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ential of Ni-doped zinc oxide
nanostructure: comparatively more effective
against Gram-negative bacteria including multi-
drug resistant strains

Atanu Naskar, † Sohee Lee † and Kwang-sun Kim *

Infections bymultidrug-resistant (MDR) bacteria are one of themost threatening concerns for public health.

For this purpose, nanomaterials have emerged with great potential for antibacterial activity. In this paper, we

report the synthesis of new Ni2+-doped zinc oxide (Ni-ZnO or NZO) nanostructures as targeted

antibacterial agents for Gram-negative bacteria. A one-pot low-temperature solution process was used

with varying compositions containing 2 or 5% Ni2+ relative to Zn2+, resulting in 2NZO or 5NZO,

respectively. X-ray diffractometry, transmission electron microscopy, and X-ray photoelectron

spectroscopy were used for material characterization. Further, the antibacterial activity against both

Gram-negative [Escherichia coli (E. coli) and Acinetobacter baumannii (A. baumannii) strains including

standard, MDR, and clinical isolates associated with mcr-1 gene] and Gram-positive (Staphylococcus

aureus and Staphylococcus epidermidis) bacteria were evaluated through analysis of zone of inhibition,

minimum inhibitory concentration (MIC), and scanning electron microscopy images. Among the

prepared nanostructures, the 5NZO sample showed excellent antibacterial activity against MDR strains of

A. baumannii and E. coli. In addition, samples of NZO generated approximately 7 to 16 times more

reactive oxygen species (ROS) in E. coli compared to ZnO. Our synthesized nanomaterials have the

potential to fight MDR and colistin-resistant Gram-negative bacteria.
1. Introduction

One of the most urgent challenges threatening global public
health care systems is infection related to multidrug-resistant
(MDR) microorganisms.1 Multidrug resistance is dened as
the resistance of microorganisms, and their increasing resis-
tance, against at least two currently administered antimicrobial
medications that used to be effective.2 This has a profound
impact on public health, as predictions indicate that there will
be 10 million annual deaths due to MDR pathogens by 2050,
which is higher than that of cancer, unless immediate inter-
ventions are developed.3 The grim reality is that human beings
will face a time when no antibiotic will act against even a simple
bacterial infection if proper action is not taken immediately. At
present, some bacterial strains, such as methicillin-resistant
Staphylococcus aureus (MRSA) cannot be treated with the last
resort antibiotic vancomycin, as a result of the evolution of
vancomycin-resistant Staphylococcus aureus (VRSA) strains.4 In
addition, the rate of antibiotic development is far less than the
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s paper.
attainment of resistance by MDR bacteria.5 Therefore, it is clear
that alternatives to traditional antibiotics, such as antibacterial
materials, need to be swily developed or discovered to ght
against MDR bacterial cells.

Among many different MDR bacterial cells that require
immediate intervention, Gram-negative Acinetobacter bau-
mannii (A. baumannii) is one of 12 families of priority patho-
genic bacteria identied by the World Health Organization
(WHO) as a major threat to the clinical treatment of infections
in human beings.6 This pathogen is mainly found in hospital
settings, where critically ill hospitalized patients are exposed
through cracks in the skin and respiratory tract.7 In addition,
Gram-negative Escherichia coli (E. coli) is the main culprit
behind urinary tract infections (UTIs)8 and water borne
diseases.9 An epidemiological survey on cystitis, the inam-
mation of the bladder usually caused by UTIs, showed that more
than 10% of E. coli isolates are MDR.10 According to the WHO,
unsafe water is reported as the main reason behind 80% of all
diseases,11 with E. coli being a member of the fecal coliforms
that frequently contaminate drinking water.9 Therefore, alter-
native antibacterial materials are immediately needed to
counter MDR strains of both E. coli and A. baumannii strains.

