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Infectious microbial diseases are leading causes of morbidity and mortality worldwide.
Further, emergence of Multidrug resistance (MDR) in microbes has posed a
critical concern for public healthcare and microbial therapeutics. Nano-based drug
compositions might be ideal candidates to address the challenges of microbial drug
resistance. Herein, we synthesized monodispersed, spherical ZnO quantum dots (QDs)
of average diameter 5-6 nm as biosafe, nanomicrobicidal agent against MDR pathogens.
The broad spectrum microbicidal potential of ZnO QDs was evaluated against Extended
Spectrum Beta Lactamase (ESBL) producing MDR isolates of E. coli (from UTI patients
with resistance to antibiotics of different classes viz. third & fourth generation of
cephalosporin, penicillin, monobactams, and quinolones) and MDR isolates of C.
albicans (from three different AIDS patients who during therapy acquired drug resistance
and sensitive isolates evolved into MDR strains). ZnO QDs exhibited dose dependent,
broad spectrum microbicidal activity against all MDR isolates of E. coli and C. albicans.
Highly reduced growth indicating highly reduced cell viability was observed in all MDR
isolates of E. coli and C. albicans at minimum inhibitory concentration (MIC) of 200 g/
ml ZnO QDs and the growth/ cell viability was further reduced in presence of 250 and
400 g/ ml of ZnO QDs for E. coli and C. albicans, respectively. To the best of our
knowledge, microbicidal potential of ZnO QDs against microbial strains exhibiting MDR
for currently used drugs has not been studied. Results of present study indicate that ZnO
QDs might be promising as next generation broad spectrum alternative for combating
MDR in microbial pathogens.

Keywords: ZnO QDs, multi drug resistance (MDR), antimicrobial therapy, broad spectrum, microbicidal

INTRODUCTION

Infectious microbial diseases remain the leading cause of human mortality worldwide (Bloom
and Cadarette, 2019). Among the diseases caused by various microbial species viz. bacteria,
viruses, fungi, or parasites, most frequently encountered are bacterial infections such as diarrhea,
cholecystitis, bacteraemia, cholangitis, urinary tract infections (UTI), meningitis, and pneumonia
(Zhou et al., 2018). World Health Organization (WHO) reported millions of global deaths in
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2016 due to diarrhoeal diseases, lower respiratory infections and
tuberculosis (Global Health Estimates, 2016). One of the most
common bacterial pathogens particularly responsible for UTI,
sepsis/ meningitis and enteric/ diarrhoeal diseases is Escherichia
coli (E. coli) (Allocati et al., 2013; Saeed et al., 2015). Of
these, UTI is the second most common community-acquired
infections and commonly treated by drugs such as penicillins,
cepahlosporins (includes third and fourth generation agents),
trimethoprim/ sulfamethoxazole, and quinolones (Picozzi et al.,
2014). It has been observed that UTI is frequently caused by
Extended Spectrum Beta Lactamase (ESBL) producing E. coli,
which often acquires resistance to all penicillins, cephalosporins,
and cross-resistance to trimethoprim/ sulfamethoxazole and
quinolones (Picozzi et al., 2014). Other than bacterial infections,
fungal infections also are life threatening and responsible for
1.5-2 million deaths annually (Denning and Bromley, 2015). As
per Global Action Fund for Fungal Infections (GAFFI), more
than 300 million people of all ages suffer from serious fungal
diseases, but still fungal infections remain the most neglected
among microbial infections (Rodrigues and Nosanchuk, 2020).
Common fungal infections such as oral or vaginal candidiasis
and life-threatening systemic infections (systemic candidiasis)
are caused by Candida albicans (C. albicans) and around
400,000 cases of Candida bloodstream infections are annually
recorded worldwide (Pal, 2017). C. albicans normally resides as
commensal microbial flora of the human gastrointestinal (GI)
tract but turns pathogenic in immunocompromised individuals
(Mayer et al,, 2013). The most prevalent and recurrent fungal
infection in HIV-infected patients caused by C. albicans is
oropharyngeal candidiasis (OPC) (Vazquez, 2010). Prolonged
azole drug therapy for OPC often leads to the emergence of
drug resistance in C. albicans and has emerged as a recognized
problem in AIDS patients (Patil et al., 2018).

Various antimicrobial drugs are available for the treatment
of microbial infections and each class of drug has a particular
mode of action and definite cellular target such as cell wall,
membrane lipids, translational machinery, and DNA replication
(Liwa and Jaka, 2015; Silver, 2016). The extensive deployment
and indiscriminate use of these drugs lead to the emergence of
multi drug resistance (MDR) in microbial pathogens wherein
microbes evolve with adaptive strategies either to subvert or
evade host immune responses or to counter the antibiotics. The
primary adaptive strategies of the microbes include drug target
modifications, drug degradation, and overexpression of drug
efflux pumps (Munita and Arias, 2016). Increasing incidence
of microbial MDR is a critical issue in public healthcare
and microbial therapeutics. The continuous evolution of drug
resistant microbial strains therefore, constantly demands for new
and safe antimicrobial agents with broad spectrum activity and
minimal host toxicity.

