
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 5
/2

4/
20

25
 2

:2
3:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A MoS2 based sil
Department of Chemistry and Chemistry I

National University, Busan, 46241, South

kr; Fax: +82-51-516-7421; Tel: +82-51-510-2

† Electronic supplementary informa
10.1039/d2ra00163b

Cite this: RSC Adv., 2022, 12, 7268

Received 10th January 2022
Accepted 10th February 2022

DOI: 10.1039/d2ra00163b

rsc.li/rsc-advances

7268 | RSC Adv., 2022, 12, 7268–727
ver-doped ZnO nanocomposite
and its antibacterial activity against b-lactamase
expressing Escherichia coli†

Atanu Naskar, Joonho Shin and Kwang-sun Kim *

Multidrug-resistant (MDR) Gram-negative bacteria including Escherichia coli are increasingly resistant to

current antibiotics. Among the strategies implemented to eradicate such MDR pathogens, approaches

based on two-dimensional (2D) nanomaterials have received considerable attention. In particular, the

excellent physicochemical properties of 2D molybdenum disulfide (MoS2) nanosheets, including a high

surface area, good conductivity, and good surface retention, are advantageous for their use as

bactericidal agents. Herein, we report the fabrication of a MoS2-based nanocomposite conjugated with

silver-doped zinc oxide (AZM) as an effective antibacterial agent against E. coli species. The properties of

AZM were characterized, and its antibacterial activity against MDR E. coli strains with different resistance

types was evaluated. MoS2 was found to activate the antibacterial activity of AZM and provide enhanced

selectivity against MDR E. coli strains expressing b-lactamases. We proposed that membrane disruption

of bacterial cell walls was the major cell death mechanism for MDR E. coli. Furthermore, surface charge

perturbation could explain the differences in AZM activity against MDR E. coli strains expressing a b-

lactamase and a mobilized colistin resistance (mcr-1) gene product. Thus, a MoS2-based nanocomposite

with a functional conjugation strategy could be a selective nano-antibacterial platform against infections

caused by MDR E. coli with resistance against b-lactam antibiotics.
1. Introduction

Multidrug-resistant (MDR) bacterial infections are “the silent
tsunami facingmodernmedicine”,1 posing a serious threat to the
global medical eld. MDR bacteria, which have acquired resis-
tance to nearly all current antibiotics, can be classied as either
Gram-positive or Gram-negative bacteria. Gram-negative bacteria
have a distinctive membrane structure, including an envelope
and an outer membrane. These structural features prevent
certain antibiotics from penetrating the cell,2 resulting in Gram-
negative bacteria being more resistant than Gram-positive
bacteria.3 Among Gram-negative bacteria, Escherichia coli is well
known to human ecology, as it is the rst bacterial species to
colonize aer birth.4 Notably, E. coli is also a main cause of
disease in nearly every part of the human body, such as gastro-
intestinal infections, urinary tract infections, appendicitis,
meningitis, pneumonia, skin abscesses, intra-amniotic and
puerperal infection in pregnant women, and endocarditis.5

Moreover, owing to its steadily increasing resistance to antibi-
otics and the consequent impact on human health, E. coli is now
nstitute for Functional Materials, Pusan
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included, along with the rest of the Enterobacteriaceae family, in
the ‘priority pathogens’ list published by the World Health
Organization (WHO).6 Therefore, urgent scientic efforts are
required to manage MDR E. coli and related infections.

Nanocomposites have been proven in many studies to have
the potential to address the above problem by functioning as
antibacterial agents.7–13 The intrinsic properties of nano-
materials, such as a large surface-area-to-volume ratio, are
advantageous for bacterial growth inhibition, providing a mul-
titarget approach as compared to the single target approach of
antibiotics. In particular, owing to their distinctive physi-
ochemical properties, two-dimensional (2D) layered materials
such as graphene14,15 and black phosphorus16,17 have emerged as
promising materials for applications in areas such as biomed-
icine, energy, and electronics.18,19 Molybdenum disulde
(MoS2), another 2D nanomaterial, has also shown potential for
biomedical applications, especially in terms of antibacterial
activity.15 The applicability of MoS2 nanosheets can be attrib-
uted to their high surface area, good conductivity, and unique
properties. Moreover, as MoS2 nanosheets can induce physical
damage resulting in bacterial inactivation, they are a potential
antibacterial agent against Gram-negative bacterial infections.

