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Abstract

Emergence of multidrug resistant pathogens is increasing globally at an alarming rate with a

need to discover novel and effective methods to cope infections due to these pathogens.

Green nanoparticles have gained attention to be used as efficient therapeutic agents

because of their safety and reliability. In the present study, we prepared zinc oxide nanopar-

ticles (ZnO NPs) from aqueous leaf extract of Acacia arabica. The nanoparticles produced

were characterized through UV-Visible spectroscopy, scanning electron microscopy, and X-

ray diffraction. In vitro antibacterial susceptibility testing against foodborne pathogens was

done by agar well diffusion, growth kinetics and broth microdilution assays. Effect of ZnO

NPs on biofilm formation (both qualitatively and quantitatively) and exopolysaccharide

(EPS) production was also determined. Antioxidant potential of green synthesized nanopar-

ticles was detected by DPPH radical scavenging assay. The cytotoxicity studies of nanopar-

ticles were also performed against HeLa cell lines. The results revealed that diameter of

zones of inhibition against foodborne pathogens was found to be 16–30 nm, whereas the

values of MIC and MBC ranged between 31.25–62.5 μg/ml. Growth kinetics revealed nano-

particles bactericidal potential after 3 hours incubation at 2 ×MIC for E. coli while for S.

aureus and S. enterica reached after 2 hours of incubation at 2 × MIC, 4 ×MIC, and 8 ×
MIC. 32.5–71.0% inhibition was observed for biofilm formation. Almost 50.6–65.1% (wet

weight) and 44.6–57.8% (dry weight) of EPS production was decreased after treatment with

sub-inhibitory concentrations of nanoparticles. Radical scavenging potential of nanoparti-

cles increased in a dose dependent manner and value ranged from 19.25 to 73.15%.

Whereas cytotoxicity studies revealed non-toxic nature of nanoparticles at the concentra-

tions tested. The present study suggests that green synthesized ZnO NPs can substitute

chemical drugs against antibiotic resistant foodborne pathogens.
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Introduction

Foodborne diseases have emerged as the major public health concerns across the globe. As

reported by World Health Organization (WHO), almost 30% population is affected by food-

borne illnesses in industrialized countries annually [1]. Utilization of foods contaminated with

some of the foodborne pathogens such as fungi, bacteria, and viruses, is considered as a major

source of foodborne diseases in human beings. Salmonella spp., Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, Staphylococcus aureus, Shigella spp., and Listeria monocyto-
genes, are the most frequently reported foodborne pathogens from different parts of the world

[2]. Since 2000, an increase in drug resistance among foodborne pathogens has been reported

and Salmonella enterica and Escherichia coli are among the most important pathogens exhibiting

antibiotic resistance since they can do zoonotic transfer of resistant genes easily [3]. One of the

primary causes of antibiotic resistance in bacteria is massive misuse of antibiotics, despite warn-

ings regarding overuse the antibiotics are overprescribed worldwide [4]. Biofilm formation and

exopolysaccharide (EPS) production also contribute towards antimicrobial resistance among

pathogens [5]. Thus, development of novel and natural antibacterial agents is needed to combat

emergence of multidrug resistance among commonly occurring foodborne pathogens.

Nowadays nanotechnology has established an advanced solution to overcome the problems of

antimicrobial resistance by using nanoparticles (NPs). Over the past few decades, metals and its

oxides occupied much interest due to their capacity of surviving insensitive conditions of different

procedures [6]. Oxides of metals like zinc oxide are of special interest because of its stable, safe and

non-toxic nature [7]. Nanoparticles of zinc oxide have become more attractive due to their applica-

tions in biology for example biological labeling, nanomedicine, delivery of gene, delivery of drug

and biological sensing. There is also the revelation of their antifungal, antibacterial, antidiabetic and

acaricidal activities [8]. ZnO NPs have wide range of antibacterial activities depending on concen-

tration, size, and stability of NPs in the growth medium [9]. ZnO NPs mode of action is still under

studies but it is assumed that their antibacterial activities are contributed to the production of hydro-

gen peroxide or zinc oxide nanoparticles binding to bacterial surfaces due to electrostatic force [10].

In general, various physicochemical approaches exist for metallic NPs synthesis, but certain con-

cerns are associated with them such as cost, toxicity, complexity hinder, and environmental hazards

[11]. Green synthesis of nanoparticles has been proved as one of the most eco-friendly, reliable, and

cost effective approaches relying on the usage of microorganisms (bacteria, fungi) and plant extracts

[12]. Plant mediated synthesis of NPs has become a center of attention for scientists and researchers

globally because of its safety, wide distribution and easy availability of plants [13]. Based on the liter-

ature, ZnO NPs synthesis has been carried out by extracts of plant such as Aloe vera [14] Ocimum
basilicum [15] and Citrus aurantifolia [16] and orange fruit juice [17]. Acacia arabica has been rec-

ognized globally as a multipurpose tree and commonly known as babul, kikar, or Indian gum. It

has been broadly distributed throughout the arid and semi-arid zones of the world. A. arabica has

been evidenced effective against malaria, sore throat, and toothache [18]. Different species of Acacia
have been reported for the biofabrication of NPs such as A. senegal and A. nilotica [19].