Recent advances in nanotechnology have led to the inception
of Nanomedicine with a promise for improved drug delivery,
imaging, medical implants, antimicrobials, biosensing platforms
for detection of microbial diseases, cancer therapeutics etc. (Nune
et al., 2009; Holzinger et al., 2014; Singh et al., 2014; Zhu and
Liao, 2015). In order to improve the treatment outcome of
microbial infections, nano-based drug compositions might be

ideal candidates to address the challenges of microbial drug
resistance by favoring multi targeted action, broad spectrum
activity and lower host toxicity (Singh et al., 2014). Several metal
and metal oxide nanoparticles such as silver, gold, titanium
oxide, and zinc oxide are known to possess antimicrobial
properties (Singh et al., 2014; Gold et al., 2018). Among various
nanoparticles, Zinc oxide (ZnO) nanoparticles maybe a novel
antimicrobial agent of choice because of its non-toxic nature
as compared to other competitive nanomaterials; further it can
also act as micronutrient for regulation of innate and adaptive
immune responses (Roy et al, 2014). Although, studies are
available on antimicrobial activity of nano ZnO (Joshi et al., 2009;
Xie et al., 2011; Ansari et al.,, 2012; Wahab et al., 2014; Hameed
et al., 2016; Farzana et al., 2017; Duffy et al., 2018; Gupta et al.,
2018; Hosseini et al., 2018; Jalal et al., 2018), no study so far has
reported the antimicrobial activity of ZnO quantum dots (QDs)
against MDR pathogens.

In order to develop a biosafe, nano-based therapeutic
microbicidal agent, we investigated the broad spectrum
microbicidal activity of ZnO QDs on MDR isolates of microbial
pathogens (E. coli and C. albicans). The ZnO QDs were
synthesized using wet chemical route and their microbicidal
potential were demonstrated against ESBL producing MDR
isolates of E. coli (with resistance to most of the currently used
antibacterial drugs of different classes such as third & fourth
generation of cephalosporin, penicillin, monobactams and
quinolones) and MDR isolates of C. albicans (MDR strains
evolved from sensitive strains by acquiring resistance). ZnO
QDs appear as promising new-generation broad spectrum
microbicidal agent to combat MDR pathogens.

MATERIALS AND METHODS

Materials

For synthesis of ZnO QDs, zinc acetate dihydrate and lithium
hydroxide monohydrate were procured from Sigma Aldrich
(MO, USA), absolute ethanol from (Alfa Aesar, MA, USA) and
hexane from Merck (NJ, USA). Media chemicals for culture of
the microbial cells namely, Luria Broth from BD Difco (TX,
USA), yeast extract, peptone and glucose were obtained from
Fisher Scientific (Hampton, NH, USA) and agar from Hi-Media
(Mumbai, India).

Microbial Strains

Bacterial Strains

Wild type Escherichia coli (DH5a) (Monk et al., 2016) and ESBL
producing isolates of E. coli (16, 36, 105, and 153) were used
in this study as representatives of bacterial pathogens. The E.
coli isolates (16, 36, 105, and 153) were from Pathological and
Diagnostics Laboratory (Gitanjali Patho Diagnostics Laboratory,
Patna, India). Antibiotic susceptibility testing of the E. coli
isolates was performed in accordance with the recommendations
of Clinical Laboratory Standard Institute (CLSI) using Kirby-
Bauer Method (Pouladfar et al., 2017). Kirby-Bauer Method is
based on agar disc diffusion assay and is a widely used method for
antimicrobial susceptibility testing. Herein, the filter paper discs
impregnated with antimicrobial agents are applied onto the agar
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surface already inoculated with test microbe. On incubation, the
antimicrobials diffuse out from the disc into the agar creating
a concentration gradient and the area of no microbial growth
around the disc is called zone of inhibition. The Antibiogram
for the isolates of E. coli used in this study was performed using
proper quality control protocols on Muller-Hinton agar disc
diffusion plate and is shown in Table 1.

Fungal Strains

Wild type Candida albicans (SC5314) and three isogenic matched
pairs of isolates (Gl & G5, F1 & F5, and GU4 & GUS5)
of C. albicans, used in this study are listed in Table2 and
the strain descriptions are already reported in many studies
previously (Fonzi and Irwin, 1993; Franz et al, 1998, 1999).
These three isogenic matched pairs of strains were provided by
Joachim Morschhauser, University of Wurzburg, Germany and
originally isolated from three different AIDS patient suffering
from recurrent episodes of OPC. The azole therapy given over
a period of time to these AIDS patients for OPC resulted in
the acquisition of MDR by the sensitive strains and subsequent
evolution of the azole sensitive G1, F1, and GU4 to highly
resistant G5, F5, and GUS5, respectively (Franz et al., 1998, 1999).