Alternative approaches to conventional antibiotics to ght
bacterial infections include combinations of antibiotics,1
This journal is © The Royal Society of Chemistry 2020
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View Article Online
antibacterial antibodies,12 bacteriophages,13 photothermal
therapy,14 and nanomaterials.15 Among these alternatives,
nanomaterials composed of Ag,16 Au,17 ZnO,18 CuO,19 TiO2,20

graphene,21 and black phosphorus22 are increasingly attracting
attention for antibacterial development due to their favorable
physiochemical properties. Zinc oxide (ZnO) is one of the most
promising nanomaterials as an antibacterial agent due to its
effective antibacterial activity and selectivity for bacterial cells,
while being minimally toxic to human cells; it is one of the ve
zinc compounds approved by the U.S. Food and Drug Admin-
istration (21CFR182.8991) as a safe antibacterial agent.18 Due to
its biocompatible properties, ZnO has already been used as an
antibacterial agent in the preparation of various commercial
products such asmedical equipment, food packagingmaterials,
and cosmetics.23

Moreover, there are several reports describing the particle
size-dependent antibacterial activity of ZnO nanoparticles
(NPs), where antibacterial activity is inversely correlated with
particle size.24 Hence, the particle size of ZnO NPs needs to be
reduced to achieve better antibacterial activity. In this regard,
doping ZnO with trace amounts of metal ions has shown
signicant changes in the physical and chemical properties of
ZnO NPs, including particle size.25 Several reports are available
regarding the doping of ZnO with metal ions of Ni, Co, Fe, Mn,
Cr, Al, and Ag to change its properties for photocatalysis,
sensors, and antibacterial activity.26–32 Among the above
dopants, Ni2+ is favorable to incorporate into the ZnO lattice
due to its same valence state (+2) and similar ionic radii (Ni2+,
0.69 �A; Zn2+, 0.74 �A). Moreover, various reports regarding the
antibacterial activity of metal ion-doped ZnO, Ag,27,28 Co,29,30 and
Cr31,32 have been reported. For instance, the work reported by
Dias et al.27 has shown the antibacterial activity of Ag doped ZnO
nanoparticles against S. mutans. Similar work was also shown
with E. coli by Karunakaran et al.28 Moreover, the work by
Vijayalakshmi et al.31 has shown the antibacterial activity of Cr
doped ZnO nanorods against E. coli and S. aureus. Meanwhile,
the use of Ni2+ as a dopant for ZnO with regard to antibacterial
activity against MDR bacteria is sorely lacking.

Despite the excellent antibacterial property possessed by
Ni2+-doped ZnO (NZO) NPs/nanostructures, very few reports are
available regarding its against MDR pathogens. Therefore, the
objective of the present work is to synthesize an effective
nanomaterial of NZO NPs and nanostructures as a potential
alternative to traditional antibiotics for the ght against MDR
bacteria. Herein, we report a one-pot synthesis of NZO NPs
prepared using a low-temperature solution process and their
antibacterial activity compared to ZO NPs/nanostructures
against the Gram-negative bacteria, E. coli and A. baumannii
including their MDR strains [E. coli 1368, BAA2452, and 1A626
and A. baumannii (12001)] and colistin-resistant clinical isolates
harboring mcr-1 gene.

2. Material and methods
2.1 Synthesis of Ni2+-doped ZnO (NZO) nanostructures

Briey, 0.1 M of zinc nitrate hexahydrate [Zn(NO3)2$6H2O,
Merck] and nickel sulfate hexahydrate (NiSO4$6H2O, Sigma-
This journal is © The Royal Society of Chemistry 2020
Aldrich, 99%) are used to prepare 0, 2, and 5 atomic percent
(at%) (with respect to Zn2+) ZnO-based NPs. The mixtures were
uniformly dispersed in a beaker containing 50 mL of deionized
water with continuous stirring for 30 min at room temperature.
While continuing to stir, 1 mL of hydrazine hydrate (N2H4$H2O,
Merck, 99–100%) was added dropwise to the reaction mixture.
Aer complete addition, the mixture was ultrasonicated for
10 min at 60 �C in a water bath ultrasonicator until a slightly
pink precipitate was observed at the bottom of the reaction
ask. Further dropwise addition of hydrazine hydrate and
ultrasonication was repeated until the pH of the medium
reached 8. Aerward, the precipitate was separated by centri-
fugation. Deionized water and ethanol were then used to wash
the product 3–4 times. Finally, the product was dried in an oven
at �60 �C for 24 h. The synthesized ZnO-based NPs containing
0, 2, and 5 at% Ni are referred to as ZO, 2NZO, and 5NZO,
respectively.
2.2 Characterizations

