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PREFACE

Outbreaks of pathogens and chemical food poisoning occur regularly in this world. There
is no doubt that the source of food poisoning and adverse health effects are fast growing
research and technology areas in the last twenty years. Food recalls due to the presence of
food-borne pathogens and toxic chemicals are the nightmares for economic growth of the
world. Due to the lack of highly sensitive methods for the identification of pathogens and
toxic chemicals in food sample, our society needs rapid, sensitive, and reliable assay to
identify the harmful pathogens and toxic chemicals from food. The first volume in the “Food
Poisoning: Outbreaks, Bacterial Sources and Adverse Health Effects” series contains ten
chapters covering from basic science to possible device design which can have immense
applications in our society. This book is unique in its design and content, providing depth of
science about different causes of food poison, possible health effects and the latest research
about how to detect those food-borne pathogens and toxic chemicals. | believe that the
readers will be very pleased to read the wide range of start-of-the art techniques, which can be
used to find pathogen source and to overcome adverse health effects. We thank all the expert
scientists for their contributions and Nova Science Publishers, Inc for printing and timely
publishing of the book for the future readers.

In the first chapter, Prof. Peter Fu from the National Center for Toxicological Research,
Jefferson, Arkansas, USA discusses about food poisoning caused by pyrrolizidine alkaloid-
containing plants. It is now well documented that pyrrolizidine alkaloid-containing plants are
probably the most common type of poisonous plants affecting livestock, wildlife and humans.
Since the use of dietary supplements and functional foods has grown rapidly in the last twenty
years, we have to ensure that commercial herbal plants and herbal products are free from
pyrrolizidine alkaloids. Current chapter entitled “Pyrrolizidine Alkaloids: Toxic
Phytochemicals Found in Food” deals with the sources, routes of human exposure, and
underlying mechanisms leading to hepatototoxicity of pyrrolizidine alkaloids present in
herbal plants and herbal products. It also discusses the underlying mechanism by which
pyrrolizidine alkaloids induce liver tumors in experimental animals. As an outlook, authors
discuss the development of practical and liable methods for determining genotoxicity and
tumorigenicity mechanism is very important.

Second chapter entitled “Nanosilver-Based Antibacterial Agents for Food Safety” by
Shareena et, al. from USA reports the importance of food safety issues, the use of silver and
nanosilver as antibacterial agents and the mechanism of action on microbial pathogens and
parasites. Extensive research reports indicate that nanosilver, an ancient antibiotic, can be
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reconsidered to be used as an antibiotic in combination with some of the outdated antibiotics
for the treatment of infections. Current chapter summarizes bacteria-related food safety
issues, mechanisms of antimicrobial/antiparasitic properties of nanosilver, and the use of
nanosilver-based antimicrobials. It also discusses the synergistic effects and mechanistic
pathways of combined antibiotics and nanosilver on microbial pathogens and parasites. At the
end, they conclude that the antibacterial effect of nanosilver-antibiotic combination is greatly
dependent on the size, stabilizer of nanosilver as well as the type of antibiotic molecules.
Silver nano technology with combination of antibiotics has good potential to overcome
microbial drug resistance, which is the main theme of this chapter.

In the third chapter entitled “Laser-Induced Breakdown Spectroscopy (LIBS) as a
potential tool for food safety ”, Prof. Rosalie A. Multari from Applied Research Associates,
Albuquerque, New Mexico, USA discusses the potential of LIBS as a tool for food safety
applications. Over last few decades, LIBS has been shown to be useful for the detection of
toxic metals from soil. It has been also reported that LIBS can be used for biological and
chemical elements from fresh vegetables and food powders. Current chapter deals with the
use of LIBS as a diagnostic tool for certain food safety applications. It discusses in detail the
analysis of LIBS spectra for accurate identification of chemical and biological moieties in
food. At the end, they conclude that after better design, the use of LIBS for food safety would
allow for near real-time detection of both chemical and bacterial contaminations, thereby
enhancing food safety.

Chapter 4 entitled “Two Dimensional Graphene material for Food Pathogen Diagnosis”
by Bhanu Priya et al. illustrates the current status of the use of graphene material for food-
borne pathogen sensing. Current chapter focuses on the basic concepts and critical properties
of graphene materials that are useful for the pathogen sensing from food sample. Due to the
remarkable electronic and structural properties, graphene based device may have immense
applications in food industry. At the end, authors discuss about the possible future research in
this area for the next generation scientific community.

In the fifth chapter entitled “Plasmonic Nano-Probe and Nano-Medicine for Selective
Detection, Ultrasensitive Quantification, and Untrendy Treatment for Food-borne Bacterial
Infection” by Dulal Senapati from Saha Institute of Nuclear Physics, India, reviews the
plasmonic nanomaterials-based optical and spectroscopic techniques for strain-specific
detection, quantification and efficient destruction of different food-borne bacteria. Since last
ten years, intense research has been performed on how to use nanomaterial's size and shape
dependent plasmonic properties for selective food-pathogen detection and photothermal
killing. Current chapter reviews different types of food-borne bacterial species and their
possible adverse health effects. It discusses about recent development on nano-materials
based optical and spectroscopic techniques for detection, diagnosis and use of plasmonic
nanoparticle for the treatment for food-borne bacterial infection. At the end, the author
concludes that continuous research activity will likely lead to the development of exciting
plasmonic based techniques which can resolve our society's problem on food poisoning.

Chapter 6, entitled “Pseudomonas and Arsenic mediated endemic outbreaks of food and
water” by Debashis Chatterjee et al. from India discusses about a brief history of different
factors such as lack of food storage and transport facilities, which causes contamination of
food by several microorganisms and chemicals. Current chapter deals with food spoilage by
Pseudomonas and arsenic which affects fresh water source of life for several millions people,
mainly in Asia. This chapter also highlights several issues and concerns on public health of
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food spoilage. At the end, authors discuss few thoughts on future affordable and user friendly
technology needs to be developed.

In the 7th chapter, Dr. Brian G. Yust from University of Texas-Pan American, USA and
others, discuss the possible mechanisms and operating principle for the targeted separation,
imaging, and photothermal destruction of Mulidrug Resistance Bacteria (MDRB) from food
sample using magnetic-plasmonic nanotechnology. Since last two decades, infectious disease
outbreaks due to MDRB infections have been one of the leading causes of death globally.
Current chapter entitled “Hybrid Multifunctional Nanoparticles as Platforms for Targeted
Detection, Separation, and Photothermal Destruction of Food Pathogens” reviews the
synthesis path for iron magnetic core—shell gold nanoparticle and how to use them for the
targeted magnetic separation and enrichment, imaging, and the photothermal destruction of
MDR Salmonella DT104. The reported method in this chapter can be used as an alternative
way to destroy MDRB. At the end, they conclude that after the optimization of different
parameters, hybrid nanotechnology-driven assay could have enormous potential for
applications in the rapid MDRB separation and detection from food sample.

Chapter 8 by Prof. Ashton T. Hamme et al. from USA presents a summary of the
development of plasmonic carbon nanotube (CNT) nanotechnology-based bioassays, which
can used for the detection and photo thermal destruction of foodborne pathogens. Current
chapter entitled “Multifunctional SERS-Based SWCNT & Gold Nanostructures for Targeted
Detection and Photothermal Destruction of Foodborne Pathogens” discusses the fundamental
concepts and novel properties of the nanomaterials that are useful for the detection and killing
of the food-borne pathogens. This chapter provides an overview of strategies that applies
SWCNT and gold nanotechnology to detect and destroy MDRB for food safety. As an
outlook, they believe that properly chosen combinations of plasmonic and carbon
nanomaterials can be used as multifunctional nanomedical platforms for multimodal
diagnosis of MDRB from food sample.

In the ninth chapter Kanchanapally et al. discuss the development of hybrid SERS
platform, which can be used for highly selective and ultra-sensitive detection of melamine in
parts per quadrillion level. Since melamine from food are known to form insoluble crystals in
the kidney, which causes renal failure and even death for child, a device which can detect
very low concentration of melamine will be very useful for society. Current chapter entitled
“Detection of Melamine from Food in Parts Per Quadrillion Level Using Functionalized
Graphene Oxide- Gold Nanoparticle Hybrid SERS Platform” discusses about how the hybrid
graphene oxide based SERS platform can be used as an excellent SERS substrate for the
ultra-sensitive melamine detection from melamine contaminated milk product. At the end,
they conclude that reported plasmonic graphene based assay could have enormous potential
applications in rapid, on-site screening of melamine in food samples.

Chapter 10 by Louis Z G Touyz from McGill University, Montreal QC, discusses about
the toxicity of naphthalene vapor to human cells and tissues. This chapter entitled
"Naphthalene Mothballs: A silent killer" discusses about various signs and symptoms derived
from acute or chronic naphthalene poisoning. It also reports different methods of avoidance
and palliative care of mothball poisoning. Author also suggested possible sociological
strategies for people to minimize risks from mothball poisoning.

I hope that all the readers will be as excited as | am with the board range of coverage on
food technology. We would value feedback from all readers of this book. Your comments are
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very important for us to improve the next edition. So please feel free to e-mail your
suggestion to me via e-mail: paresh.c.ray@jsums.edu.

Thank you for reading.