In the present study we prepared ZnO NPs using aqueous leaf extracts of Acacia arabica
and further investigated the antibacterial and antibiofilm potential of these NPs against multi-

drug resistant foodborne pathogens.

Materials and methods

Green synthesis of ZnO NPs

Fresh leaves of Acacia arabica were collected from the local market of Faisalabad, Pakistan.

Botanical identity was authenticated by Professor Dr. Naeem Iqbal from Department of
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Botany, GCUF using standard keys and descriptions [20] and confirmed with the help of her-

barium voucher no. GCU-302. Plant leaves were cleaned up with tap water and then distilled

water to get rid of any debris. After that the leaves were air dried by keeping them at room tem-

perature and dried leaves were ground with pestle and mortar to obtain fine powder. The

aqueous extract of the plant was prepared by cold maceration technique. For this purpose, 50

grams of powdered plant was soaked in 100 ml of distilled water and the suspension was placed

in a shaker at 20˚C for 24 hours with continuous agitation at 100 rpm. The extract was filtered

and stored at 4˚C for further analysis [21].

For green synthesis of ZnO NPs, method described by Elumalai et al. [22] was used with

minor modifications. The aqueous extract of plant (25 ml) was heated at 65–80˚C on a mag-

netic stirrer. Zinc nitrate hexahydrate (Zn (NO3)2.6H2O) (2.5 grams) was added into the plant

extract when its temperature was 60˚C. The mixture was left for an hour till white precipitates

appeared and was placed in hot air oven (at 60˚C) for overnight until a creamy paste was

formed. This paste was washed thrice with distilled water: ethanol (3:1) solution. Washed paste

was added into a ceramic cup, heated at 400˚C in a furnace to obtain a white powder that was

stored in a sterile container for characterization and further analysis.

Characterization of ZnO NPs

Fourier transform infrared spectroscopy (FTIR), Transmission electron microscopy(TEM),

and X-ay diffraction (XRD) were used to characterize the ZnO NPs as defined by Mahamuni

et al. [23]. FTIR was performed via FTIR spectrophotometer (Bruker, Massachusetts, USA) by

the use of attenuated total reflectance (ATR) mode. The resulted spectrum of FTIR ranged

from 4000 to 400 cm-1 wave number. Nanopowder of zinc oxide was suspended in ethanol,

sonicated and then coated onto copper grid, dried and examined by TEM (Jeol LTD, Tokyo,

Japan). The pattern of X-ray diffraction for ZnO NPs was observed by the use of X-ray diffrac-

tometer (D8 Advance diffractometer, Bruker, USA) by Cu Kα radiation of wavelength λ =

0.1541 nm in the range 2θ = 20–90˚ [24]. Additionally, zeta potential of biosynthesized ZnO

NPs was determined using Malvern Zetasizer Nano-ZS zen 3600 (UK).

Bacterial culture preparation

Multidrug resistant foodborne bacterial isolates (Pseudomonas aeruginosa, Staphylococcus
aureus and Salmonella typhimurium) were collected from the Department of Microbiology,

Government College University Faisalabad (GCUF), Pakistan. These multidrug resistant food-

borne bacterial isolates were cultured in Muller Hinton broth (MHB) for 24 hours at 37˚C

with continuous agitation at 100 rpm.

In vitro susceptibility testing

Agar well diffusion assay. Antibacterial potential of green synthesized ZnO NPs was

determined by agar well diffusion assay, against foodborne pathogens such as S. typhimurium,

P. aeruginosa and S. aureus [25]. Sterile deionized water was used to prepare the colloidal solu-

tion of ZnO NPs which was sonicated at 30˚C for 15 minutes. Bacterial inoculum was prepared

to obtain a density of 5 × 105 CFU/ml by diluting each isolate and then swabbed on Muller

Hinton (MH) agar medium. Wells with the diameter of 5 mm were made on agar plates and

0.1 ml of different ZnO NPs concentrations (500 μg/ml, 250 μg/ml, 100 μg/ml and 50 μg/ml)

was dispensed separately into the respective wells followed by incubation at 37˚C for 24 hours.