2.2.1 Material properties. X-ray diffractometry (XRD) using
an X-ray diffractometer (D8 Advance with DAVINCI design X-ray
diffraction unit, Bruker) with nickel ltered Cu Ka radiation
source (l ¼ 1.5406�A) was used in the 2q range 20–80� to collect
the diffraction patterns and assess the structures of ZO, 2NZO,
and 5NZO. Moreover, transmission electron microscopy (TEM;
Bruker Nano GmbH) using carbon coated 300mesh Cu grids for
placement of the samples was employed for microstructural
analysis. An Axis Supra Scanning X-ray photoelectron spectros-
copy (XPS) microprobe surface analysis system was used to
assess a representative sample of 5NZO by scanning a binding
energy range of 200–1200 eV to determine the chemical state of
elements. The C 1s peak position at 284.5 eV was used as the
binding energy reference.

2.2.2 Growth of bacteria for evaluation of antibacterial
activity. Bacterial strains of E. coli (ATCC 25922), A. baumannii
(ATCC 19606), S. aureus (ATCC 25923), Staphylococcus epi-
dermidis (S. epidermidis, ATCC 12228), andMDR strains of E. coli
(1368, BAA2452, and 1A626) and A. baumannii (12001) were
grown in a BBL™ Mueller–Hinton Broth (MHB, Becton Dick-
inson) culture medium. Single colonies of bacteria were inoc-
ulated into MHB and incubated at 37 �C overnight, followed by
dilution of the cells to an optical density of 0.5 McFarland
turbidity standard using a Sensititre™ Nephelometer (Thermo
Scientic). Aer dilution, the cell cultures were used within
30 min to prepare samples for the agar well diffusion method to
assess both antibacterial activity of NPs (ZO, 2NZO, and 5NZO)
and morphological characterization (Sections 2.2.3 and 2.2.4).

2.2.3 Agar well diffusion method for evaluation of anti-
bacterial activity. The agar well diffusion method was used to
evaluate the antibacterial activity of ZO, 2NZO, and 5NZO
against the bacterial strains prepared in Section 2.2.2 (i.e., E.
coli, A. baumannii, S. aureus, S. epidermidis, and MDR strains of
E. coli and A. baumannii). In brief, 500 mL of cultured bacterial
cells was mixed with 25 mL of MHB-agar, poured into sterile
Petri dishes (SPL), and solidied. Then, using a sterile plastic
rod, ve holes (6 mm in diameter) were aseptically punched
RSC Adv., 2020, 10, 1232–1242 | 1233
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through the surface. Thereaer, 20 mL (5 mg mL�1) of ZnO-
containing samples as (i) ZO, (ii) 2NZO, and (iii) 5NZO were
added; followed by a positive control (iv) of 20 mL (5 mgmL�1) of
either polymyxin B or ampicillin (Sigma-Aldrich), for Gram-
negative or -positive strain, respectively; and a negative
Fig. 1 XRD patterns of ZO, 2NZO, and 5NZO samples.

Fig. 2 5NZO sample (a) TEM image, (b) HRTEM image with (b inset) TEM-
and (f) Ni.

1234 | RSC Adv., 2020, 10, 1232–1242
control (v) of 20 mL of dimethyl sulfoxide (DMSO; Sigma-
Aldrich). The plates were then incubated for 24 h at 37 �C and
the antibacterial activities were evaluated by measuring the
diameter of the zone of inhibition (ZOI) around the wells using
a ruler.

2.2.4 Minimum inhibitory concentration (MIC) for evalu-
ation of antibacterial activity. MIC was determined by micro-
broth dilution method as described. Briey, bacterial cells (0.5
McFarland turbidity) were mixed with nanomaterials (ZO,
2NZO, and 5NZO) varying from 10 to 250 mg mL�1 range in a 96-
well microplate. The resulting mixtures were incubated at 37 �C
for 16 h with 500 rpm shaking using Incu-Mixer™ MP
(Benchmark Scientic). The nanomaterial concentration that
completely inhibit the bacterial growth was dened as MIC
value.