To date, only a few studies have investigated the antibacterial
activity of MoS2 nanosheets.20–22 Recently, MoS2 nanosheets
were shown to have rapid disinfection capabilities toward MDR
E. coli strains and methicillin-resistant Staphylococcus aureus
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
(MRSA) via a solar disinfection method.20 In this study, the
MoS2 nanosheets were shown to have better antibacterial
activity against E. coli than MRSA, but no selectivity toward
specic types of MDR E. coli was observed. In another study by
Ali et al.,23 thiolated ligand functionalized MoS2 nanosheets was
utilized against E. coli and S. aureus, but noMDR Gram-negative
bacterial strains were studied. Similar activity was observed in
the work of Kasinathan et al.24 where cyclodextrin functional-
ized multi-layered MoS2 nanosheets were utilized against type
strains of E. coli and S. aureus. Therefore, a novel approach is
necessary to improve the specicity of MoS2-based nano-
composites against MDR E. coli strains resistant to different
antibiotics.

Doping nanoparticles can alter their physiochemical prop-
erties, such as particle size and surface area, which can play key
roles in enhancing antibacterial activity.25 For instance, a recent
report showed that antibacterial activity is inversely associated
with particle size.25 Moreover, several reports showed that the
properties of ZnO could be altered for various applications such
as photocatalysis, sensors, and antibacterial activity by doping
with metal ions.26–29 Since Ag has been utilized as an antibac-
terial agent on its own, Ag doped ZnO appears to have signi-
cant potential as a new type of drug in the eradication of
bacteria.27,28 In particular, ZO and Ag are well-known for their
ability to kill E. coli, including MDR strains.16,25 Therefore, if
MoS2 nanosheets are decorated with ZO or Ag-doped ZO (AZO),
synergistic antibacterial activity may be acquired.

Inspired by above advantageous properties and recent studies,
in the present study, we successfully synthesized AZO and
immobilized it on MoS2 nanosheets (AZM) to realize the full
potential of this nanocomposite material against MDR E. coli
strains. The AZM nanocomposite was characterized using X-ray
diffraction (XRD), transmission electron microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS). Moreover, the antibac-
terial activity of AZM was evaluated against MDR E. coli strains
with different antibiotic resistance proles. Notably, AZM was
more active than ZO and AZO. Furthermore, AZM was generally
more active against E. coli strains resistant to cell-wall-active
antibiotics than to colistin-resistant. Scanning electron micros-
copy (SEM) and zeta potential measurements suggested that the
majormode of action of AZM againstMDR E. coli strains involved
cell disruption and selective pressure strains that express cell-
wall-active antibiotic-degrading enzymes (e.g., b-lactamase)
through surface charge perturbation. These results suggest that
MoS2 decorated with antibacterial metal oxide NPs has the
potential to be used as a platform for fabricating nanoantibiotics
capable of efficiently and selectively eliminating cell-wall-
degrading enzyme producing MDR E. coli strains.

2. Materials and methods
2.1. Synthesis of AZO nanoparticles

Initially, 50 mM zinc chloride (ZnCl2, 98%; Sigma-Aldrich, St.
Louis, MO, USA) and 5 at% (with respect to Zn2+) silver nitrate
(AgNO3, $99.9%; Sigma-Aldrich) were uniformly dispersed in
a beaker containing 200 mL of deionized water with continuous
stirring for 30 min at 40 �C. Subsequently, NH4OH solution was
© 2022 The Author(s). Published by the Royal Society of Chemistry
added dropwise to the reaction mixture under continuous stir-
ring until the pH reached 11. Aer stirring the mixture
continuously at 90 �C for 3 h, the beaker was quickly transferred
to an ice bath to stop the reaction. The precipitate was collected
by centrifugation and then washed with deionized water and
ethanol several times. Finally, the product was dried overnight
in an air oven at 60 �C to obtain AZO nanoparticles.