Paresh C. Ray, 08/26/2014

Professor of Chemistry & Biochemistry
Jackson State University

P. O. Box 17910

Jackson, MS 39217

Tel: (601) 979-3486

Fax: (601) 979-3674

E-mail: paresh.c.ray@jsums.edu
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Chapter 1

PYRROLIZIDINE ALKALOIDS:
TOXIC PHYTOCHEMICALS FOUND IN FOOD

Peter Fu*and Qingsu Xia
Division of Biochemical Toxicology, National Center for Toxicological Research,
Jefferson, Arkansas, US

ABSTRACT

There are more than 660 structurally different pyrrolizidine alkaloids and
pyrrolizidine alkaloid N-oxides present in over 6,000 plants worldwide and about half of
those plants are hepatotoxic. In addition, many pyrrolizidine alkaloids are genotoxic and
tumorigenic. Pyrrolizidine alkaloid-containing plants are probably the most common type
of poisonous plants affecting livestock, wildlife, and humans. Humans are exposed to
toxic pyrrolizidine alkaloids through intake of contaminated staple foods, herbal
medicines, herbal dietary supplements, and herbal teas, and this may result in acute
poisoning, chronic poisoning, and epidemic outbreaks. While this is a serious health
concern, to date, there are no practical analytical methods that can quantify the total
quantity of toxic pyrrolizidine alkaloids present in herbal plants, herbal products, or
contaminated foods, such as honey and milk. Very recently, the mechanism by which
pyrrolizidine alkaloids induce liver tumors in experimental animals was determined at the
molecular level, and the structures of the resulting exogenous DNA adducts were fully
elucidated. The results of further studies indicate that a set of DNA adducts is a common
biological biomarker of pyrrolizidine alkaloid tumorigenicity and exposure.

INTRODUCTION

Pyrrolizidine alkaloids are heterocyclic compounds containing a necine base with a
characteristic bicyclic nitrogen-containing heterocyclic ring [1-3]. Upon hydrolysis,
pyrrolizidine alkaloids produce a necic acid and a necine base. Structurally, different types of
necine bases constitute different types of toxic and nontoxic pyrrolizidine alkaloids.

* Email: peter.fu@fda.hhs.gov, Tel: 870-543-7207, Fax: 870-543-7136.
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Figure 1. The common-necine bases of pyrrolizidine alkaloids.

The most common necine bases of pyrrolizidine alkaloids are platynecine, retronecine,
heliotridine, and otonecine (Figure 1). Retronecine and heliotridine are enantiomers, with the
former possessing a 7R-hydroxyl group and the latter having a 7S-hydroxyl group.
Pyrrolizidine alkaloid N-oxides, N-oxidized derivatives of retronecine-type and heliotridine-
type pyrrolizidine alkaloids, are also natural plant constituents. The quantity of pyrrolizidine
alkaloid N-oxides in a plant can be higher, nearly equal to, or lower than the corresponding
parent pyrrolizidine alkaloids [2]. Due to the presence of a methyl group at the nitrogen atom
of the necine base, otonecine-type pyrrolizidine alkaloids cannot biologically form the
corresponding pyrrolizidine alkaloid N-oxides. Pyrrolizidine alkaloid N-oxides exhibit a
variety of physical, chemical, and biological properties different from pyrrolizidine alkaloids.
For example, pyrrolizidine alkaloids are generally lipophilic, but pyrrolizidine alkaloid N-
oxides are very water-soluble. Pyrrolizidine alkaloids derived from other necine bases, such
as crotanecine and supinidine, are less studied [2].

There are approximately 660 pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides
present in more than 6000 plants. Retronecine-type, heliotridine-type, and otonecine-type
pyrrolizidine alkaloids have a double bond at the C1 and C2 positions of the necine base.
Most, if not all, of them exhibit hepatotoxicity and genotoxicity, and many possess
carcinogenicity [1, 2, 4]. The names and structures of representative pyrrolizidine alkaloids
are shown in Figure 2. Plant-generated pyrrolizidine alkaloids are typically esterified necines.

It has been recognized since the eighteenth century that pyrrolizidine alkaloids are highly
toxic. Livestock were poisoned by grazing on pyrrolizidine alkaloid-containing plants,
particularly the plant genuses Senecio, Crotalaria, and Heliotropium. Pyrrolizidine alkaloid
poisoning affects most species of domestic livestock, and causes tremendous livestock loss
worldwide [2, 5-12]. Pyrrolizidine alkaloids are also toxic to a variety of animal species [9,
13-17]. The toxic effects of pyrrolizidine alkaloids gained further attention when a series of
pyrrolizidine alkaloids were found to be genotoxic and tumorigenic in experimental animals
[1, 2, 4]. It became even more serious when human poisoning caused by pyrrolizidine
alkaloids was reported [1, 3, 18-24]. The International Programme on Chemical Safety
(IPCS) determined that pyrrolizidine alkaloids present in food are a threat to human health
and safety [25] A number of countries around the world have enacted regulatory decisions for
limiting the use of toxic pyrrolizidine alkaloids [25]. In 2011, the U.S. National Toxicology
Program (NTP) classified riddelliine as "reasonably anticipated to be a human carcinogen” in
the NTP 12" Report of Carcinogens [26]. Because of their widespread occurrence and high
toxicity, pyrrolizidine alkaloid-containing plants are probably the most common poisonous
plants affecting livestock, wildlife, and humans [2-4, 27-29].
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Many reviews, book chapters, and books on the chemistry, toxicity, and mechanisms of
pyrrolizidine alkaloids have been published [1, 2, 18, 20, 22, 28, 30-47]. In this review, the
sources, routes of human exposure, and underlying mechanisms leading to hepatototoxicity of
pyrrolizidine alkaloids contained in herbal plants and herbal products are described. The
underlying mechanism by which pyrrolizidine alkaloids induce liver tumors in experimental
animals, which was recently determined at the molecular level, is also reviewed.
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| Heliotridine-type Pyrrolizidine Alkaloids |
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[ Pyrrolizidine Alkaloid N-oxides |
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Figure 2. The names and structures of different types of pyrrolizidine alkaloids and pyrrolizidine
alkaloid N-oxides.

SOURCES OF PYRROLIZIDINE ALKALOID-CONTAINING PLANTS

Like other phytochemicals, pyrrolizidine alkaloids are produced by plants as secondary
metabolites to play a defensive role for against insect herbivores, vertebrates invasion, and
severe environmental conditions, particular drought [1-3, 29, 48-52]. Thus, pyrrolizidine
alkaloids are common constituents of hundreds of plant species of different unrelated
botanical families and are widespread in the world [2, 3, 25, 29, 40]. To date, more than 660
pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides have been identified in over 6,000
plants. Among the flowering plants in the world, it was estimated that there are about 3% that
contain toxic pyrrolizidine alkaloids [53]. Pyrrolizidine alkaloids have been identified in more
than twelve higher plant families of the Angiosperms, with the Compositae (Asteraceae),
Boraginaceae, and Legumionsae (Fabaceae) families containing the most toxic pyrrolizidine
alkaloids.

The genus Senecio contains a variety of toxic pyrrolizidine alkaloids and pyrrolizidine
alkaloid N-oxides and is most studied. For example, Senecio jacobaea, the most widespread
jacobine chemotype, contains at least seven individual alkaloids, jacobine, jacoline, jaconine,
jacozine, retrorsine, senecionine, and seneciphylline. Another species, S. longilobus, contains
four tumorigenic pyrrolizidine alkaloids, retrorsine, riddelliine, senecionine, and
seneciphylline. In some cases, a plant species contains only one major pyrrolizidine alkaloid.
Molynuex et al. [45] reported that S. riddellii contains essentially only a single pyrrolizidine
alkaloid, riddelliine, with retrorsine in trace quantities.

Toxic pyrrolizidine alkaloid-containing plants grow worldwide, including Australia,
Europe, South Africa, Central Africa, West Indies, China, Japan, Mongolia, Nepal, Jamaica,
Canada, New Zealand, and the United States [3, 22, 29, 54, 55]. It is noteworthy that
pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides can invade from originated lands
to other regions. An example is the recent report by Le Roux et al. [56] that fireweed (Senecio
madagascariensis) probably originated in southern Africa was found in Australia, and most
recently invaded Hawaii, having infested ranching areas [45, 57].

LIVESTOCK POISONING BY PYRROLIZIDINE ALKALOIDS

The first reported livestock poisoning by grazing upon pyrrolizidine alkaloid-containing
plants occurred more than two hundred and twenty years ago [45]. It was in 1787 that in
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Great Britain livestock consumed tansy ragwort (Senecio jacobaea), a toxic pyrrolizidine
alkaloid-containing plant, and were poisoned [45]. The earliest report of poisoning to
livestock in the United States was in 1884, caused by grazing upon prairie ragwort (Senecio
plattensis) and/or arrowhead rattlebox (Crotalaria sagittalis). The 1903 Annual Report of the
New Zealand Department of Agriculture stated that horses and cattle grazing pyrrolizidine
alkaloid-containing plants developed hepatic cirrhosis that was called “Winton disease” [58].
Similar livestock poisoning by pyrrolizidine alkaloid-containing plants, predominantly the
Senecio species, was reported in Australia [18] and South America [59]. Numerous incidents
have occurred continuously, including those concomitantly occurring with the human
epidemic outbreaks described in the following section.

RoOUTES OF HUMAN EXPOSURE TO PYRROLIZIDINE ALKALOIDS

Toxic pyrrolizidine alkaloids contaminate many different human food sources, such as
wheat, milk, honey, eggs, herbal medicines, and herbal teas [3, 8, 19-21, 23, 39, 42, 60-63]. In
contrast to poisoning animals occurring exclusively by grazing upon toxic pyrrolizidine
alkaloid-containing plants, ingestion by humans most frequently occurs through intake of
contaminated foodstuffs from many different sources, such as grains, honey, eggs, and milk,
[37] or through deliberate use of herbal remedies that contain toxic pyrrolizidine alkaloids [3,
45].

The same toxic pyrrolizidine alkaloids can expose humans through different routes. One
example is the tumorigenic riddelliine, a constituent in the tansy ragwort (Senecio jacobaea)
[52]. Riddelliine may contaminate human food sources, such as flour, milk, and honey [52,
64]. Riddelliine was also found in the herbal tea named “gordolobo yerba”, which was
popularly used in the American Southwest [65].

