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1. Introduction



1. INTRODUCTION

Food-borne illnesses constitute a growing public health concern, as they
are associated with considerable global morbidity, disability and mortality, and
a significant impediment to socio-economic development. The contamination of
the food supply chain with the pathogens of public health significance, further
its persistence, growth, multiplication and toxin production has emerged as an
important public health threat. Foods may get contaminated at any stage from
production until consumption. World Health Organization (WHO) estimated
that food-borne illnesses were responsible for nearly 600 million cases and
4,20,000 deaths worldwide (Al-mohaithef et al., 2019). Of the 31 identified
food-borne hazards, seven were documented as diarrhoeal bacterial agents
(WHO, 2017); salmonellosis is one of the listed priority pathogens.

Salmonella is a diverse genus of gastrointestinal bacterial pathogens that
cause a wide spectrum of diseases ranging from self-limiting gastroenteritis
(pain, vomiting and diarrhoea), bacteraemia, extra-intestinal localized
infections, myocarditis to systemic enteric fever (Chiu ans Su, 2019; Nair et al.,
2020). Non- typhoidal Salmonella (NTS) serovars constitute a major food-borne
hazard and comprise one of the leading causes of gastrointestinal zoonotic
infection worldwide. Globally, NTS is responsible forapproximately 153 million
cases of gastroenteritis and 57,000 deaths annually (Sharma et al., 2019).
Further, NTS is reported to infect and colonize both the intestinal and
reproductive tract or could be a part of the normal intestinal floraof many food-
producing and wild animals, constituting the environmental reservoirs (Gal-
Mor, 2019). The NTS serovars are commonly associated with foods of animal
origin (milk, meat and egg) and are responsible for transmission to humans.
Poultry serves as one of the most significant carriersof NTS serotypes, among
many food-producing animals which can persist in the intestinal tract of birds

asymptomatically and shed in their faeces. Of the



serotypes, S. Enteritidis and S. Typhimurium are the most frequently
encountered serovars from poultry and poultry products. The most important
route of transmission of NTS serovars from poultry to humans includes
contaminated poultry products i.e., eggs and meat (Wang et al., 2020). Hence,
NTS- contaminated poultry products are often regarded as the major source of

food-borne salmonellosis outbreaks in humans.

On the therapeutic front, antibiotics have widely been used in human
medicine and as prophylaxis or growth promoters in the food animal industry.
The level and complexity of resistance mechanisms exhibited by bacterial
pathogens have increased with indiscriminate therapeutic and prophylactic use
of antimicrobial agents. Due to its broad-spectrum antimicrobial activity,
fluoroquinolones and cephalosporins are widely employed in both human and
veterinary medicine for treating salmonellosis (Forouhar and Harzandi, 2019;
Sharma et al., 2019). In recent times, WHO announced antimicrobial resistance
(AMR) as one of the major threats to humankind and the environment. It is
reported that AMR is responsible to cause mortality among 7,00,000 individuals
every year around the globe (Ghosh et al., 2019). It has also been estimated that
the death toll by way of AMR would increase to 10 million by the year 2050,
which would further decrease the gross domestic product (GDP) by 3.50 per
cent, with a fall in livestock by three to eight per cent, resulting in an overall
global economic loss to the tune of USD 100 trillion (Taneja and Sharma, 2019;
Rezasoltani et al., 2020). Lately, an unusual emergence of ciprofloxacin-
resistance as well as multi-drug-resistant (MDR)- carbapenem resistance
observed in S. Kentucky serovars were noticedas a serious public health concern
along with MDR strains of S. Kentucky, S. Virchow and S. Typhimurium
recovered from the chicken meat and faecal samples (Alghoribi et al., 2019;
Sharma et al., 2019). Moreover, WHO (2017) included fluoroquinolone-
resistant Salmonella spp. as one of the 12 antibiotic- resistant ‘priority pathogens

that pose a high risk to human health, while recent



Centres for Disease Control and Prevention (CDC, 2019) reports categorised
drug-resistant NTS serotypes as a serious threat.

Of late, the focus has primarily been shifted towards alternative
therapeutic strategies to combat AMR apart from the routinely employed
antibiotics. The alternative therapeutic strategies devised include
phytobotanicals and phytochemicals, synthetic peptides, probiotics, polyclonal
antibodies and nanoparticles (Alam et al., 2019; Ghosh et al., 2019; Ali et al.,
2020; Chee and Brown, 2020; Kumar et al., 2021). Recently, nanoparticles
(NPs) have emerged as a novel alternative approach to overcome bacterial drug
resistance encountered globally. The potential anti-bacterial activity of NPs is
mainly due to their large surface area to volume ratio than their bulk material
which allows the binding of a large number of ligands on the surface of NPs and
hence its complexation with receptors present on the bacterial cell surface (Alavi
and Rai, 2019; Aquib et al., 2019; Kumar et al., 2020; Varghese et al., 2020).
Since they act directly on the cell wall and the action is primarily microbicidal,
NPs could be a better choice to overcome bacterial resistance and have the
potential to be developed into antimicrobial theragnostic in medicine (Fernando
et al., 2018). The metals and metal oxide NPs could be an effective alternative
in this regard. Recently, metal
(silver, gold, copper, iron) NPs and metal oxide (such as zinc oxide, copper
oxide, titanium oxide and iron oxide) NPs have also been widely used as
antimicrobial agents, as they possess unique physical and chemical

characteristics linked to their nanometer size ranging from 1 to 100 nm.

Metal oxide NPs have got unique physicochemical and optoelectronic
properties with various biomedical applications (Kumar et al., 2020). Zinc,
being a micronutrient, plays a pivotal role in the management of infectious
diarrhoea. Zinc oxide (ZnO) has got a comparatively higher photocatalytic
efficiency and biocompatibility than other inorganic photocatalytic materials;
possess greater selectivity, heat resistance and durability, and most importantly

broad-spectrum antiviral, antifungal and antibacterial activity (da Silva et al.,



2019). The antimicrobial property of ZnO NPs is mainly due to their smaller
size and large surface area which involves effective electrostatic interaction
between NPs and microbial cell surfaces by way of which it could create pores
on the microbial cell surface, leading to leakage of cytoplasmic contents and
eventually, cell death (Akbar et al., 2020).

It is well established that the nanostructures could be synthesized
effectively by physical (microwave irradiation, electrochemical method and
ultra-sonication), chemical (metallic precursors, reducing and stabilizing
agents) as well as biological means. Physical and chemical methods may cause
several stress on the environment because of the release of toxic metabolites;
besides, the high cost of materials used, chances of failure and difficulties in
characterization are considered as the major drawbacks of these techniques
(Gour and Jain, 2019; Yusof et al., 2019; Akbar et al., 2020). However, the
use of organic sources in the biological method would eliminate the need for
using toxic chemicals as reducing agents in the biosynthesis of NPs.
Additionally, as the plants harbour a wide range of metabolites that act both as
reducing and stabilizing agents, they are considered as one of the most useful
sources for the green synthesis of NPs as it is safe, relatively easy to handle and
inexpensive. Hence, the physical and chemical methods for the synthesis of NPs
have greatly been replaced recently by green synthesis methods employing the
use of various plant parts, bacteria, fungi and algae, as they provide ergonomic
nanomaterials (Vijilvani et al., 2020). Nevertheless, there exists a dearth of
systematic studies employing NPs against NTS, especially, MDR strains of NTS

Serovars.

Piper longum L. (Family Piperaceae), commonly known as Indian long
pepper or pippali, has widely been used as a herbal antibacterial, analgesic,
counter-irritant and anti-inflammatory agent in India. Owing to its antioxidant
and antimicrobial properties, the roots, fruits and the thicker part of the stem of
P. longum is widely used as an important medicinal remedy (Sultana et al., 2019;

Huang et al., 2020). Further, P. longum extract is rich in alkaloids,



flavonoids, tannins, sesamim, iso-butyl deca-trans-2-trans-4-dienamide and
several other phytoconstituents with medicinal properties (Jayapriya et al.,
2019), that prompted this study to investigate the efficacy of green synthesized
ZnO NPs employing the dried spike extract of P. longum against MDR-NTS

serovars.

Under these circumstances, the present study was undertaken with the
following objectives:

1. Synthesis and characterization of green synthesized ZnO NPs.

2. Antibacterial activity of green synthesized ZnO NPs against MDR-
NTS.
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2. REVIEW OF LITERATURE

Food-borne illnesses have been emerged as a leading cause of mortality
and morbidity especially in developing countries creating a serious impact on
economic and public health worldwide. There were several reports of food-borne
outbreaks which produce illnesses ranging from mild symptoms like vomiting,
diarrhoea, abdominal pain, nausea, respiratory difficulties to severe health issues
and sometimes death (Gupta, 2020; Wilson et al., 2020; Al-seghayer and Al- Sarraj,
2021; Li et al., 2021). The frequency of occurrence of food-borne illnesses largely
depends on the interaction between pathogen, food, host, and the environment
(Gourama, 2020). World Health Organisation (WHO, 2020) reportedthat nearly
4,20,000 deaths with diseases among one in ten humans and a loss of
33 million life-years annually indicate the potential public health hazards of
consuming contaminated food and the need for possible intervention and addressing

the threat immediately.
2.1. Salmonellosis

Salmonellosis is an important food-borne disease caused by Salmonella
enterica, a Gram-negative intracellular facultative pathogenic bacterium that
comprises more than 2600 serovars (Pulford et al., 2019). It is estimated that
Salmonella causes about 1.35 million infections, 26,500 hospitalizations, and 420
deaths in the United States every year (CDC, 2020).

Among the enteric bacterial pathogens, 99 per cent of the animal and human
infections are caused by Salmonella enterica serovars and produce about 94 million
infections and 155,000 deaths worldwide every year (Yanagimoto et al., 2020).
Among non-typhoidal Salmonella (NTS) serotypes, S. Typhimurium and S.
Enteritidis are commonly associated with human infections in North America, Latin
America, Europe, Asia, and Africa. Alghoribi et al. (2019) documented the
occurrence of Salmonella in Saudi Arabia from 200 clinicalisolates of which S.
Enteritidis and S. Typhimurium were reported to be the predominant serotypes.

However, in Europe, 41.3 per cent of cases were caused



by S. Enteritidis, followed by S. Typhimurium, with a prevalence rate of 22.1 per
cent, and both were identified as the most common serovars among the identified
NTS isolates (Macdonald et al., 2019).

In the United States, S. enterica serovar Heidelberg was identified as the
twelfth most common serovar of S. enterica responsible for salmonellosis and it
produces systemic infection than NTS serotypes (Etter et al., 2019). Moreover, S.
Panama, a frequently isolated serovar producing public health threat for the past 70
years globally, has been recognized as the eleventh most frequently isolated
Salmonella serovars in humans between 2001 and 2007 in Asia (Pulford et al.,
2019). The most frequently detected serovar from food and animal sources in
Europe isolated from human cases of salmonellosis over the past few decades was
S. Infantis after S. Enteritidis, and S. Typhimurium (Gymoese et al., 2019; Mughini-
Gras et al., 2021). Nonetheless, S. Typhi and S. Paratyphi have been associated with
systemic enteric fever, bacteremia, and self-limiting gastroenteritis resulting in

invasive salmonellosis in humans of Sub-Saharan Africa (Park et al., 2019).
2.2 Sources

Contaminated meat products, poultry, and eggs have been recognized as the
important sources of NTS serovars (Morgado et al., 2021). Poultry act as an
asymptomatic carrier for various serovars of Salmonella spp. and increases the risk
of dissemination throughout the farm premises and to the public via contaminated
products (Dewi et al., 2021). Further, the consumption of egg and poultry products
results in infection with S. Enteritidis, while various other products such as chicken,
pork, beef, and close contact with animals cause S. Typhimurium infection. The
domesticated and wild animals have been identified as the natural reservoirs of
Salmonella spp. Consumption of contaminated water, contact with animals and pet
food, travel to foreign countries are the other causes for contracting salmonellosis
(Macdonald et al., 2019). One or multiple strains of NTS could be associated with

a single source within a particular geographical



area, which may alter over a period, thereby changing the dynamics of
salmonellosis (Bloomfield et al., 2021).

Yanagimoto et al. (2020) documented the occurrence of Salmonella spp.in
wastewater treatment plants. In their study, the source of infection was traced from
those humans who consume poultry-associated products. Among egg, beef, poultry,
pork, and other food of animal origin, the highest prevalence of Salmonella spp.
was reported from the poultry meat. Contaminated water, feed, pastures act as an
important source of Salmonella spp. which in turn produces infection in humans.

The most important source of NTS is the food of animal origin (Pal et al., 2020).
2.3 Clinical manifestations

The most common clinical symptom of salmonellosis is gastroenteritis,
which often ranges from mild to severe illness. Mild symptoms of gastroenteritis
constitute headache, vomiting, dehydration, diarrhoea, nausea, and abdominal
cramps (Vidayanti et al., 2021); severe infections may occur due to septicaemia
which might lead to death. Some individuals may also develop meningitis,
appendicitis, and arthritis when the disease becomes chronic (Pal et al., 2020).
Being a self-limiting illness, salmonellosis ceases normally within one week;
however, if the disease becomes chronic, it may advance to appendicitis, meningitis,

and arthritis in some individuals (Ehuwa et al., 2021).

A rare case of neonatal epididymo-orchitis was reported in Canada which
is important, however, an unusual manifestation of salmonellosis, and the serotype
responsible for the condition was S. Javiana (Trecarten et al., 2019). Myocarditis,
pericarditis, and myopericarditis were found to be serious complications of NTS
infections in addition to gastrointestinal symptoms, and the most frequently
reported serotypes causing the condition were S. Typhimurium and S. Enteritidis
(Jin et al., 2020).