The diameter of the inhibitory zone was measured in mm after incubation. The wells contain-

ing only sterile deionized water were used as negative control.
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Evaluation of bacteriostatic and bactericidal potential of ZnO NPs. Minimum bacteri-

cidal concentration (MBC) and Minimum inhibitory concentration (MIC) of ZnO NPs were

calculated following broth microdilution method of Loo et al. [26] with minor alterations.

Two-fold serial dilutions of ZnO NPs (0–1000 μg/ml) were made in Muller Hinton broth in

96-wells microtitration plate. Overnight bacterial suspension (turbidity adjusted to 5 × 105

CFU/ml) was dispensed in the wells of microtitration plate having varying concentrations of

NPs. The plate was incubated at 37˚C for 24 hours. After incubation, a redox dye nitro-blue

tetrazolium chloride (NBT, 5 mg/ml) was added to evaluate the viability of bacterial cells by

observing a change in the color of dye from yellow to blue. MIC was considered as the lowest

concentration of NPs that was unable to change the color of dye. The experiment was per-

formed in triplicates along with the involvement of positive (medium and bacterial culture)

and negative controls (only medium).

Ten microliter of the suspension was taken from the wells showing no visible growth (MIC

and higher concentrations) and plated on MH agar plates, to determine the bactericidal poten-

tial of ZnO NPs (MBC). The plates were incubated for 24 hours at 37˚C. MBC was considered

as the lowest concentration that completely kills the bacteria.

Time kill kinetic assay. Time kill kinetic assay was performed in MHB following the

methods proposed by Kalishwaralal et al. [27]. ZnO NPs were dispensed into 1 ml of MHB

medium containing bacterial suspension (with turbidity adjusted to 5 × 105 CFU/ml) to get

the final concentrations of 0 × MIC, 0.5 × MIC, 1 × MIC, 2 × MIC, 4 × MIC and 8 × MIC rela-

tive to each isolate. The cultures were incubated for the time intervals of 0,1,2,3 and 4 hours at

37˚C with agitation at 100 rpm. From the tubes, 100 μl of the culture was spread on MH agar

plates followed by incubation for 24 hours at 37˚C. The number of bacterial colonies was

quantified as CFU/ml. Each experiment was performed in triplicate.

Antibiofilm potential of ZnO NPs

Qualitatively antibiofilm activity of ZnO NPs was determined by tube method followed by

Kulshrestha et al. [28]. Overnight bacterial cultures with turbidity adjusted to 5 × 105 CFU/ml

were added into the tubes having 2 ml of MHB and sub-inhibitory concentrations of NPs

respective to each isolate (0.25 and 0.5 × MIC) followed by incubation for 24 hours at 37˚C.

Negative control tube was lacking in bacterial culture whereas NPs were absent in positive con-

trol tubes. After incubation, the culture was discarded from the tubes and the attached cells

were washed thrice with physiological saline (0.85% NaCl). Crystal violet dye (0.1%) was used

to stain the tubes from inside and the excess dye was removed by washing the tubes gently

with deionized water. The tubes were dried to observe the thin blue layer of biofilm on the

tube walls.

Microtitration plate assay was used for the quantitative evaluation of biofilm formation.

Briefly, 180 μl of MHB was dispensed into 96-wells microtitration plate along with 10 μl of var-

ious concentrations of NPs (0, 0.25, and 0.5 × MIC). 10 μl of overnight bacterial cultures (with

turbidity adjusted to 5 × 105 CFU/ml) was also added into the wells followed by incubation at

37˚C for 24 hours. After incubation, optical density (OD) was measured at 620 nm to quantify

the amount of planktonic cells. The growth medium was discarded and the wells were washed

thrice with 0.85% NaCl. Biofilms were fixed by applying sodium acetate and then stained for

10 minutes with crystal violet dye (0.1%). The excess dye was removed by washing the plate

thrice with deionized water and then air-dried. The attached cells were eluted by adding 200 μl

of 95% ethanol. The absorbance of eluted sample was measured at 570 nm by using ELISA

reader to quantify the cells that were able to form biofilms. Working solution and sterile

growth media were used as positive and negative control respectively [29].