A. As Staple Food Contaminations and Cause of Human Epidemic Outbreaks

There are many reported human poisoning outbreaks caused by pyrrolizidine alkaloids
[18, 20, 22, 24, 45, 66]. Large scale human poisonings by intake of food contaminated with
toxic pyrrolizidine alkaloids took place in many countries [20, 22, 25, 66]. The first incidence
occurred in 1920 a large scale food poisoning incidence in South Africa associated with
consumption of bread made from wheat flour contaminated with toxic pyrrolizidine alkaloids,
Senecio ilicifolius and/or S. burchellii [67, 68].

The pyrrolizidine alkaloid-caused human outbreak involving the highest mortality (7200
inhabitants) occurred in north-western Afghanistan during a 2-year severe drought in the
period 1970-1972 [45, 69, 70].

The outbreak was attributed to consumption of bread made from wheat contaminated
with seeds of Heliotropium popovii subsp. gillianum (family Boraginaceae). It was estimated
that about 35000 inhabitants exposed to pyrrolizidine alkaloids, mainly the heliotrine and
heliotrine N-oxide.

Similar human outbreaks in Afghanistan occurred in 1990 — 2000. More recently, another
serious outbreak in Afghanistan occurred during the period November 2007 to December
2008.
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More than 270 people suffered with hepatic veno-occlusive disease (VOD) and 44 people
died [45, 71, 72]. Again, the outbreak was determined to be associated with consumption of
bread made from flour contaminated with weed seeds of Heliotropium species [73] and with
milk products from goats grazing contaminated plants in the area [73]. Using NMR
spectroscopy, Molyneux et al. [74] determined that the seeds contained heliotrine and
lasiocarpine.

Disruption of crop harvest can also result in contamination [45]. In 1922, a blockade in
southern Tadjikistan led to a delay of wheat harvest about two months, resulting in seeds of
the weed Heliotropium lasiocarpum to contaminate the crop harvested. Consumption of the
contaminated flour as bread resulted in 3906 people suffering from hepatotoxicity [66, 75].
In 1973, an outbreak of “veno-occlusive disease” in the Sarguja district of India was due to
consumption of cereals contaminated with seeds of Crotalaria nana. A total of 486 people
died of veno-occlusion disease [70, 76, 77].

Human poisoning by exposure to pyrrolizidine alkaloids occurs more frequently in under-
developing countries, such as in central and south Asia, by intake of contaminated staple
food. It occurs much more frequently during the drought weather, because under such
conditions, grains easily invaded by weeds of pyrrolizidine alkaloid-containing plants [45].
The people in developed countries take a variety of staple foods, and thus, human outbreaks
due to intake of pyrrolizidine alkaloid-contaminated foods occur much less frequently.

B. As Food

Prakash et al. [20] reported that in the past people in Europe, North America, Japan, and
Australia frequently consumed salads that contained the leaves of comfrey. Comfrey contains
up to nine pyrrolizidine alkaloids, at least two of which, symphytine and lasiocarpine, are
carcinogenic [78]. Pyrrolizidine alkaloid-containing plants, including Senecio cannabifolius,
Petasites japonicus, Tussilago farfara, Farfugium japonicum, and Symphytum officinale, were
consumed as vegetables in Japan [79]. Senecio jacobaea [80] and Echium plantagineum [81]
were consumed as food in Oregon and Southeastern Australia, respectively. Even more
recently, in 2007, salads sold in Germany were contaminated with Senecio vulgaris, a toxic
pyrrolizidine alkaloid-containing plant [47].

The human intake of meat and dairy products from animals grazing on plants containing
toxic pyrrolizidine alkaloids is another route of food contamination. This route results in the
production of honey [37, 61, 80-82] eggs [83] and milk [43, 84] contaminated with toxic
pyrrolizidine alkaloids [37, 39, 41]. In 1990, the potential risk of human intake of
pyrrolizidine alkaloid-contaminated milk was reviewed by Molyneux and James [84].

In 1977, Deinzer et al. [80] first reported the detection of toxic pyrrolizidine alkaloids in
honeys from different sources. Since then, it was found that honey contaminated with toxic
pyrrolizidine alkaloids is widespread, and can seriously cause human health effects.

Table 1 is mainly the summarized information concerning pyrrolizidine alkaloid-
containing plants known in honey products published in a review by Edgar in 2002 and
several additional recent findings [61, 82, 85].
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Table 1. Pyrrolizidine Alkaloid-Containing Plants Reported in Honey Products”

Country Plant Family Plant Genus
Boraginaceae Family
Argentina Echium
Austria Myosotis
Australia Echium, Heliotropium
Canada Borago
Denmark Borago
Egypt Borago
Finland Borago
Germany Borago, Myosotis
Italy Echium, Myosotis, Borago, Cynoglossum
Lithuania Symphytum
Morocco Echium
New Zealand Echium
Poland Echium
Portugal Echium
South Africa Echium
Spain Echium
Switzerland Myosotis
Turkey Myosotis
Ukraine Symphytum
United Kingdom Borago, Myosotis
Uruguay Echium
USA Borago
USSR Echium, Symphytum, Borago, Cynoglossum
Yugoslavia Echium
Asteraceae Family
Albania Senecio
Argentina Eupatorium [82]
Australia Ageratum, Ageratum [85]
Brazil Senecio, Eupatorium; Chromolaena [82]
Burma Chromolaena
Germany Petasites
India Senecio, Ageratum
Italy Senecio, Petasites, Tussilago
Mexico Eupatorium, Senecio
Netherlands Tussilago
Nigeria Ageratum, Chromolaena
Poland Tussilago
Somalia Eupatorium
South Africa Ageratum
Switzerland Senecio
Thailand Chromolaena (Eupatorium)
Taiwan Ageratum
United Kingdom Senecio
Uruguay Eupatorium [82]
USA Senecio
Zimbabwe Senecio
Fabaceae Family
India Crotalaria
Senegal Crotalaria
Venezuela Crotalaria

*Data summarized by Edgar et al. in 2002,* or reported as cited.
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This information indicates that pyrrolizidine alkaloid-contaminated honey is widespread in
the world. Furthermore, pyrrolizidine alkaloid-containing honey and pollen used as
ingredients in food processing can also cause a downstream contamination in the food chain,
reported having been detected in mead, candy, and fennel honey [86]. In general, the levels of
contamination are usually low, not sufficient to cause acute or sub-acute poisoning. However,
long-time continuous intake can easily reach a level above the maximum tolerable daily
intakes set by risk assessment authorities, and potentially lead to chronic diseases, including
cancer [37].

C. AsHerbal Teas

Herbal teas have been a route of human exposure to toxic pyrrolizidine alkaloids [1, 25,
87, 88]. In both under-developed and developed countries, including South Africa, India,
Japan, China, Jamaica, Mexico, Europe, South America, Sri-Lanka, and the United States,
folk teas have been used for medicinal purposes; unfortunately, many of which contain toxic
and tumorigenic pyrrolizidine alkaloids [8, 25, 29]. For example, it was found the herbal tea
named “gordolobo yerba”, which was popularly used in the American Southwest, contained
the carcinogen riddelliine [65].

Several human outbreaks have been caused by the intake of Bush-teas containing toxic
pyrrolizidine alkaloids. The incidences were in Jamaica in 1954 and 1970 [89, 90], South
Africa in 1968 [91] and Martinique in 1975 [92]. Similar human outbreaks caused by intake
of herbal teas containing toxic pyrrolizidine alkaloids were in Ecuador in 1973 [93], China in
1985 [94], Switzerland in 1985 and 1986 [95, 96], the United Kingdom in 1986 [97], Peru in
1994 [98], Austria in 1995 [99], and Argentina in 1999 [100].

D. As Herbal Medicines

In the ancient time, people took herbal medicines for treatment of illness. In the twenty
century, modern Western medicine has replaced herbal medicines as the principal approach
for curing illness. However, herbal medicine is still popular in many under-developed
countries, including China, and also sporadically used in the developed countries, including in
the United States and Europe. Unfortunately, many herbal medicinal plants contain toxic
pyrrolizidine alkaloids [39, 41, 62, 101, 102]. To date, there are over 50 species of Chinese
herbal plants containing pyrrolizidine alkaloids have been identified [29, 41, 87]. Among
these plants, those from the Asteraceae (Compositae) family dominate, followed by the
Boraginaceae and Fabaceae (Leguminosae) families, with the Orchidaceae family the least.

To date, more than 90 pyrrolizidine alkaloids were identified in herbal plants grown in
China, among which about 20 induced tumors in experimental animals [1, 29, 62]. At the
present, it is not known the total number of herbal plants in China that contain pyrrolizidine
alkaloids.

The lack of this important information mainly attributed to the fact that it has not been
systematically studied. Consequently, human health risk posed by consumption of
pyrrolizidine alkaloid-containing Chinese herbal plants is a big concern.
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E. As Herbal Dietary Supplements and Functional Products

Pyrrolizidine alkaloid-induced hepatotoxicity in humans in developing countries has been
increasing during the recent decades because the use of traditional herbal remedies has
increased considerably [3]. For example, pyrrolizidine alkaloid-containing herbal plants, such
as comfrey, coltsfoot, and borage, have been sold as dietary supplements [8, 29, 40, 42, 60,
61]. Comfrey and coltsfoot are Chinese herbal medicines and produced in many countries.
Chow and Fu [103] determined that pyrrolizidine alkaloid-derived DNA adducts were formed
in livers of female F344 rats gavaged with three dietary supplements, comfrey root extract,
comfrey compound oil, and coltsfoot root extract, sold in the United States.

