and (Bansod et al. 2015) capping of
nanomaterials with bacterial adhesin secretion inhibitors

antibiotics due to alteration of the outer membrane porin
proteins since the nanoantibiotic complex has a different
configuration compared with the individual antibiotic
(Fig. 2) (Hofmann et al. 2014: Li et al. 2012). Synergis-
tic antibacterial effect may be achieved if the NPs con-
jugated to therapeutic agents to form a nanocarrier-
antimicrobial complex also possess bactericide effects
(Panacek et al. 2015). Furthermore, organic
nanodelivery systems such as chitosan and liposome
nanocarrier systems and inorganic drug nanovectors
such as gold have been experimented in encapsulating
and delivering of unstable antimicrobial agents such as
bacteriophages, phytochemicals, peptides, and conven-
tional antibiotics (Gao et al. 2018; Colonna et al. 2007,
Hou et al. 2012; Burygin et al. 2009). Pomegranate rind
extract (PGRE) has been proven to suppress secretion of
bacterial flagellins (Asadishad et al. 2012). Therefore,
approaches such as PGRE-mediated green synthesis and
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encapsulation will protect metal NPs from flagellin-
induced aggregation.

On the other hand, inorganic NPs generated by the
reduction of metal ions are non-biodegradable and
hence can accumulate in the body organs, inducing
harmful time-dosage-dependent cytotoxicity, while
nanopolymers have exhibited biocompatibility since
they are biodegradable. Biocompatibility of NPs deter-
mines their medical application as in vivo therapeutics,
and drug delivery vehicles as biocompatible NPs are
most likely to be safe in exhibiting selective toxicity to
the target pathogens (Travan et al. 2009; Choi et al.
2010; Umashankari et al. 2012).

Therefore, this systematic review summarizes the
current status of application of nanoparticles as antibac-
terial agents, antibiotics supplements, and drug delivery
systems aimed at curbing antibiotic resistance. In addi-
tion, it discusses the success, future prospects, and lim-
itations of nanotechnological solutions to control emer-
gence and transmission of antibiotic-resistant bacterial
infections.

Methods
Literature review emphatic

A comprehensive literature search of PubMed and
BioMed Central databases from June 2018 to January
2019 was performed. The search keywords used were
“use of nanotechnology to control antibiotic resistance”
to extract articles published only in English
encompassing all research papers regardless of the year
of publication in an attempt to capture all published
literature about the application of NPs as antibacterial
therapeutic agents worldwide (Fig. 3).

Criteria for article inclusion

Only full-text research articles and proceedings from the
International Conference on Prevention and Infection
Control with information concerning nanoparticles were
included. Other parameters considered were the type of
nanoparticles, methods used in preparation of nanopar-
ticles, methods used in characterization of NPs and their
physicochemical properties, target organisms, form of
application, NPs’ exposure time, mechanism of action
of NPs, level of NPs’ efficacy, and effective NP dose
(Tables 2, 3, and 4). Review articles looking at
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applications of nanotechnology in medicine fell short
of the inclusion criteria and were excluded.

Data extraction

A database was created with several parameters that
included the type of NPs used (inorganic, organic, and
hybrid nanocomplex); methods used in the synthesis
and characterization of NPs; physicochemical properties
such size, morphology, and zeta potential; target organ-
isms, form of application such as in vitro, in vivo, and
ex vivo antibacterial activity; nanodrug delivery plat-
forms; synergism of NPs and conventional antibiotics;
cytotoxicity assays; duration of NP susceptibility exper-
iments; mechanism of action of NPs; level of bacteri-
cidal effect of NPs; and the effective bactericide NP
concentration.

Data analysis

Data analysis was performed using GraphPad Prism
version 7.01. Comparisons of the efficacies and effec-
tive concentration between inorganic NPs, organic NPs,
and nanohybrids were made using a one-way analysis of
variance (ANOVA) followed by Tukey’s multiple com-
parisons test. Similarly, one-way ANOVA was per-
formed to compare the efficacy of nanoparticles be-
tween bacterial planktons and biofilms. To minimize
skewing of data, a study by Umashankari et al. (2012)
which reported abnormally very high effective dose of
7.5 x 10"ug/ml was excluded from the analysis
(Table 2). A P value of <0.05 indicated substantial
statistical variance.