PLOS ONE Antibiofilm and antioxidant potential of Acacia arabica assisted ZnO nanoparticles against foodborne pathogens

PLOS ONE | https://doi.org/10.1371/journal.pone.0259190 January 5, 2022 4 / 18

https://doi.org/10.1371/journal.pone.0259190


The percentage inhibition of biofilm was calculated using this formula:

Percentage biofilm inhibition ¼ 1 �
OD570 of cells treated with ZnO NPs

OD570 of non � treated control
� 100

Effect of ZnO NPs on exopolysaccharide (EPS) production

EPS of each bacterial isolate was extracted following the protocol of Repatto et al. [30] with

minor modifications. Briefly, 2 ml of overnight bacterial cultures with turbidity adjusted to

5 × 105 CFU/ml was dispensed into flasks having 100 ml of MHB supplemented with sub-

inhibitory concentrations (0.5 × MIC) of NPs respective to each isolate. The flasks having bac-

terial inoculum only served as positive control. The flasks were placed at 37˚C on shaking

incubator for 24 hours. Following incubation, bacterial cultures were harvested by centrifuga-

tion at 6000 rpm at 4˚C for 30 minutes. The pellet was discarded and the supernatant was

placed into separate cryogenic vials. The EPS was precipitated by dispensing two volumes of

acetone in each vial followed by overnight refrigeration at 4˚C. In order to obtain EPS, the

mixture was centrifuged at 6000 rpm at 4˚C for 30 minutes. Wet pellet weight was measured

and after drying the pellet in hot air oven at 40˚C for 24 hours, the dry weight was determined.

Antioxidant potential of ZnO NPs

The antioxidant activity of NPs was determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) rad-

ical scavenging assay following the method of Pallavicini et al. [31]. Different concentrations

of ascorbic acid and NPs (25 to 100 μg/ml) were prepared and 3 ml of each concentration was

added into 2.96 ml of 0.1 mM DPPH solution i.e., prepared in methanol. These mixtures were

continuously stirred and kept in dark for 20 minutes. A color change from purple/ violet to

yellow indicated the presence of antioxidant activity. The absorbance of reaction mixture was

read at 517 nm using spectrophotometer. 0.1 mM DPPH solution was used as control while

ascorbic acid was used as a standard solution. Percentage DPPH radical scavenging activity

was determined by following formula.

DPPH scavenging activity (%) = [(Abscontrol−Abssample) / (Abscontrol)] × 100

Abscontrol (absorbance of DPPH + ascorbic acid)

Abs (absorbance of DPPH + sample/nanoparticles)

Cytotoxic potential of ZnO NPs

Neutral red uptake assay was used to access the cytotoxic potential of ZnO NPs following the

method of Selim et al. [32] using HeLa cell lines. Dulbecco’s modified Eagle’s high glucose

medium having 10% FBS and 1% antibiotics (penicillin/streptomycin) was used to grow cell

lines. The media was incubated for 24 hours at 37˚C with 90% humidity and 5% CO2. After

that, the media was changed and incubated with various NPs concentrations ((0–100 μg/ml)

again for 24 hours. The growth medium lacking NPs served as a control. The growth medium

was discarded after incubation and the cells were washed with PBS (Phosphate buffer saline)

twice. In each well, neutral red media (100 μl) was added and plates were incubated again for 2

hours at 37˚C. After incubation, neutral red media was removed and the cells were washed

with PBS again and detained with 150 μl of fresh detaining solution (50% ab. ethanol, 49%

water and 1% glacial acetic acid). To shake the plate microtiter plate shaker was used for 10

minutes followed by measurement of absorbance at 540 nm. The Charge-Coupled System

(CCD) SP 480 H with colour camera (Olympus, Japan) was used to perform phase contrast

microscopy of HeLa cells (treated and controlled).
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Statistical analysis

All the experiments were performed in triplicates and the obtained data were tabulated in

Microsoft™ excel spread sheets and analysed using IBM™ SPSS Statistics 25.0 (IBM™ Corpora-

tion, Armonk, NY, USA). Means and standard deviations were calculated for the numerical

data like EPS quantification and % age scavenging activity of ZnO nanoparticles against food

borne pathogens. Frequencies and percentages were calculated for categorical variables like

time kill kinetics of pathogens with different ZnO nanoparticles concentrations. One way

ANOVA (Analysis of Variance) and Student’s t-test was used for the comparison of means

and p�0.05 value was considered as significant.

Results and discussion

Resistance exhibited by different foodborne pathogens against commonly used antibiotics has

become a primary concern to public health across the globe. Moreover, biofilm formation is

also linked to an increase in bacterial resistance to conventional antibiotics. Metal oxide nano-

particles have been proved as an effective strategy against antibiotic-resistant bacteria by over-

coming the problems associated with the emergence of resistance. Synthesis of nanoparticles

can be carried out by various physicochemical methods, but currently green synthesis

approach has been appreciated because of its safety, eco-friendliness, cost-effectiveness, and

reliability [12]. In the present study, we also synthesized ZnO NPs via green technology by

using aqueous leaf extracts of A. arabica. Plant extracts have been considered as promising

sources to produce NPs since they are rich in antimicrobial and antioxidant compounds that

can also be used as reducing and capping agents during the green synthesis of NPs [31].