Mohan et al. (2019) conducted a retrospective study from 2011 to 2016

among children less than 15 years of age and found pneumonia as the most



common clinical manifestation of invasive NTS along with other symptoms like
meningitis, arthritis, and gastroenteritis. In addition to osteomyelitis and septic
arthritis, infectious endarteritis is an important complication of salmonellosis in
adults. There were also reports of patients with inflammatory bowel disease
developing toxic megacolon on the invasion of S. Enteritidis (Chiu ans Su, 2019;
Ali et al., 2020). Further, gastrointestinal symptoms can also occur secondarily as
identified in an exclusive case of salmonellosis with initial symptoms of erythema

nodosum and breast abscess (Hassan et al., 2019).
2.4. Non-typhoidal Salmonellosis (NTS)

Salmonellosis is a self-limiting disease caused by NTS which is mainly
characterized by vomiting and diarrhea. The severity of infection is high in
immunocompromised individuals, elder persons, and children. In addition to
bacteremia, it may also result in extra-intestinal localized infections (Ouali et al.,
2021)

According to the recent report of the global burden of diseases, injuries, and
risk factors study, 95.10 million cases of NTS-associated enterocolitis and 50,771
related deaths were estimated worldwide (Stanaway et al., 2019). Furthermore,
gastrointestinal illnesses associated with the NTS serovars may progress further to
bacteraemia in nearly five per cent of individuals, especially in infants and immune-
compromised individuals (Lee and Yoon, 2021). Moreover, NTS has also been
recognized as an important illness that would result in 1.35 million infections,
26,500 hospitalizations, and 420 deaths every year in the United States. CDC
published an antibiotic resistance threat report in the United States and identified
drug-resistant NTS as a serious threat to human health (CDC,2019).

The identified NTS serovars, S. Typhimurium and S. Enteritidis accounted
for over 80 per cent of serovars responsible for invasive NTS (Marchello et al.,
2021). They were the most predominant serotypes isolated from humans in Asia,

Africa, Europe, and America and the common serotypes among NTS that cause
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bloodstream infection worldwide (Albert et al., 2019; Chiu ans Su, 2019). It is
widely accepted that poultry acts as the most important reservoir for these serotypes
(Chiu ans Su, 2019). In sub-Saharan Africa, the most important cause of
bloodstream infection was found to be NTS and the predominant serovars
associated with the disease are S. Typhimurium and S. Enteritidis. Moreover, the
most susceptible populations were immunocompromised individuals and children
less than 3 years of age (Aldrich et al., 2019; Park et al., 2021). S. Typhimurium
and S. Enteritidis are the most predominant serovars among the 13 different NTS
serovars isolated from patients in Kuwait. The disease was mostly seen in patients
with chronic diseases over 50 years of age (Albert et al., 2019).

The clinical manifestations of NTS were usually self-limiting with fever,
abdominal cramps, and diarrhoea (Lee et al., 2019). Ingestion of contaminated feed
and water were the main sources of infection with NTS. A bacterial load of nearly
106 to 108 organisms must be ingested by a healthy individual to produce symptoms
in NTS infections (Chiu and Su, 2019).

2.5. Antimicrobial resistance (AMR)

As the development of antimicrobial-resistant bacteria is increasing at a
rapid rate, AMR became an important public health issue that should be addressed
and demands essential intervention. Haphazard use of antimicrobial agents in both
animals and humans reduced the effectiveness of antibiotics against

microorganisms.
2.5.1. Global scenario

A fall in GDP by 1.10 per cent and 3.80 per cent could be expected by 2050
in low impact and high impact AMR scenarios, respectively, owing to the
emergence of antimicrobial-resistant strains worldwide (Ahmad and Khan, 2019).
The recent reports of WHO suggested that the AMR was producing critical public
health emergencies and has emerged as an important reason for premature mortality
in Nepal (Adhikari et al., 2019). Of late, it was also reported that the world
population might fall between 11 million and 444 million by 2050, which



11

would be far below the actual population if AMR was absent (Ahmed et al.,
2019).

A low level of fluoroquinolone resistance has been reported among
Salmonella spp., E. coli, and Campylobacter spp. in Australia, as the country
restricted the usage of these antibiotics in food animals. Though the interaction
between companion animals is very high, researches have been conducted so far in
the country regarding the transmission of AMR (Hill-Cawthorne et al., 2019).A
global action plan was formulated in the year 2015 to tackle AMR by promoting
a ‘one health’ approach, thereby preventing the spread of AMR among humans and
animals (Raina, 2019; Shrivastava et al., 2019). Vietnam became the topmost nation
amid the 5 top countries (Myanmar, Indonesia, Nigeria, Peru) out of the 50 countries
studied with the highest usage of antimicrobial agents in animals and has the highest
predictable percentage rise in antimicrobial usage by 2030 (Thapa et al. 2020). The
presence of antimicrobial-resistant genes in K. pneumoniae isolates was obtained
from South and Southeast Asia through a retrospective genomic epidemiology study

confirming the presence of hypervirulent AMR strains (Wyres et al., 2020).

2.5.2. Indian scenario

The anticipated rise in the consumption of antibiotics between 2010 and
2030 was reported to be 67 per cent in India, wherein animal houses have been
emerged as an important source for the dissemination of antimicrobial-resistant
bacteria due to the extensive usage of antimicrobials for growth promotion and

disease prevention (Sivagami et al., 2020).

Sanjukta et al. (2019) documented the occurrence of multidrug-resistant
(MDR) E.coli strains from the swine of northeast India and reported that all the
recovered isolates were resistant to amoxicillin, ceftazidime, and polymyxin- B.
Mandakini et al. (2019) also reported the occurrence of MDR- E.coli strains from

swine in Arunachal Pradesh and the highest resistance to cephalexin (83.56 per



12

cent) and lowest to imipenem (0.34 per cent). Further, the antimicrobial resistance
pattern observed in northwestern Punjab among livestock and poultry revealed that
all the isolates exhibited resistance to at least one antibiotic, and high resistance was
observed among isolates of E. coli, Pseudomonas, and Staphylococcus spp. (Ralte
et al., 2019). Similarly, a multidrug resistance pattern was confirmed in
Campylobacter spp. isolated from a slaughterhouse environmentand broiler chicken
in India (Suman Kumar et al., 2021). Moreover, the study conducted by Saharan et
al. (2020) to determine the occurrence of AMR in E.coli, Salmonella, and S.aureus
isolates recovered from poultry farms and poultry retail shops in Rajasthan reported
high resistance to amikacin, azithromycin, cefazoline, ceftazidime, colistin,
streptomycin and trimethoprim and moderate resistance to vancomycin and
levofloxacin. Antimicrobial resistance profiles of C. jejuni isolated from crows of
India and the United States were analyzed and confirmed their role as an indicator
and potential environmental reservoirs of antibiotic- resistant determinants that

were supposed to circulate among the human population (Sen et al., 2021).

The scoping report on AMR in India (2017) suggested that the resistance
to third-generation cephalosporins and fluoroquinolones was seen in more than 70
per cent of isolates of Acinetobacter baumannii, K. pneumoniae, and E. coli.
Although the colistin resistance documented in India was less than one per cent,
colistin-resistant K. pneumoniae accounted for more than 70 per cent of death.
Colistin has become the last resort antimicrobial agent for treating A. baumanii
infections since the organism became resistant to carbapenem (Taneja and Sharma,
2019; Gourkhede et al., 2021).

2.5.3. Causes of AMR

The dissemination of antimicrobial-resistant genes among bacteria occurs
by horizontal gene transfer through plasmid DNA and also by using genetic
elements like bacteriophages, transposons, and integrons. Once the cells containing
antimicrobial-resistant genes get destroyed, the DNA will be released into the

environment thereby passing on the resistance (Sivagami et al., 2020).
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Moreover, Yang et al. (2019) reported that the plasmids and transposons serve as
the mobile genetic elements responsible for the transmission of AMR genes.
Inappropriate use of antimicrobial agents in the poultry industry and feed,
widespread use in patients suffering from various disease conditions, gene transfer,
mutation, and selective pressure has been reported as the major causes of AMR.
Another major contributor to the spread and occurrence of new MDR strains
includes improper handling of meat and meat products in slaughterhouses (Adhikari
etal., 2019).

2.5.4. AMR among NTS strains

The AMR associated with various strains of NTS can be acquired from
contaminated food and water, from various environmental sources, during
international travel, and also through contact with animals. In the United States,
the most commonly isolated anti-microbial resistant serotypes are Typhimurium,
Enteritidis, Newport, I 4,[5],12:i:- and Heidelberg (Medalla et al., 2021).

A study conducted in Taiwan among the paediatric patients with non-
typhoidal salmonellosis suggested that the strains were highly resistant to third-
generation cephalosporins and the resistance rate has significantly increased in 2018
than 2010. Besides, the isolates also exhibited resistance to ampicillin,
ciprofloxacin, and trimethoprim-sulfamethoxazole (Lee and Yoon, 2021).
Additionally, the recovered NTS strains (S. Typhimurium and S. Enteritidis) were
reported widely to be multidrug-resistant and the resistance rate was high towards
cephalosporins (Albert et al., 2019). Rodregues et al. (2020) reviewed studies of
AMR in NTS isolates from humans and swine in Brazil, wherein among 920 swine
isolates the most predominant serovar identified was S. Typhimurium and 20 per
cent of the isolates exhibited resistance towards tetracycline, followed by
sulphonamides, ampicillin, streptomycin, and nalidixic acid. The lowest rates in the
AMR were exhibited by S. Heidelberg, S. Cerro, S. Anatum, and S. Enteritidis.
Additionally, S. Typhimurium, S. Infantis, and S. Enteritidis were the most
predominant serovars isolated from a human source and most of the serovars were

resistant to ampicillin, followed by tetracycline. This study revealed that both
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swine and human isolates were resistant to most of the therapeutically relevant
antimicrobials and swine acts as a possible source for transmission of NTS to

humans.

The antimicrobial susceptibility profiles of NTS among swine isolates of
Argentina suggested that among the most prevalent serovar, S. Anatum and S.
Typhimurium, two isolates of S. Typhimurium were found to be multidrug- resistant
and exhibited comparatively higher resistance (four per cent) to enrofloxacin. (Vico
et al., 2020). In Africa, NTS was considered one of the most common pathogens
associated with bacteraemia. The ceftriaxone-resistant invasive NTS isolates
prevalent in western Kenya also exhibited co-resistance with other antimicrobial

agents (Luvsansharav et al., 2020).

Viana et al. (2019) reported the occurrence of multidrug-resistant NTS
isolates in Brazil; S. Typhimurium was the most common serotype among the 41
recovered S. enterica isolates of swine-origin; 91.20 per cent of the isolates
exhibited resistance to streptomycin, 87.80 per cent to tetracycline, 80.50 per cent
to ampicillin, 70.70 per cent to chloramphenicol, and 51.20 per cent to
ciprofloxacin. Chang et al. (2021) evaluated the prevalence of AMR in the NTS
strains among children of Taiwan. In the study, 26.90 per cent of the isolates were
found to be resistant either to ceftriaxone or ciprofloxacin. Additionally, NTS
serotypes were detected from the retail meats (94.10 per cent) which indicated the

potential spillover of AMR strains of NTS from animal-based food to humans.
2.6. Alternative therapeutics

Indiscriminate use of conventional antibiotics as a mode of empirical
therapy has led to the emergence of MDR as well as extensively drug-resistant
(XDR) pathogens, thereby making AMR an imminent threat to public health. As
more and more antibiotics have rendered unsuccessful against such untreatable
infections, and the development of new antibiotics is time-consuming, emphasis
shall be given to adjuvant therapies to combat this nagging public health threat
(Borrelli et al., 2021). Of late, cationic antimicrobial peptides (AMPS),



15

bacteriophages, endolysins, photodynamic light therapy, and nanoparticles (NPs)
have been used as some of the alternative strategies (Boone et al., 2021,
Basavegowda and Baek, 2021; Samir, 2021). These promising therapeutic
approaches can be used either alone or in combination with conventional
therapeutic agents (Ghosh et al., 2019; Mulani et al., 2019; Salama et al., 2021).

Gondil and Chhibber (2021) reviewed studies on endolysins and recognized
that it could be used as a suitable alternative for conventional antibiotics due to its
host specificity, synergistic action, safety against normal microflora of the host, and
lower chance of developing resistance against bacteria. Similarly, cationic AMPs
have drawn recent public health attention, as they are potent antimicrobial agents
with minimal toxicity to eukaryotic cells (Lu et al., 2020). Moreover, antibacterial
activity and biofilm disrupting activity of AMPs against drug-susceptible as well as
drug-resistant P. aeruginosa and S. aureus strains indicated its potential as a novel
therapeutic agent (Park et al., 2019).

In yet another study, Anand et al. (2020) published the first reported case
of intranasal administration of phages as an alternative approach for treating K.
pneumoniae infection in a mouse model. Phage therapy has been reported as a novel
approach for treating infections as high efficacy was observed in XDR A. baumanni
infected mouse models than untreated ones (Leshkasheli et al., 2019; Gondil and
Chhibber, 2021).

Phytochemicals such as terpenoids, at sub-inhibitory concentrations, could
exhibit potential antibiofilm activity against S. Typhimurium and S. Enteritidis
(Sakarikou et al., 2020). Situmeang et al. (2019) documented the antibacterial

efficacy of kesambi plant (Schleichera oleosa ) against E. coli and S. aureus.