2.2. Syntheses of AZM nanocomposite

MoS2 nanosheets were prepared by the ultrasonication-assisted
aqueous exfoliation of MoS2 powder (<2 mm, 99%; Sigma-
Aldrich) using a previously developed method.30 First, 100 mg
of MoS2 was added to 20 mL of 1-methyl-2-pyrrolidinone (NMP,
99%; Sigma-Aldrich), and the resulting suspension was ultra-
sonicated in an ice bath ultrasonicator (to prevent overheating)
for 6 h to achieve direct exfoliation. Unexfoliated MoS2 were
removed by centrifugation at 2000 rpm for 10 min, and then the
supernatant was centrifuged again at 10 000 rpm for 10 min.
Aer discarding the sediment, the directly exfoliated MoS2
nanosheets (3.5 mg mL�1) were stored in water for further use.

To prepare the AZM sample, 0.5 mL (3.5 mg mL�1) of as-
prepared MoS2 nanosheets was mixed with 50 mg of as-
synthesized AZO nanoparticles in 40 mL of deionized water.
Aer ultrasonication for 10 min, the mixture was stirred
continuously for 6 h. Finally, the AZM nanocomposites were
collected aer centrifugation and dried at 60 �C for 6 h.

2.3. Characterization

2.3.1. Material properties. The XRD patterns of as-prepared
ZO, AZO, and AZM were acquired in the 2q range of 20–80�

using an X-ray diffractometer (D8 Advance with the DAVINCI
design, Bruker, Billerica, MA, USA) equipped with a Ni-ltered
Cu Ka radiation source (l ¼ 1.5406 Å). The microstructure of
a representative AZM sample was evaluated using TEM (Bruker
Nano GmbH). The TEM samples were prepared on carbon-
coated 300 mesh Cu grids. An Axis Supra scanning XPS micro-
probe surface analysis system (Kratos Analytical, Manchester,
UK) was used to investigate the chemical states of the elements
in the representative AZM sample in the binding energy range of
200–1200 eV. The C 1s peak at 284.5 eV was employed as the
binding energy reference.

2.3.2. Preparation of bacterial cells. MDR bacteria were
purchased from the American Type Culture Collection (ATCC;
https://www.atcc.org/), the Culture Collection of Antimicrobial
Resistant Microbes (CCARM; http://knrrb.ccarm-bio.or.kr/
index.jsp?rrb¼ccarm), and the National Culture Collection for
Pathogens (NCCP; https://nccp.kdca.go.kr/). Bacterial cells were
freshly prepared using bacterial colonies grown overnight on
Luria–Bertani (LB) agar plates, as described in a previous report.
The cells were diluted to an optical density of 0.5 McFarland
turbidity using a Sensititre™ Nephelometer (Thermo Fisher
Scientic, Waltham, MA, USA). Individual cells were inoculated
in Sensititre™ Cation adjusted Mueller–Hinton broth (MHB;
Thermo Fisher Scientic), as described in a previous report.7

2.3.3. Antibacterial activity assays. The antibacterial prop-
erties of the synthesized samples were determined using
RSC Adv., 2022, 12, 7268–7275 | 7269
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a minimal inhibitory concentration (MIC) assay, as described in
a previous report.6 The cells with 0.5 McFarland turbidity were
diluted in MHB at a ratio of 1/1000. ZO, AZO, and AZM samples
(5 mg mL�1 each) were prepared in deionized water and then
serially diluted to obtain concentrations of 3.9–500 mg mL�1.
Then, 5 mL of each diluted sample was inoculated into 45 mL of
the targeted bacterial medium. Aer incubating the bacterial
cells by shaking at 500 rpm for 16 h at 37 �C, the MIC was
determined. To differentiate the NP aggregates and grown cells,
AlamarBlue™ Cell Viability Reagent (Invitrogen, CA, USA),
a ready-to-use resazurin based solution that functions as a cell
growth indicator by using the reducing power of living cells to
quantitatively measure viability according to manufacturer's
protocol. When the reagent color is changed from blue to red it
indicates the bacterial growth occurred.