TOXICITY OF PYRROLIZIDINE ALKALOIDS

Most pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides with a 1,2-double bond
exhibit toxic effects, including hepatotoxicity, carcinogenicity, genotoxicity, pneumotoxicity,
and teratogenicity [2]. Pyrrolizidine alkaloids themselves are not toxic and require metabolic
activation to form the "pyrrolic" metabolites, dehydropyrrolizidine alkaloids, to exert acute
toxicity, chronic toxicity, genotoxicity, and carcinogenicity [2, 43, 63, 104, 105]. The
determined genotoxicities of pyrrolizidine alkaloids include DNA binding, DNA cross-
linking, DNA-protein cross-linking, sister chromatid exchange, chromosomal aberrations, and
mutagenicity [106].

ACUTE AND CHRONIC POISONING

Pyrrolizidine alkaloid-induced acute poisoning causes massive hepatotoxicity, resulting
in haemorrhagic necrosis, hepatomegaly, and ascites [2, 20, 25, 41, 107, 108]. Severe liver
necrosis and dysfunction can lead to death. Sub-acute poisoning causes hepatomegaly,
ascites, and endothelial proliferation. Further liver damage can lead to occlusion of hepatic
veins, resulting in the veno-occlusion disease (VOD), which represents a characteristic
histological sign of pyrrolizidine alkaloid poisoning [1, 20, 25, 107, 108]. At the end-stage of
chronic poisoning by pyrrolizidine alkaloids, the VOD causes centrilobular congestion,
necrosis, fibrosis, and liver cirrhosis.

Chronic poisoning by pyrrolizidine alkaloids also affects other tissues and organs,
including lungs, blood vessels, kidneys, pancreas, gastrointestinal tract, bone marrow, and
brain [2, 41]. Exposure over a longer period of time causes cell enlargement (megalocytosis),
veno-occlusion in liver and lungs, fatty degeneration, nuclei enlargement with increasing
nuclear chromatin, loss of metabolic function, inhibition of mitosis, proliferation of biliary
tract epithelium, liver cirrhosis, nodular hyperplasia, and liver adenomas or carcinomas [2,
41].

As hepatotoxicity is the principal effect induced by pyrrolizidine alkaloids, it has been
determined that pyrrolizidine alkaloids exhibit markedly different hepatotoxicity potency and
acute toxicity (LDsg) [2]. Pyrrolizidine alkaloids without a double bond in the necine moiety
in general are not toxic. Among the pyrrolizidine alkaloids, macrocyclic diester pyrrolizidine
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alkaloids are most toxic. Open chain diester pyrrolizidine alkaloids are generally less toxic.
Among macrocyclic diester pyrrolizidine alkaloids, those derived from retronecine exhibit the
greatest hepatotoxicity. Accordingly, macrocyclic diester pyrrolizidine alkaloids of
retronecine-type pyrrolizidine alkaloids are the most studied pyrrolizidine alkaloids.

A. Genotoxicity

Upon metabolism, pyrrolizidine alkaloids exhibit a variety of genotoxicities, resulting in
DNA damage, chromosomal damage, and mutations [2, 8, 18, 63, 106, 109]. Both plant
extracts and pure pyrrolizidine alkaloids have been extensively studied for genotoxicity in
different systems. The resulting DNA damage includes DNA strand breakage, unscheduled
DNA synthesis, DNA-DNA cross-linking, DNA-protein cross-linking [1, 4, 27, 110-112],
and DNA adduct formation [1, 4, 27].

Pyrrolizidine alkaloids induce unscheduled DNA synthesis in rat hepatocytes and
peripheral blood polychromatic erythrocytes of Swiss mice [113-115]. Bruggeman and van
der Hoeven [116] determined that several pyrrolizidine alkaloids induced SCEs in V79
Chinese hamster cells co-cultured with chick embryo hepatocytes. Riddelliine induced
unscheduled DNA synthesis, S-phase synthesis, and micronuclei [117].

Chromosomal damage induced by pyrrolizidine alkaloids was commonly studied by
measuring micronucleus induction. This assay clearly shows that pyrrolizidine alkaloids and
pyrrolizidine alkaloid-containing plants produce micronuclei in hepatocytes, bone marrow
erythrocytes, and peripheral blood cells, validating that they are clastogenic agents [106, 118].
Pyrrolizidine alkaloids caused chromosome rearrangements in Drosophila melanogaster
[119]. Chan [120] determined that in the presence of S9, riddelliine induced chromosomal
aberrations in Chinese hamster ovary (CHO) cells. Pyrrolizidine alkaloids induce sister
chromatid exchange and chromosomal aberrations in Chinese hamster ovary cells [121].
Heliotrine was found to induce somatic and teratogenic effects in Drosophila [122].

Frei et al. [38]. studied the induction of somatic mutation and recombination in wing cells
of Drosophila melanogaster by a series of pyrrolizidine alkaloids. They determined that the
mutagenic potency was in the order: senkirkine > monocrotaline > seneciphylline >
senecionine > retrorsine > 7-acetyllycopsamine > symphytine > jacoline > symlandine >
intermedine > indicine > lycopsamine > indicine N-oxide > supinine.

The mutagenicity of clivorine, heliotrine, lasiocarpine, senkirkine, retrorsine,
seneciphylline, and riddelliine in Salmonella typhimurium TAZL100 in the presence of S9
enzymes was determined [78, 123-126]. Comfrey (Symphytum Officinale) extract was
determined to be mutagenic in rat liver in vivo [106]. Mei et al. [127] found that riddelliine
exhibited differential mutagenicity in liver endothelial and parenchymal cells of transgenic
Big Blue rats.

B. Carcinogenicity

Pyrrolizidine alkaloids are among the first naturally occurring carcinogens to be
discovered [2]. A number of pyrrolizidine alkaloid-containing plant extracts and pyrrolizidine
alkaloids have been determined to induce tumors in experimental animals (Table 2) [64, 79,
120, 128-135]. The tumorigenic pyrrolizidine alkaloids are mainly from three plant families,
Compositae, Boraginaceae, and Leguminosae (Table 2). Based on chemical structures, these
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tumorigenic pyrrolizidine alkaloids belong to retronecine-type, heliotridine-type, and
otonecine-type pyrrolizidine alkaloids. Their structures are shown in Figure 2.

As shown in Table 2, only one pyrrolizidine alkaloid N-oxide, retrorsine N-oxide (or
isatidine) has so far been tested and shown to be carcinogenic. Consequently, the
tumorigenicity of more pyrrolizidine alkaloid N-oxides warrants further investigation.

Table 2. Carcinogenic pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides in rats

Pyrrolizidine Alkaloids | Plant species (Family)? | Tumor types | References
Retronecine - Type Pyrrolizidine Alkaloids
Retrorsine Senecio (Compositae) Liver carcinoma [134, 136-
138]
Riddelliine Senecio (Compositae), Hepatocarcinoma [136, 138,
Crotalaria 139]
(Leguminosae)
Monocrotaline Crotalaria Liver carcinoma, pulmonary | [140, 141]
(Leguminosae) adenoma, adrenal adenoma
Senecionine” Senecio (Compositae) Liver tumor [134, 138,
142]
Seneciphylline Senecio (Compositae) Hemangioendothelial [136, 142]
sarcoma, liver adenoma
Jacobine Senecio L. (Compositae) | Liver tumor [134, 143]
Symphytine Symphytum officinale L Liver tumor [144, 145]
(Boraginaceae)
Intermedine Amsinckia Lslet cell adenoma, bladder [133, 137]
(Boraginaceae) papillary tumor
Lycopasamine Amsinckia Islet cell adenoma, bladder [133, 137]
(Boraginaceae) papillary tumor
Retronecine Crotalaria Spinal cord tumor [132]
(Leguminosae)
Retronecine — Type Pyrrolizidine Alkaloid N-Oxide
Retrorsine N-oxide Senecio (Compositae), Liver carcinoma, [134, 137,
(Isatidine) Crotalaria 138]
(Leguminosae)
Heliotridine - Type Pyrrolizidine Alkaloids
Lasiocarpine Heliotropium Liver angiosarcoma, liver [130, 135,
(Boraginaceae) carcinoma, skin carcinoma, 146, 147]
pulmonary adenoma
Heliotrine Heliotropium Pancreatic islet cell tumor, [131]
(Boraginaceae) hepatoma
Otonecine - Type Pyrrolizidine Alkaloids
Clivorine Ligularia dentata Hara Hemangioendothelial [128]
(Compositae) sarcoma, liver adenoma
Senkirkine Senecio (Compositae) Hemangioendothelial [79, 142, 144]
Petasites (Compositae) sarcoma, liver adenoma
Patasitenine Senecio (Compositae) Liver hemangio- [79, 148, 149]
enthdothelial sacrcoma, liver
adenoma
Hydroxy-senkirkine Senecio (Compositae) Bladder papillary tumor [132, 150]
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Pyrrolizidine Alkaloids Plant species (Family)? | Tumor types | References
Dehydropyrrolizidine Alkaloid Metabolites

Dehydro-heliotridine® -- Liver cystadenoma, lung [108]
adenocarcinoma, pancreas
islet cell tumor

Dehydro-monocrotaline® -- Skin tumor [129]
Dehydro-retronecine -- Rhabdomyosarcoma, skin [129, 140,
(DHR)® tumor 141, 151]

*Represents one of the main sources. "Not based on testing of the pure compound, but based on testing
of the Senecio plants (such as Senecio jacobaea L.) that contain senecionine. “Prepared from
organic synthesis.