2.2.5 Morphological characterization of bacteria. Initially,
500 mL of bacterial cells in Section 2.2.2 with 20 mL (5 mg mL�1)
of 5NZO were incubated for 4 h at 37 �C with vigorous shaking.
A pellet from the cell cultures was harvested by centrifugation at
12,000 rpm for 5 min and this pellet was resuspended in 500 mL
of phosphate buffered solution (pH 7) containing 2% formal-
dehyde and 1% glutaraldehyde, and then centrifuged again.
The obtained cell pellet was washed twice with deionized water
and then resuspended in 1 mL of deionized water. From this
suspension, a 5 mL aliquot was deposited on a silicon wafer
EDS spectrum, (c) HAADF image, and elementmappings of (d) Zn, (e) O,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XPS binding energy spectra of 5NZO (a) Zn 2p and (b) Ni 2p core levels.

Fig. 4 Zone of inhibition (ZOI) of ZnO samples against (a) E. coli, (b) A. baumannii, (c) S. aureus and (d) S. epidermidis. Diameter of ZOI is also
displayed in the Table 1 (average from n ¼ 3).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 1232–1242 | 1235
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(5 mm � 5 mm in size, Namkang Hi-Tech Co., Ltd) and air-
dried to subject scanning electron microscopy (SEM) analysis
using VEGA3 (TESCAN), a versatile tungsten thermionic emis-
sion SEM system according to the manufacturer's protocol.

2.2.6 Determination of reactive oxygen species (ROS)
production. The production of ROS by E. coli ATCC 25922 aer
treatment with ZnO nanorods was evaluated based on the
previous reports.33 Briey, the adjusted bacterial culture (0.5
McFarland turbidity) in PBS buffer by Sensititre™ Nephelom-
eter (Thermo Scientic) was treated with different concentra-
tions of nanomaterials corresponding to 0, 125, 200, and 250 mg
mL�1 in the presence of 20,70-dichlorodihydrouorescin diac-
etate (DCFH-DA) (Sigma-Aldrich) at a nal concentration of 30
mM in PBS buffer. The mixtures in 96-well plate were incubated
at 37 �C with vigorous shaking (500 rpm) using Incu-Mixer™
MP (Benchmark Scientic) for 45 min. Then, the uorescence
intensity was measured by a FLUOstar Omega (BMG Labtech)
with an excitation and emission wavelengths of 485 and
520 nm, respectively. Untreated bacterial culture was used as
a negative control and the background uorescence of PBS and
autouorescence of the bacterial cells incubated without the
probe was measured to calculate the net uorescence emitted
from the assay itself. The data was further analyzed using MARS
Data Analysis soware (ver. 3.02 R2, BMG Labtech) and the
relative ROS production of samples treated with increasing
concentrations of NPs was compared to non-NP treated samples
from triplicate experiments with p < 0.05.
Table 1 Zone of inhibition (ZOI) diameter of ZnO samples against (a)
measured from n ¼ 3 and one of the representative data was shown. N

Bacteria cells

Zone of inhibition (mm)

(i) ZO (ii) 2NZO

(a) E. coli ATCC25922 N.D. 18
(b) A. baumannii ATCC19606 N.D. N.D.
(c) S. aureus ATCC25923 13 14
(d) S. epidermidis ATCC12228 N.D. 11

a Antibiotics, aPolymyxin B or bAmpicillin was used as a control for Gram

Fig. 5 Zone of inhibition (ZOI) of (a) ZO, (b) 2NZO and (c) 5NZO samp
displayed in the Table 2 (average from n ¼ 3).

1236 | RSC Adv., 2020, 10, 1232–1242
3. Results and discussion
3.1 Material properties

3.1.1 Phase structure. X-ray diffraction patterns of synthe-
sized ZO, 2NZO, and 5NZO were obtained, consistent with
hexagonal ZnO (h-ZnO) [JCPDS 36-1451] (Fig. 1). As only the ZnO
peaks are observed, samples were regarded as pure, containing
the ZnO lattice substituted with Ni2+ ions. Moreover, a slight
shi in 2q values towards higher diffraction angles was
observed for both of the Ni2+-doped samples (2NZO and 5NZO)
compared with ZO, suggesting successful incorporation of Ni2+

in the ZnO crystal lattice.26

The average crystallite size (D) of ZnO crystallites was
measured along the (101) crystal plane using the Debye–
Scherrer eqn (1).