Results
Literature search

The electronic literature search carried out between
June 2018 and January 2019 generated a total of 166
articles; PubMed and BioMed Central databases
generated 85 and 81 articles, respectively. Following
the exclusion of 85 articles based on their titles, 81
articles were screened using abstracts, and of these,
21 articles fell short of the specified inclusion
criteria. Finally, 60 full-text articles were accessed
and reviewed, of which 49 full-text research articles
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Articles generated
from PubMed (n=85)

Articles generated from
BioMed Central (n=81)

Articles excluded (n=85)

- Replicated articles
(n=12)

- Did not meet the

Articles from
PubMed left (n=36)

Articles from Biomed
central left (n=45)

eligibility criteria
(n=73)

Articles excluded (n=32)
- Review articles containing general data
about application of nanotechnology in

the medical field (n=18)
- Full text articles were not accessible

Research articles considered for this
systematic review (n=49)

(n=02)

- Did not meet the inclusion criteria (n=12)

Fig. 3 Selection process of research articles for inclusion in this systematic review

fulfilled the inclusion guidelines for this systematic
review (Fig. 3).

Inorganic nanoparticles

Out of the 49 articles included in this systematic
review, 22 articles reported the use of nanoparticles
generated from inorganic metal irons as antibacterial
agents. Eight articles reported the use of silver NP
(Umashankari et al. 2012; Palanisamy et al. 2014;
Sowmya et al. 2018; Raman et al. 2017; Bansod et al.
2015; Rafinska et al. 2019; Reithofer et al. 2014;
Singh et al. 2014); three articles reported use of
titanium (Cheng et al. 2009; Senarathna et al. 2017,
Ercan et al. 2011); and one article in each case re-
ported the use of gold (Naz et al. 2013), zinc (Seil
and Webster 2012), aluminum (Ansari et al. 2014),
magnesium (He et al. 2016), cadmium (Salehi et al.
2014), and nanoshield (Michalikova et al. 2017).
Two studies compared the antimicrobial activity of
two metal nanomaterials independently, zinc and ti-
tanium (Khan et al. 2016) and gold and iron
(Chatterjee et al. 2011). Other studies attempted to
investigate the synergism of two metal NPs; one
study in each case investigated the synergism of zinc
and silver (Jafari et al. 2017), gold and copper
(Addae et al. 2014), and gold and silver (Islam
et al. 2017) NP cocktails (Table 2).

Inorganic-organic hybrid nanocomposites

Inorganic-organic nanohybrids are nanocomposites
formed by conjugation of inorganic NPs to organic
nanoscale or non-nanoscale polymers (de la Fuente
and Grazu 2012). The literature search generated 15
research reports in which inorganic-organic
nanohybrids were used. FEight studies reported the use
of nanosilver-based polymers; thermoplastic polyure-
thane (TPU)-polydopamine (DA) silver nanopolymer
(TPU-NS2.5) released silver ions with 100% antibacte-
rial activity against Pseudomonas aeruginosa,
Escherichia coli, Staphylococcus aureus, and
methicillin-resistant Staphylococcus aureus (MRSA) in
in vitro assay and protected 100% of mice from MRSA-
induced wound infections in in vivo studies and TPU-
DA possessed no antibacterial activity (Liu et al. 2018).
The bacterial activity of pegylated silver-coated single-
walled carbon nanotubes (pSWCNT-Ag) and silver-
coated single-walled carbon nanotubes (SWCNT-Ag)
was compared. Both nanocomposites exhibited potent
antibacterial activity against . coli at concentrations of
50 and 62.5 pg/ml. For Salmonella enterica serovar
typhimurium and Salmonella enterica serovar anatum,
only pSWCNT-Ag at 62.5 pg/ml had potent antibacte-
rial activity. Furthermore, at a concentration of 50 pg/ml
pSWCNT-Ag and both 50 and 62.5 pg/ml, non-
pegylated SWCNT-Ag had partial to no growth suppres-
sion effects on S. yphimurium and S. anatum (Park et al.
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2018). In another study, polyhydroxyethyl methacrylate
(PHEMA) was loaded with silver NPs. The hydrogel
released silver NPs efficiently with in vitro and in vivo
efficacy of 100% against E. coli and S. aureus infections
in mice (Xu et al. 2018). Silver NPs were adsorbed on
silicate platelet to form a stabilizing nanocarrier for
silver NPs with 100% bactericide effect on E. coli,
S. aureus, and S. typhimurium (Su et al. 2011). In
another study, bone morphogenetic protein 2 (BMP-2)
coupled-nanosilver-poly-DL-lactic-co-glycolic acid
(PLGA) composite grafts were designed. They demon-
strated 100% efficacy against vancomycin-resistant
MRSA in vitro and in vivo (mice) assays (Zhenga
et al. 2010). Silver NP-doped calcium phosphate-based
ceramic-coating titanium prosthetic implants rescued
89% (8 out of 9) rabbits, while the control (calcium
phosphate-based ceramic-coating titanium prosthetic
implants) rescued 11% (1 out of 9) of the rabbits from
MRSA bone infections (Kose et al. 2013). Two studies
reported the synergism of the compounds within a
nanohybrid. In one study, silver NPs conjugated to
curcumin exhibited a combinatory antimicrobial effect
of 100% on E. coli and P. aeruginosa (Alves et al.
2017), while gold NPs’ surface modified by polyelec-
trolyte (PAH) and silver NPs had a synergistic inhibitory
effect of 100% on E. coli and Bacillus Calmette-Guérin
(Zhou et al. 2012) (Table 3).