2.3.4. Morphological characterization of bacteria. The
bacteria morphologies were characterized using SEM, as
described in a previous report.6 The SEM samples consisted of
bacterial suspensions treated with AZM at sub-MICs and
cultured in LB broth overnight at 37 �C with vigorous shaking.

2.3.5. Zeta potential measurements. The charges of AZM
and AZM/cell mixtures at different concentrations were
measured using a previously described method.11 The reported
zeta potential value for each sample is the average of triplicate
measurements � the standard deviation (p < 0.05).
3. Results and discussion
3.1. Material properties

3.1.1. Phase composition. The crystalline nature of the ZO,
AZO, and AZM samples was analyzed using XRD analysis. As
shown in Fig. 1, the XRD reection peaks of the as-synthesized
ZO, AZO, and AZM samples are perfectly indexed to hexagonal
ZO (h-ZO; JCPDS 36-1451).7 Furthermore, no silver oxide peaks
were observed, conrming the sample purity. The additional
peaks at approximately 39.37� and 49.60� for the AZM sample
correspond to the (103) and (105) crystal planes, respectively, of
Fig. 1 X-ray diffraction (XRD) patterns of ZnO (ZO), Ag-doped ZnO
(AZO), and Ag-doped ZnO/MoS2 (AZM) samples.

7270 | RSC Adv., 2022, 12, 7268–7275
few-layer MoS2 nanosheets.31 The average crystallite size (D) of
the ZO crystallites was measured along the (101) crystal plane
using the Debye–Scherrer equation:

D ¼ kl/b cos q, (1)

where k is the proportionality constant (k ¼ 0.89), l is the X-ray
wavelength (1.5406 Å), b is the full width at half maximum for
the peak of maximum intensity (in radians), q is the diffraction
angle, and D is the crystallite size.

The D values calculated for ZO, AZO, and AZM were
approximately 25, 21, and 21 nm, respectively. The reduction of
Fig. 2 (a, b) Transmission electron microscopy (TEM) images of the
AZM nanocomposite, (c) corresponding high-resolution TEM image,
and elemental mapping of (d) Ag, (e) Zn, (f) O, (g) Mo, and (h) S.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray photoelectron spectroscopy (XPS) results for the AZM nanocomposite: (a) Zn 2p spectrum and Gaussian-fitted (b) Ag 3d, (c) Mo 3d,
and (d) S 2p spectra.
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the ZO crystallite size in AZO indicated that Ag doping occurred.
This reduction in crystallite size may also have implications for
enhancing the antibacterial activity, as discussed later. Overall,
Table 1 Minimum inhibitory concentrations (MICs) of ZO, AZO, and AZM

Strain identication numbera Resistant antibioticsb

ATCC 25922 None
CCARM 1011 AMP, CEP, GEN, NOR
CCARM 1013 AMP, CEP, GEN, NOR
CCARM 1368 AMP, CEP, CTX, GEN, NOR
CCARM1381 AMP, CEP, CTX, GEN, NOR
ATCC BAA-2452 ETP, IMP
ATCC BAA-2469 ETP, IMP
ATCC BAA-2471 ETP, IMP
NCCP 16283 AMP, CAZ, CHL, CIP, COL, FEP, FOX,