The antimicrobial resistant genes present in the avian pathogenic E. coli
(APEC) strain 023:H52 isolated from the chicken underwent missense mutation in
presence of phytochemicals, carvacrol, and oregano (Al-mnaser and Woodward,
2020). Besides, previous studies revealed that various phytochemicalspresent in the

plant extracts have resulted in appreciable antimicrobial activity



16

against MDR pathogens in humans in terms of clinical trials, safety and toxicity
studies, and affordability (Kebede et al., 2021; Ude et al., 2021)

2.7. Nanotechnology as an alternative therapeutic approach

In recent times, nanotechnology has developed as an alternative strategyfor
combating AMR and has widely been employed against MDR bacterial infections
(Gupta et al., 2019; Al-Fahad et al., 2021). The unique physicochemical
characteristics of NPs such as large surface- to- volume ratio, shape, zeta potential,
surface chemistry, direct contact with the bacterial cellmembrane, and better biofilm
penetration has enhanced the interaction of NPs with target organisms and further
enabled them as a promising tool to combat AMR (Allaker and Yuan, 2019; Lee et
al., 2019; Ojemaye et al., 2020; Al-Fahadet al., 2021). Nanoparticles could also
possess the ability to act as drug delivery vehicles and possess intrinsic
antimicrobial activity making them a better replacer of contemporary antimicrobial
agents (Makvandi et al., 2020). Moreover, NPs act by alteration of the microbial
cell wall and pathway of nucleic materials, enzyme pathway blockade, and through

the destruction of cell membranes (Angel Villegaset al., 2019).
2.7.1. Metal oxide NPs

Though different types of nanomaterials such as mesoporous silica particles,
liposomes, metal/metal oxides, carbon nanotubes, magnetic NPs arewidely used as
a tool for drug delivery in order to combat microbial pathogens, the metal NPs are
the most studied and widely accepted ones due to its intrinsic antimicrobial
capability (Viswanathan et al., 2019; Tewabe et al., 2021). Moreover, NPs are
widely used in the field of biomedicine, owing todistinguishing features such as
larger surface-area-to-volume ratio, enhanced particle surface reactivity, small
dimensions, thermal stability, outstanding surfaceplasmon resonance (SPR), and
photoelectrochemical activity (Alaviand Rai, 2019; Basavegowda and Baek, 2021,
Xu et al., 2021). Various metals and metal oxides NPs like gold (Au), silver (Ag),
silicon dioxide (SiO02), Ag oxide (Ag20),
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calcium oxide (CaO), copper oxide (CuO), titanium dioxide (TiO2), magnesium
oxide (MgO) and ZnO have been developed and evaluated (Angel Villegas et al.,
2019).

Metal NPs mainly acts through surplus production of reactive oxygen
species inside the microorganisms, antioxidant depletion, destruction of the plasma
membrane of the microbes, thereby damaging the vital enzymes in the respiratory
pathway, metal ion accumulation in the microbial membrane,disrupting metabolic
activities through electrostatic attraction between microbial cell, alteration of signal
transduction by dephosphorylation of peptides and by inhibition of microbial
enzymes (Nisar et al., 2019; Zohra et al., 2021). Merah et al. (2019) evaluated the
antibacterial efficacy of both ZnO and CuO NPs and reported that the Gram-positive
bacteria are more sensitive to ZnO, while Gram- negative bacteria were more

sensitive to CuO.
2.7.1.1. ZnO NPs

The ZnO NPs were found to exhibit numerous antibacterial properties and
have been extensively studied for the development of next-generation therapeutics
against a wide range of pathogenic microorganisms including Gram-negative and
Gram-positive bacteria in order to combat multi-drug resistance identified recently
(Mohd Yusof et al., 2021). The unique physicochemical characteristics 0fZnO NPs
i.e.,, crystallinity, size, extensive surface area, shape, biodegradability,
biocompatibility, semiconductor behavior, and porosity have broadened their
application in various fields including biomedicine. Besides, they can be combined
with conventional antibiotics and anti-inflammatory drugs to enhance antimicrobial
potential against pathogenic microorganisms (Jin and Jin, 2021; Mohd Yusof et al.,
2021).

The formation of ROS has been proposed to produce antibacterial potential
of ZnO NPs by Mohd Yusof et al. (2021). In this study, an excessive ROS
generation inside the bacterial cell of poultry- associated food borne pathogens was

observed in a concentration- and time-dependent manner upon
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incubation with biosynthesised ZnO NPs. Akbar et al. (2019) demonstrated that a
very low concentration (1.33 millimolar) of ZnO NPs was found effective against
S. aureus and S. Typhimurium. The study has also reported that these NPs could
successfully be used to prevent food-borne infections owing to their low cost,
safety, and effectiveness. The effect of carvacrol and ZnO NPs was studied on C.
jejuni and found that the ZnO NPs exhibited a synergistic effect on carvacrol and
caused physical disruption by interacting with the cell membrane of the bacteria
(Windiasti et al., 2019). Besides, this study also revealed the importance of a
synergistic antimicrobial approach for combating AMR successfully. Moreover,
ZnO NPs also revealed excellent antimicrobial activity against drug-resistant
enterotoxigenic E. coli (ETEC) isolates recovered from the drinking water.
Additionally, the guava (Psidium guajava) leaf extract was found to potentiate the
antimicrobial effect of ZnO NPs (Jyothi et al., 2020). Further, Prasad and
Sivakumar (2020) documented an effective antibacterial efficacy of ZnO NPs
against food-borne pathogens and their remarkable applications in the biomedical
field.

2.8. Synthesis of NPs

The synthesis of NPs could effectively be attained by using various physical,
chemical, photochemical, and biological methods (Aygun et al., 2019). The
physical and chemical methods for the synthesis of NPs include vaporization,
condensation, sol-gel, interferometric lithography, solvent evaporation, physical

fragmentation, and precipitation from microemulsion (Sepasgozar et al., 2021).

Often, the physical methods are usually tedious and require high
temperature, pressure, and energy. Besides, the chemical methods of synthesis
involve the use of highly hazardous and toxic chemicals which results in
environmental pollution and health issues to the persons handling the chemicals.
Moreover, in the photochemical approach, the photoreduction of NPs was
commonly employed but required a suitable environment and high-cost equipment
(Miri et al., 2019; Yaqoob et al., 2019; Yosuf et al., 2019; Umavathi etal., 2021).
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Ali et al. (2021) compared the effect of chemically and biologically
synthesized ZnO NPs from the leaf extracts of Azadirachta indica (neem) and
reported that the biologically synthesized NPs were more effective in inducing
antimicrobial activity against food-borne pathogens (E. coli and S. aureus). Besides,
this study reported that the biologically synthesized ZnO NPs were foundto exhibit
better antifungal properties in comparison to the ZnO NPs synthesized chemically.
Likewise, green synthesized NPs were found to be more stable and crystalline than
chemically synthesized ones and found to have better antioxidant potential due to
the surface modification by phytochemicals present in the plant extract (Mahmoud
etal., 2021).

2.8.1. Green synthesis and characterization of NPs

Recently, green synthesis of NPs has been widely accepted and becoming
increasingly popular, as they are eco-friendly, non-toxic, cost-effective, easily
reproducible, thereby overcoming the disadvantages of the other methods of
synthesis (Gour and Jain, 2019; Pan et al., 2020). Microbes such as fungi, yeast,
bacteria, and plant extracts derived from seeds, leaves, stems, fruits, and gum are
usually employed for the bio-based components for green synthesis (Aygun et al.,
2020). Since microbe-based synthesis requires an aseptic environment and careful
maintenance, plant-mediated synthesis is far more feasible and advantageous as the

biological risk are minimal (Ghotekar, 2019).

The phytoconstituents present in the plant extract are coated over thesurface
of NPs, thereby imparting the properties of both phytochemicals and NPs. The
resulting synergistic effect could therefore be attributed to the increased
antibacterial activity of green synthesized NPs. Bioactive compounds possessing
unique characteristics of the plant material play an important role in treating various
ailments. Furthermore, the shape and size of the NPs are strongly influenced by the
type of plant extract used (Rajendran et al., 2021). Moreover, metallic NPs
synthesized by employing plant extract have been extensively used for numerous
applications including antidiabetic, antimicrobial, cancer therapy, and tissue

engineering (Igbal et al., 2021).
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Arya et al. (2019) used vanillin-capped gold NPs for the treatment of P.
aeruginosa and demonstrated that it potentiated the action of meropenem and
trimethoprim, which are reported to be the last line of antibiotics used and could
successfully be used against XDR clinical isolates of P. aeruginosa. The
antimicrobial efficacy of silver NPs synthesized using reishi mushroom suggested
a higher antibacterial activity against both Gram-positive and Gram-negative
bacteria and potential antifungal activity against C. albicans (Aygun et al., 2020).
Besides, copper nanoparticles were synthesized using a mixture of Zingiber
officinale, Piper nigrum and P. longum. The synthesised NPs were reported to
exhibit excellent antibacterial efficacy against Bacillus subtilis, E. coli, P.
aeruginosa and S. aureus (Shah et al., 2019).

2.8.2 Green synthesis and characterization of ZnO NPs

The ZnO NPs synthesized using the extract of Portulaca oleracea (regla
seeds) exhibited good antibacterial as well as antioxidant activity against
methicillin- resistant Staphylococcus aureus (MRSA) and Helicobacter pylori
(ATCC 700392). Besides, the synthesized ZnO NPs demonstrated high anticancer
activity for HCT-116 cells (Mohamed et al., 2021). Further, Awwad et al. (2020)
recognized potential antimicrobial activity for the ZnO NPs fabricated using the
aqueous fruit extracts of Ailanthus altissima against E. coli and S. aureus. The green
synthesis of ZnO NPs using neem gum demonstrated to exhibit significant
antimicrobial activity against P. aeruginosa biofilms than the ZnO NPssynthesized

by the chemical method (Vijayakumar et al., 2020).

P. longum L. (Family Piperaceae), commonly known as Indian long pepper
or pippali, is a well-known herbal antibacterial, analgesic, counter-irritant and anti-
inflammatory agent found widely in India (Subramaniam et al., 2021). The extract
of P. longum is a rich source of bioactive compounds like terpenines, tannins,
piperidine alkaloids, dihydro stigmasterol, isobutyl deca-trans-2-trans-4-
dienamide, and various other phytoconstituents with medicinal properties. They
also have anti-inflammatory, anti-cancerous, and anti-oxidant properties (Jayapriya
et al., 2019; Yadav et al., 2020). Owing to its antimicrobial and
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antioxidant properties, the catkin, roots, and thicker part of the stem of P. longum

are widely used as a home remedy for several ailments (Jamila et al., 2020).

The antimicrobial efficacy of ZnO NPs is affected widely by variousfactors
such as particle size, surface area, porosity, morphology, and crystallinity. Hence,
the physicochemical characterization of ZnO NPs is warranted and could provide
valuable information about the biochemical as well as microbiological effects
against pathogens (Czyzowska et al., 2021). The key parameter is the particle size
or particle size distribution, which would greatly influence the uptake of NPs into
the cell membrane thereby determining its antimicrobial efficacy (Jin and Jin,
2021). The UV- Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR),
Thermogravimetric analysis (TGA), X-ray diffraction (XRD), Energy dispersive X-
ray analysis (EDAX), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) analysis are
some of the reported characterization methods employed for confirming the
formation of ZnO NPs (Vinay and Chandrasekhar, 2021; Ramya et al., 2021).

The primary technique used for the characterization of ZnO NPs is powder
XRD, which reveals information about the lattice parameters, average crystalline
size, crystalline structure, and nature of the phase (Mourdikoudis et al., 2018;
Jayappa et al., 2020). Moreover, UV- Vis spectroscopy provides sufficient data
regarding the optical parameters of ZnO NPs, while the associated surface
functional groups were analyzed by FTIR (Naseer et al., 2020). Besides, SEM and
TEM verify the shape, surface morphology, and crystalline nature of the
synthesized NPs (Alkasir et al., 2020; Nityasree et al., 2021). The TGA is a
technique performed to determine the thermal stability and thermal degradation of

green synthesized ZnO NPs under constant heating (Thi et al., 2020).
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3.1. MATERIALS
3.1.1. Chemicals and reagents

The chemicals and reagents used in this study were of Analytical Grade
procured from MeRCK® (Germany), Invitrogen® (USA), Sigma-Aldrich
chemicals® (India), SRL® (Sisco, India), Loba Chemie® (India), HiMedia®
(India), Takara Bio® (India) and other reputed national and international firms.

3.1.2. Plasticware and glassware

The plasticware and glassware were procured from Tarsons, JSGW, and
Borosil (India). The washing and sterilization of glassware were carried out by

observing standard procedures.
3.1.3. Scientific Instruments and Equipment

The scientific equipment used in the study includes probe sonicator
(Hielscher Ultrasonics, Germany), digital ultrasonic sonicator (Labman Scientific
Instruments, India), T100™ thermal cycler (Bio-Rad, USA), gel Doc™ EZ gel
documentation system (Bio-Rad, USA), cyclomixer (REMI Equipments, India), hot
air oven (Roteck, India), water bath (Labline, India), laboratory centrifuge (REMI
Equipments, India), laminar airflow system (Labline, India), bacteriological
incubator (Labline, India), submarine horizontal electrophoresis system (Bio-Rad,
USA), electronic weighing machine (Shimadzu, Japan), pH meter (Eutech
Instruments, India) and micropipettes (ThermoFisher Scientific, Eppendorf,

Germany).
3.1.4. Reference strains

The reference strains of MDR- NTS isolates namely, S. Typhimurium and
S. Enteritidis (n= 3 for each serotype), the quality control strain (E. coli ATCC
25922), Lactobacillus acidophilus MTCC 10307, and L. plantarum MTCC 5690
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used in this study were maintained in the Zoonoses laboratory of the Department of
Veterinary Public Health, College of Veterinary and Animal Sciences, Pookodeas

a part of the ongoing ICAR- NASF funded research project.

3.1.5 Oligonucleotides

The details of oligonucleotide primers used for the validation of MDR- NTS
isolates are presented in Table 1. All the primers used in this study were synthesised
from Sigma Aldrich Pvt. Ltd., India.

3.1.6 Antibiotic discs

The commercial antibiotic discs used in the present study for determining
the antibiotic susceptibility testing were procured from HiMedia Laboratories Pvt.
Ltd.
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Table 1. Details of oligonucleotides used in the present study

Target Amplicon
i Sequence (5°-3”) _ References
organism Gene size(bp)
Salmonella A F: TCGTGACTCGCGTAAATGGCGATA 13
inv
spp. R: GCAGGCGCACGCCATAATCAATAA
Nair et al.,
Salmonella F: TGTGTT TTATCTGATGCAAGAGG 2015
Sdfl 301
Enteritidis R: TGAACTACGTTCGTTCTTCTGG
Salmonella F: TTGTTCACTTTTTACCCCTGAA
Spy 401

Typhimurium

R: CCCTGACAGCCGTTAGATATT
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3.2. METHODS
3.2.1. Validation of MDR- NTS isolates

The MDR- NTS isolates (n= 3) maintained in the laboratory repository (as
described in section 3.1.4) were revived and re-validated by employing PCR assay
(Nair et al., 2015). Further, the MDR-NTS isolates were screened to determine their
multi-drug resistance pattern by antibiotic susceptibility testing employing the disc
diffusion method (CLSI, 2019).