Characterization of ZnO NPs

In this study, rod-shaped ZnO NPs were synthesized with average size of 20 nm. UV-vis spec-

troscopy of ZnO nanoparticles was performed to monitor the synthesis of NPs. The absorption

peak was recorded at 381nm, corresponding to pure ZnO and no other peak was found in the

spectrum revealing the presence of only ZnO (Fig 1A). The X-ray diffraction (XRD) pattern of

green synthesized ZnO NPs has been shown in Fig 1B. The XRD spectra revealed well defined

diffraction peaks having 2θ values at 31.72˚, 34.39˚, 36.23 and 47.44˚ with reflection planes

(100, 002, 101, and 102) (Fig 1B) corresponding well with the hexagonal/rod structure of ZnO

nanoparticles prepared by green synthesis method. These peaks are in accordance with Yildiz

et al. [33] who also reported the rods/hexagonal structure of ZnO nanoparticles.

In order to assess various phytochemicals responsible for the synthesis and stabilization of

nanoparticles, the Fourier transform infrared spectroscopy (FTIR) spectrum of green

Fig 1. Absorption spectra using UV-Vis spectrophotometer (A) XRD pattern (B) of green synthesized ZnO NPs.

https://doi.org/10.1371/journal.pone.0259190.g001
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synthesized ZnO was conducted. The results showed that the peaks around 545.35 cm−1 were

corresponding to ZnO [34]. While, the peak at 3443 cm−1 might be related to the free hydroxyl

group of phenols responsible for the capping of nanoparticles [35], and the peaks at 2922 cm−1

revealed the presence of–CH stretching [36]. The peaks around 1586 cm−1 and 1412 cm−1

were due to the amide groups. Due to atomic vibration, metal oxides generally exhibit an

absorption peak below 1000 cm−1 [37]. Free carboxylate groups are supposed to bind to nano-

particles (metallic) in order to make them stable [24]. Some minor changes in absorption

peaks positioned between the FTIR spectrum of the plant extract and green synthesized ZnO

NPs were observed (Fig 2A and 2B). FTIR analysis indicated many phytoconstituents in Acacia
arabica that were responsible for ZnO nanoparticle synthesis. Plant extract compounds includ-

ing OH, amino, and CO groups have been reported to play a promising role in reduction and

stabilization of nanoparticles [38].

The shape and size of the nanoparticles was determined by TEM. Most of the ZnO NPs

were rod-shaped without aggregation having diameter of 16–20 nm (Fig 3A). The average cal-

culated size by XRD spectrum was 11.3 nm (Fig 3B). Zeta potential is a measure of effective

electric charge on the particle surface and it controls the particles stability. However, it mea-

sures the electrical potential some distance away from the particle surface and is influenced

with solution pH, solvent composition and ionic strength [39]. Aggregation of the particles

and zeta potential are also influenced with nature of the solvent [40]. A hydrophobic solvent

film leads to repulsion thereby making maximum contact with water. In our case, solvent used

was milli Q water which exhibits amphipathic nature and has no effect on the charge distribu-

tion. The stability of ZnO NPs was monitored by zeta potential as shown in Fig 3C. The nega-

tive zeta potential indicates that the particle surface is negatively charged due to the presence

of OH, carboxylic groups etc. which is also evident from the FTIR spectrum. The presence of

negative charges on particle surfaces favors the selectivity and sequestration of cationic con-

taminants [41]. Similar results were obtained by Agarwal et al. [42] using tomato leaf extract

Fig 2. FTIR spectra of Acacia arabica extract (A) green synthesized ZnO NPs by Acacia arabica extract (B).

https://doi.org/10.1371/journal.pone.0259190.g002
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and Nithya and Kalyanasundharam [43] using Cardiospermum halicacabum leaf extracts for

the biosynthesis of ZnO particles. They reported mean zeta potential (-20.9 mV and -32-06 t0

17.89 mV) of the particles with moderate stability.

In vitro susceptibility testing

It has been well reported in the literature that ZnO NPs show strong antibacterial potential

against Gram-negative and Gram-positive bacteria [44]. In this study, the antibacterial activity

of green synthesized ZnO NPs was assesed against different multidrug resistant foodborne

pathogens such as S. aureus, S. enterica, and E. coli by agar well diffusion method. For well dif-

fusion assay clear zone formation around the well indicated antibacterial effect. The results

demonstrated that NPs exhibited a dose-dependent antibacterial activity and that the diameter

of inhibitory zone increased with an increase in nanoparticles concentration. The diameter of

the zone of inhibition ranged from 16–30 nm. Maximum inhibition was observed against E.

coli at 500 μg/ml of nanoparticles where zone of inhibition diameter was 30 nm, while the min-

imum inhibitory effect was observed for S. aureus (26 nm) at the highest concentration tested