TABLE 1 | Antibiogram of MDR isolates of E. coli.

Antibacterial Drug Interpretation MDR isolates of E. coli
drug content reference for
(pharmacological on disc zone of
name) (ng) inhibition (mm)
Sensitive Resistant 16 36 105 153
S) (R)
Cefazolin 30 23 19 R R R R
Cefotaxime 30 26 22 R R R Least
S
Cefpirome 30 15-21 <14 R R R R
Cephalexin 30 14 <14 R R R R
Cotrimoxazole 25 16 10 R R Moderately R
S
Cefdinir 5 20 16 R R Less S R
Ticaraillin + 75/10 20 14 R R R R
Clavulanic acid
Aztreonam 30 28 17 R R R R
Nalidixic acid 30 19 13 R R R R
Norfloxacin 10 17 12 R R R R
TABLE 2 | Azole sensitive and resistant C. albicans strains.
Antifungal drug Sensitive MIC Resistant MIC References
(pharmacological strain (ng/ ml)  strain  (ng/ ml)
name)
Fluconazole G1 0.39 G5 >50 Franz et al.,
1998
F1 3.12 F5 >50 Franz et al.,
1998
GU4 3.12 GU5 >100 Franz et al.,
1999

Growth Media and Culture Conditions

Wild type Escherichia coli (DH5a) and ESBL producing isolates
of E. coli (16, 36, 105, and 153) were grown at 37°C in Luria
Broth (LB) media for 12 hrs under continuous shaking at 140—
150 rpm and these exponentially growing log phase cells were
used for all experiments. Wild type SC5314 and drug sensitive-
resistant isogenic strains (G1 & G5, F1 & F5, and GU4 & GU5)
were grown on 1% (w/v) Yeast extract, 2% (w/v) Peptone and
2% (w/v) Dextrose (YEPD) media. The cells were grown at 30°C
with continuous shaking at 140-150 rpm for 14-16h and these
exponentially growing cells were used for all experiments.

Synthesis of ZnO QDs

ZnO QDs were synthesized by wet chemical route (Spanhel
and Anderson, 1991). A 0.1 M ethanolic solution of zinc acetate
dihydrate was prepared in absolute ethanol at 90°C under
continuous refluxing for complete dissolution, then cooled at
room temperature and this solution was designated as Sol
A. In a separate beaker 0.14 M ethanolic solution of lithium
hydroxide monohydrate was prepared in absolute ethanol at
room temperature using sonication. This solution was designated
as Sol B. Sol A and Sol B were mixed at room temperature (25°C)
under vigorous stirring for 1 h to form ZnO QDs. The QDs were
precipitated using hexane and centrifuged to collect the particles.
These QDs were dried at 60°C under vacuum. The obtained
powder was characterized for their structural functional and
optical properties using following techniques. A stock solution
of ZnO QDs in deionized water (milli Q) was prepared for all
the experiments.

Characterization of ZnO QDs

The structural aspects of QDs were studied using X-ray powder
diffractometer (PANalyticalX’Pert PRO diffractometer, Almelo
Netherlands) with Cu Ko radiation (A = 1.5418 A) in the scan
range of 20°-80° diffraction angle and step size of 0.016°. The
optical property, specifically excitonic absorbance of the ZnO
QDs was analyzed using UV-Vis spectrophotometer (Perkin
Elmer, UV-Vis Spectrophotometer Lambda 35, Singapore). The
morphology and chemical composition of ZnO QDs were
examined by Scanning Electron Microscopy (SEM) (Carl Zeiss
E®AG-EVO®40 SEM, Jena, Germany) equipped with EDX
Spectrometer (EDS; E-sprit 1.8 X-ray microanalysis, Quantax
200; Bruker Nano GmbH, Berlin, Germany). Further, a 200 kV
Transmission Electron Microscope (TEM) (JEM 2100F; JEOL,
Tokyo, Japan) having Image Tool Software (multipoint image
database software for grain and particle analysis; Dietermann
& Heuser Solution GmbH, Greifenstein, Germany) was used to
determine mean particle size. High resolution TEM (HRTEM)
analysis was used to visualize planar lattice spacing (d spacing) to
ascertain the crystalline nature.