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 �A), b is the full width at half maximum of
the peak of maximum intensity in radians, q is the diffraction
angle, and D is the crystallite size.

The measured D values of ZO, 2NZO, and 5NZO aer solving
eqn (1) were approximately 27, 25, and 21 nm, respectively.
Therefore, ZnO crystallite size decreases with increasing Ni2+-
doping concentration in the precursor solutions. The gradual
decrease in D with increasing Ni2+ concentration can be
attributed to substitution with Ni2+ ions in the ZnO crystal
E. coli and (b) A. baumannii, (c) S. aureus, and (d) S. epidermidis was
.D. indicates that the zone of inhibition was not detecteda

(iii) 5NZO (iv) Antibiotics (v) DMSO

24 14a N.D.
12 13a N.D.
14 38b N.D.
14 14b N.D.

-negative or -positive bacteria, respectively.

les against E. coli at different concentrations. Diameter of ZOI is also

This journal is © The Royal Society of Chemistry 2020
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Table 2 Zone of inhibition (ZOI) diameter of (a) ZnO, (b) 2NZO, and (c)
5NZO samples against E. coli at different concentrations. N.D. indi-
cates that the zone of inhibition was not detecteda

Samples

Zone of inhibition (mm)

(i) 0.5 mg mL�1
(ii) 1.25 mg
mL�1

(iii) 2.5 mg
mL�1

(iv) 5 mg
mL�1

(a) ZnO N.D. N.D. N.D. N.D.
(b) 2NZO N.D. N.D. N.D. 15
(c) 5NZO N.D. N.D. 15 20

a DMSO (v) was used as negative control in all Petri dishes.
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lattice.26 It appears that the surface area increases due to
decreasing ZnO crystallite size, potentially resulting in better
antibacterial activity.
Fig. 6 Zone of inhibition (ZOI) of ZnO samples against MDR strains of
baumannii (d) 12001. Diameter of ZOI is also displayed in the Table 3 (av

This journal is © The Royal Society of Chemistry 2020
3.1.2 Morphology and microstructure. TEM was utilized to
further investigate the shape and size of ZnO NPs. The TEM
image of 5NZO (Fig. 2a) shows the formation of ZnO nanorods
ranging from 2.0 to 3.0 mm in length with diameters from 150 to
200 nm. The presence of hexagonal ZnO is conrmed by high-
resolution TEM (HRTEM; Fig. 2b), whereby distinct lattice
fringes with an interplanar distance of 0.25 nm correspond to
the (101) plane of hexagonal ZnO.34 Therefore, TEM and
HRTEM support the XRD results (Fig. 1). Furthermore, TEM
with energy-dispersive X-ray (TEM-EDX) spectral analysis of the
5NZO was performed and is shown in the inset of Fig. 2b. The
presence of Zn and O in the TEM-EDX spectrum also support
the formation of ZnO NPs; moreover, identication of Ni
suggests the incorporation of Ni2+ ions in the ZnO lattice. C and
Cu in the TEM-EDX spectrum arises from the carbon coated Cu
E. coli (a) 1368, (b) BAA2452, and (c) 1A626 and an MDR strain of A.
erage from n ¼ 3).

RSC Adv., 2020, 10, 1232–1242 | 1237
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Table 3 Zone of inhibition (ZOI) diameter of ZnO samples against drug resistant strains [(a) 1368, (b) BAA2452, (c) 1A626 of E. coli and ((d)12001]
of A. baumannii. Data shown here is one of the representative from n ¼ 3. N.D. indicates that the zone of inhibition was not detected

Bacterial cells

Zone of inhibition (mm)

(i) ZO (ii) 2NZO (iii) 5NZO (iv) Polymyxin B (v) DMSO

(a) E. coli 1368 N.D. 18 23 13 N.D.
(b) E. coli BAA2452 N.D. 14 17 12 N.D.
(c) E. coli 1A626 N.D. 18 21 12 N.D.
(d) A. baumannii 12001 N.D. 18 25 15 N.D.
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grid used for TEM measurements. Elemental mapping of 5NZO
(Fig. 2d–f) also indicates the presence of Zn, O, and Ni.