(S1 Data). One of the previous studies by Naseer et al. [45], also reported that Gram-negative

bacteria were more susceptible to biogenic ZnO NPs as compared to S. aureus due to the pres-

ence of a thick layer of peptidoglycan in the cell wall of Gram-positive bacteria. In another

study, by Cox et al. [46], biogenic ZnO NPs from leaf extract of Melia azadarach exhibited an

inhibitory zone of 32 nm against S. aureus at a concentration of 1000 μg/ml. There are number

of factors contributing towards the antibacterial activities of ZnO NPs such as size of NPs,

shape, zeta potential, concentration, specific surface area etc. It was observed that ZnO NPs

with positive surface potential exhibited significantly greater antimicrobial activities when

compared with NPs having same size but with negative surface potential [47]. Moreover, small

sized NPs can easily penetrate bacterial membrane when compared with NPs having large

diameter [48].

Disc diffusion/ well diffusion methods are documented as preliminary tests to check the

antimicrobial activities of various therapeutic agents; therefore, a further evaluation of

Fig 3. TEM image of the ZnO NPs showing rod-shaped particles without aggregation (A) The average size by XRD

spectrum (B) zeta potential of ZnO NPs (C).

https://doi.org/10.1371/journal.pone.0259190.g003

PLOS ONE Antibiofilm and antioxidant potential of Acacia arabica assisted ZnO nanoparticles against foodborne pathogens

PLOS ONE | https://doi.org/10.1371/journal.pone.0259190 January 5, 2022 8 / 18

https://doi.org/10.1371/journal.pone.0259190.g003
https://doi.org/10.1371/journal.pone.0259190


antibacterial activities of ZnO NPs by MIC determination was required [49]. Using broth

microdilution assays, MIC and MBC values were measured. The results revealed that MIC val-

ues of ZnO NPs against S. aureus, S. enterica, and E. coli were 62.5, and 31.25 μg/ml respec-

tively, whereas MBC values were found to be 62.5 μg/ml for all tested bacteria (S1 Data).

Similarly, Atkinson et al. [50], reported MIC value of 50 μg/ml of biogenic ZnO NPs against S.

aureus and E. coli. In contrast to our study, Vanaja et al. [51], reported MIC and MBC values

of 3.9 and 7.81 μg/ml respectively against S. aureus using ZnO NPs as an antibacterial agent to

treat mastitis in sheep.

Time kill kinetic assay

One of the major factors in bacterial pathogenesis is its rapid reproduction rate that can be effi-

ciently targeted to prevent viable bacterial infections [52], as ZnO NPs did in this study and

the bactericidal effect was observed in a dose-dependent manner. Time-kill kinetics of antibi-

otic-resistant foodborne pathogens after treatment with different concentrations (0, 0.5, 1, 2,4,

8 × MIC) of ZnO NPs has shown in Fig 4. These results confirmed the bactericidal potential of

green synthesized ZnO NPs, and it was observed that the bactericidal endpoint for S. aureus
and S. enterica reached after 2 hours of incubation at 2 × MIC, 4 × MIC, and 8 × MIC. While

for E. coli, the bactericidal endpoint was reached after 3 hours of incubation at 2 × MIC, and

after 2 hours of incubation at 4 × MIC and 8 × MIC of NPs (Fig 4A–4C). No significant differ-

ences in reduction in viable counts were observed in tested bacterial isolates (p> 0.05). Several

mechanisms have been proposed for antimicrobial activities of ZnO NPs such as the genera-

tion of hydrogen peroxide or building up of ZnO particles on the cell surface of bacteria [38],

reactive oxygen species (ROS) generation, release and internalization of zinc ions that will ulti-

mately lead to the membrane disruption and cell damage [53, 54]. Fig 5 shows different mech-

anisms adopted by bacterial cell for ZnO NPs attachment and entrance inside the bacteria.

The interaction between released zinc ions and the bacterial cell wall results in membrane

damage as shown in Fig 5 at the point of contact. Production of ROS molecules such as super-

oxide, hydroxyl and peroxide ions on the surface of nanoparticles could enhance the antimi-

crobial activity.