METABOLIC ACTIVATION
OF PYRROLIZIDINE ALKALOIDS LEADING TO TOXICITIES

Pyrrolizidine alkaloids are in most cases require metabolic activation to exert their
toxicities [1, 2, 8]. Metabolism of pyrrolyzidine alkaloids occurs mainly in the liver.
Metabolism and determination of metabolic activation pathways leading to cytotoxicity,
genotoxicity, and tumorigenicity have been extensively studied [1, 2, 4, 8, 27, 152].
Retronecine-type, heliotridine-type, and otonecine-type pyrrolizidine alkaloids are most toxic.
With retronecine-type and heliotridine-type pyrrolizidine alkaloids, there are three principal
Phase | metabolic pathways: (i) dehydrogenation of the necine base, (ii) hydrolysis of the
ester functional groups, and (iii) N-oxidation of the necine bases to the corresponding
pyrrolizidine alkaloid N-oxides.

The first pathway involves the initial hydroxylation at the C-3 or C-8 position, catalyzed
by cytochromes P-450, specifically by CYP2B6 and CPY3A isozymes [1, 153-156], to form
3- or 8-hydroxynecine derivative, which upon dehydration, generates the corresponding
dehydropyrrolizidine  (pyrrolic) alkaloid metabolites. Dehydropyrrolizidine alkaloid
metabolites are highly unstable, with half-lives of about 0.3-5.1 seconds [157] in aqueous
medium, and therefore have never been isolated from any in vitro or in vivo experimental
systems. These reactive primary metabolites are facilely hydrolyzed to (+/-)-6,7-dihydro-7-
hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP), or react with cellular proteins and DNA to
form protein-DHP and DNA-DHP adducts as secondary metabolites, leading to pyrrolizidine
alkaloid-induced toxicity [1, 2]. These reactive metabolites also react with cellular glutathione
(GSH) to form GSH-DHP adducts which are trans-located in the urine and bile, and excreted
[1,2].

The second metabolic pathway, hydrolysis of the ester functional groups at C7 and C9
positions of the necine bases produces retronecine [153, 158-160], catalyzed by liver
microsomal and cytosolic carboxyesterases [1, 2, 41, 155, 161, 162]. Since retronecine
exhibits very low or no toxicity, this biotransformation is generally considered a
detoxification pathway. The third principal pathway, metabolic N-oxidation to pyrrolizidine
alkaloid N-oxides is catalyzed by both cytochrome P-450 (2B6 and 3A) and flavin-containing
monooxygenase [16, 153, 163, 164]. Taking riddelliine as an example, these three metabolic
pathways are shown in Figure 3.
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Figure 3. Metabolism pathways of riddelline.

Due to a methyl group at the nitrogen position of the necine base (Figure 1), metabolic N-
oxidation of otonecine-type pyrrolizidine alkaloids to generate pyrrolizidine alkaloid N-
oxides does not occur. Thus, otonecine-type pyrrolizidine alkaloids possess only two
principal metabolic pathways. The first pathway is oxidative N-demethylation of the necine
base, followed by ring closure through the elimination of a formaldehyde molecule, and the
subsequent dehydration to generate dehydropyrrolizidine alkaloid metabolites. The C7
position of otonecine-type pyrrolizidine alkaloids possesses an R absolute configuration.
Thus, the resulting dehydropyrrolizidine alkaloid metabolites all have a necine base identical
to that of retronecine-type pyrrolizidine alkaloids [1, 165-168]. The second metabolic
pathway is hydrolysis of the ester functional group(s) to form the corresponding necine bases
and acids. As an example, the principal Phase | metabolism pathways of clivorine are shown
in Figure 4.

Dehydropyrrolizidine alkaloids are principle metabolites that exert cytotoxicity,
genotoxicity, and tumorigenicity [169, 170].

Therefore, the relative ease of dehydropyrrolizidine alkaloid formation compared to
hydrolysis of dehydropyrrolizidine alkaloid is crucial in determining the toxicity of
pyrrolizidine alkaloids. Several structural features, in particular steric hindrance, have been
found to be important factors with related to dehydropyrrolizidine alkaloid metabolite
formation and the metabolic hydrolysis pathway [111, 162, 171].

Pyrrolizidine alkaloid N-oxides are less toxic than the corresponding pyrrolizidine
alkaloids and consequently are considered as detoxification metabolites [1-3, 22, 134, 161].
The toxicity of pyrrolizidine alkaloid N-oxides in animals is largely due to their conversion to
the parent alkaloids in the gut [169, 170]. Recent studies determined that metabolism of
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riddelliine N-oxide, monocrotaline N-oxide, and retrorsine N-oxide by rat and or human liver
microsomes generated their carcinogenic parent pyrrolizidine alkaloids, riddelliine,
monocrotaline, and retrorsine, respectively [172-174]. These results provide the alternative
genotoxic mechanism by which pyrrolizidine alkaloid N-oxides induce toxicity.
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Figure 4. Principal phase | metabolism pathways of clivorine.

MECHANISMS OF PYRROLIZIDINE ALKALOIDS INDUCTION
OF TUMORS

Pyrrolizidine alkaloids have been shown to induce tumors, primarily liver tumors, in
experimental animals (Table 2). The mechanisms by which pyrrolizidine alkaloids induce
tumors have been studied over the past several decades, and the formation of endogenous
DNA adducts, exogenous DNA adducts, and DNA-DNA cross-links has been reported.

A. Formation of Endogenous DNA Adducts

Liver microsomal metabolism of senecionine generated trans-4-hydroxy-2-hexenal as a
metabolite [175-179]. It is known that lipid peroxidation generates trans-4-hydroxy-2-hexenal
that can react with deoxyguanosine and produce two adducts [179]. The overall results
suggest that trans-4-hydroxy-2-hexenal may be a tumogenic metabolite of senecionine,
although the mechanism has not been fully elucidated. These findings implicate that induction
of lipid peroxidation by pyrrolizidine alkaloids may be involved in pyrrolizidine alkaloid-
induced genotoxicity and tumorigenicity.

B. Formation of DNA Cross-linking and DNA-protein Cross-linking

Dehydropyrrolizidine alkaloids and DHP metabolites have two electrophilic sites at the
C7 and C9 positions of the necine base, capable of binding to DNA and protein to form
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DNA-DNA cross-linking, protein-protein cross-linking, and/or DNA-protein cross-linking
[110-113, 178, 180-182].

Coulombe and co-workers compared the extent of DNA cross-linking formation induced
by eight representative pyrrolizidine alkaloids, which included five macrocycle diesters
(seneciphylline, senecionine, riddelliine, retrorsine, and monocrotaline), two open diesters
(heliosupine and latifoline), and one necine base (retronecine), in cultured bovine kidney
epithelial cells in the presence of an external metabolizing system [110, 111, 171]. The
relative potency in causing DNA cross-linking and DNA-protein linking was determined to
be: seneciphylline > riddelliine > retrorsine > senecionine > heliosupine > monocrotaline >
latifoline > retronecine. In addition, the level of DNA cross-linking was higher than the
DNA-protein cross-linking [111].

Kim et al. [112] studied five dehydropyrrolizidine alkaloid metabolites in mammalian
cells, and found that the four macrocyclic diesters, dehydrosenecionine,
dehydroseneciphylline, dehydroriddelliine, and dehydromonocrotaline, induced protein-DNA
cross-links, with the levels higher than that from dehydroretronecine. Furthermore, the level
of DNA-protein cross-linking formation correlated with the animal toxicity induced by the
parent pyrrolizidine alkaloids. Thus, Kim et al. [112] concluded that DNA-protein cross-
linking activity is probably involved in pyrrolizidine alkaloid-induced tumor induction and
other related diseases.

To date, the structures of DNA crosslink adducts have not been fully characterized. The
correlation between levels of adducts formation and tumor potency of treated animals has not
been determined. These data gaps warrant further investigation.

C. Formation of Exogenous DNA Adducts
1. Mechanism by which Riddelliine Induces Tumors

The tumorigenicity of riddelliine was determined by the National Toxicology Program
(NTP). The NTP two-year tumorigenicity study found that riddelliine induced liver
hemangiosarcomas in male and female F344 rats and male B6C3F; mice [120]. Riddelliine is
the first pyrrolizidine alkaloid for which a mechanism of induction of liver tumors was
determined in experimental animals [183]. The mechanistic study and DNA adduct formation
in vitro and in vivo were first determined by using the **P-postlabeling/HPLC method.
A highly sensitive 3P-postlabeling/HPLC method was developed by Yang et al. [184] and
then used it for identification and quantitation of riddelliine-derived DNA adducts. Reaction
of the synthetically prepared dehydroretronecine (DHR) with calf thymus DNA produced
eight DHP-derived DNA adducts [183], of which two were identified as enantiomers of DHP-
derived 7’-deoxyguanosin-N*yl adducts and the other six adducts were DHP-modified
dinucleotides [183, 185]. Subsequent studies revealed that the same set of DHP-derived DNA
adducts was formed from (i) metabolism of riddelliine by liver microsomes of male and
female mice and rats in the presence of calf thymus DNA; and (ii) in the livers of F344
female rats administered riddelliine [183].

The studies by Yang et al. [183]. and Chou et al. [185, 186]. determined that there was a
dose-response relationship between the extent of liver tumors of rats administered riddelliine
and the levels of the eight DHP-derived adducts. DNA adduct levels in rat endothelial cells,
the cells of origin for the hemangiosarcomas, were significantly greater than in the
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parenchymal cells [185, 186]. Furthermore, the metabolic pattern and DNA adduct profile
from metabolism of riddelliine by human liver microsomes were very similar to those formed
in rat liver, indicating that the results of in vivo and in vitro mechanistic studies with
experimental rodents are highly relevant to humans [187]. These results suggest that
riddelliine can be genotoxic to humans via DHP-derived DNA adduct formation.