3.2.1.1. PCR based validation

The MDR-NTS isolates were re-validated by employing standardized PCR
targeting genus-specific invA gene for Salmonella spp., and serovar-specific sdfl
and spy genes for S. Enteritidis, and S. Typhimurium, respectively (Nair et al.,
2015).

The standardized PCR protocol for all the genes (invA, sdfl, and spy)
involves a reaction volume of 20 pLL which included 10 uL of 2X master mix (PCR
reaction buffer, ANTPs, Taq DNA polymerase, gel loading dye), 10 uM of aprimer
set containing each forward and reverse primers (final concentration of
0.40 uM of each primer), 2.50 uL of the DNA template (approximately 100 ng) and

sterilized Milli-Q water to make up the reaction volume.

The cycling conditions for the PCR- based detection of all the genesincluded
an initial denaturation of DNA at 94 °C for 5 min, followed by 35 cycles each of 30
sec denaturation at 95 °C, 1 min annealing at 56 °C, and an extension at72 °C for 1

min 30 sec, followed by a final extension of 10 min at 72 °C and hold at 4 °C.

PCR amplified DNA was analyzed by 1.20 per cent agarose (Invitrogen,
USA) as per the procedure described by Sambrook (2001). An appropriate quantity
of agarose was boiled in 15ml of 0.5 x TBE buffer to obtain uniform molten agarose
of the desired per cent which was cast in an appropriate gel- casting tray fitted with

an acrylic comb and left for setting after adding ethidium
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bromide (0.5 pg/mL final concentration). Solidified gel transferred into
electrophoresis tank containing Tris—Acetate—-EDTA (TAE) buffer. DNA to be
analyzed was mixed with an appropriate volume of DNA loading buffer (6X) and
loaded into wells alongside 100 bp DNA molecular weight marker (Takara).
Electrophoresis was carried out at 5 V/cm until the tracking dye has just passed
out of the gel. The DNA bands were visualized and documented under a gel
documentation system (Gel doc™ EZ imager, BioRad). The molecular sizes of the
DNA bands were analyzed in comparison with the molecular weight marker.

The materials contaminated with ethidium bromide were disposed off

according to the local guidelines.
3.2.1.2. Antibiotic susceptibility testing

The antibiotic susceptibility testing of the revived MDR-NTS isolates was
determined as per the guidelines provided by Clinical Laboratory Standards
Institute (2019).

In brief, the MDR- NTS isolates were subjected to disc diffusion assay as
per the method described by Bauer et al. (1966). The revived isolates were tested
for their susceptibility against gentamicin (GEN, 10 pg), ampicillin (AMP, 2 ug),
chloramphenicol (CL, 10 pg), colistin sulphate (CO, 30 ug), azithromycin (AZM,
15 pug), meropenem (MRP, 10 ug), ciprofloxacin (CIP, 5 ug), doxycycline (DO, 30
ug), ceftriaxone (CTR, 30 ug), co-trimoxazole (COT, 25 pg), amoxicillin (AMC,
10 pg), nalidixic acid (NA, 30 pug), ceftazidime (CAZ, 30 pg), ceftazidime-
clavulanic acid (CAC, 30/10 pug), cefotaxime (CTX, 30 ug ) and cefotaxime-
clavulanic acid (CEC, 30/10 pg).

In brief, log-phase cultures of each of the test isolates grown on nutrient
broth were centrifuged at 10,000 rpm for 10 min. Later, the supernatant was
discarded and the bacterial pellet was mixed with sterile phosphate-buffered saline
(PBS; pH 7.40) to achieve 0.50 McFarland standard tube turbidity (approximately

1.50 x 108 CFU/mL) for each test isolate. This culture was then evenly spread on
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Mueller Hinton (MH) agar plate using a sterile cotton swab and allowed to dry for

five min.

The commercial antibiotic discs were placed about two to three cm apart on
the inoculated agar surface. Each disc was then pressed down to ensure complete
contact with the agar surface. The plates were inverted and kept for overnight
incubation at 37 °C. The zones of inhibition (diameter in mm) were measured for
each antibiotic, initially for the quality control strain (E. coli ATCC 25922) and also

for all the test strains.

The obtained data were compared with an interpretative chart furnished by
the manufacturer to grade the test isolates as sensitive, intermediate, and resistant

to respective antibiotics.

3.2.2. Preparation of aqueous extract of P. longum catkin

The catkins of P. longum were purchased from a local grocery shop. The
aqueous extract of the P. longum catkins purchased was prepared as described by
Khoobchandini et al. (2019) and Jayapriya et al. (2019).

In brief, the P. longum catkins were cleaned thoroughly in running tap water
to remove the visible dirt and debris, air-dried in shade, and ground properly to
make it into powder. This powdered catkin (10 g) was then transferred into a round
bottom flask containing nanopure water (100 ml) and heated up to 60
°C for one h. Later, the solid particulates were filtered using Whatman No. 1 filter
paper. The filtrate, thus obtained, was stored at 4 °C until the synthesis of ZnO NPs.
3.2.3. Green synthesis of ZnO NPs

The ZnO NPs were green synthesised using the aqueous extract of P.
longum catkin. The graphical representation of the green synthesis of ZnO NPs is
illustrated in Fig. 1.

Briefly, the P. longum catkin filtrate (20 mL) was added to 0.10 M Zinc
acetate dihydrate solution (80 mL) and kept for continuous stirring in a magnetic
stirrer (300 rpm) at 60 °C for two h. A colour change of the reaction mixture from

colourless to light brown indicated the formation of ZnO NPs (Fig. 1). Later, the
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ZnO NPs formed were washed thrice with methanol, followed by nanopure water
to remove the impurities. Finally, the ZnO NPs were air-dried at 80 °C overnight
and stored at 4 °C until further use.



Physico-chemical
characterisation of ZnO NPs:

UV Vis; FTIR; XRD; TGA/ DTA;
SEM; TEM

—’ b = l
\\ E / 4 = Filtrate of Piper
longum catkin
Aqueous extract of Piper Centrifugation extract Zinc Acetate (0.1 M) + ¢
longum catkin (8000 rpm for 5 min) P, longum extract Formation of ZnO NPs

Wash (3X)

Antibacterial efficacy

Pulverise

Ultrasonication

Fig. 1 Green synthesis of ZnO NPs using aqueous extract of P. longum catkin
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3.2.4. Characterisation of green synthesised ZnO NPs

The green synthesised ZnO NPs was characterised by UV- Vis
spectroscopy, Fourier transform infra-red spectroscopy (FTIR), thermogravimetric
analysis (TGA) and differential thermal analysis (DTA), powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM) as well as transmission electron
microscopy (TEM).

Initially, the obtained ZnO NPs were dissolved in ultrapure water at a final
concentration of 1 mg/mL and scanned within the range of 250 to 450 nm using
UV- Vis spectrophotometer (ThermoFisher Scientific, USA), keeping water as the
blank.

The Fourier transform infra-red (FTIR) spectra were used to evaluate the
presence of unknown functional groups on the biosynthesised ZnO NPs within the
range of 4000 to 400 cm™ at a resolution of 4 cm™ (PerkinElmer C94012, USA).

The TGA- DTA of ZnO NPs was then carried out by heating around
12.473 mg of samples in a nitrogen atmosphere at the rate of 40 °C per min in the
range of 40 to 1300 °C (Perkin Elmer STA 600, USA).

For structural investigations of the biosynthesised ZnO NPs, PXRD (Bruker
D8 Advance, USA) operated at CuKa radiation using 40 KeV and 40 mA with a
scanning step size of 0.02° (A= 1.54060A) was employed. The average crystalline
size of the green synthesised ZnO NPs was then estimated from the Debye Scherrer
formula, D=kA/BCosb (Sali et al., 2021), wherein D denotes average crystallite size
(in nm), k indicates shape factor (0.90), A is the incident radiation, f is the full width
at half maximum, whereas 6 denotes Bragg diffraction angle.

Finally, the morphology of ZnO NPs was carried out by examining the
samples using SEM (Jeol 6390LV, Japan) at different magnifications and high-
resolution transmission electron microscope (HR-TEM; JEM 2100, Jeol, Japan).

3.2.5. In vitro antimicrobial efficacy of green synthesised ZnO NPs

The in vitro antimicrobial efficacy of green synthesised ZnO NPs was
carried out against the MDR-NTS isolates (S. Typhimurium and S. Enteritidis; n=

3 for each serotype).
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3.2.5.1. Determination of Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC)

To evaluate the in vitro antimicrobial efficacy of green synthesised ZnO
NPs, the MIC and MBC values were determined against the characterised MDR-
field strains of S. Typhimurium and S. Enteritidis by micro broth dilution technique
(CLSI, 2019).

In brief, 100 pL of the individual test cultures (at a final concentration of 1
x 10" CFU/mL) were co-incubated with decreasing concentrations of ZnO NPs (500
to 0.244 pg/ mL) in 100 pL of cation- adjusted Mueller Hinton broth (CA- MH,;
HiMedia) in a 96- well flat- bottom microtiter plate. After the incubation at 37 °C
for 18 to 24 h, 20 uL of the resazurin dye (0.015 per cent) was added to all the wells
to determine the dye reduction (from purple to pink) and thereby the bacterial
inhibition. The lowest concentration of ZnO NPs without visible growth was
designated as MIC.

Later, the MBC of ZnO NPs was estimated by plating 10 pL aliquots drawn
from each well (Miles et al., 1938) revealing no visible growth in 96- well flat-
bottom microtiter plate onto Xylose Lysine Deoxycholate (XLD) agar (HiMedia)
supplemented with 100 pg of ampicillin, since all the six test strains used in this
assay were resistant to ampicillin. The lowest concentration of the ZnO NPs which
revealed 99.90 per cent killing of the test cultures in the XLD agar was determined
to be its MBC (NCCLS, 1999).

3.2.5.2. In vitro stability assays of ZnO NPs

The green synthesised ZnO NPs were individually explored for their in vitro
stability assays by subjecting them to high-end temperatures, protease enzymes, the

physiological concentration of cationic salts as well as pH, as described below.
3.2.5.2.1. Effect of high-end temperatures

In order to determine the thermal stability of green synthesised ZnO NPs,
the ZnO NPs were subjected to high-end temperatures (70 °C and 90 °C) for 5, 15,
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and 30 min. Subsequently, the antimicrobial activity (MIC and MBC values) of the
green synthesised ZnO NPs was determined against each of the MDR- NTS test
strains, corresponding to each time interval, as described in section 3.2.5.1. The
untreated ZnO NPs, kept at room temperature, were used as a control for eachtime
interval (Ebbensgaard et al., 2015).

3.2.5.2.2. Effect of protease enzymes (trypsin, lysozyme, and proteinase-K)

The effect of protease enzymes (trypsin, lysozyme, and proteinase- K) on
the antimicrobial activity of green synthesised ZnO NPs were investigated by co-
incubating with the respective proteases at 37 °C for 30 sec, 5, 15, and 30 min
(Ebbensgaard et al., 2015).

The protease to ZnO NP ratio used in this assay was 1:100 (w/w). Each of
the protease- untreated ZnO NP was used as a control to rule out the antimicrobial
activity. After incubation at respective time intervals, the samples were heated at 90
°C for 10 min to inactivate the protease activity and then the antimicrobial activity
(MIC and MBC values) was determined as described in 3.2.5.1.

3.2.5.2.3. Effect of physiological concentration of cationic salts

To investigate the stability of green synthesised ZnO NPs in the presence of
a physiological concentration of cationic salts, the NPs were tested against MDR-
NTS isolates (S. Typhimurium and S. Enteritidis; n= 3 for each serotype)in a CA-
MH broth with added concentrations of NaCl (150 mM). Subsequently, the MIC

and MBC values were identified as described in 3.2.5.1.

A similar procedure was employed for studying the effect of added
concentrations of MgClz (2 mM) on green synthesised ZnO NPs (Mohamed et al.,
2016). In this assay, the green synthesised ZnO NPs untreated with aphysiological

concentration of cationic salts (150 mM NaCl and 2 mM MgCl.) served as controls.

3.2.5.2.4. Effect of pH
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In order to investigate the stability of green synthesised ZnO NPs at different
pH, the NPs were tested against the individual serotypes of both S. Typhimurium
and S. Enteritidis in CA-MH broth maintained at pH four, six and eight.
Subsequently, the MIC and MBC values were identified as described in section
3.25.1.

3.2.5.3. In vitro safety assay

The in vitro safety of green synthesised ZnO NPs on the host cells were
determined using a haemolytic assay employing chicken erythrocytes as well as

cytotoxicity assay employing epithelial human embryonic kidney (HEK) cell lines.
3.2.5.3.1. Haemolytic Assay

To determine the safety of green synthesised ZnO NPs (to ensure their
activity specifically against the MDR-NTS isolates and not the mammalian cells),
the haemolytic assay based on the release of haemoglobin from chicken
erythrocytes was performed in polystyrene microtitre plates (Ebbensgaard et al.,
2015).

In brief, the aseptically collected fresh defibrinated chicken blood was
washed thrice with PBS, centrifuged for 15 min at 1000 xg and resuspended at 10
per cent (v/v) in PBS containing 10 mM DL-Dithiothreitol (DL- DTT). Thechicken
erythrocytes (100 puL) were then transferred to a 96- well microtiter plate and mixed
with 100 uL of ZnO NP solution kept at different MIC (1X, 5X and 10X) levels.
Sterile PBS (100 pL) was used as a negative control, whereas 0.20 per cent Triton
X-100 (100 pL) was used as the positive control. The microtiter plates were then
incubated at 37°C for 60 min and further centrifuged at 1300 xg for 10 min. The
supernatant was transferred to a flat-bottom 96-well polystyrene microtiter plate
and the haemoglobin release was monitored by measuring the absorbance at 540

nm. The per cent of haemolysis was calculated as,

Haemolysis =100 X (Asample — Apss)/ (ATritonx-100— ApBs)
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wherein, Asample IS the experimental absorbance of the NP sample, Apgs is the
control absorbance of untreated erythrocytes and Arritonx-100 is the absorbance of
0.20 per cent Triton X-100 lysed cells.