Assessment of Microbicidal Potential of
ZnO QDs

Minimum Inhibitory Concentration (MIC) is the lowest
concentration of an antimicrobial agent necessary to inhibit
visible microbial growth, while minimum microbicidal
concentration is the minimum concentration of an antimicrobial
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agent that results in microbial death. The closer the MIC is to
the MBC, the more microbicidal the compound is. MIC is an
endpoint measurement and represents microbial growth in the
presence of antimicrobial agent and thus, the static/cidal effects
of the antimicrobial agent over time and is employed both as
the criteria for determination of susceptibility/ resistance/ static
or cidal effect of compounds and also as the single, quantitative
pharmacodynamic (PD) parameter formally used for the rational
design of antibiotic treatment protocols.

In this study, the MIC and microbicidal activity of the ZnO
QDs against the microbial pathogens E. coli and C. albicans
were determined using Internationally accepted methods viz.
Broth Microdilution Assays (Clinical and Laboratory Standards
Institute, 2006, 2008; Holla et al., 2012; Preeti et al., 2020)
and Spot Assays (Clinical and Laboratory Standards Institute,
2006; Tong, 2012; Thomas et al, 2015; Wang et al, 2017;
Radhakrishnan et al., 2018b).

In broth microdilution assay, the antimicrobial agent is
serially diluted in multiple tubes or wells of microtitre plate from
very high to low concentrations to obtain a gradient. Here, 5 x
10° CFU/ ml and 0.5-1 x 10* CFU/ ml are standard inoculum
for antimicrobial susceptibility testing of bacterial and fungal
pathogens, respectively. This assay is used to determine the
percentage of cell killing and growth inhibition at the respective
concentration of the antimicrobial agent. On the other hand, the
spot assay is a sensitive method which involves serial dilutions
of fixed number of microbial cells as per standard protocol,
followed by spotting of these dilutions of microbial cells on
solid agar containing plates at concentrations of antimicrobial
agents determined by broth microdilution assay. Spot assay is
used to compare the viability of cultivable microbial cells under
different conditions.

Broth Microdilution Assay

MIC of ZnO QDs for E. coli (DH5a) and C. albicans (SC5314)
was determined by broth microdilution assay, which was
performed in 96 well microplate, following the protocol described
by CLSI (Clinical and Laboratory Standards Institute, 2006, 2008;
Oh etal., 2012; Preeti et al., 2020). The exponentially growing log
phase cells of E. coli and C. albicans were resuspended in 0.9%
saline to give an optical density of 0.1 at 600 nm (ODggp), which
correspond to cell number of 5 x 107 CFU/ ml for E. coli and
0.5-1 x 10° CFU/ ml for C. albicans. The cells were subsequently
diluted 100-fold in LB and YEPD media, respectively for E. coli
and C. albicans to achieve the final concentration of cells 5 x 10°
and 0.5-1 x 10* CFU/ ml. Thereafter, different concentrations
of ZnO QDs (0-400 g/ ml) were added to the respective media
containing cells and incubated at 37°C for E. coli and at 30°C
for C. albicans. Respective controls for growth of the microbial
cells were maintained without ZnO QDs. Readings were then
recorded at 600 nm and the differences in optical densities were
compared with the control grown without ZnO QDs.

Spot Assay

Spot assay was used to confirm the susceptibility of wild type,
drug sensitive and resistant isolates of E. coli and C. albicans
toward ZnO QDs (Mukhopadhyay et al., 2004; Clinical and

Laboratory Standards Institute, 2006; Thomas et al., 2015; Wang
et al., 2017; Radhakrishnan et al., 2018D).

Overnight grown microbial strains of E. coli and C. albicans
were resuspended in 0.9% saline and the ODgyy of the cell
suspension was first adjusted to 0.1 and CFU/ ml was calculated.
Then, 5-fold serial dilutions of cell suspension containing 5 x
10° cells/ ml of E. coli and 1 x 10° cells/ ml of C. albicans
were prepared. Subsequently, 5 pl of each serially diluted cell
suspension were spotted onto LB plates (containing 0, 200,
and 250 g/ ml of ZnO QDs) for bacterial and YEPD plates
(containing 0,200 and 400 p.g/ ml of ZnO QDs) for fungal strains,
respectively. The LB plates were incubated for E. coli at 37°C for
24 hand for C. albicans at 30°C for 48 h. Growth controls without
ZnO QDs were maintained for both E. coli and C. albicans
separately. The plates were then imaged and reduction in cell
viability in presence of ZnO QDs was evaluated by comparing
with the control grown without ZnO QDs.

Statistical Analysis

All experiments were performed in triplicates and the results
were represented as mean = standard deviation. GraphPad Prism
version 6.0 (GraphPad software, CA) was used to calculate
p-value in Student t-test and for validating reproducibility
and significance of experiments. Intergroup differences were
considered significant for p < 0.05.