GEN, NAL, SXT, TET
NCCP 16284 AMC, AMP, CAZ, CHL, CIP, COL, DOR,

ETP, FEP, FOX, IMP, MEM, NAL, SXT,
TET

a ATCC, CCARM, and NCCP represent American Type Culture Collection
Microbes (HYPERLINK "http://knrrb.ccarm-bio.or.kr/index.jsp?rrb¼c
knrrb.ccarm-bio.or.kr/index.jsp?rrb ¼ ccarm), and National Culture Colle
AMC, Amoxicillin/Clavulanate (2 : 1); AMP, Ampicillin; CAZ, Ceazidime
Colistin; CTX, Cefotaxime; DOR, Doripenem; ETP, Ertapenem; FEP, C
Meropenem; NAL, Nalidixic acid; NOR, Noroxacin; TET, Tetracycline; SX
CTX-M-27: CTX-M b-lactamase detected in E. coli 27; ESBL: extended-sp
New Delhi metallo-b-lactamase; TEM-1: a broad-spectrum b-lactamase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the XRD results conrmed the successful preparation of the ZO,
AZO, and AZM samples.

3.1.2. Morphology and microstructure. Fig. 2 shows the
morphology and microstructure of a representative AZM
against multidrug-resistant (MDR) E. coli

Genetic Featuresc

MIC (mg mL�1)

ZO AZO AZM

Type strain 500 62.5 62.5
blaAmpC 250 62.5 31.25
blaAmpC 250 62.5 31.25
blaESBL 250 250 125
blaESBL 250 250 125
blaNDM-1 >250 125 31.25
blaNDM-1 >250 125 15.63
blaNDM-1 250 125 31.25
mcr-1 250 250 125

mcr-1; blaNDM-1; blaTEM-1, blaCTX-M-27 250 250 125

(https://www.atcc.org/), Culture Collection of Antimicrobial Resistant
carm" \o "http://knrrb.ccarm-bio.or.kr/index.jsp?rrb¼ccarm"http://
ction for Pathogens (https://nccp.kdca.go.kr/), respectively. b Acronyms:
; CEP, Cephalothin; CHL, Chloramphenicol; CIP, Ciprooxacin; COL,
efepime; FOX, Cefoxitin; GEN, Gentamicin; IMP, Imipenem; MEM,
T, Sulfamethoxazole-Trimethoprim. c bla, b-lactamase expressing gene;
ectrum b-lactamase; mcr-1: mobilized colistin resistance gene; NDM-1:

RSC Adv., 2022, 12, 7268–7275 | 7271
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sample. The TEM images of the AZM sample reveal quasi-
spherical particles with sizes in the nanometer range (Fig. 2a
and b). The high-resolution TEM image of the AZM sample
(Fig. 2c) conrms the presence of ZO nanoparticles, as the
distinct lattice fringes with an interplanar distance of 0.28 nm
correspond to ZO (100) planes. Furthermore, elemental
mapping of this sample revealed relatively uniform distribu-
tions of Ag (Fig. 2d), Zn (Fig. 2e), O (Fig. 2f), Mo (Fig. 2g), and S
(Fig. 2h), consistent with the formation of the AZM nano-
composite. Hence, the TEM results for the AZM sample were
consistent with the XRD results (Fig. 1) and conrmed the
successful formation of the AZM nanocomposite.

3.1.3. XPS results. XPS analysis (Fig. 3) of the AZM sample
was performed to determine the surface chemical composition
and the chemical state of the elements.7 In the Zn 2p spectrum
(Fig. 3a), the two strong peaks at binding energies of 1021.2
and 1044.2 eV can be assigned to Zn 2p3/2 and Zn 2p1/2,
respectively.8 The energy difference between the Zn 2p3/2 and
Zn 2p1/2 binding energies (�23.0 eV) corresponds to the Zn2+