3.2.5.3.2. MTT cytotoxicity assay

The in vitro effect of green synthesised ZnO NPs on the viability of
eukaryotic cells was evaluated using MTT assay [3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyl tetrazolium bromide] (Mosmann, 1983). In this study, the viability of
ZnO NPs was tested against eukaryotic HEK cell lines.

In brief, the HEK cells were pre-cultured in tissue culture flasks containing
Dulbecco’s Modified Eagle Medium (DMEM, pH 7.20) until the formation of a
monolayer at the bottom of the flasks. The adherent HEK cells were then transferred
to another 96-well plate at a density of 1x10° cells per well and allowed to attach
overnight. The monolayers of cells were treated with 200 uL of ZnO NPs at
different MIC (1X, 5X and 10X) levels diluted in DMEM,; the treated cells were
maintained for 24 h at 37 °C in a humidified incubator with 5 per cent CO2
atmosphere. The cells incubated with fresh DMEM served as the negative control.
The supernatant was then removed and proceeded further using the MTT cell
proliferation assay kit (Abcam, USA). Accordingly, 50 uL of MTT reagent mixed
with 50 pL of media was added to each well and incubated at 37 °C for three h.
After incubation, MTT solvent (150 pL) was added to each well, mixed thoroughly
and the cytotoxicity was monitored by measuring the absorbance at 590 nm. The

per cent of cytotoxicity was calculated as,
Cytotoxicity = 100 x (Control- Sample)/ (Control)

wherein, the control denotes experimental absorbance of the untreated cell control

and the sample represents the control absorbance of the treated cell lines.

3.2.5.4. Effect of ZnO NPs on commensal gut lactobacilli
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The adverse effect of green synthesised ZnO NPs was further explored on
commensal gut lactobacilli (L. acidophilus MTCC 10307 and L. plantarum MTCC
5690).

In brief, de Mann- Rogosa- Sharpe (MRS) broth medium (100 pL)
containing 1X MIC levels of ZnO NPs was inoculated with a defined number of
each commensal bacteria (1x10” CFU/mL) in 96-well microtiter plates. Each plate
included a positive growth control (untreated individual commensal lactobacilli)
and negative control (sterile MRS broth). After incubation at 37 °C for 48 h, the
effect of ZnO NPs on commensal lactobacilli was determined by drawing two

samples (10 pL) from each well and plated onto MRS agar plates.

3.2.5.5. Invitro dose- and time-dependent extracellular growth kinetics of MDR-
NTS with ZnO NPs

The antibacterial activity of green synthesised ZnO NPs was determined
against MDR- strains of S. Enteritidis and S. Typhimurium by an in vitro dose- and

time-dependent extracellular growth Kinetics (Vergis et al., 2019).

Briefly, the log-phase cultures of each of the test isolates grown on nutrient
broth were centrifuged at 10,000 rpm for 10 min. Later, the supernatant was
discarded and the bacterial pellet was mixed with sterile phosphate-buffered saline
(PBS; pH 7.40) to achieve 0.50 McFarland standard tube turbidity (approximately
1.50 x 108 CFU/mL) for each test isolate. The bacterial cultures were then diluted
to attain a concentration of 1x10” CFU/mL using sterile CA-MH broth.

The green synthesised ZnO NPs with MIC (1X) and MBC (1X) levels were

then added and the following groups were formed:
Group 1: 1x 107 CFU of MDR- NTS (100 pL) + 1X MIC ZnO NPs (100 pL);
Group 2: 1 x 107 CFU of MDR- NTS (100 pL) + MBC ZnO NPs (100 pL);

Group 3: 1x 10’ CFU of MDR- NTS (100 pL) + Meropenem (10 pg/mL; 100 pL)

taken as positive treatment control; and
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Group 4: 1x 10’ CFU of MDR- NTS (100 pL) + CA-MH Broth (100 pL) taken as

untreated control.

Similar groups were also processed for the other five MDR-NTS isolates.
The respective groups along with the appropriate controls were incubated at 37 °C
up to 24 h.

To enumerate the antibacterial effect of green synthesised ZnO NPs on
MDR-NTS isolates, an aliquot of 10 pL from all the four groups were drawn at 0,
30, 60, 120, 180, 240, and 360 min and finally at 24h. At each time point, an aliquot
(10 pL) from each respective group were serially diluted with 90 pL of sterile PBS
and 10 pL was plated on XLD agar plates supplemented with 100 pug of ampicillin
(Miles et al., 1938). After the incubation period at 37 °C for 18 to 24h., the
individual MDR- NTS colonies were counted and expressed as MDR-NTS
log10CFU/mL.

3.2.6. Statistical Analysis

All experiments were analyzed as triplicates in three independent assays.
The results were represented as means + standard deviations of the three
independent experiments performed using GraphPad Prism version 5.01 (GraphPad

Sotware Inc., California, USA).

A one-way analysis of variance (ANOVA) with Bonferroni multiple
comparison post-test was used to compare the differences between cytotoxicity of
control and ZnO NPs-treated cell lines. The association of ZnO NPs on commensal
gut lactobacilli was measured by paired two-tailed ‘t’ test. Moreover,a two-way
(repeated measures) ANOVA with Bonferroni multiple comparison post-test was
used to compare the differences between control and ZnO NPs - treated tests for the

in vitro dose- and time-dependent extracellular growth kinetics of MDR-NTS.

A P-value of < 0.01 was considered highly significant, while a P-value <

0.05 was considered statistically significant.
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In the present study, three isolates of each MDR- S. Typhimurium and S.
Enteritidis serotypes maintained in the laboratory repository of the Department of
Veterinary Public Health, College of Veterinary and Animal Sciences, Pookode
were revived and re-validated by employing genus- as well as serotype-specific
PCR assays. Later, the antibiotic susceptibility testing of the confirmed MDR- NTS
isolates was performed to determine their MDR pattern and to investigate thein vitro
antimicrobial efficacy of green synthesized ZnO NPs. The green synthesis of ZnO
NPs was achieved using the aqueous extract of the P. longum catkin from zinc
acetate dihydrate solution. The physicochemical characterization of the green
synthesized ZnO NPs was performed by UV- Vis spectroscopy, FTIR, TGA/ DTA,
PXRD, SEM and TEM. Further, the in vitro antimicrobial activity, safety aswell as
stability assays of the characterized green synthesized ZnO NPs was carried out.

The obtained results are presented systematically as follows.
4.1 RE-VALIDATION OF MDR-NTS ISOLATES
4.1.1. PCR- based re-validation

The revived cultures of NTS isolates were re-validated by employing a
standardized PCR assay targeting genus-specific invA gene for Salmonella spp., and
serovar-specific sdfl and spy genes for S. Enteritidis, and S. Typhimurium,

respectively (Nair et al., 2015). The results are presented in Fig. 2.
4.1.2. Antibiotic susceptibility testing

The MDR pattern of the confirmed NTS isolates was evaluated by antibiotic
susceptibility testing using disc diffusion assay. The results are tabulated in Table
2.

All the confirmed NTS strains were found to be MDR in nature, as the
isolates exhibited resistance to three or more classes of antibiotics tested (Table
2).



invA 500 bp
(423 bp)

300 bp

100 bp

Fig. 2A. PCR- based confirmation of Salmonella spp.
M- DNA Marker ladder (100 bp); L1- L3: S. Enteritidis; L4-L6: S. Typhimurium;
N: Negative Control

500 bp —

300 bp —— sdfl
(304 bp)

100 bp —

Fig.2B. PCR- based revalidation of S. Enteritidis
M- DNA Marker ladder (100 bp); L1- L3: S. Enteritidis

500 bp spy

300 bp (401 bp)

100 bp

Fig.2C. PCR- based revalidation of S. Typhimurium
M- DNA Marker ladder (100 bp); L1- L3: S. Typhimurium
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Table 2. Antibiotic susceptibility testing of MDR-NTS isolates used in the present study

ESBL
GEN AMP |C CL AZM MRP DO CIP CTR CoT AMC | NA

ISOLATE ID (10mcg) | (2mcg) | (30mcg) | (10 meg) | (15mcg) | (10mceg) | (30 meg) | (5 meg) | (30mceg) | (25mceg) | (10mcg) | (30 mcg) CAZ (30 CTX (30
mcg)/CAC mcg)/CEC
(30710 meg) | (30/10 mcg)

S1 R R R S I S R R S R R R S S

S. Enteritidis S2 R R R S I S R R S R R R S S

S3 R R S S I S S S S R R R S S

ST1 R R I S S S R R S R R R S S

S. Typhimurium | ST2 |R R R S I S R R I R R R R S

ST3 |R R S S I S R R S R R R S S

(GEN- Gentamicin, AMP- Ampicillin, C- Colistin sulphate, CL- Chloramphenicol, AZM- Azithromycin, MRP- Meropenem, DO-
Doxycycline, CIP- Ciprofloxacin, CTR- Ceftriaxone, COT- Co-trimoxazole, AMC: Amoxycillin, NA- Nalidixic acid, CAZ-

Cefotaxime, CAC- Cefotaxime/ clavulanic acid, CTX- Ceftazidime, CEC- Ceftazidime/ clavulanic acid)
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4.2. GREEN SYNTHESIS OF ZnO NPs

In the present study, the aqueous extract of P. longum catkin was used for
the green synthesis of ZnO NPs.

The aqueous extract of P. longum catkins reduced the aqueous solution of
0.10 M Zinc acetate dihydrate (at a ratio of 1:4) to ZnO NPs at 60 °C under constant
stirring for two h. The formation of brown coloured precipitate at the bottom of the
beaker indicated the formation of ZnO NPs (Fig. 1).

The green synthesized ZnO NPs, thus obtained, were then subjected to
physicochemical characterisation.

4.3. CHARACTERIZATION OF ZnO NPs

Initially, UV- Vis spectroscopic pattern confirmed the formation of green
synthesized ZnO NPs. The obtained green synthesized ZnO NPs, in this study,
revealed a progressive surface plasmon resonance (SPR) band between 320 nm to
350 nm, confirming its formation. The maximum absorbance peak was obtained
at 340 nm (Fig. 3).

The chemical and functional groups present in the green synthesized ZnO
NPs were estimated by FTIR spectrum analysis (Fig. 4). In this study, peaks were
observed at 3640 cm?, 2850 cm™!, 2100 cm 1739 cm!, 1490 cm ™!, 870 cm™!, 915
cm ' and 620 cm™! (Fig. 4). The obtained peaks in the FTIR spectra were compared
with the standard chart to interpret the functional groups present in the green
synthesised ZnO NPs.

In order to determine the thermal stability and thermal degradation of green
synthesized ZnO NPs under constant heating, TGA/ DTG was performed. The TGA
data obtained in this study revealed an initial weight loss of around six per cent from
40 °C to 100 °C, supported by the DTG graph, with an exothermic peak observed at
200 °C. Further, progressive thermal degradation of the green synthesized ZnO NPs
was observed between 250 °C and 400 °C that corresponded with a narrow

endothermic peak at 330 °C (Fig. 5). Furthermore, good thermal
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stability was noticed for annealing temperatures between 900°C and 1300°C (Fig.
5).

The PXRD analysis was carried out to confirm the formation of ZnO NPs,
to verify their crystallinity and to determine the size. The peaks were observed in
the PXRD pattern of the green synthesised ZnO NPs at 26 values of 31.85°, 34.50°,
37.1°,51° 59° 64° 67.1° and 77° (Fig. 6). Later, the PXRD diffractogram obtained
was compared with the standard powder diffraction card of the Joint Committee on
Powder Diffraction Standards (JCPDS), ZnO file No. 36-1451 and the crystallinity
of green synthesized ZnO NPs was verified. The observed intense sharp peaks in
the PXRD pattern of green synthesized ZnO NPs exhibited a hexagonal wurtzite
crystalline structure. Additionally, an average crystallite sizeof 14.54 nm was
estimated for the green synthesised ZnO NPs from the Debye- Scherrer formula.

In order to determine the shape and surface morphology of the green
synthesised ZnO NPs, SEM imaging was carried out. The green synthesised ZnO
NPs obtained in this study appeared uniformly, predominantly hexagonal and a few

of them in the form of cubes (Fig. 7).

The TEM and selected area electron diffraction (SAED) imaging were
performed to determine the shape and crystalline nature of the green synthesised
ZnO NPs. The green synthesized ZnO NPs exhibited an almost hexagonal shape
with a slight variation in thickness (Fig. 8). Moreover, some of the particles were
found agglomerated (Fig. 8). Besides, the SAED patterns (Fig. 8) demonstrated
hexagonal wurtzite crystallinity of ZnO NPs. Further, the HR TEM image (Fig. 8)
demonstrated a spacing of lattice fringes for the green synthesised ZnO NPs in the

range of 0.24 nm.
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Fig. 3. UV-Vis spectroscopic characterisation of green synthesised ZnO NPs
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Fig. 8. TEM and SAED images of green synthesised ZnO NPs
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4.4. INVITRO ANTIMICROBIAL EFFICACY OF GREEN SYNTHESISEDZnO
NPs

4.4.1 Determination of MIC and MBC of green synthesized ZnO NPs against
MDR-NTS

The MIC and MBC values of the green synthesized ZnO NPs against MDR-
NTS strains, as a measure of in vitro antibacterial activity, were determined
according to the CLSI (2018) guidelines. The results obtained are presented in Table
3.

The MIC and MBC values of green synthesised ZnO NPs against the MDR-
S. Typhimurium and S. Enteritidis strains were found to be 125 pg/mL and 250
pg/mL, respectively. In general, the MBC values of ZnO NPs obtained were twice
greater than the MIC values.