RESULTS AND DISCUSSION

Physicochemical Properties of ZnO QDs

The crystalline structure of synthesized ZnO QDs was evaluated
using X-Ray diffraction (XRD) technique by recording the
diffraction pattern between 20 and 80° (Figure 1A). The XRD
of ZnO QDs displayed Braggs reflections at 32.01, 34.48, 36.50,
47.71, 56.87, 62.99, and 68.34° corresponding to the planes
(100), (002), (101), (102), (110), (103), and (112), respectively
and confirmed the formation of single phase hexagonal wurtzite
structure of QDs (Figure 1A). The diffraction planes were in
accordance with JCPDS (Joint committee on powder diffraction
standards) file no. 36-1451. No other characteristic XRD peaks
were observed, indicating the phase purity of the synthesized
ZnO QDs. The lattice spacing d(;o;) was found to be 0.245nm,
which was in agreement with the wurtzite ZnO nanoparticles
(NPs) (Siddiqi et al, 2018). UV-Visible absorption spectrum
(Figure 1B) exhibited the absorption maxima at 360nm,
which corresponded to enhanced band gap of 3.4eV as a
result of smaller size of the ZnO QDs. SEM micrographs
revealed formation of spherical ZnO QDs with smooth surface
(Figure 2A). Presence of strong peaks in the EDS spectrum
were observed at around 1 keV from the Zn L lines, at 8.601
keV from Zn Ka, at 9.5 keV from Zn Kb line and at around
0.5 keV from O Ka (Figure2B). EDS spectrum indicated
that the elements present were only Zinc and Oxygen. TEM
image confirmed synthesis of mono-dispersed and spherical ZnO
QDs of average size ~5-6nm which was in agreement with
XRD results (Figure 2C). HRTEM clearly revealed the lattice
structure and the average distance (d) between atomic planes
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FIGURE 1 | (A) X-ray diffraction of ZnO QDs; (B) Absorbance spectrum for ZnO QDs showing absorbance maxima at 360 nm.

Intensity (counts)

FIGURE 2 | (A) SEM image of ZnO QDs; (B) SEM-EDS spectrum for ZnO QDs with strong peaks at 0.1, 8.6, and 0.5 keV; (C) TEM image showing spherical,
mono-dispersed ZnO QDs of average size 5-6 nm; (D) High-resolution TEM image for ZnO QDs showing lattice spacing (d = 0.255 nm, where d represents the
distance between two lattice fringes).
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of ZnO QDs as 0.25 nm (Figure 2D), which corroborated with
XRD data.

Monodispersed, spherical ZnO QDs with average diameter
5-6nm were thus synthesized, which exhibited hexagonal
wurtzite structure and showed typical absorption peak at 360 nm
corresponding to a band gap of 3.4 eV.

Microbicidal Potential of ZnO QDs

ZnO QDs showed dose dependent toxicity against wild type
strains of E. coli and C. albicans, used as model microbial
pathogens in this study. Here in this study, broth microdilution
assay performed in presence of different concentrations of ZnO
QDs (0-400 g/ ml) revealed that the percentage of growth
inhibition at 100 pg/ ml ZnO QDs was 44.76% for E. coli and
53.89% for C. albicans cells whereas 200 pg/ ml ZnO QDs was
able to inhibit 70.87% (MICyg) growth of E. coli and 90.57%
(MICyg) growth of C. albicans cells (Figures 3A,B). Thus, MIC7
and MICyj of ZnO QDs were found to be 200 g/ ml for E. coli
and C. albicans, respectively, as determined by the reduction in
respective optical densities measured at 600 nm (Optical density
of 0.1 at 600 nm corresponds to 5 x 107 CFU/ ml for E. coli and
0.5-1 x 10° CFU/ ml for C. albicans). Figure 3 represents the
optical density of microbial cells grown in presence of ZnO QDs
at MIC concentration and at half the MIC concentration. The

data represented was reproducible in least three independent set
of experiments.

Interestingly, a recent study reported that smaller size ZnO
QDs exhibited better bactericidal activity than larger ZnO NPs
(da Silva et al., 2019). This was in agreement with our results
wherein we observed 70 and 90% reduction in E. coli and C.
albicans cells, respectively at MIC;y and MICgy values of 200
ng/ ml ZnO QDs, demonstrating promising broad spectrum
microbicidal potential of smaller sized 5-6 nm ZnO QDs against
both bacterial and fungal pathogens.