3.1.3 XPS spectra. XPS spectra display the binding energy
signals of Zn 2p and Ni 2p from 5NZO (Fig. 3). XPS was per-
formed to understand the oxidation state of chemical elements
present in the 5NZO sample. Fig. 3a depicts the binding energy
signals of Zn 2p, with strong signals observed at 1021.3 and
1044.4 eV, which can be assigned to the binding energies of Zn
2p3/2 and Zn 2p1/2, respectively.35 The energy difference between
Zn 2p3/2 and Zn 2p1/2 binding energy levels can be calculated as
�23.1 eV, which also conrms the existence of zinc as Zn2+ in
the nanomaterial. Additionally, the doping of Ni2+ in the ZnO
lattice was also conrmed by XPS (Fig. 3b). Fig. 3b shows the Ni
2p spectrum of the 5NZO sample, which was tted into four
Fig. 7 Zone of inhibition (ZOI) of ZnO samples against mcr-1 strains of
displayed in the Table 4 (average from n ¼ 3).

Table 4 Zone of inhibition (ZOI) diameter of ZnO samples againstmcr-1
one of the representative from n ¼ 3. N.D. indicates that the zone of inh

Bacterial
cells

Zone of inhibition (mm)

(i) ZO (ii) 5NZO

(a) NCCP 16283 N.D. 22
(b) NCCP 16284 N.D. 24

1238 | RSC Adv., 2020, 10, 1232–1242
peaks at 855.4, 861.5, 872.8, and 879.8 eV. The calculated value
(17.4 eV) from the energy gap between the Ni 2p3/2 (855.4 eV)
and Ni 2p1/2 (872.8 eV) peaks is very different from that of NiO
(18.4 eV), conrming that nickel in the sample is not present in
the form of NiO in ZnO lattice sites.36 Moreover, the satellite
peaks of Ni 2p3/2 (861.5 eV) and Ni 2p1/2 (879.8 eV) indicate the
existence of Ni2+, conrming successful doping of Ni2+ ion in
the ZnO lattice.37
3.2 Antibacterial activity

3.2.1 Zone of inhibition (ZOI) and minimum inhibitory
concentration (MIC). Agar well diffusion studies were per-
formed to evaluate the antibacterial activity of Ni2+-doped ZnO
NPs. The zone of inhibition (ZOI) was examined in agar plates
E. coli (a) NCCP 16283 and (b) NCCP 16284. Diameter of ZOI is also

strains [(a) NCCP 16283, (b) NCCP 16284] of E. coli. Data shown here is
ibition was not detected

(iii) Polymyxin B (iv) Erythromycin (v) DMSO

13 N.D. N.D.
13 N.D. N.D.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Minimum inhibitory concentration (MIC) of ZnO samples
against (a) E. coli, (b) A. baumannii, MDR strains [(c) 1368, (d) BAA2452,
(e) 1A626] of E. coli and [(f)12001] of A. baumannii. Data shown here is
one of the representative from n ¼ 3

Bacterial cells

Minimum
inhibitory
concentration
(mg mL�1)

ZO 5NZO

(a) E. coli ATCC25922 >250 200
(b) A. baumannii ATCC19606 >250 200
MDR strains (c) E. coli 1368 >250 200

(d) E. coli BAA2452 >250 200
(e) E. coli 1A626 >250 200
(f) A. baumannii 12001 >250 125
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loaded with synthesized NPs (20 mL of 5 mg mL�1) aer 24 h of
incubation at 37 �C. Fig. 4 shows the bacterial growth inhibition
capacity of ZO, 2NZO, and 5NZO against Gram-negative
Fig. 8 Scanning electron microscopy (SEM) images of bacterial cells. Sa
baumannii (c) untreated and (d) treated with 5NZO. Red circles indicate

This journal is © The Royal Society of Chemistry 2020
bacterial strains, E. coli (Fig. 4a) and A. baumannii (Fig. 4b). The
effective ZOI against E. coli for 2NZO and 5NZO samples were 18
and 24 mm, respectively (Table 1), and can act as polymyxin B
(14 mm), a last-resort peptide antibiotic against Gram-negative
bacteria, at the same concentration. The ZOI of 5NZO sample
appears to be larger than the works reported.32,38 Moreover, the
ZOI was 12 mm for the 5NZO sample against A. baumannii
(Table 1).