Table 3. MIC and MBC values of green synthesized ZnO NPs against MDR-
NTS isolates

ISOLATES MIC/MBC (pg/mL)
S1 125/250
S. Enteritidis S2 125/250
S3 125/250
ST1 125/250
S. Typhimurium ST2 125/250
ST3 125/250

4.4.2. In vitro stability assays of green synthesized ZnO NPs

The green synthesized ZnO NPs were investigated for their stability to high-
end temperatures (70 °C and 90 °C), proteases (trypsin, lysozyme and proteinase-
K), the physiological concentration of cationic salts (150 mM NaCl and 2 mM
MgCl,) and pH (four, six, and eight).

4.4.2.1. Effect of high-end temperatures
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The stability of green synthesized ZnO NPs at high-end temperatures was
measured by determining their antimicrobial activity after incubation at 70 °C and
90 °C for five, 15 and 30 min. The results are presented in Table 4 .

At MIC levels, the antimicrobial activity of ZnO NPs remained the same
at 70 °C for S3 and S2. However, a two-fold increase in the MIC levels was
observed with all the remaining test strains (S1, ST1, ST2, and ST3).Additionally,
a three- to four-fold increase in the MBC values was observed for ZnO NPs until
30 min (Table 4).

In contrast, the green synthesized ZnO NPs were found stable even after
incubation at 90 °C, since they retained their MIC values with the tested MDR- NTS
strains. Alike at 70 °C, a three to four-fold increase in the MBC values was observed
upon incubation at 90 °C for five, 15 and 30 min (Table 4).

Table 4. In vitro stability of green synthesized ZnO NPs at high-end
temperatures (70 °C and 90 °C)

MIC/MBC (ug/mL)
70°C 9°C
ISOLATES 5 min 15 min 30 min 5 min 15 min 30 min
S1 250/750 250/1000 | 250/1000 | 250/1000 | 250/750 250/750
S2 250/750 250/750 125/1000 125/750 125/750 125/1000
S3 125/750 250/750 125/1000 125/1000 | 125/750 125/750
ST1 250/500 250/750 250/750 125/1000 | 125/750 125/750
ST2 250/500 250/1000 | 250/1000 | 250/1000 | 125/750 125/750
ST3 250/500 250/1000 | 250/750 250/500 | 125/750 125/750

4.4.2.2. Effect of enzymes

The residual antimicrobial activity of green synthesized ZnO NPs on
exposure to protease enzymes (trypsin, lysozyme and proteinase-K) at different

incubation intervals is summarised in Table 5.



47

In this study, the MIC value of green synthesized ZnO NPs was halved
(62.50 pg/mL) up to 15 min of incubation with trypsin; thereafter, remained the
same for the rest of the exposure period (Table 5). Similarly, on exposure to
lysozyme, the MIC values of ZnO NPs were reduced to half, in general; however,
strain-wise variation was observed (Table 5). Moreover, a three- to four-fold
increase in the MBC values of ZnO NPs was noticed upon exposure to trypsin and
lysozyme throughout the incubation period (Table 5).

Further, the green synthesized ZnO NPs when exposed to proteinase- K,
MIC values remained the same throughout the exposure period, except for the
isolate S1. Nonetheless, a two-fold increase in the MBC values was observed
against the isolates ST2 and ST3 up to 30 sec, while for S1 and S2 until exposure
for 30 min. However, a three- to four-fold increase in the MBC values wasobserved

for all the remaining isolates throughout the exposure period.
4.4.2.3. Effect of physiological concentration of cationic salts

The stability of green synthesized ZnO NPs at physiological concentrations

of cationic salts (150 mM NaCl and 2 mM MgCl.) was determined (Table 6).

Irrespective of the cationic salts (150 mM NaCl and 2 mM MgCly), the green
synthesized ZnO NPs tested retained their antimicrobial activity (MIC and MBC

values) throughout the incubation period (Table 6).
4.4.2.4. Effect of pH

The stability of green synthesized ZnO NPs at varying pH (four, six and
eight) was measured by determining their antimicrobial activity against the MDR
strains of both S. Typhimurium and S. Enteritidis (Table 7).

In the present study, the green synthesized ZnO NPs tested were found to be
stable at different pH, as they retained their antimicrobial activity (MIC and MBC
values). However, the MIC value of ZnO NPs was reduced to half at pH eight (Table
7).



48

Table 5. In vitro stability of green synthesized ZnO NPs on exposure to trypsin, lysozyme, and proteinase- K

MIC/MBC (pg/mL)

ISOLATES PROTEINASE- K LYSOZYME TRYPSIN

30 sec 5 min 15 min 30 min | 30 sec 5 min 15 min | 30 min 30 sec 5min | 15 min 30 min
S1 250/1000 | 125/750 125/1000 | 125/1000 | 250/1000 | 125/750 125/1000 | 125/1000 | 250/750 | 250/1000 | 250/750 | 250/500
S2 62.5/1000 | 62.5/1000 | 125/1000 | 125/1000 | 62.5/1000 | 62.5/1000 | 125/1000 | 125/1000 | 125/750 | 125/750 | 125/750 | 125/500
S3 62.5/1000 | 62.5/750 | 62.5/750 | 125/1000 | 62.5/750 | 62.5/750 | 62.5/750 | 125/1000 | 125/750 | 125/1000 | 125/1000 | 125/750
ST1 62.5/750 | 62.5/1000 | 62.5/750 | 125/750 | 62.5/1000 | 62.5/1000 | 62.5/750 | 125/750 | 125/750 | 125/750 | 125/1000 | 125/750
ST2 62.5/1000 | 62.5/1000 | 62.5/750 | 125/1000 | 62.5/750 | 125/1000 | 62.5/750 | 125/1000 | 125/500 | 125/750 | 125/750 | 125/750
ST3 62.5/1000 | 125/750 125/750 | 125/1000 | 62.5/750 125/750 125/750 | 125/1000 | 125/500 | 125/750 | 125/750 125/750
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Table 6. In vitro stability of green synthesized ZnO NPs on exposure to the
physiological concentration of cationic salts (150 mM NaCl and 2mM MgCl.)

SOLATES MIC/MBC (pg/mL)

NaCl (150 mM) MgClz (2 mM)
s1 125/250 125/250
s2 125/250 125/250
S3 125/250 125/250
ST1 125/250 125/250
ST?2 125/250 125/250
ST3 125/250 125/250

Table 7. In vitro stability of green synthesized ZnO NPs on exposure to

different pH (four, six, eight)

ISOLATES MIC/MBC (ng/mL)
pH:4 pH:6 pH:8
S1 125/250 125/250 62.5/250
S2 125/250 125/250 62.5/250
S3 125/250 125/250 62.5/250
ST1 125/250 125/250 62.5/250
ST2 125/250 125/250 62.5/250
ST3 125/250 125/250 62.5/250
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4.4.3. In vitro safety assays of green synthesized ZnO NPs

In vitro safety studies of green synthesized ZnO NPs were estimated by a
haemolytic assay using chicken erythrocytes as well as HEK cell line-based MTT
cytotoxicity assay. Besides, the ZnO NPs were tested for their adverse effects on

the commensal gut lactobacilli, if any.
4.4.3.1. Haemolytic assay

The haemolytic activity of green synthesized ZnO NPs (2X, 5X and 10X
MIC levels) observed against the chicken erythrocytes are presented in Table 8 and
Fig. 9.

In this study, minimal haemolysis (less than two per cent) was noticed for
the green synthesized ZnO NPs at 2X, 5X and 10X MIC levels (Table 8; Fig. 9).

4.4.3.2. MTT cytotoxicity assay

The in vitro cytotoxicity effect of green synthesized ZnO NPs on the

viability of HEK cell lines was evaluated using the MTT assay.

Overall, the green synthesized ZnO NPs did not exhibit any cytopathic
effect at 1X, 5X and 10X MIC levels.
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Table 8. In vitro haemolytic activity of green synthesized ZnO NPs on poultry

RBCs
Concentration of ZnO NPs Haemolysis (%0)
MIC (2X) 1.04
MIC (5X) 1.23
MIC (10X) 1.34

100+

75-

50+

Haemolysis (%)

254
1.04 1.23 1.34

o
S 4 ®

Fig 9. In vitro haemolytic activity of green synthesized ZnO NPs on poultry
RBCs

4.4.3.3. Effect of green synthesized ZnO NPs on commensal gut lactobacilli

The adverse effect of green synthesized ZnO NPs on the commensal gut
lactobacilli were investigated by the microbroth dilution method employing L.
acidophilus MTCC 10307 and L. plantarum MTCC 5690. The observed results are
graphically presented in Fig.10.

The commensal lactobacilli tested (L. acidophilus and L. plantarum)
revealed a similar growth pattern in both treatment control (treated with green

synthesized ZnO NPs) and the untreated control. Overall, a non-significant (P>
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0.05) antimicrobial efficacy was observed for the green synthesized ZnO NPs
against the tested strains of L. acidophilus and L. plantarum.

L. acidophilus

Log4o CFU/mI

Fig. 10A. In vitro efficacy of green synthesized ZnO NPs on L. acidophilus
MTCC 10307
PC: Positive control, NC: Negative control

| L.plantarum

Log49 CFU/mlI
+

Fig. 10B. In vitro efficacy of green synthesized ZnO NPs on L. plantarum
MTCC 5690
PC: Positive control, NC: Negative control
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4.4.4. Invitro dose- and time-dependent extracellular killing kinetics of MDR-
NTS strains treated with green synthesized ZnO NPs

The growth profile of individual isolates of MDR- NTS serotypes co-
cultured with the green synthesized ZnO NPs at two different concentrations (MIC
and MBC), along with their respective controls expressed as mean logio CFU/mL at

different time intervals is presented in Fig. 12.

In this experiment, all the six untreated MDR- NTS isolates (three each of
S. Typhimurium and S. Enteritidis) exhibited an increasing growth pattern at 30, 60,
90, 120, 150, 180, 360 min and 24 h of incubation (Fig. 12). However, all the MDR-
NTS isolates treated with meropenem (antibiotic control) exhibited no visible
growth after 240 min of co-incubation. Moreover, all the MDR- NTS serotypes
exhibited a progressive decline in the bacterial growth after 240 min of co-
incubation with the MIC as well as MBC levels of green synthesized ZnO NPs (Fig.
12). Interestingly, none of the MDR- NTS serotypes (S. Typhimurium and S.
Enteritidis) exhibited visible growth after 360 min of incubation with green
synthesized ZnO NPs at both MIC as well as MBC values (P< 0.001).
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Fig 11.A. In vitro dose- and time- dependent extracellular Killing kinetics of

green synthesized ZnO NPs against MDR- S. Enteritidis
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5. DISCUSSION

Food-borne illnesses are considered as an emerging public health problem
that results in considerable morbidity and mortality worldwide. In recent times,
various bacterial pathogens, especially serovars of NTSconstitute a major
public health threat globally (Alghoribi et al., 2019). Generally, the NTS
serotypes may infect and colonize the intestinal and/or reproductive tracts,
constituting the environmental reservoirs. Moreover, the NTS strains form a part
of the normal intestinal flora of food-producing animals and birds. The poultry
products contaminated with various serotypesof NTS are often regarded as the
source of the food-borne outbreak of salmonellosis in humans (Gal-Mor, 2019).
The indiscriminate use of antimicrobials in livestock and poultry has led to the
emergence of drug- resistant strains of pathogens, which were otherwise treated
with empirical antimicrobial therapeutic approaches (Micoli et al., 2021). The
emergence of MDR strains of NTS serovars has been well documented from

various sources (Sharma et al., 2019; Tack et al., 2020).

The reduced pipeline of antimicrobial discovery amalgamated with the
escalating trends in drug resistance patterns has forced the researchers to give
more emphasis on novel alternative therapeutic strategies against MDR
pathogens (Kumar et al., 2021). Among the various alternative approaches such
as antimicrobial peptides, phage therapy, probiotics, CRISPR-Cas technology,
phytochemicals, endolysins, and NPs reported so far, the use of NPs was found
to be promising owing to their distinctive antimicrobial properties (Ahmad and
Karla, 2020; Kumar et al., 2021; Streicher, 2021). In this study, the antimicrobial
properties of ZnO NPs were investigated. The unique physicochemical
properties of ZnO NPs, especially their large surface area-to-volume ratio, have
attracted great interest in the recent past due to their tremendous scope for

application in the field of biomedicine (Cherian et al.,
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2019). Additionally, ZnO NPs possessed antibacterial properties and were
approved as ‘generally recognized as safe’ by US Food and Drug Administration
(FDA) and were employed to treat drug-resistant infections both in humans and
animals (Yusof et al., 2019; Ameen et al., 2021).

Generally, ZnO NPs can be synthesized either by physical or chemical
methods. Nevertheless, the hazardous chemicals employed during the process of
synthesis of NPs can generate adverse environmental effects. Being eco-
friendly, simple, inexpensive, and safe with minimal side effects, the green
synthesis of ZnO NPs has gained wide attention (Yusof et al., 2020; Mohamed
et al., 2021). Furthermore, the green synthesis of ZnO NPs employing plant
extracts was found to be more efficient, as they do not require any sterile
environment and culture media as in the case of the biosynthesis approach using

microbes and fungi.
5.1. GREEN SYNTHESIS OF ZnO NPs

Since ancient times, P. longum has been recognized as an active ingredient
of numerous ayurvedic medicinal preparations (Subramaniam et al., 2021). P.
longum (commonly known as Indian long pepper or pippali) is an aromatic
climber, which is extensively distributed in and around the sub-tropical as well
as tropical regions of the world, including India (Jayapriya et al., 2019; Yadav
et al., 2019; Huang et al., 2020). Being a rich source of bioactive constituents
(such as tannins, dihydrostigmasterol, piperidine alkaloids, terpenines), the
catkin, root, leaves, and stem of this plant have traditionally been used for the

treatment of various ailments (Huang et al., 2020).