Regarding nanodrug delivery systems, two stud-
ies employed iron oxide NPs. Niemirowicz et al.
(2015) designed a ceragenin-coated iron oxide mag-
netic NPs (MNP-CSA-13). Iron oxide magnetic NPs
were used to deliver CSA-13 antimicrobial peptide.
The CSA-13 exerted a 100% inhibitory activity of
free-living and biofilm P. aeruginosa at a concen-
tration of 10 pg/ml and 100 pg/ml, respectively. In
the second study, Chemello et al. (2016) designed an
iron oxide NPs-oxytetracyclin nanocarrier system.
The nanodrug vector delivered the antibiotic effec-
tively to the target zebrafish tissues infected with
bacterial pathogens without exhibiting toxic effects
to the host cells (Table 3).

One study in each case employed zinc, gold,
bismuth, and cadmium-titanium NPs linked to other
organic substances. Zinc oxide nanorods-graphene
nanoplatelets (ZNGs) nanocomplex successfully
eliminated 100% S. aureus and P. aeruginosa plank-
tons and 96% and 50% of S. aureus and
P. aeruginosa biofilms (Zanni et al. 2017). Anwar
et al. (2018) functionalized pefloxacin using
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(dimethylamino) pyridine propylthioacetate-coated
gold nanoparticles (DMAP-PTA). The latter and
the former were inactive against E. coli. But after
combining them, DMAP-PTA-pefloxacin
nanohybrid achieved a bactericide effect of 100%
on E. coli. Luo et al. (2013) used bismuth NPs as
a vector to deliver polyclonal P. aeruginosa antibod-
ies. The bismuth nanocarrier preserved the viability
of the antibodies, and they exhibited antibacterial
efficacy of 90% against MDR P. aeruginosa com-
pared with 6% without the nanocarrier in vitro ex-
periments. Cadmium tellurium (CdTe) and titanium
oxide (TiO,)-CdTe-TiO, nanocomposite capped
with mercaptopropionic acid (MPA) and conjugated
with semiconductor quantum dots (QDs) exhibited
an antibacterial activity of 99.9% against E. coli and
B. subtilis planktons and 60% against P. aeruginosa
(Gholap et al. 2013). Inorganic-organic Ormostamp
surfaces with nanopillar arrays fabricated using UV
nanoreplication technology completely inhibited the
growth of S. aureus (Wu et al. 2018) (Table 3).