Although *?P-postlabeling/HPLC method can be used to identify and quantify DHP-
derived DNA adducts in vitro and in vivo, this method lacks of structural information about
the resulting DHP-derived DNA adducts. As a result, a highly accurate and precise HPLC-
ES-MS/MS methodology was developed for the identification and quantitation of DHP-
derived DNA adducts in vivo and in vitro [27]. The levels of DHP-2'-deoxyguanosine (DHP-
dG) and DHP-2'-deoxyadenosine (DHP-dA) adducts formed in vivo were determined by
multiple reaction monitoring (MRM) analysis, using the synthesized isotopically labeled
DHP-[*N5]dG and DHP-[°Ns, *Cy]dA adducts of known quantities as internal standards
[27]. For structural identification of the DHP-derived DNA adducts formed in vitro and in
vivo, five DHP-dG adducts (designated as DHP-dG-1, DHP-dG-2, DHP-dG-3, DHP-dG-4,
and DHP-dG-5) and four DHP-dA adducts (designated as DHP-dA-1, DHP-dA-2, DHP-dA-
3, and DHP-dA-4) were prepared from reactions of dehydroriddelliine with dG or dA,
respectively [27, 152]. The reactions, names, and structures of these adducts are shown in
Figure 5 and Figure 6. In these adducts, DHP-dG-4 is 7-hydroxy-9-(deoxyguanosin-N2-
yl)dehydrosupinidine, an epimer of DHP-dG-3; DHP-dA-3 and DHP-dA-4 are another pair of
epimers of 7-hydroxy-9-(deoxyadenosin-N6-yl) dehydrosupinidine. Similarly, DHP-dG-1 and
DHP-dG-2 adducts are a pair of epimers; and DHP-dA-1 and DHP-dA-2 are another pair of
epimers.

HPLC-ES-MS/MS analysis determined that in the liver of rats treated with the riddelliine
produced DHP-dG-3 and DHP-dG-4 as predominant products, and DHP-dA-3 and DHP-dA-4
as minor adducts. The unequivocal DNA adduct structural determination provided the
conclusion that cellular DNA preferentially binds to the reactive dehydroriddelliine
metabolite at the C9 position of the necine base, rather than at the C7 position. This represents
the first study with detailed structural assignments of pyrrolizidine alkaloid-derived DNA
adducts, which are responsible for pyrrolizidine alkaloid tumor induction [152]. Thus, the
mechanism of tumor initiation by a tumorigenic pyrrolizidine alkaloid, riddelliine, was fully
determined (Figure 7). Partly because of these mechanistic findings, the NTP has classified
riddelliine as “reasonably anticipated to be a human carcinogen” in 2011 [26].

2. General Metabolic Pathway for Activation of Pyrrolizidine Alkaloids and DNA
Adducts as Biomarkers of Tumorigenicity

The mechanistic studies from Fu and co-workers indicated that all different types of
tumorigenic pyrrolizidine alkaloids generated the same set of DHP-derived DNA adducts in
vivo, but these adducts were not formed from a non-tumorigenic pyrrolizidine alkaloid
(platyphylliine) or vehicle control [4, 103, 160, 173, 174, 188-191]. The initial studies were
conducted using **P-postlabeling/HPLC analysis.

The results indicate that the same set of DHP-derived DNA adducts was found from
metabolism of a series of tumorigenic pyrrolizidine alkaloids and pyrrolizidine alkaloid N-
oxides, including clivorine [190], retrorsine [173], monocrotaline [188], lasiocarpine [189],
heliotrine [160], retronecine [191], retronecine N-oxide [191], retrorsine N-oxide [174], and
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monocrotaline N-oxide [174] in vitro and/or in vivo. In addition, the same set of adducts was
identified from metabolism of the Ligularia hodgsonnii hook plant extract in vitro [190] and
in the liver of female F344 rats gavaged with dietary supplements, comfrey root extract,
comfrey compound oil, and coltsfoot root extract, and with a Chinese herbal plant extract,
flos farfara (Kuan Tong Hua) [103].

HO :CH2OH Ho. CH,OH
N X (0] N X (0]
o o o-Bromanil o o Q dG
_ _
s ! CH4Cl/OH resin Vs X" DMF/NaHCO4H,0
Ny o =N,
6 N 6 N /
5 4 3 5 4 3
Riddelliine Dehydroriddelliine
CH,OH CI\(;
DHP-dG-1 DHP-dG-2 DHP-dG-3
HO N
(o} \
N
NH Hp HoG -0
<1 U ¢ oH \,
dR H ¢ ¢ | By
N N SNT ONH
dR
DHP-dG-4 DHP-dG-5

Figure 5. Synthesis of DHP-dG adducts from reaction of dehydroriddelliine and dG.

Ho  CHzOH HO, CH20H
N X (0] N X (0]
10 o) o-Bromanil o o Q dA

—_—— —_—
Vs 1\ CH3CI/OH resin 738 X’ DMFNaHCOyH,0
6 N 2 6 / 2
N

5 4 3 5 4 3
Riddelliine Dehydroriddelliine

HO™ N | )" oH | )" “oH
1
9

HN" 7 NH NH

“f“ f .e O

a ; N y N

<N N/) HO ) HO <N ‘ N/) HO <N ‘ /)
k_v ° o

OH DHP-dA-1 OH DHP-dA-2 OH  DHP-dA-3 OH  DHP-dA-4

Figure 6. Synthesis of DHP-dA adducts from reaction of dehydroriddelliine and dA.



Pyrrolizidine Alkaloids 19

H HO, (CH,0H
S o
(o]
e CH, o HCTY HO CH,0H
CPY2B CH, Hydrolysis
0" o cfQ — = 07N Zcﬁo _nydrolysis =
8 1 2 %
6 N, =
5 N DHP
Riddelliine Dehydroriddelline
@?‘ <3
S %
@
(}4—0
S
D
HO  H,C—dG HO  H,c—dG dG CH,0H dac CH,0H
g T 5+ D
N/ + N/ N/ N/
DHP-dG-3 DHP-dG-4 DHP-dG-1 DHP-dG-2
HO H,C—dA HO  HC—dA
= + ~F dA  OHOH dA  CHOH
N Y N / = + / =
DHP-dA-3 DHP-dA-4 N/ N/
DHP-dA-1 DHP-dA-2

Liver Tumors

Figure 7. Proposed metabolic activation pathway of riddelliine leading to liver tumor formation.

The most recent study conducted by Xia et al. [187] was to use the HPLC-ES-MS/MS
method for identification and quantitation. In this study, eleven pyrrolizidine alkaloids were
each orally gavaged to female F344 rats for 3 consecutive days, and rats were sacrificed 24
hrs after the last dose. These pyrrolizidine alkaloids are: seven hepatocarcinogenic
pyrrolizidine alkaloids (riddelliine, retrorsine, monocrotaline, lasiocarpine, heliotrine,
clivorine, and senkirkine), two extrahepatocarcinogenic pyrrolizidine alkaloids (lycopsamine
and retronecine), a non-tumorigenic pyrrolizidine alkaloid (platyphylliine), and a
pyrrolizidine alkaloid N-oxide (riddelliine N-oxide). Similar to the results of riddelliine
described earlier, DHP-dG-3, DHP-dG-4, DHP-dA-3, and DHP-dA-4 adducts were formed in
the liver of rats treated with the individual seven hepatocarcinogenic pyrrolizidine alkaloids
and riddelliine N-oxide, and that these DNA adducts were not formed in the liver of rats
dosed lycopsamine, retronecine, platyphylliine, or the vehicle control.

Based on the levels of DNA adduct formation, there is a correlation between the order of
liver tumor potency and the level of DNA adduct formation of high dose experiments
(retrorsine > lasiocarpine > riddelliine ~ monocrotaline > riddelliine N-oxide > senkirkine >
heliotrine > clivorine > lycopsamine > retronecine > platyphylliine ~ control) [4].

These results indicate that this set of DNA adducts, DHP-dG-3, DHP-dG-4, DHP-dA-3,
and DHP-dA-4, is a common biological biomarker of pyrrolizidine alkaloid-induced liver
tumor formation. A general mechanism leading to DHP-derived DNA adduct formation from
the metabolism of the three types of carcinogenic pyrrolizidine alkaloids and pyrrolizidine



20 Peter Fu and Qingsu Xia

alkaloid N-oxides was proposed (Figure 8) [4]. To date, this is the first finding that a set of
exogenous DNA adducts is formed in common from a series of tumorigenic xenobiotics.

PERSPECTIVES

Pyrrolizidine alkaloid-containing plants are widespread in the world and are probably the
most common type of poisonous plants affecting livestock, wildlife, and humans. Food
poisoning caused by pyrrolizidine alkaloid-containing plants to humans is still a serious
concern.
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During the last several decades, the use of dietary supplements and functional foods has
grown rapidly in the United States and other countries. As such, it is important to ensure that
commercial herbal plants and herbal products are free from pyrrolizidine alkaloids or
contaminated at a level that is not toxic.

One major difficulty in preventing from pyrrolizidine alkaloid-associated poisoning is
inability to detect and quantify the levels of toxic pyrrolizidine alkaloids contained in herbal
plants and herbal products, and in contaminated food. In 1992, the Federal Health Department
of Germany restricted the manufacture and use of pharmaceuticals containing toxic
pyrrolizidine alkaloids. It stated that the herbal plants “may be sold and used only if daily
external exposure to no more than 100 pg pyrrolizidine alkaloids and internal exposure to no
more than 1 pg per day for no more than six weeks a year” [29]. Unfortunately, since there
are more than 660 structurally different pyrrolizidine alkaloids present in over 6,000 plants
worldwide and about half of those plants are hepatotoxic, there are currently no practical
analytical methods that can be used to quantify the total quantity of toxic pyrrolizidine
alkaloids present in herbal plants, herbal products, or in contaminated food. Therefore,
mechanism-based analytical methods must be developed in order to assess the risk posed by
pyrrolizidine alkaloids contained in herbal plants, herbal products, and contaminated food.