The antibiofilm potential of ZnO NPs

The formation of biofilms plays a vital part in the bacterial pathogenesis, meanwhile it is also

involved in food contamination and spoilage. Biofilm development is monitored and con-

trolled by a signal-mediated quorum sensing phenomenon [55]. Biofilm formers as compared

to their planktonic counterparts have exhibited inherent recalcitrance to antibiotics. This is

one of the reasons for difficulty in treating infections resulting by formation of biofilm in bac-

teria [35]. Sub-inhibitory effect of zinc oxide nanoparticles concentrations (0.25 and

0.5 × MIC) on biofilm formation was evaluated qualitatively by tube method in which bacteria

were cultured in different concentrations of green synthesized ZnO NPs. The thin layer of

developed biofilms was observed after staining the adhered cells with crystal violet dye. The

results revealed that the formation of a thin layer of biofilms was reduced in a concentration

dependent manner. As depicted in S2 Data, biofilm formation was significantly reduced in all

the tested bacteria treated with ZnO NPs (at concentrations of 0.5 × MIC) in comparison with

positive control cells. Our results are in accordance with the findings of Siddique et al. [55]

who also reported no visible biofilm formation by Klebsiella pneumoniae after treatment of

cells with silver nanoparticles at concentration of 100 μg/ml.

For the quantitative evaluation of biofilm formation, microtiter plate assay was performed,

and the results showed a significant increase (p< 0.05) in percentage inhibition of biofilms
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formation after treatment of cells with sub-inhibitory concentrations of green synthesized

ZnO NPs. After 24 hours of incubation, maximum biofilm formation in untreated cells was

observed for E. coli, whereas the minimum number of adhered cells was found for S. aureus.
As Illustrated in the Fig 6A, percentage inhibition of biofilm formation was 32.5–71.0% in the

presence of NPs and maximum inhibition was observed for E. coli at 0.5 × MIC concentration

of ZnO NPs (Fig 6C). Similar observations of inhibition of biofilm biomass in a dose-depen-

dent manner by green synthesized ZnO NPs were reported by Al-Shabib et al. [56] against

human and foodborne pathogens. Their data revealed 32–84% inhibition of biofilm in P. aeru-
ginosa after treatment with various sub-inhibitory concentrations of ZnO NPs.

Fig 4. Time kill kinetics of antibiotic-resistant foodborne pathogens (A) S. aureus (B) S. enterica (C) E. coli, after

treatment with different concentrations of green synthesized zinc oxide nanoparticles.

https://doi.org/10.1371/journal.pone.0259190.g004
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Sub-inhibitory concentrations of antimicrobial drugs are crucial since they donot kill the

cells but alter various structural and physicochemical attributes such as surface hydrophobic-

ity, motility, adhesion, host-bacterial interaction i.e. phagocytosis and release of ROS from

phagocytes [57]. As shown in the Fig 6A–6C, the growth of bacterial cells was not significantly

inhibited in the presence of subinhibitory concentrations of green synthesized NPs.

The antibiofilm potential was checked by culturing the cells for 24 hours in the presence of

sub-inhibitory concentrations of NPs. Bars indicated biofilms formation whereas lines indi-

cated the growth of bacterial cells.

Effect of ZnO NPs on exopolysaccharide (EPS) production

EPS matrix produced by microorganisms promotes the cellular organization into microbial

communities (biofilms), increases the capacity of biofilm formers to trap nutrients, promotes

Fig 5. A schematic diagram of the antibacterial activity mechanism.

https://doi.org/10.1371/journal.pone.0259190.g005

Fig 6. Antibiofilm activities of green synthesized ZnO NPs against multidrug-resistant foodborne pathogens (A) S.

aureus, (B) S. enterica, (C) E. coli.

https://doi.org/10.1371/journal.pone.0259190.g006
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the solubilization of hydrophobic organic compounds, coordinates cell-cell communication,

facilitates gene exchange, and provides physical stability [58]. EPS also serves as a defensive

barrier by preventing the entry of antibiotics into bacterial cells and increasing the resistance

to antibacterial agents [46]. Enhanced production of EPS will result in an increased resistance

to antibacterial agents due to the alteration of the architecture of biofilms [24]. By targeting

this matrix, biofilm cells will be exposed and can easily be removed or killed by antimicrobial

agents. To check the effect of green synthesized ZnO NPs on extracellular polysaccharides pro-

duction of foodborne bacterial isolates, EPS was extracted, and its dry and wet weight was

measured. The results showed a significant (p< 0.05) reduction in EPS production in bacterial

cells treating with NPs in comparison with control cells. The data indicated that in control

cells, the extracted EPS wet weight was in the range of 245–363 mg/ 100 ml of bacterial culture,

whereas, dry weight of control cells was 128–135 mg/100 ml of culture. It was also observed

that in the presence of NPs, wet weight was reduced to 50.6–65.1% while reduction of dry

weight was 44.6–57.8% among tested bacteria (Fig 7). Muzammil et al. [29] also reported a