Organic nanomolecules

The search yielded 12 articles reporting the use of
nanoorganic molecules as antibacterial agents or antimi-
crobial nanocarriers. Nine studies investigated the use of
nanoorganic compounds as drug delivery system.
Nanoemulsions enclosing Cymbopogon flexuosus (Da
Silva Giindel et al. 2018), solid lipid NPs loaded with
Eugenia caryophyllata essential oil (SLN-EO) (Fazly
Bazzaz et al. 2018), chitosan NP holding ciprofloxacin
(Cipro/CSNPs) (Marei et al. 2018), methacrylate
nanocarrier delivery system packaging clavanin A (Saude
et al. 2014), oleic acid (OA)-monomethoxy polyethylene
glycol (mPEG) nanocarrier loaded with vancomycin
(Omolo et al. 2017), imipenem/cilastatin loaded poly €-
caprolactone (PCL), and polylactide-co-glycolide (PLGA)
nanocapsules (Shaaban et al. 2017) exhibited enhanced
antibacterial activity against antibiotic-resistant and non-
resistant clinical isolates. For instance, these nanodelivery
systems enhanced the efficacy of imipenem and vancomy-
cin to 74-78.4% and 86.8%—90.5% against imipenem-
resistant isolates (K. pneumoniae and P. aeruginosa) and
MRSA, respectively, while graphene oxide (GO) nano-
sheet carrier had no augmentation on bactericide effect of
sulfamethoxazole (SMZ) (Zou et al. 2016). Two studies
applied nanocarriers coated with pro-inflammatory mole-
cules to promote cell-mediated immune response.
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< Monocyte chemoattractant protein-1 (MCP-1) carrying
- %% interleukin-12 p70 (IL-12p70), nanocoatings on orthope-
& = dic implants (Li et al. 2010), and multilayer polypeptide
nanoscale coatings loaded with IL-12 (Li et al. 2009)
2 3 E successfully provoked the body’s natural immunity against
§ 2 % ;10 open fracture S. aureus infections in rat models (Table 4).
M-S o = Three research articles reported the use of
nanoorganic compounds as bactericidal agents.
> Pluronic-based nanoself-assemblies of bacitracin A
é@ % (Nano-BApgs) (Hong et al. 2018) and zeolitic
m =] imidazolate framework (ZIF) nanodagger arrays (Yuan
and Zhang 2017) rescued rats from S. aureus infections
g and killed 100% of microorganisms inoculated on the
£ - surface. Nanostructured polyurethane surface inhibited
g % the growth of Staphylococcus epidermidis, E. coli, and
é % P. mirabilis significantly (Yao et al. 2013) (Table 4).
§ g Methods used in fabrication of nanoparticles
- Out of the 22 studies using inorganic NPs, nine
studies employed biological means to synthesize
g = and functionalize NPs. Four studies used physical
5§ ;g? means, while three studies chemically synthesized
§§ g 8 NPs. However, four studies used NPs purchased
= E b from nanotech centers, while two studies did not
§ outline the methods used in fabrication of the NPs
é ¥ (Table 2). All the 15 studies which used inorganic-
g‘:n gﬂ % 5 organic nanopolymers except three employed chem-
£ 5 > ical methods to synthesize the nanocomposites. Two
- - studies used physical methods (UV irradiation to
% ) §£ . g 2 reduce metal ions within the composites into NPs),
g 2 8 éié @I while in one study, purchased NPs were used to
§ 2 g ﬁ = g% 5§ E g% build the nanopolymer (Table 3).
528 |d9% 23g%i%
g E’ = = o 33 é Methods for characterizing nanoparticles
3 >
% % %Eﬁ orty-four studies (89.8%) characterized NPs and
£28 :: & g nanocomposites using different platforms. Platforms
- g = B 5 % g used to determine the diameter and size distribution
2 % §§ ED% g s of the NPs included the transmission electron mi-
% = £ §§ £ § croscopy (TEM), scanning electron microscopy
E} g‘ %5 £3 E 5 (SEM), field emission transmission electron micros-
A~ = < & copy (FETEM), and high-resolution transmission
2 5 electron microscopy (HRTEM). Dynamic light scat-
é 93 tering (DLS) was employed to determine the zeta
gl = :‘?E potential and size distribution of NPs. Attenuated
- Zz g total reflectance Fourier transform-infrared (ATR-
© g .‘35 = @ Z . .
2| g 282 FTIR) spectroscopy, Fourier transform-infrared
gl 2 7 spectroscopy (FTIR), and atomic force microscopy

@ Springer
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Effective dose Ref

(pg/ml)

Efficacy (%)

Mechanism of
NP action

exposure

NP

Form of
application

Target organisms

Method of
characterization

Preparation of
nanoparticles

Table 4 (continued)