Additionally, the effectiveness of NZO NPs was evaluated for
antibacterial activity toward the Gram-positive bacteria, S.
aureus (Fig. 4c) and S. epidermidis (Fig. 4d). Although NZO NPs
are active against Gram-positive bacteria (ZOI is 14 mm for
5NZO against both S. aureus and S. epidermidis) the activity of
such NPs is much less than ampicillin and that for Gram-
negative bacteria (ZOI is 24 mm for 5NZO against E. coli)
(Table 1). This indicates that Gram-negative bacteria is better
target for 2NZO and 5NZO. Therefore, further experiments
focused on the MDR strains of the Gram-negative bacteria, E.
coli and A. baumannii were performed.
mples of E. coli (a) untreated and (b) treated with 5NZO. Samples of A.
areas of cell membrane disruption.

RSC Adv., 2020, 10, 1232–1242 | 1239
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Fig. 9 Scanning electron microscopy (SEM) images of MDR strains of
bacteria cells. Samples of E. coli 1368 (a) untreated and (b) treated; E.
coli BAA2452 (c) untreated and (d) treated; E. coli 1A626 (e) untreated
and (f) treated; A. baumannii 12001 (g) untreated and (h) treated.
Treated cells were treated with 5NZO. Red circles indicate cell
membrane disruption.
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Dependency on the concentration of the synthesized
samples was also taken into consideration regarding antibac-
terial activity. Fig. 5 shows the ZOI of (a) ZO, (b) 2NZO and (c)
5NZO against E. coli at different concentrations. Diameter of
ZOI is also displayed in the Table 2. As clearly seen form the
Fig. 5 and Table 2 is that 5 mg mL�1 is the most active
concentration of 5NZO samples to kill bacterial cells. Therefore,
all samples were used with 5 mg mL�1 for future experiments.

The antibacterial activity of the synthesized NPs was inves-
tigated with regard to MDR strains of E. coli (Fig. 6a–c) and A.
baumannii (Fig. 6d). As seen in Fig. 6, the 5NZO exhibit excellent
antibacterial activity against MDR strains of E. coli, as the ZOI
for 5NZO are 23, 17, and 21 mm against E. coli 1368, BAA2452,
and 1A626, respectively (Table 3). Moreover, 5NZO showed a ZOI
of 25 mm for an MDR strain of A. baumannii (12001), indicating
that 5NZO is good activity toward Gram-negative bacteria and
their MDR strains. Furthermore, 5NZO display comparatively
better antibacterial activity than the other NPs (ZO and 2NZO)
as the larger ZOI for 5NZO (Fig. 6). This high antibacterial
activity of 5ZNO against Gram-negative bacteria and their MDR
strains can be attributed to both an increase in Ni2+-doping
concentration along with a decrease in crystallite size.24

Additionally, clinical isolate of E. coli harboring mcr-1 gene
was also tested with 5NZO samples to evaluate its efficacy. ZOI
(Fig. 7) and its corresponding diameter values (Table 4) showed
that 5NZO sample can be an excellent antibacterial agent even
against the clinical isolate of E. coli harboring mcr-1 gene with
22 mm and 24mm of ZOI for NCCP 16283 (Fig. 7a), NCCP 16284
(Fig. 7b) of E. coli, respectively.

We have also evaluated the MIC value of 5NZO sample for
further approval of its antibacterial activity against Gram-
negative bacterial cells and showed in Table 5. It can be
clearly seen from the table that 5NZO sample not only act on
wild type of bacteria[(a) E. coli (ATCC25922) and (b) A. bau-
mannii (ATCC19606)] but also on their MDR strains [(c) E. coli
1368, (d) E. coli BAA2452, (e) E. coli 1A626, and (f) A. baumannii
12001]. Therefore, the synthesized 5NZO nanorods can be an
effective nanoweapon against MDR strains of Gram-negative
bacterial cells.