valence state.25 Ag doping of the ZO nanoparticles was
conrmed by the Ag 3d spectrum (Fig. 3b), in which the two
Gaussian-tted peaks at 365.9 and 373.1 eV corresponded to
Ag 3d5/2 and Ag 3d3/2, respectively. These values were consis-
tent with those of metallic silver.32 Gaussian tting of the Mo
3d spectrum (Fig. 3c) revealed characteristic Mo peaks at 228.9
and 231.6 eV, which were assigned to Mo 3d5/2 and Mo 3d3/2,
respectively.24 An additional S 2s peak at 226.1 eV was also
observed in the Mo region. Similarly, the S 2p spectrum
exhibited peaks at 161.9 and 163.7 eV, corresponding to S 2p3/2
and S 2p1/2, respectively. Additionally, the atomic weight
percentage (at%) of the components in the nanocomposite
were obtained through the XPS analysis. The analysis has been
made from the peak areas of the corresponding XPS signal for
silver and zinc. From the XPS study, The contents (at%) of
silver and Zn are found to be �3.5% and Zn �96.5%, respec-
tively. Therefore, the obtained XPS data conrm the formation
of an AZM nanocomposite, in good agreement with the XRD
(Fig. 1) and TEM (Fig. 2) results.
Fig. 4 Scanning electron microscopy (SEM) images of various E. coli
strains (a, c, e, g, i, k) before and (b, d, f, h, j, l) after treatment with AZM
at the sub-MIC level: (a, b) ATCC 25922, (c, d) CCARM 1011, (e, f)
CCARM 1013, (g, h) ATCC BAA-2452, (i, j) ATCC BAA-2469, and (k, l)
ATCC BAA-2471. Cell membrane disruption is indicated by red circles.
3.2. Antibacterial activity

The antibacterial activities of ZO, AZO, and AZM were deter-
mined asMIC values (Table 1) against two different types ofMDR
E. coli strains expressing (1) cell-wall-active antibiotic-degrading
b-lactamases encoded by blaAmpC, blaTEM-1/blaCTX-M-27, blaESBL,
and blaNDM-1, and (2) a mobilized colistin resistance (mcr-1) gene
product, which has recently become problematic. The MIC
values of AZM against all the investigated E. coli cells were in the
range of 15.63–125 mg mL�1, indicating the AZM is 2- to 8-fold
more active than AZO. AlamarBlue™ Cell Viability Reagent
(Invitrogen, CA, USA), a ready-to-use resazurin (7-hydroxy-3H-
phenoxazin-3-one 10-oxide)-based solution has been utilized in
respect of determine the MIC clearly. As discussed in method
section, when the reagent color is changed from blue to pink
(Fig. S1†) it indicates the bacterial growth occurred, while no
color change means bacterial growth was inhibited. The bacte-
ricidal activity of AZM was further conrmed by the non-
7272 | RSC Adv., 2022, 12, 7268–7275 © 2022 The Author(s). Published by the Royal Society of Chemistry
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detection of viable cells from the fraction of ATCC BAA-2471 cells
treated with samples at the MIC level on the agar plate (Fig. S2†).
Among different types of antibiotic-resistant E. coli strains, those
expressing b-lactamases had lower MIC values (6 of 8 tested
strains: 75%) than MDR strains containing mcr-1 gene. To
determine whether the presence of b-lactamase encoding gene is
the determinant for AZM activity, the MIC value was determined
against a strain containing both blaNDM-1 and mcr-1 genes
(NCCP 16284). The presence of NDM-1 did not increase AZM
activity, indicatng that the presence of the b-lactamase encoding
gene itself is not a determinant for AZM activity, rather themcr-1
gene is likely a strong inhibitor of AZM activity. Therefore, the
AZM nanocomposite is a promising nano-antibacterial agent for
the selective disinfection of MDR E. coli strains producing
b-lactamase.
3.3. Proposed antibacterial action mechanism of AZM

It has been reported that the antibacterial activity of NPs is
primarily due tomembrane damage caused by the adsorption of
NPs on the cell walls, followed by penetration into the cell. To
identify the antibacterial action mechanism of AZM nano-
composite, the morphologies of E. coli cells were analyzed using
SEM with or without treatment by AZM nanocomposite at the
sub-MIC (15.63 mg mL�1) level, at which good antibacterial
activity was observed. As shown in Fig. 4, the untreated bacteria
cells have smooth surfaces without ruptures, and all cells in the
population have similar sizes. However, treatment with the AZM
nanocomposite caused the bacterial cells to rupture, resulting
in morphological defects, such as smaller sizes than the non-
treated cells and wrinkled membranes (as indicated by red
circles in Fig. 4). Following AZM treatment, an increase in the
population of smaller ruptured cells was observed, particularly
in b-lactamase expressing MDR strains (Fig. 4h and j), sug-
gesting that AZM preferentially targets such strains. Therefore,
membrane damage is conrmed as a plausible mechanism for
the antibacterial activity of AZM against cell-wall-active
antibiotic-degrading MDR E. coli strains.