Nanomaterial

@ Springer

time (hr)

spectroscopy, FTIR,

and XRD

Size: IMP/PCL NPs,132-

+20 nm and IMP/-
PLGA, 348 +65 nm.
Zeta potential: 17+ 1.6

PCL and 15+0.6

PLGA

(AFM) were applied to analyze the conjugation or
capping of nanoparticles with other substances. X-
ray diffraction (XRD) and energy dispersive X-ray
spectroscopy (EDX) were applied to determine the
mineral content, size, and quality of NPs. Differen-
tial scanning calorimeter was used to determine the
molecular stability of dilute in solution NPs. Ther-
mogravimetric analysis (TGA) was performed to
investigate the presence and amount of surface-
bound ligand in nanohybrids. UV-visible diffuse
reflectance spectroscopy (DRS) was applied to con-
firm the presence of metal elements; spectroscopic
ellipsometry studied the optical properties of nano-
composites. X-ray photoelectron spectroscopy
(XPS)/X-ray spectroscopy was used to measure
the elemental composition within nanocomposites.
UV visible spectroscopy was applied to predict the
geometry of nanoparticles and to monitor the pro-
cess of plant extract-mediated synthesis of NPs
(Table 2, 3, and 4).

Characteristics of nanoparticles
Inorganic nanoparticles

Out of the 22 studies which used inorganic NPs, 17
reported the diameter size of NPs synthesized. The size
of NPs ranged from 2 to 250 nm in diameter. Gold NPs
displayed the smallest diameter (2—5 nm), while silver
exhibited the biggest diameter (65-250 nm). Only four
studies reported the zeta potential of NPs. Zeta potential
varied from — 11.9 to —31.2 mV. Eight articles reported
the shapes of the metal NPs used. The shapes of NPs
were spherical, irregular (Naz et al. 2013), triangular,
and polygonal (Table 2).

Inorganic-organic nanohybrids

Sixty seven percent (67%) of the studies which investi-
gated the potential of inorganic-organic nanohybrids as
drug carriers or antibacterial agents reported the size of
the nanocomponents of nanohybrids. The size ranged
from 3 to 52 nm. The smallest nanocomponents were
CdTe (3-4 nm) harbored in CdTe-TiO, nanocomposite,
while silver-curcumin nanohybrid had the biggest NPs
(Zhou et al. 2012). Zeta potential was documented in
only three articles. Alves et al. (2017) reported negative
zeta potential of — 20 mV in silver-curcumin composite,
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while positive zeta potentials of + 8.9 mV in pSWCNT-
Agand + 39 mV in MNP-CSA-13 were registered. Only
three studies characterized nanohybrids as spherical and
conical (Table 3).

Nanoorganic molecules

All the studies which designed nanoorganic materials as
nanovehicles for antibacterial agents determined their
diameter, while 66.7% (8/12) reported their zeta poten-
tial. The diameter ranged from 0.8 to 1 nm in GO-
carbon nanotubes to 397 +10.1 nm —7 86.9+11 nm
in solid lipid nanodroplets loaded with Fugenia
caryophyllata essential oil (SLN-EO). One study deter-
mined the diameter of the nanodelivery system before
and after loading as 36.7+3.59 nm, —114.36+
55.31 nm, and 267.50+4.99 nm, respectively, in the
chitosan nanocarrier-ciprofloxacin complex. Hong et al.
(2018) observed that BApgs nanocomplex with a diam-
eter of 73.3-99.4 nm degraded synthetic bacterial lipo-
polysaccharide (LPS) from liposome with a diameter of
7000 to 2000 nm. Shaaban et al. (2017) and Yuan and
Zhang (2017) reported positive zeta potentials of 17 £
1.6 mV for imipenem/cilastatin-loaded
polycaprolactone (IMP-PCL) nanocapsule; 15+
0.6 mV for polylactide-co-glycolide filled with
imipenem/cilastatin (IMP-PLGA), and 29 mV for zeo-
litic imidazolate framework (ZIF) nanodagger arrays,
respectively. Six studies documented negative zeta po-
tential with a lower limit of —43 mV and upper limit of
—3.02 mV. For studies which determined the shape;
nanoorganic materials were spherical (Table 4).

Nanomaterial exposure time

Among the studies included in this systematic review,
93.4% (46 out 49) documented the nanomaterial expo-
sure time against bacteria isolates. The exposure time
ranged from 0.67 (40 min) to 672 h (28 days) with an
average of 48.8 h and model frequency of 24 h
(Tables 2, 3, and 4).