Microbicidal Potential of ZnO QDs Against MDR
Isolates of E. coli and C. albicans

Microbicidal activity of ZnO QDs was evaluated against MDR
isolates of E. coli and C. albicans. Antibiotic susceptibility
of ESBLs producing E. coli (16, 36, 105, and 153) revealed
their resistance toward penicillins, cepahlosporins and cross-
resistance to quinolones (Table 1). ESBL producing MDR isolates
of E. coli acquire resistance to P-lactam antibiotics such
as penicillin derivatives (penams), cephalosporins (cephems),
monobactams, carbapenems, and carbacephems etc. through
degradation of B-lactam rings of the antibiotics by production
of extended spectrum beta lactamase (Shaikh et al., 2015). The
three isogenic matched pairs (G1 & G5, F1 & F5, and GU4 &
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FIGURE 3 | (A) Evaluation of antibacterial potential of ZnO QDs. Determination of growth by measurement of ODggonm Using broth microdilution method for E. coli
cells grown at 37°C in the presence of 0, 100, and 200 g/ ml of ZnO QDs, respectively. The values are mean + SD of three independent sets of experiments.
**represents p = 0.001 and ***represents p < 0.0001, calculated with respect to control. Inset shows the percentage of dose dependent growth inhibition of E. coli
cells in presence of respective concentrations of ZnO QDs; (B) Evaluation of antifungal activity of ZnO QDs. Determination of growth by measurement of ODgoonm
using broth microdilution method for C. albicans cells grown at 30°C in the presence of 0, 100, and 200 g/ ml of ZnO QDs, respectively. The values are mean + SD
of three independent sets of experiments. ***represents p < 0.0001, calculated with respect to control. Inset shows the percentage of dose dependent growth
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inhibition of C. albicans cells in presence of respective concentrations of ZnO QDs.
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GUS5) were originally collected from three different AIDS patient
suffering from OPC (Franz et al., 1998, 1999). Due to continuous
administration of high doses of azoles for recurrent episodes of
OPC, the azole sensitive G1, F1, and GU4 acquired resistance
during therapy and evolved to become highly azole resistant G5,
F5, and GUS5, respectively (Table 2). The isolates of Candida used
in this study were reported to acquire resistance due to increase
in amount of cellular ergosterol and overexpression of drug efflux
pumps (Franz et al., 1998, 1999).

The microbicidal activity of ZnO QDs was further confirmed
by spot assay. ZnO QDs exhibited dose dependent, broad
spectrum microbicidal activity against all MDR isolates of E.
coli and C. albicans tested (Figures 4, 5). Here it clearly showed
significantly reduced cell viabilities for MDR strains of both
microbial pathogens in comparison to the control plate (without
ZnO QDs), which was indicated by the disappearance of cells
on agar plates containing ZnO QDs. No such microbicidal
effect or reduction in cell viability was observed on respective
Luria Bertani (LB) and Yeast Extract, Peptone and Dextrose
(YEPD) control plates, maintained without ZnO QDs. Spot assay
involves spotting of dilutions of microbial cells at concentrations
of antimicrobial agents determined by broth microdilution
assay. In this study, the spot assay was performed at different
concentrations between MIC values and four times MIC values.

Of these, the best results for spot assay obtained at two
concentrations (i.e., MIC concentration and the next higher
concentration are represented in Figures 4, 5, to demonstrate
significant loss of cell viability which is indicated by the
significant disappearance of cells in presence of ZnO QDs).
Studies evidence that microbicidal concentration is usually
either equal to/ 2-fold/ 4-fold > MIC values (Microbicidal
concentration > 1x or 2x or 4x MIC) (Morrissey et al., 2014).
This validated our results that highly reduced cell viability was
observed for MDR isolates of both E. coli and C. albicans cells at
MIC concentration of 200 pg/ ml ZnO QDs, which was further
reduced in presence of 250 and 400 g/ ml of ZnO QDs for
E. coli and C. albicans, respectively (Figures4, 5). Complete
growth inhibition was observed at 4x MIC7 of ZnO QDs for
E. coli and at 4x MICyg of ZnO QDs for C. albicans cells,
thus confirming the microbicidal potential of ZnO QDs (data
not shown). The data represented was reproducible in at least
three independent set of experiments. Therefore, our spot assay
results demonstrated that ZnO QDs were able to counter MDR
in microbial isolates tested and could render susceptibility to the
drug resistant microbials cells.

Several studies have documented size dependent microbial
toxicity of ZnO NPs (Sirelkhatim et al., 2015). In our study, the
synthesized 5-6 nm ZnO QDs exhibited significant microbicidal

E. coli

ZnO QDs (pg/ ml)

| ||
" l 0 | I
Sensitive

Wild Type

the presence of 0, 200, and 250 g/ ml of ZnO QDs.