32.9–41.5% reduction in wet weight and 48.1–56.7% reduction in dry weight of EPS extracted

from Acinetobacter baumannii after treatment of cells with sub-inhibitory concentrations of

aluminum oxide nanoparticles. In another study by Azam et al. [37], bio-fabricated ZnO NPs

also reduced the EPS production in human and foodborne pathogens and their results demon-

strated that 81, 69, 68%, 67 and 59% decrease in EPS content was observed for P. aeruginosa,

E. coli, S. marcescens L. monocytogenes, and K. pneumoniae respectively.

Antioxidant potential of ZnO NPs

DPPH free radical scavenging is an accepted method to screen the antioxidant activities of

numerous compounds. This method has been extensively used to predict antioxidant activities

since it requires a shorter time for analysis. The effect of antioxidants on DPPH is considered

to be due to their hydrogen donating ability [25]. In this study, the DPPH radical scavenging

assay was also used to evaluate the antioxidant potential of green synthesized NPs. It was

observed that the radical scavenging potential of ZnO NPs decreased by increasing the

Fig 7. Quantification of EPS extracted from cells of antibiotic-resistant foodborne pathogens grown in the

presence and absence of sub-inhibitory concentrations of green synthesized ZnO NPs. Values are presented as

Mean ± Standard error; each experiment was performed in triplicates.

https://doi.org/10.1371/journal.pone.0259190.g007
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concentration of nanoparticles. A noteworthy decrease (p< 0.05) was observed at the highest

concentration used (100 μg/ml) when compared with the radical scavenging activity of ascor-

bic acid. The values of % scavenging potential ZnO NPs ranged from 19.25 to 73.15% as

shown in the Fig 8. Our study is consistent with the findings of Loo et al. [26], who also

reported an effective free radical inhibition by biogenic ZnO NPs. Their study suggested

reduced radical scavenging activity of nanoparticles with increased concentrations probably

because of the lower solubility of nanoparticles and insufficient DPPH content. It was observed

that the maximum scavenging activity was found to be 94.55% at 25 μg/ml. In contrast to our

observations, Jacob and Rajiiv [38], revealed that the antioxidant potential of ZnO NPs

increased by increasing the concentration of NPs and the highest antioxidant activity was

achieved at the concentrations of 200. μg/ml. Another study by Bharathi and Bhuwaneshwari

[59] also showed dose dependent radical scavenging potential of ZnO NPs synthesized from

rutin. The radical scavenging potential of ZnO NPs might be attributed to the presence of phe-

nols having the capacity to donate H in their OH groups [60].

Cytotoxic potential of ZnO NPs

Neutral red uptake assay was used to assess the cytotoxic effects of ZnO NPs on the viability of

HeLa cell lines. The results showed that, relative to control cells, there was no substantial dif-

ference (p> 0.05) in the percentage viability of cells treated at different concentrations (0–

100 μg / ml) of NPs (Fig 9A). The percentage viability of HeLa cells was found to be 88.6% at

the highest concentration tested. Phase-contrast microscopy revealed that in untreated cells

confluent monolayer was developed within 24–48 hours and> 90% of the cells displayed

proper morphology (Fig 9B). The results also confirmed the non-toxic nature of ZnO NPs at

the concentrations tested as no significant changes in the cell morphology were observed such

as apoptosis, cell’s shrinkage and detachment (Fig 9C). It has been observed that the cytotoxic-

ity of metallic NPs is largely dependent on the size, shape, and capping agents used during the

production process [59]. The exact mechanism of cytotoxic effects has not yet been established,

but it has been proposed that cytotoxic effects of ZnO NPs are mainly due to the production of

Fig 8. % scavenging activity of green synthesized zinc oxide nanoparticles (ascorbic acid was used as standard).

Values are presented as Mean ± Standard error; each experiment was performed in triplicates.

https://doi.org/10.1371/journal.pone.0259190.g008
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dissolved zinc ions along with ROS induction. Toxicity of ZnO nanoparticles on HeLa cell

lines is dose dependent as described by [61]. Many studies are demonstrating the high cyto-

toxic potential of ZnO NPs, whereas other reports revealed their non-toxic nature as in our

study. These variations can be attributed to the differences in the number of NPs used or

changes in cellular density [62]. In contrast to our observations, Bisht and Rayamajhi [61],

reported a significant cytotoxic potential of green synthesized ZnO NPs in a concentration-

dependent manner against HeLa cell lines.

Conclusion

In conclusion, the findings of the present study demonstrated that biofabricated ZnO NPs

using A. arabica leaf extract could be effectively used as promising antibacterial and antibio-

film agents against multidrug resistant foodborne pathogens. Moreover, the nontoxic nature

of ZnO nanoparticles could be beneficial against biofouling and for the prevention of food

contamination. In future, molecular studies to analyze the exact mechanism of action of ZnO

NPs are required against various multidrug resistant biofilms formers.
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