Nanoparticle bactericidal mechanisms

Thirteen studies (26.5%) investigated the mechanism of
action of NPs. The most common mechanisms included
the disruption of the cell membrane leading to the leak-
age of the intracellular contents, downregulation of pro-
teins, aggregation and melting of bacterial cells, failure

of bacterial cells to adhere to the topography (bumps) of
nanolayered surfaces, and inhibition of quorum sensing.
These mechanisms were revealed through different plat-
forms like, AFM, FESEM, SEM, TEM, EDX, HRTEM,
and ART-FTIR in addition to peroxidase assay, super-
oxide dismutase (SOD) assay, and beta-galactosidase
assay (Tables 2, 3, and 4).

Effective nanoparticle concentration/dose

The effective NP formulation concentration ranged from
2x1077 pg/mg (clavanin-methacrylate nanocarrier
complex) to 13,900 pg/ml for titanium oxide NPs
(Tables 2, 3, and 4). For inorganic NPs, the lowest and
highest effective doses were 0.5 pg/ml and
13,900 pg/ml, respectively. The effective concentration
for organic NPs varied from 2 x 107 pg/mg to 2500 pg/
mg, while for hybrid nanocomposites, the effective dose
stretched from 7.5 to 10,789 pg/ml. The mean effective
dose was highest for inorganic NPs (1361 pg/mg),
followed by nanohybrids (905 pg/mg), and organic
NPs had the lowest average effective dose of
357.8 ng/mg (Fig. 4). However, statistical analysis did
not yield any significant difference in effective doses
between inorganic NPs and organic NPs (P =0.66),
inorganic and nanohybrids (P = 0.89), and organic NPs
against nanohybrids (P=0.9). Interestingly, vancomy-
cin alone and mPEG-OA nanocarrier loaded with van-
comycin displayed similar efficacies against MSSA and
MRSA isolates. However, the effective dose for the
former was significantly lower (0.37 ug/mg and

5000
4000
3000

2000

1000 |

Effective dose ((pg/ml)

&

Fig. 4 Comparison of mean effective dose between inorganic,
hybrid, and organic NPs. Tukey’s multiple comparison test was
used to compute and compare the mean effective dose. P values of
0.655 between inorganic NPs and organic NPs, 0.889 for inorganic
versus nanohybrids, and 0.895 for organic NPs against
nanohybrids were generated, revealing insignificant differences
among the effective doses

@ Springer
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5.86 pg/mg against MSSA and MRSA, respectively)
than for the latter (15.62 pg/mg and 31.25 pg/mg
against MSSA and MRSA, respectively).

Bactericidal efficacy of nanoparticles

Antibacterial efficacy of NPs ranged from 0% for GO
nanodelivery system of sulfamethoxazole to 100% in
76.1% of the studies which reported efficacy (Tables 2, 3,
and 4). The mode and median efficacy was 100%. Inor-
ganic NPs registered the highest bactericide efficacy of
96.82%, followed by nanohybrid composites at 96.79%
and trailed by nanoorganic molecules (83.3%). The overall
mean bactericide efficacy of all categories of NPs was
94.7%. Nevertheless, multiple comparisons between inor-
ganic and organic NPs (P =0.08), inorganic versus
nanohybrids (P =0.9), and organic NP versus nanohybrid
(P=0.1) did not reveal any significant differences (Fig. 5).
Furthermore, one study reported 100% and 17% efficacy of
gold-copper NPs against Bacillus anthracis cells and Ba-
cillus anthracis spores, respectively. Efficacies of silver
NPs against antibiotic-sensitive and MDR P, aeruginosa
biofilms were 67% and 56%, respectively. Five studies
investigated the efficacy of NPs against bacterial biofilms
(Tables 2 and 3). The NP antibacterial efficacy ranged from
50 to 100% with a mean value of 71.97%. Single-factor
ANOVA revealed that NP efficacy against bacterial plank-
tons and biofilms was significantly different (P < 0.002). It
is worth noting that Jafari et al. (2017) observed a syner-
gism between silver-zinc oxide NPs and rifampicin with
efficacy of 100% against rifampicin-resistant H37RV Mtb
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