FIGURE 4 | Antimicrobial activity of ZnO QDs against MDR strains of E. coli. Spot assay showing of ZnO QDs against MDR isolates (16, 36, 105, and 153) of E. coli in

5 times serial cell dilutions
(cells/ ml)

5 X105
1X108
2X104
4X103
8 X102

albh|lw|IN]|-=

200 | 250
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activity against both drug sensitive and resistant isolates of
E. coli and C. albicans. The small size of ZnO QDs might
be responsible for this promising microbicidal activity. It is

possible that antimicrobial or microbicidal activity of metal oxide
NPs results from the interaction of metal ions (resulting from
dissolution of metals ions from the surface of NPs) with cells,

C. albicans

ZnO QDs (png/ ml)

5 times serial cell dilutions
(cells/ ml)

1X108
2X108
4X104
8X 10
1X103

albh|lw|IN| =

G1
Sensitive

G5
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F1
Sensitive

F5
Resistant

GU4
Sensitive

GU5
Resistant

FIGURE 5 | Antimicrobial activity of ZnO QDs against azoles resistant C. albicans. Spot assay showing anti-Candidal activity of ZnO QDs against azoles sensitive (G1,
F1, and GU4) and azoles resistant (G5, F5, and GUY) isolates in the presence of 0, 200, and 400 g/ ml of ZnO QDs.

400 —|
3 4 5

Killing of Microbial Cells

SCHEME 1 | Graphical illustration of this study.
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TABLE 3 | Comparison of antimicrobial activity of ZnO NPs and ZnO QDs reported in other studies.

Pathogen

Size of ZnO NPs/QDs

Remarks

References

ANTIMICROBIAL POTENTIAL OF ZnO NPs AND ZnO QDs AGAINST DRUG SUSCEPTIBLE MICROBIAL ISOLATES

Bacterial

Staphylococcus aureus
Streptococcus pyogenes
Bacillus cereus
Pseudomonas aeruginosa
Proteus mirabilis
Escherichia coli

Campylobactor jejuni

Campylobactor
Salmonella
(Strains isolated from poultry)

E. coli

E. coli

E. coli

Fungal

C. albicans

C. albicans isolated from urinary catheters

C. albicans

50-90 nm (NPs)

30nm (NPs)
50nm (NPs)

5-6nm (QDs)
10-15nm (NPs)

3-5nm (QDs) (from acetate
adsorbed)

4-7 nm (QDs) (from

nitrate adsorbed)

5-6 nm (QDs)

10-30nm (NPs)
20-50 nm (NPs)

5-6 nm (QDs)

Good antibacterial activity at 1,500 wg/ ml

MIC between 25 and 50 g/ ml
MIC between 312.5 and 625 g/ ml

Growth curve assessment indicated MIC value at 25
g/ ml for both ZnO QDs and NPs

But QDs and NPs at 25 g/ ml showed only around
10 and 5% growth inhibition, respectively

MIC at 2.5 mM in light and 3mM in dark

MIC at 6mM in light and no significant bacterial
growth inhibition was observed upto 30 mM
under dark

MIC+ at 200 pg/ ml

MIC at 250 pg/ ml

Reduction in biofilm formation after treatment with
28 + 1.2 pg/ ml

MICgo at 200 g/ ml

ANTIMICROBIAL POTENTIAL OF ZnO NPs AND ZnO QDs AGAINST MDR ISOLATES

ESBL producing E. coli and Klebsiella pneumonia

ESBL producing E. coli and Klebsiella pneumoniae
(Imipenem sensitive and Ciprofloxacin resistant)

ESBL producing E. coli and Klebsiella pneumonia

MDR pathogens
P mirabilis
E. coli

ESBL producing MDR isolates of E. coli (16, 36,
105 and 153) resistant to most of the different
classes of currently used antibacterial drugs
which include third & fourth generation of
cephalosporin, penicillin, monobactams, and
quinolones)

C. albicans (Fluconazole-resistant isolates isolated
from urinary catheters)

MDR isolates of C. albicans (G5, F5, and GU5
collected from three different AIDS patients
who over the period of therapy had acquired
drug resistance wherein sensitive isolates G1,
F1, and GU4 evolved into MDR strains)

Around 19nm (NPs) as
determined by SEM in the
study

Size of NPs not reported

47 nm (NPs)

Irregular ZnO nanosheets of
size range between 500 nm
to few micron

5-6 nm (QDs)

20-50nm (NPs)

5-6 nm (QDs)

500-8,000 pug/ mi

MIC determined by agar dilution method was 80
g/ ml for E. coli and 50 g/ ml for Klebsiella
pneumoniae

MICgp at 800 g/ ml for E. coli and at 1,000 pwg/ ml
for Klebsiella pneumoniae

Showed antibacterial activity (assessed by
Kirby-Bauer disc diffusion method) with max. zone
of inhibition of 27 + 0.5 mm for P mirabilis and 24 +
0.5mm for E. coli at 25 pg/mL ZnO nanosheets
Nanosheets displayed antibiofilm activity
Significant growth inhibition and loss of cell
viability of all MDR isolates at 200 ng/ ml

Reduction in biofilm formation after treatment with
47+ 2.8 pg/ mi
Significant growth inhibition and loss of cell

viability of all susceptible and MDR isolates at
200 g/ ml

Gupta et al., 2018

Xie et al., 2011
Duffy et al., 2018

Wahab et al., 2014

Joshi et al., 2009

This study

Jalal et al., 2018
Hosseini et al., 2018

This study

Ansari et al., 2012

Farzana et al., 2017

Hameed et al., 2016

Rajivgandhi et al., 2018

This study

Hosseini et al., 2018

This study

Bold values are meant to highlight the findings and significance of this studly in the table for comparison with other studies.