3.2.2 Morphological characterization of bacteria. Antibac-
terial effectiveness of NZO NPs was also investigated by SEM to
evaluate the morphological changes of wild-type and MDR
strains of E. coli and A. baumannii before and aer exposure to
the 5NZO. The SEM images of the bacterial cells are shown in
Fig. 8 and 9. The untreated E. coli and A. baumannii cells (Fig. 8a
and c, respectively) display a smooth and intact surface.
However, some morphological changes, observed as membrane
corrugations due to wrinkling and damage aer treatment with
5NZO are observed, as indicated by red circled portions in
Fig. 8b and d for treated E. coli and A. baumannii, respectively.
Similar morphological changes are observed in Fig. 9, for the
MDR strains of untreated E. coli (Fig. 9a, c and e) and A. bau-
mannii (Fig. 9g), which exhibit smooth surfaces, whereas treat-
ment of MDR strains of E. coli (Fig. 9b, d and f) and A. baumannii
(Fig. 9h) with 5NZO exhibit wrinkled and damaged cell walls
(indicated with red circles in Fig. 9b, d, f and h). The effective-
ness of 5NZO for antibacterial activity can therefore be observed
1240 | RSC Adv., 2020, 10, 1232–1242
from the SEM micrographs. A plausible mechanism for anti-
bacterial activity by 5NZO is the accumulation of 5NZO on the
cell wall, resulting in increased cell permeability through cell
membrane disruption.23 It is likely that membrane disruption
(supported by Fig. 8 and 9) in conjunction with generation of
ROS are two feasible explanations for the antibacterial activity
of 5NZO, as this allows for leakage of intracellular material,
causing cell membrane shrinkage, and ultimately cell
death.23,24,26

3.2.3 Production of reactive oxygen species (ROS) by NZOs.
Among several known distinct mechanisms for ZO NPs as
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Quantification of ROS production by using fluorescence dye.
Fluorescence intensity at 520 nm of E. coli ATCC 25922 cells treated
with ZO, 2NZO, and 5NZO, respectively, was measured. Bacteria cells
treated with NPs in PBS are used as a blank for fluorescence detection.
Three-independent experiments were performed. The data was pro-
cessed using MARS Data Analysis software (ver. 3.02 R2; BMG Labtech)
and relative ROS production by NPs were shown (p < 0.05).
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antibacterial activity23 the most effective antibacterial mecha-
nism is the generation of reactive oxygen species (ROS), which
directly leads to cell death by damaging functional cellular
components such as DNA and proteins. Generally, NPs with
larger specic surface areas and smaller crystallite sizes have
been known to produce more ROS. It is also established that
decreasing the crystallite size by Ni2+-doping increased the
surface area, resulting in improved antibacterial activity.24 To
prove that the NZOs synthesized in this study produce more
ROS compared to ZO, we performed DCFH-DA assay to deter-
mine the cellular concentration of ROS by quantifying uores-
cence emitted at 520 nm. We found that E. coli ATCC 25922
treated with NZOs generated approximately 7 to 16 times more
ROS than that produced from ZO (Fig. 10). The 5NZO sample
showed comparatively more ROS production than other
samples. Therefore, our results corroborated with the previous
results where 5NZO sample showed better antibacterial activity
than other samples and the explanation can be attributed to the
more ROS production.
4. Conclusions

In summary, this work demonstrates the low-temperature
solution synthesis of Ni2+-doped ZnO NPs and the resulting
selective antibacterial activity against Gram-negative bacteria, E.
coli and A. baumannii including their MDR strains and mcr-1
associated colistin resistant E. coli strains. The 5% Ni2+-doped
ZnO (5NZO) NPs even showed comparatively better antibacterial
activity at least by zone of inhibition method against Gram-
negative bacteria compared to polymyxin B, a last resort
peptide antibiotic that is currently used clinically as colistin.
Moreover, NZOs produced more ROS compared to ZO. Because
This journal is © The Royal Society of Chemistry 2020
the method shown here is a cost-effective and includes simple
synthetic strategy, these synthesized NPs can be used as a plat-
form for the development of metal oxide nanomaterials for
biomedical applications, in particular the design of nano-
weapons against the ever-increasing public health threat of
MDR bacteria.
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