In the present study, the aqueous catkin extract of P. longum was used for
the synthesis of ZnO NPs. The catkin extract of P. longum reduced the aqueous
solution of 0.10 M Zinc acetate dihydrate (at a ratio of 1:4) to ZnO NPs at 60°C
under constant stirring for 2 h. The formation of brown-colored precipitate at
the bottom of the beaker indicated the formation of ZnO NPs
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(Fig. 1). The biosynthesis of ZnO NPs employing the P. longum catkin extract
could be due to its capping and stabilizing action and the presence of electron-
rich functional groups present in the aqueous extract. Moreover, the color
change observed during the formation of ZnO NPs could be due to the excitation
of SPR in the ZnO NPs (Singh et al., 2018; Dhandapani et al., 2020). The green
synthesized ZnO NPs were further employed for their physicochemical

characterization.
5.2. CHARACTERISATION OF ZnO NPs

Initially, UV- Vis spectroscopy confirmed the synthesis of ZnO NPs. The
unique SPR property of noble metals strongly induces the absorption of incident
light and can be monitored by UV- Vis spectroscopy (Sali et al., 2021). The
green synthesized ZnO NPs produced in this study, revealed a progressive SPR
band between 320 nm to 350 nm (Fig. 3), confirming its formation. The
maximum absorbance peak was obtained at 340 nm, which isin accordance
with the previously reported literature (Dulta et al., 2021; Joshi et al., 2021).
The result confirmed that the bio- constituents present in the aqueous catkin
extract of P. longum played an important role in the bio- reduction of Zn?*
(present in the Zinc acetate dihydrate) to Zn® (ZnO NPs) ions(Sharmila et al.,
2019).

The presence of chemical and functional groups of the green synthesized
ZnO NPs was estimated by FTIR spectrum analysis (Rajendran et al., 2021). A
prominent peak formed at 3640 cm™ indicated the presence of O-H stretch and
hydrogen-bonded functional groups either in alcohol, phenol, or water
molecules in the extract (Ahmed et al., 2020). The peaks observed at 2850 cm™!,
2100 cm™ 1739 cm™!, 1490 cm™! were attributed to the presence of -CN
stretching, C=C terminal alkyne, C=0 stretching and C-H bending, respectively.
Moreover, the peaks observed at 870 cm™! and 915 cm~" were attributed to the

presence of C-H bend in the alkane group and -C-O-C group (Vijayakumar et
al., 2018; Nandiyanto et al., 2019; Prusty et al., 2019). All
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these peaks observed confirmed the presence of phytochemical components
associated with the green synthesized ZnO NPs (Fig. 4). The absorption peak
obtained at 620 cm~' revealed an inter-atomic vibration of metal oxides
attributed to the presence of ZnO NPs, thereby confirming its formation (Pillai
et al., 2020).

In order to determine the thermal stability and thermal degradation of
green synthesized ZnO NPs under constant heating, thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG) was performed. The TGA data
obtained in this study revealed an initial weight loss of around 6 per cent from
40 °C to 100 °C, supported by the DTG graph, with an exothermic peak observed
at 200 °C. Further, progressive thermal degradation of the green synthesized
ZnO NPs was observed between 250 °C and 400 °C that corresponded with a
narrow endothermic peak at 330 °C. This increase in annealing temperature had
resulted in a continuous weight loss of the green synthesized ZnO NPs.
Furthermore, good thermal stability was noticed for annealing temperatures
between 900 °C and 1300 °C (Fig. 5), as reported earlier (Khatami et al., 2018;
Thi et al., 2020).

The PXRD analysis was carried out to confirm the formation of ZnO
NPs and to verify their crystallinity. In the present study, the PXRD
diffractogram was compared with the standard powder diffraction card of the
Joint Committee on Powder Diffraction Standards (JCPDS), ZnO file No. 36-
1451. The peaks observed in the PXRD pattern of the green synthesized ZnO
NPs (Fig. 6) at 20 values of 31.85°, 34.50°, 37.1° 51°, 59° 64° 67.1° and 77°
corresponded to the lattice planes (100), (002), (101), (102), (110), (103), (200),
and (202), respectively (Sespasgozar et al., 2021). Hence, the observed sharp
and intense peaks indicated that the green synthesized ZnO NPs exhibited
hexagonal wurtzite crystalline structure (Hassan Basri et al., 2020; Igbal et al.,
2021). Moreover, as reported in the earlier studies (Jiang et al., 2018; Naseer et

al., 2020), an average crystalline size of 14.54 nm was
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estimated for the green synthesized ZnO NPs from the Debye Scherrer formula
(Thi et al., 2020; Sali et al., 2021).

Furthermore, the shape and surface morphology of the biosynthesized ZnO
NPs was determined by SEM imaging (Dandapani et al., 2020). The green
synthesized ZnO NPs obtained in the present study appeared in a uniform
manner, predominantly hexagonal, and a few of them in the form of cubes. The
narrow space because of densification could be attributed to the agglomeration
of synthesized NPs (Ahmed et al., 2020).

The sizes, as well as the crystalline nature of the green synthesized ZnO
NPs, were ascertained using the TEM analysis. The reducing agents present in
the extract play an important role in determining the size and shape of the
biosynthesized NPs (Pillai et al., 2020). The TEM images of the biosynthesized
ZnO NPs exhibited an almost hexagonal shape with a slight variation in
thickness, which supported the results of SEM. Moreover, some of the particles
were found agglomerated. Besides, the SAED patterns demonstrated hexagonal
wurtzite crystallinity of ZnO NPs. Further, the TEM image demonstrated a
spacing of lattice fringes for the biosynthesized ZnO NPs in the range of 0.24
nm that corresponded to the (101) plane (Lin et al., 2014). Intriguingly, the
crystallinity of green synthesized ZnO NPs determined by SEM and TEM

imaging matched with the data acquired from PXRD analysis.

5.3. IN VITRO ANTIMICROBIAL EFFICACY OF GREEN SYNTHESISED
ZnO NPs

It is recognized that a reduction in the particle size increases strain-wise
the antimicrobial activity due to a larger surface-to-volume ratio (Selim et al.,
2020). In this study, the antibacterial activity of ZnO NPs was investigated
against the characterized MDR field strains of NTS by the micro broth dilution
technique (CLSI, 2019).
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The MIC and MBC values of biosynthesized ZnO NPs against the tested
pathogens (MDR- S. Typhimurium and S. Enteritidis) were found to be 125
pg/ml and 250 pg/ml, respectively (Table 3). The antibacterial effect of ZnO
NPs might be either due to the bacterial outer membrane destabilization,
induction of oxidative stress, disruption of ion movement, or the initiation of

apoptosis (Dhandapani et al., 2020).

In the present study, a comparatively lower MIC, as well as MBC values
of ZnO NPs, could be due to the presence of lipopolysaccharide in the cell wall
of Gram-negative bacteria which might exert aversion towards NPs, thereby
enabling resistance (Yusof et al., 2020).

5.4 IN VITRO STABILITY ASSAYS
5.4.1. Effect of high-end temperatures

The green synthesized ZnO NPs should be deemed thermostable to be used
as feed ingredients since the animal feed processing involves various steps
including mash preparation (45 - 55 °C), pelletization (around 80 °C), and finally
steam sterilization at 100 °C. Further, a standard sterilization protocol should be
followed for feed pellets in order to destroy the pathogens and to overcome post-

processing contamination (Rebello et al., 2018).

In the present study, the green synthesized ZnO NPs were found to be
variably stable at high-end temperatures (Table 4) and could withstand such

temperatures employed for feed processing (Ebbensgaard et al., 2015).
5.4.2. Effect of protease enzymes (trypsin, lysozyme, and proteinase-K)

The stability of a therapeutic candidate is determined by various factors;
proteases are among them. The changes induced on the surface of green synthesized
NPs, as a result of the enzymatic metabolism, may result in aggregation and

destabilization of NPs. Besides, protease-mediated degradation
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may render the NPs inactive and subsequently could affect their therapeutic
efficacy (Woods et al., 2020).

In the present study, the green synthesized ZnO NPs were found to be
variably stable, as their MIC values remained more or less similar, although strain-
wise variations were also observed (Table 5). This could be due to the
destabilization of the bacterial cell membrane in presence of protease enzymes
(Woods et al., 2020). Further, the protease stability of NPs could be improved by
providing an energy barrier that might induce repulsion between these particles.
However, the composition of the biological environment in the gastrointestinal tract
may also result in variation in surface charge (Malhaire et al., 2016). The enzyme
activity can be impeded by modifying the local pH of the environment exposed.
Besides, non-ionic macromolecules like polyethylene glycol (PEG) polymers,
mucoadhesive polymers like polyacrylate can also be used to reduce theinteraction
between NPs and inhibitors present in biological fluids, and to limit the activity of
endopeptidases (Malhaire et al., 2016; Woods et al., 2020).

5.4.3. Effect of physiological concentration of cationic salts

The fate of NPs is greatly affected by their interaction with the biological
fluids. Following its entry into the biological system, these biofluids can
significantly alter the colloidal stability and their antimicrobial properties
(Muraleetharan et al., 2019). One of the main factors that limit the clinical
translation of such NPs is the inactivation by cationic salts present in the biological

system.

The green synthesized ZnO NPs tested in the present study retained their
antimicrobial activity in presence of physiological concentrations of cationic salts
(Table 6). The stability might be due to the functional groups present in the catkin
extract used in the study. The nature of the capping agent used would heavily

influence the stability of NPs during adverse conditions (Zhang et al., 2012).
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5.4.4. Effect of pH

The large surface area and smaller size of the NPs might lead to the
aggregation and destabilization of the NPs, which is the biggest challenge in the
application of NPs (Marangon et al., 2021). Nevertheless, it is evident from the
earlier reports that a change in the physicochemical conditions such as pH and ionic
strength of the solution can affect the intrinsic properties of NPs, such as their size,
stability, zeta potential, morphology, and shape of the synthesized NPs
(Phongtongpasuk et al., 2019; Marangon et al., 2021). Besides, the pH has a great
impact on the stability and aggregation of NPs, as it can alter the interactions
between NPs (Chen et al., 2020).

In this study, it is noticeable that the antibacterial efficacy of green
synthesized ZnO NPs has enhanced at the alkaline pH (Table 7). It was suggested
by Ribut et al. (2018) that an increase in the pH would lead to the increased
antibacterial activity of ZnO NPs. By increasing the pH of the solution, the
electrostatic repulsive force between NPs increases, while low pH would lead to the
agglomeration of NPs, thereby reducing its antibacterial activity (Peng et al., 2017).
Furthermore, Chitra and Annadurai (2014) reported that those NPs synthesized at
alkaline pH exhibited comparatively better antibacterial activitythan those NPs
synthesized at acidic as well as neutral pH. In addition to this, smaller NPs exhibited
more bactericidal effects and bacterial toxicity when compared to larger NPs, as

they have a larger surface area (Zhang et al., 2016).
5.5. IN VITRO SAFETY ASSAYS OF GREEN SYNTHESIZED ZnO NPs
5.5.1. Haemolytic assay

The in vitro haemolytic assay is often employed as a versatile tool for
carrying out the initial toxicity assessment of a therapeutic compound (Greco et al.,
2020). The accumulation and extensive distribution of metal-based NPs over time
in the biological system may lead to an adverse effect on the eukaryotic cells,though

it has been found selectively toxic to bacterial cells (Sanchez-Lopez et al.,
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2020). Furthermore, several factors including membrane composition, side chain
associated with the NPs, incubation time, and the temperature would also affect the
haemolytic property of compounds (Noudeh et al., 2011).

Classically, chicken erythrocytes are regarded as mammalian cell membrane
models, mainly due to the presence of an intact as well as the transcriptionally
inactive nucleus and other cell organelles (Babu et al., 2017). Hence, for clinical
translation and to be used as a potential drug candidate, the cytotoxicity of NPs
needs to be validated in suitable eukaryotic cells. In this study, the green
synthesized ZnO NPs exhibited minimal haemolysis at 2X, 5X, and 10X MIC levels
against chicken erythrocytes (Table 8). Moreover, dose- dependent haemolysis was
observed in this study, as reported earlier (Andleeb et al., 2020). Besides, it is
proposed that the ZnO NPs at very lower concentrations cannot produce toxicity in
the biological system when compared to the bacterial cells (Siddiqi et al., 2018).

5.5.2. MTT cytotoxicity assay

Though in vitro haemolytic assay can successfully be employed for
assessing the initial toxicity studies, additional cytotoxicity assays would deliver a
strong foundation to the results of haemolytic studies and would further help in

the evaluation of a drug candidate.

The present study revealed minimal cytopathic effect in the HEK cell lines,
even at 1X, 5X, and 10X MIC levels. This low cytotoxicity obtained in the present
study could be attributed to the presence of capping agents in the catkin extract
associated with the surface of green synthesized ZnO NPs (Aldalbahi et al., 2020).

5.5.3. Effect of green synthesized ZnO NPs on commensal gut lactobacilli

Though the mechanism of action of ZnO NPs on the food-borne pathogenic

bacteria was clearly understood, the investigation of its effect on
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beneficial gut microflora is also equally important as they form an integral part of
the body’s innate defense system (Feng et al., 2017). Hence, in the present study,
MIC dose of green synthesized ZnO NPs was treated with two commensal gut

lactobacilli (L. acidophilus, and L. plantarum), to investigate adverse effects, if any.

In this study, L. acidophilus and L. plantarum revealed similar growth
patterns in both treatment control (treated with green synthesized ZnO NPs) as well
as the untreated control. Moreover, a non-significant (P> 0.05) antimicrobial
efficacy was observed for the green synthesized ZnO NPs against the tested strains
of L. acidophilus and L. plantarum (Fig.10).

Contrarily, several reports suggested a significant reduction in the number
of beneficial gut lactobacilli following the treatment with ZnO NPs (Feng et al.,
2017; Kolba et al., 2020; Wang et al., 2021). However, in yet another study, the
proportion of lactobacilli was found to increase after exposure to ZnO NPs (Xia et
al., 2017). It could be well inferred from the findings of this study that various other
factors such as the mode of synthesis of NPs, the conditions of exposure, size as
well as the morphology of ZnO NPs could affect the efficacy of green synthesized
NPs (Yoo et al., 2021).