which lead to reactive oxygen species (ROS) generated oxidative
stress. The dissolution of metal and metal oxide nanoparticles
remains highly dependent on NPs type, concentration, size,

coatings and pH of aqueous media. Higher dissolution of
Zn%* ions was reported from 4nm ZnO QDs than larger NPs,
resulting in presence of more Zn** ions in ZnO QDs solution
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(Mudunkotuwa et al., 2012), which in turn might be responsible
for the observed higher antimicrobial activity of QDs against
both drug susceptible and resistant pathogens (Siddiqi et al,
2018). Moreover, the quantum confinement of ZnO QDs creates
surface defects on ZnO QDs and produces large number of
electron donor or acceptor active sites, which react with oxygen
and hydroxyl ions (in aqueous suspension) to produce highly
reactive superoxide and hydroxyl radicals. These highly reactive
free radicals contribute to enhanced ROS generation and result
in peroxidation of lipids, nucleic acid and proteins, disruption of
cell membrane and leakage of cytoplasmic content, thus leading
to cell death (Asok et al., 2015; Gold et al., 2018; Radhakrishnan
et al., 2018a; Tiwari et al., 2018).

In addition, the small size of ZnO QDs also provide larger
surface area for their higher interaction with microbial cells.
Furthermore, the surface defects of ZnO QDs might also increase
the density of positive surface charge as particle size decreases,
which might increase interaction with microbial cells (possessing
negative charge). This can lead to higher agglomeration of ZnO
QDs on the surface of microbes leading to altered metabolic
activity and increased antimicrobial activity (Asok et al., 2015).
Thus, small size of ZnO QDs might exert excellent antimicrobial
activity through multiple mechanisms.

However, the major limitation of microbial therapeutics is that
each class of antimicrobial drug has a particular mode of action
and definite cellular target such as cell wall, membrane lipids,
translational machinery, or DNA replication (Liwa and Jaka,
2015; Silver, 2016). For example, the mode of action of B-lactam
antibiotics is through inhibition of bacterial cell wall biosynthesis
and that of antifungal azoles is via inhibition of fungal membrane
ergosterol biosynthetic pathway (Prasad et al., 2011; Shaikh et al.,
2015). But on emergence of MDR in microbial pathogens, drug
therapy becomes ineffective and poses a bottleneck in microbial
therapeutics. MDR being multifactorial, microbial pathogens
acquire resistance by various adaptive strategies such as drug
target modifications, drug degradation, target amplification,
alterations in cell wall, modifications in cell membrane, and
overexpression of drug efflux pumps (Shaikh et al., 2015; Munita
and Arias, 2016). The challenges faced due to acquisition of
microbial drug resistance can likely be overcome by favoring
multi-targeted action of antimicrobial agents. In view of the
previous reports that interactions of nanoparticles with microbes
lead to membrane lipid peroxidation, cell membrane disruption,
leakage of cytoplasmic contents, and cell death (Jalal et al., 2018;
Radhakrishnan et al., 2018b), it appears that small sized ZnO
QDs can address the multifactorial challenges of microbial drug
resistance (Graphical illustration in Scheme 1) by favoring multi
targeted action, broad spectrum activity and lower host toxicity.
In the light of such multi targeted action, it is unlikely for the
microbes to simultaneously develop a host of cellular changes or
mutations to exhibit resistance.

CONCLUSION

In this study, monodispersed ZnO QDs of average particle
size ~5-6nm were synthesized using wet chemical route and

the broad spectrum, microbicidal activity of ZnO QDs was
demonstrated against both drug susceptible and drug resistant
isolates of E. coli and Candida albicans. No study so far has
reported the antimicrobial activity of ZnO QDs against MDR
pathogens. Table 3 gives a comparison of our study with previous
studies reported on antimicrobial potential of ZnO NPs/ ZnO
QDs against drug susceptible and MDR microbial isolates. In
our study, ZnO QDs were found to counter MDR in both
bacterial and fungal pathogens tested (ESBL producing MDR
isolates of E. coli which showed resistance to most of the currently
used antibacterial drugs of different classes such as third and
fourth generation of cephalosporins, penicillins, monobactams,
and quinolones and MDR isolates of C. albicans collected from
three different AIDS patients who during therapy for OPC had
acquired drug resistance). The study clearly indicates that ZnO
QDs possess broad spectrum microbicidal potential and could
serve as a next generation alternative of antimicrobial therapy by
combating MDR in microbes and help in limiting the extensive
use of antibiotics.
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