Further, we investigated whether any surface modication by
AZM is additional mechanism of action. To this end, the role of
Fig. 5 Zeta potential measurements of (a) AZM at different concentration
AZM treatment at the sublethal concentration (7.8 mg mL�1). The data rep
differences).

© 2022 The Author(s). Published by the Royal Society of Chemistry
surface charge of AZM, which might perturb the membrane
structure, in the antibacterial activity was assessed by zeta-
potential measurements at a range of concentrations corre-
sponding to the MICs for different resistance type of MDR E. coli
strains expressing either Mcr-1 or b-lactamase. As shown in
Fig. 5a, the charge of AZM increased in a concentration-dependent
manner, becoming positive at the MIC level (15.63 mg mL�1:
2.35 mV to 125 mg mL�1: 24.05 mV). E. coli is generally known to
have a negative surface charge owing to the presence of negatively
charged lipid A on the LPS component,16 whereas the strain
expressing Mcr-1 has a more positive surface charge owing to LPS
remodeling by ArnT and EptA proteins.33 Therefore, the positively
charged AZM nanocomposite could neutralize negatively charged
E. coli, ultimately paving the way for excellent antibacterial activity
by charge neutralizationmechanism. From the MIC results (Table
1), we hypothesized that cells with more negatively charged
surfaces, such as b-lactamase expressing MDR strains of E. coli,
will be more prone to interactions with positively charged AZM,
which will aid in bacterial cell killing. In contrast, the positively
charged strains expressing Mcr-1 will repulse AZM from the cell
surface.

To conrm this hypothesis, we measured the zeta potential
values of the representative MDR E. coli strains (BAA-2469 and
NCCP 16283), which showed the highest and lowest activity
against AZM. The zeta potential values were measured with and
without treatment of AZM at the same concentration (7.8 mg
mL�1), which is the sublethal concentration of AZM against
BAA-2469. As shown in Fig. 5b, both strains showed negative
surface charges (�72.40 and�51.27mV for BAA-2469 and NCCP
16283, respectively), conrming that the surface charge of the
strain containing mcr-1 gene product is less negative than that
of the b-lactamase expressing strain. Correspondingly, in the
presence of AZM, the net negative surface charge of BAA-2469
was remarkably reduced, indicating that the cells interacted
with positively charged AZM. In contrast, the change in the zeta
potential of NCCP 16283 was minimal, as its increased positive
charge resulting from lipid modication inhibited its ability to
interact with positively charged AZM. From these results, we
conclude that membrane disruption through cell surface
s and (b) ATCC BAA-2469 and NCCP 16283 E. coli cells before and after
resent mean (n ¼ 3) � standard deviation (p < 0.05 indicates significant
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charge perturbation is the major mechanism of action for AZM
in killing MDR E. coli strains, particularly those expressing b-
lactamase.

4. Conclusions

In conclusion, an AZM nanocomposite was synthesized by
immobilizing AZO NPs on MoS2 nanosheets. The AZM
nanocomposite outperformed the AZO nanoparticles as an
antibacterial material against MDR E. coli strains by 2- to 8-
fold with selectivity for those expressing b-lactamase. SEM
analysis showed that AZM acted by disrupting cell
membranes. Furthermore, zeta potential analysis revealed
that the observed selectivity toward b-lactamase expressing
MDR E. coli strains originated from enhanced interactions
between this negatively charged strain and positively charged
AZM at the MIC. This work shows that the combination of
MoS2 nanosheets with antibacterial metal oxide NPs provides
a potential nanoantibiotic platform for fabricating antibac-
terial materials that can efficiently target b-lactamase
expressing MDR E. coli strains.
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