Due to the large number of pyrrolizidine alkaloid constituents in herbal plants, it is
extremely difficult, if possible, to conduct mechanism determinations. This is because even
though there are methods available for determining the mechanisms by which a pure chemical
induces toxicity and tumorigenicity, none of these methods can be applicable to determine the
mechanism of tumor induction posed by chemical mixtures, such as herbal plants, herbal
dietary supplements, tobacco smoke condensates, and environmental pollution mixtures [101,
102, 192, 193]. As such, development of practical and liable methods for determining
mechanisms by which chemical mixtures induce genotoxicity and tumorigenicity is timely
and important.

ACKNOWLEDGMENTS

We thank Dr. Frederick A. Beland for critical review and comments. This article is not an
official U.S. Food and Drug Administration guidance or policy statement. No official support
or endorsement by the U.S. Food and Drug Administration is intended or should be inferred.

REFERENCES

[1] Fu, P. P; Xia, Q.; Lin, G.; Chou, M. W. Pyrrolizidine alkaloids--genotoxicity,
metabolism enzymes, metabolic activation, and mechanisms. Drug Metab. Rev., 2004,
36, 1-55.

[2] Mattocks, A. R. Chemistry and toxicology of pyrrolizidine alkaloids. Academic Press:
London, N, 1986.

[3] Roeder, E. Medicinal plants in Europe containing pyrrolizidine alkaloids. Pharmazie,
1995, 50, 83-98.



22 Peter Fu and Qingsu Xia

[4] Xia, Q.; Zhao, Y.; Von Tungeln, L. S.; Doerge, D. R.; Lin, G.; Cai, L.; Fu, P. P.
Pyrrolizidine alkaloid-derived DNA adducts as a common biological biomarker of
pyrrolizidine alkaloid-induced tumorigenicity. Chem. Res. Toxicol., 2013, 26, 1384-96.

[5] Bah, M.; Bye, R.; Pereda-Miranda, R. Hepatotoxic pyrrolizidine alkaloids in the
Mexican medicinal plant Packera candidissima (Asteraceae: Senecioneae). J.
Ethnopharmacol., 1994, 43, 19-30.

[6] Creeper, J. H.; Mitchell, A. A.; Jubb, T. F.; Colegate, S. M. Pyrrolizidine alkaloid
poisoning of horses grazing a native heliotrope (Heliotropium ovalifolium). Aust Vet J.,
1999, 77, 401-2.

[71 Hill, B. D.; Gaul, K. L.; Noble, J. W. Poisoning of feedlot cattle by seeds of
Heliotropium europaeum. Aust Vet. J., 1997, 75, 360-1.

[8] Mattocks, A. R. Toxicity of pyrrolizidine alkaloids. Nature, 1968, 217, 723-728.

[91 McLean, E. K. The toxic actions of pyrrolizidine (senecio) alkaloids. Pharmacol. Rev.,
1970, 22, 429-83.

[10] Noble, J. W.; Crossley, J.; Hill, B. D.; Pierce, R. J.; McKenzie, R. A.; Debritz, M.;
Morley, A. A. Pyrrolizidine alkaloidosis of cattle associated with Senecio lautus. Aust.
Vet. J., 1994, 71, 196-200.

[11] Seaman, J. T. Pyrrolizidine alkaloid poisoning of sheep in New South Wales. Aust. Vet.
J., 1987, 64, 164-7.

[12] Seaman, J. T. Pyrrolizidine alkaloid poisoning of horses. Aust. Vet. J., 1978, 54, 150.

[13] Araya, O.; Fuentealba, I. C. Chronic hepato-toxicity of Senecio erraticus in calves from
two 50-day feeding periods in consecutive years. Vet. Hum. Toxicol., 1990, 32, 555-7.

[14] Arzt, J.; Mount, M. E. Hepatotoxicity associated with pyrrolizidine alkaloid (Crotalaria
spp) ingestion in a horse on Easter Island. Vet. Hum. Toxicol., 1999, 41, 96-9.

[15] Baker, D. C.; Pfister, J. A.; Molyneux, R. J.; Kechele, P. Cynoglossum officinale
toxicity in calves. J. Comp. Pathol., 1991, 104, 403-10.

[16] Chung, W. G.; Buhler, D. R. Major factors for the susceptibility of guinea pig to the
pyrrolizidine alkaloid jacobine. Drug Metab. Dispos., 1995, 23, 1263-7.

[17] Curran, J. M.; Sutherland, R. J.; Peet, R. L. A screening test for subclinical liver disease
in horses affected by pyrrolizidine alkaloid toxicosis. Aust. Vet. J., 1996, 74, 236-40.

[18] Bull, L. B.; Culvenor, C. C.; Dick, A. J. The pyrrolizidine alkaloids. Their chemistry,
pathogenicity and other biological properties. North-Holland, Amsterdam, 1968.

[19] Byron, J. Pyrrolizidine alkaloids in eggs; new alkaloid found in potatoes. Food Chem.
News, 1998, 14, 6-7.

[20] Prakash, A. S.; Pereira, T. N.; Reilly, P. E.; Seawright, A. A. Pyrrolizidine alkaloids in
human diet. Mutat. Res., 1999, 443, 53-67.

[21] Rosberger, D. F.; Resch, J. F.; Meinwald, J. The occurrence of senecionine in Tussilago
farfara. Mitt. Gebiete Letensm. Hyg., 1981, 72, 432-436.

[22] Stegelmeier, B. L.; Edgar, J. A.; Colegate, S. M.; Gardner, D. R.; Schoch, T. K;;
Coulombe, R. A.; Molyneux, R. J. Pyrrolizidine alkaloid plants, metabolism and
toxicity. J. Nat. Toxins, 1999, 8, 95-116.

[23] Winship, K. A. Toxicity of comfrey. Adverse Drug React. Toxicol. Rev., 1991, 10, 47-
59.

[24] Woo, Y.-T.; Lai, D. Y.; Arcos, J. C.; Argus, M. F. Chemical induction of cancer.

Academic Press Inc.: San Diego, 1988.



Pyrrolizidine Alkaloids 23

[25]
[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]
[34]
[35]

[36]

[37]

[38]

[39]

[40]

IPCS. Pyrrolizidine Alkaloids Health and Safety Guides. In Health and Safety Criteria
Guides 26., International Programme on Chemical Safety: WHO: Geneva, 1989.

NTP. NTP 12th Report on Carcinogens (RoC). U.S. Department of Health and Human
Services, 2011; Vol. 12, pp iii-499.

Fu, P. P.; Chou, M. W.; Churchwell, M.; Wang, Y.; Zhao, Y.; Xia, Q.; Gamboa da
Costa, G.; Marques, M. M.; Beland, F. A.; Doerge, D. R. High-performance liquid
chromatography electrospray ionization tandem mass spectrometry for the detection
and quantitation of pyrrolizidine alkaloid-derived DNA adducts in vitro and in vivo.
Chem. Res. Toxicol., 2010, 23, 637-652.

Fu, P. P.; Xia, Q.; Lin, G.; Chou, M. W. Genotoxic Pyrrolizidine Alkaloids —
Mechanisms Leading to DNA Adduct Formation and Tumorigenicity. Int. J. Mol. Sci.,
2002, 3, 948-964.

Roeder, E. Medicinal plants in China containing pyrrolizidine alkaloids. Pharmazie,
2000, 55, 711-26.

(COT), C. 0. T. COT statement on pyrrolizidine alkaloids in food Committee on
Toxicity of Chemicals in Food, C. P. a. t. E., Ed. UK, 2008; pp 1-24.

(EFSA), E. F. S. A. Opinion of the Scientific Panel on Contaminants in the Food Chain
on a request from the European Commission related to pyrrolizidine alkaloids as
undesirable substances in animal feed. EFSA J., 2007, 447, 1-51.

Cheeke, P. R. Nutritional implications of pyrrolizidine alkaloids as contaminants of
foodstuffs. In Poisonous plant contamination of edible plants, Rizk, A.-F. M., Ed. CRC
Press: Boca Raton, FL, 1991; pp p. 157-175.

Cheeke, P. R. Toxicity and metabolism of pyrrolizidine alkaloids. J. Anim. Sci., 1988,
66, 2343-50.

Coulombe, R. A., Jr. Pyrrolizidine alkaloids in foods. Advances in food and nutrition
research, 2003, 45, 61-99.

Crews, C.; Berthiller, F.; Krska, R. Update on analytical methods for toxic pyrrolizidine
alkaloids. Anal. Bioanal. Chem., 2010, 396, 327-38.

Culvenor, C. C.; Edgar, J. A.; Jago, M. V.; Qutteridge, A.; Peterson, J. E.; Smith, L. W.
Hepato- and pneumotoxicity of pyrrolizidine alkaloids and derivatives in relation to
molecular structure. Chem. Biol. Interact., 1976, 12, 299-324.

Edgar, J. A.; Colegate, S. M.; Boppre, M.; Molyneux, R. J. Pyrrolizidine alkaloids in
food: a spectrum of potential health consequences. Food Addit Contam Part A Chem.
Anal. Control. Expo. Risk Assess, 2011, 28, 308-24.

Frei, H.; Luthy, J.; Brauchli, J.; Zweifel, U.; Wurgler, F. E.; Schlatter, C.
Structure/activity relationships of the genotoxic potencies of sixteen pyrrolizidine
alkaloids assayed for the induction of somatic mutation and recombination in wing cells
of Drosophila melanogaster. Chem. Biol. Interact., 1992, 83, 1-22.

Fu, P. P. Quality assurance and safety of herbal dietary supplements. J. Food Drug
Anal., 2007, 15, 333-334.