5.6. IN VITRO DOSE- AND TIME- DEPENDENT EXTRACELLULAR
KILLING KINETICS OF MDR-NTS STRAINS TREATED WITH GREEN
SYNTHESIZED ZnO NPs.

The antibacterial activity of green synthesized ZnO NPs reported an
increased bacterial inhibition with an increase in the concentration and incubation

time without altering the mechanism of action (Siddigi et al., 2018).

In the present study, no visible bacterial growth was observed in the ZnO
NP-treated (MIC and MBC) groups after six h (Fig. 12). Moreover, meropenem-
treated groups exhibited complete elimination of MDR-NTS strains after 240 min.

This antibacterial activity of green synthesized ZnO NPs and meropenem might
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be due to the peculiar cell wall structure of Gram-negative bacteria which possess
a thin peptidoglycan layer and an outer membrane composed of lipopolysaccharides
(Loo et al., 2018). The results suggested that the green synthesized ZnO NPs
possess a broad spectrum of antibacterial activity, as it exerts a similar effect on all
the tested MDR strains of Salmonella spp. (Loo et al.,2018). Moreover, the results
of this study indicated that the green synthesized ZnO NPs has got a direct action
on the bacterial cell before entering the stationary phase of growth, as they revealed
a rapid as well as time-dependent bactericidal activity against the tested MDR-NTS
strains, as reported earlier (Fahimmunisha etal., 2020).

In general, the increased antibacterial activity of NPs would be expected
with increasing concentrations (Turleybekuly et al., 2019). However, from the
obtained results of in vitro growth Kkinetic assay, it could be noted that both at MIC
and MBC levels, the bacterial growth was inhibited after 360 min. Furthermore, the
bacterial clearance of ZnO NPs was found to be independent of their concentration.
Interestingly, the in vitro dose and time-dependent Killing kinetics of green
synthesized ZnO NPs were at par with the carbapenem antibiotic control

(meropenem) used in this study.

In short, the green synthesized ZnO NPs from the aqueous extract of P.
longum catkins could be considered as a promising drug candidate against the
MDR- NTS strains; the study could further be extrapolated to a wide variety of
food-borne pathogens. However, strategies need to be formulated to improve the
antimicrobial efficacy of the green synthesized ZnO NPs, either by doping with
other NPs or by optimizing different conditions employed for the synthesis.
Additionally, the mechanistic studies of the ZnO NPs could be carried out in order
to understand the detailed mechanism of action under varied host conditions.
Furthermore, in vivo clinical studies should also be performed to validate the

application of ZnO NPs in suitable target hosts.



6. Summary



6. SUMMARY

The emergence of drug-resistant pathogens, primarily due to the
indiscriminate use of antibiotics, has been recognized as a potential threat to
humans, animals as well as environment. Of late, an unusual emergence of AMR
has been observed among the NTS strains; hence, the NTS strains have been listed
as a priority pathogen by the WHO. The diminishing antibiotic discovery pipeline
and lack of availability of newer classes of antibiotics along with the escalating
trends in AMR have forced the researchers to shift their focus to alternative
therapeutics. Hence, the present study was undertaken to evaluate the antibacterial
potential of green synthesised ZnO NPs from the aqueous extract of P. longum
catkin against the MDR-NTS isolates.

In the present study, three isolates each of MDR- S. Typhimurium and S.
Enteritidis serotypes maintained in the laboratory repository of the Department of
Veterinary Public Health, College of Veterinary and Animal Sciences, Pookode
were revived and re-validated by employing genus- as well as serotype-specific
PCR assays. Further, multi-drug resistance patterns of the test strains were also

confirmed by employing antibiotic susceptibility testing.

The green synthesis of ZnO NPs was carried out from zinc acetate dihydrate
(0.10 M) solution using the agueous extract of the P. longum catkin. The
biosynthesized ZnO NPs were physicochemically characterized by UV-Vis
spectroscopy, FTIR, TGA, XRD, SEM, and TEM. The green synthesized ZnO
NPs revealed a characteristic UV-Vis absorption peak at 340 nm. The FTIR
spectroscopy confirmed specific functional groups associated with the green
synthesized ZnO NPs. Additionally, TGA/DTA was performed to determine the
thermal stability of ZnO NPs; progressive thermal degradation of the green
synthesized ZnO NPs was observed between 250 °C and 400 °C. However, they
exhibited good thermal stability for annealing temperatures between 900 °C and

1300 °C. The XRD studies exhibited a hexagonal wurtzite crystalline structure for
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the green synthesized ZnO NPs. Moreover, an average crystallite size of 14.54 nm
was estimated for the green synthesised ZnO NPs from the Debye- Scherrer

formula.

The morphological studies of the green synthesized ZnO NPs carried out
using SEM revealed a predominant hexagonal shape. The shape and crystalline
nature of ZnO NPs were further confirmed using TEM analysis. The SAEDpatterns
demonstrated hexagonal wurtzite crystallinity of ZnO NPs and TEMrevealed space
lattice fringes in the range of 0.24 nm. The green synthesized ZnO NPs were then
explored for their in vitro antibacterial efficacy against the MDR- NTS strains.

Initially, the minimum inhibitory concentration (MIC; 125 ug/mL), as well
as minimum bactericidal concentration (MBC; 250 pg/mL) of green synthesized
ZnO NPs, were determined by employing the micro broth dilution technique.

The green synthesised ZnO NPs were also investigated for their in vitro
stability to high-end temperatures (70 °C and 90 °C), proteases (trypsin, lysozyme,
and proteinase-K), the physiological concentration of cationic salts (150 mM NaCl
and 2 mM MgCl.), and pH (four, six, and eight). At MIC (1X) levels, for S3 and
S2, the antimicrobial activity of green synthesized ZnO NPs remained the same at
70 °C. However, at 70 °C, with all the remaining strains tested (S1, ST1, ST2, and
ST3), atwo-fold increase in the MIC levels wasobserved. Additionally, a three- to
four-fold increase in the MBC values was observed for ZnO NPs until 30 min. In
contrast, the green synthesised ZnO NPs were found stable even after incubation at
90 °C, since they retained their MIC values with the tested MDR- NTS strains. Alike
at 70 °C, a three to four-fold increase in the MBC values was observed upon

incubation at 90 °C for five, 15, and 30 min.

Irrespective of treatment with proteases (trypsin, lysozyme, and proteinase-
K), the green synthesized ZnO NPs were found variably stable; however, slight

strain-wise variation was exhibited. Besides, the green synthesised
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ZnO NPs tested were found to be stable at physiological concentrations of cationic
salts and different pH, as they retained their antimicrobial activity (MIC and MBC
values). Interestingly, the MIC value of ZnO NPs was reduced to half atpH eight.

In vitro safety assays of green synthesized ZnO NPs were carried out by
employing a haemolytic assay using chicken erythrocytes as well as MTT
cytotoxicity assay using epithelial HEK cell lines. Minimal haemolysis (less than
two per cent) was exhibited by the green synthesised ZnO NPs at 2X, 5X, and 10X
MIC levels. Moreover, the green synthesized ZnO NPs did not exhibit any
cytopathic effect at 1X, 5X, and 10X MIC levels in the in vitro MTT cytotoxicity

assay.

The adverse effect of green synthesised ZnO NPs on the commensal gut
lactobacilli was investigated by broth microdilution method using L. acidophilus
and L. plantarum. In the present study, L. acidophilus and L. plantarum revealed a
similar growth pattern in both treatment control (treated with green synthesised ZnO
NPs) and the untreated control. Overall, a non-significant (P> 0.05) antimicrobial
efficacy was observed for the green synthesised ZnO NPs against L. acidophilus

and L. plantarum.

Further, the in vitro dose- and time-dependent extracellular killing Kinetics
of MDR-NTS strains treated with green synthesised ZnO NPs was assessed in
comparison with the carbapenem antibiotic, meropenem. All the six untreated
MDR- NTS isolates (three each of S. Typhimurium and S. Enteritidis) exhibited
an increasing growth pattern at 30, 60, 90, 120, 150, 180, 360 min, and 24 h of
incubation. Irrespective of the MIC and MBC levels, green synthesised ZnO NPs
completely inhibited the MDR- NTS counts treated with meropenem (antibiotic
control) at 240 min of co-incubation. Moreover, all the MDR- NTS serotypes
exhibited a progressive decline in the bacterial growth after 360 min of co-

incubation with the MIC as well as MBC levels of green synthesised ZnO NPs.
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To conclude, the biosynthesised ZnO NPs were found to exhibitantibacterial
activity against the tested MDR-NTS strains and was found stable and safe. Overall,
the study demonstrated a facile, eco-friendly method for the synthesis of ZnO NPs,
which could be employed as a potential antimicrobial alternative candidate.
However, strategies need to be formulated to improve the antimicrobial efficacy of
the green synthesized ZnO NPs, either by doping with other NPs or by optimizing
different conditions employed for the synthesis. Additionally, the mechanistic
studies of the ZnO NPs could be carried out to understand the detailed mechanism
of action under varied host conditions. Furthermore, in vivo clinical studies should

also be performed to validate the application of ZnO NPs in suitable target hosts.
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ANNEXURE

COMPOSITION OF REAGENTS

Buffered Peptone Water (HiMedia) g/L
Casein enzyme hydrosylate 10.00
Sodium chloride 5.00
Disodium hydrogen phosphate 12 H,O 9.00
Monopotassium hydrogen phosphate 1.50

Final pH (at 25°C), 7.0+0.2

Mueller Hinton Agar g/L
Beef infusion 300.0
Casein acid hydrosylate 17.5
Starch 1.5
Agar 7.0

Final pH (at 25°C), 7.3+0.2

Nutrient Broth g/L
Peptic digest of animal tissue 5.0
Sodium chloride 5.0
Beef extract 1.5
Yeast extract 1.5

Final pH (at 25°C), 7.4+0.2

Normal Saline Solution (NSS) g/L
Sodium chloride 8.5
Distilled water 1000ml

EMB Agar o/L



Peptic digest of animal tissue
Dipotassium phosphate

Lactose

Sucrose

Eosin—Y

Methylene blue

Agar

Final pH (at 25°C), 7.2+0.2

XLD Agar
Yeast extract

L-Lysine

Lactose monohydrate
Sucrose

Xylose

Sodium chloride
Sodium deoxycholate
Sodium thiosulphate
Ferric ammonium citrate
Phenol red

Agar

Final pH (at 25°C), 7.2+0.2

10.000
2.000

5.000
5.000
0.400
0.065
13.500

g/L
3.00

5.00
7.50
7.50
3.50
5.00
2.50
6.80
0.80

0.08
13.50
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ABSTRACT

In the recent wake of antimicrobial resistance, nanotechnology has received
remarkable attention and has been considered as a promising interventional tool for
treating the drug resistant pathogens. The present study evaluated the antibacterial
efficacy of green synthesised Zinc Oxide nanoparticles (ZnO NPs) against multi-drug
resistant non-typhoidal Salmonella spp. (MDR-NTS). The synthesis and
characterisation of ZnO NPs was attempted using the aqueous extract of Piper longum
catkin. Initially, the characterisation of green synthesised ZnO NPs was performed by
UV- Vis spectroscopy, Fourier transform infra- red spectroscopy (FTIR),
Thermogravimetric analysis (TGA) and differential thermogravimetric analysis
(DTA), powder X-ray diffraction (PXRD), Scanning electron microscopy (SEM) and
Transmission electron microscopy (TEM). The green synthesised ZnO NPs exhibited
an absorbance peak at 340 nm by UV- Vis spectroscopy, which was confirmed by FTIR
analysis. The TGA/DTA revealed a progressive thermal degradation of the ZnO NPs
between 250°C and 400°C, however, a good thermal stability was exhibited for
annealing temperatures between 900°C and 1300°C. The ZnO NPs exhibited a
hexagonal wurtzite crystalline structure by PXRD analysis, which was further
confirmed by SEM and TEM. This study evaluated the in vitro antibacterial efficacy
of ZnO NPs against MDR- NTS strains (S. enterica Typhimurium and S. Enteritidis
(n= 3 for each serotype). The minimum inhibitory concentration (MIC; 125 ug/ml) and
minimum bactericidal concentration (MBC; 250 pg/ml) of ZnO NPs was determined
by employing microbroth dilution technique. Later, ZnO NPs was also tested for its
stability (high- end temperatures, physiological concentration of cationic salts,
proteases and pH); safety (chicken RBCs; HEK cell lines) and effect on gut beneficial
lactobacilli (Lactobacillus acidophilus and L. plantarum). In general, the ZnO NPs
tested stable at MIC concentration; however, a three to four- fold rise in the MBC value

was observed. Besides, ZnO NPs were tested safe with chicken RBCs and HEK cell



lines at MIC (1X, 2X, 5X and 10X) levels; moreover, the beneficial gut lactobacilli
were not inhibited. Furthermore, the in vitro time- kill kinetic assay of MDR-NTS
strains treated with ZnO NPs revealed a complete clearance after 360 min. To conclude,
the biosynthesised ZnO NPs was found to exhibit antibacterial activity against the
tested MDR-NTS, found stable and safe. Overall, the study demonstrated facile, eco-
friendly method for the synthesis of ZnO NPs, which could be employed as a potential

antimicrobial alternative candidate.
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1. Collection of literature

2. Preparation of research proposal

3. Revival of MDR-NTS serotypes
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1. Maintenance of MDR-NTS serotypes

2. PCR-based re-validation of MDR-NTS

serotypes

3. Antibiotic susceptibility testing of the

revived MDR-NTS serotypes
Semester 111

1. Maintenance of MDR-NTS serotypes

2. Synthesis and characterisation of ZnO NPs

3. In vitro safety, stability and killing kinetic

assays of ZnO NPs

4. In vivo antimicrobial assays of ZnO NPs
Semester 1V

1. Analysis of data and interpretation of
results

2. Preparation and submission of thesis
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