Fu, P. P.; Chou, M. W.; Xia, Q.; Yang, Y. C.; Yan, J.; Doerge, D. R.; Chan, P. C.
Genotoxic pyrrolizidine alkaloids and pyrrolizidine alkaloid N-oxides - mechanisms
leading to DNA adduct formation and tumorigenicity. J. Environ. Sci. Health, Part C:
Environ. Carcinog. Ecotoxicol. Rev., 2001, 19, 353-386.



24

Peter Fu and Qingsu Xia

[41]

[42]
[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

Fu, P. P.; Xia, Q.; Chou, M. W.; Lin, G. Detection, hepatotoxicity, and tumorigenicity
of pyrrolizidine alkaloids in Chinese herbal plants and herbal dietary supplements. J.
Food Drug Anal., 2007, 15, 400-415.

Huxtable, R. J. Human health implications of pyrrolizidine alkaloids and herbs
containing them. In: I. Alkaloids. CRC Press: Boca Raton, FL, 1989; p p. 41-86.

IPCS. Pyrrolizidine alkaloids. In Environmental Health Criteria 80, International
Programme on Chemical Safety WHO: Geneva, 1988.

Kempf, M.; Reinhard, A.; Beuerle, T. Pyrrolizidine alkaloids (PAs) in honey and
pollen-legal regulation of PA levels in food and animal feed required. Mol. Nutr. Food
Res., 2010, 54, 158-68.

Molyneux, R. J.; Gardner, D. L.; Colegate, S. M.; Edgar, J. A. Pyrrolizidine alkaloid
toxicity in livestock: a paradigm for human poisoning? Food Addit Contam Part A
Chem. Anal. Control. Expo. Risk Assess, 2011, 28, 293-307.

Schoental, R. Toxicology and carcinogenic action of pyrrolizidine alkaloids. Cancer,
Res 1968, 28, 2237-46.

Wiedenfeld, H. Plants containing pyrrolizidine alkaloids: toxicity and problems. Food
Addit. Contam. Part A Chem. Anal. Control. Expo. Risk Assess, 2011, 28, 282-92.
Beuerle, T.; Theuring, C.; Klewer, N.; Schulz, S.; Hartmann, T. Absolute configuration
of the creatonotines and callimorphines, two classes of arctiid-specific pyrrolizidine
alkaloids. Insect. Biochem. Mol. Biol., 2007, 37, 80-9.

Hartmann, T. Plant-derived secondary metabolites as defensive chemicals in
herbivorous insects: a case study in chemical ecology. Planta, 2004, 219, 1-4.

Kirk, H.; Macel, M.; Klinkhamer, P. G.; Vrieling, K. Natural hybridization between
Senecio jacobaea and Senecio aquaticus: molecular and chemical evidence. Mol. Ecol.,
2004, 13, 2267-74.

Macel, M.; Bruinsma, M.; Dijkstra, S. M.; Ooijendijk, T.; Niemeyer, H. M.;
Klinkhamer, P. G. Differences in effects of pyrrolizidine alkaloids on five generalist
insect herbivore species. J. Chem. Ecol., 2005, 31, 1493-508.

Molyneux, R. J.; Johnson, A. E.; Olsen, J. D.; Baker, D. C. Toxicity of pyrrolizidine
alkaloids from Riddell groundsel (Senecio riddellii) to cattle. Am. J. Vet. Res., 1991, 52,
146-51.

Smith, L. W.; Culvenor, C. C. Plant sources of hepatotoxic pyrrolizidine alkaloids. J.
Nat. Prod., 1981, 44, 129-52.

Roeder, E.; Wiedenfeld, H. Pyrrolizidine alkaloids in medicinal plants of Mongolia,
Nepal and Tibet. Pharmazie, 2009, 64, 699-716.

Steenkamp, V.; Stewart, M. J.; Zuckerman, M. Clinical and analytical aspects of
pyrrolizidine poisoning caused by South African traditional medicines. Ther. Drug
Monit., 2000, 22, 302-6.

Le Roux, J. J.; Wieczorek, A. M.; Tran, C. T.; Vorsino, A. Disentangling the dynamics
of invasive fireweed (Senecio madagascariensis Poir. species complex) in the Hawaiian
Islands. Biological. Invasions, 2010, 12, 2251-2264.

Gardner, D. R.; Thorne, M. S.; Molyneux, R. J.; Pfister, J. A.; Seawright, A. A.
Pyrrolizidine alkaloids in Senecio madagascariensis from Australia and Hawaii and
assessment of possible livestock poisoning. Biochem. Syst. Ecol., 2006, 34, 736-744.



Pyrrolizidine Alkaloids 25

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

Gilruth, J. A. Hepatic cirrhosis affecting horses and cattle (so-called ‘Winton disease”):
a report on its nature, cause, treatment, distribution etc.; New Zealand Department of
Agriculture: Wellington, New Zealand, 1903; pp p228-278.

Nobre, V.; Dantas, A.; Riet-Correa, F.; Barbosa Filho, J.; Tabosa, I.; Vasconcelos, J.
Acute intoxication by< i> Crotalaria retusa</i> in sheep. Toxicon, 2005, 45, 347-352.
Betz, J. M.; Eppley, R. M.; Taylor, W. C.; Andrzejewski, D. Determination of
pyrrolizidine alkaloids in commercial comfrey products (Symphytum sp.). J. Pharm.
Sci., 1994, 83, 649-53.

Edgar, J. A.; Roeder, E.; Molyneux, R. J. Honey from plants containing pyrrolizidine
alkaloids: a potential threat to health. J. Agric. Food Chem., 2002, 50, 2719-30.

Fu, P. P.; Yang, Y.-C.; Xia, Q.; Chou, M. W.; Cui, Y.; Lin, G. Pyrrolizidine alkaloids -
tumorigenic components in Chinese herbal medicines and dietary supplements. J. Food
Drug Anal., 2002, 10, 198-211.

IARC. Pyrrolizidine alkaloids. In IARC Monograph on the evaluation of carcinogenic
risk of chemicals to man - Some naturally occurring substance, International Agency
for Research in Cancer: Lyon, France, 1976; Vol. 10.

Chan, P. C.; Mahler, J.; Bucher, J. R.; Travlos, G. S.; Reid, J. B. Toxicity and
carcinogenicity of riddelliine following 13 weeks of treatment to rats and mice.
Toxicon., 1994, 32, 891-908.

Huxtable, R. J. Herbal teas and toxins: novel aspects of pyrrolizidine poisoning in the
United States. Perspect. Biol. Med., 1980, 24, 1-14.

Chauvin, P.; Dillon, J. C.; Moren, A. An outbreak of Heliotrope food poisoning,
Tadjikistan, November 1992- March 1993. Sante, 1994, 4, 263-8.

Steyn, D. Poisoning of human beings by weeds contained in cereals (bread poisoning).
Onderstepoort J. Vet Sci Anim. Ind., 1933, 1, 219-266.

Willmot, F. C.; Robertson, G. W. Senecio disease, or cirrhosis of the liver due to
senecio poisoning. Lancet, 1920, 2, 848-849.

Mohabbat, O.; Younos, M. S.; Merzad, A. A.; Srivastava, R. N.; Sediq, G. G.; Aram, G.
N. An outbreak of hepatic veno-occlusive disease in north-western Afghanistan. Lancet,
1976, 2, 269-71.

Tandon, H. D.; Tandon, B. N.; Mattocks, A. R. An epidemic of veno-occlusive disease
of the liver in Afghanistan. Pathologic features. Am. J. Gastroenterol., 1978, 70, 607-
13.

(IRIN), I. R. I. N. Afghanistan: ‘Charmak’ still killing people, livestock in West Herat,
16 December 2008. Available from: http://www.irinnews.org/Report.aspx?Reportld=
81971/ 2008.

(IRIN), I. R. I. N. Afghanistan: WHO confirms ‘charmak’ disease in Herat Province,
Kabul; 15 May 2008. Available from: http://www.irinnews.org/Report.aspx?Reportld=
78218/ 2008.

Kakar, F.; Akbarian, Z.; Leslie, T.; Mustafa, M. L.; Watson, J.; van Egmond, H. P.;
Omar, M. F.; Mofleh, J. An outbreak of hepatic veno-occlusive disease in Western
afghanistan associated with exposure to wheat flour contaminated with pyrrolizidine
alkaloids. J. Toxicol., 2010, 2010, 313280.

Molyneux, R. J.; Johnson, A. E.; Roitman, J. N.; Benson, M. E. Chemistry of toxic
range plants. Determination of pyrrolizidine alkaloid content and composition in



26

Peter Fu and Qingsu Xia

[75]
[76]
[77]

[78]
[79]

[80]

[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Senecio species by nuclear magnetic resonance spectroscopy. J. Agric. Food Chem.,
1979, 27, 494-9.

Mayer, F.; Luthy, J. Heliotrope poisoning in Tadjikistan. Lancet, 1993, 342, 246-7.
Tandon, B. N.; Tandon, H. D.; Tandon, R. K.; Narndranathan, M.; Joshi, Y. K. An
epidemic of veno-occlusive disease of liver in central India. Lancet, 1976, 2, 271-2.
Tandon, R. K.; Tandon, B. N.; Tandon, H. D.; Bhatia, M. L.; Bhargava, S.; Lal, P.;
Arora, R. R. Study of an epidemic of venoocclusive disease in India. Gut, 1976, 17,
849-55.

Mei, N.; Guo, L.; Fu, P. P.; Heflich, R. H.; Chen, T. Mutagenicity of comfrey
(Symphytum Officinale) in rat liver. Br. J. Cancer, 2005, 92, 873-5.

Hirono, I.; Ueno, I.; Aiso, S.; Yamaji, T.; Haga, M. Carcinogenic activity of Farfugium
japonicum and Senecio cannabifolius. Cancer Lett., 1983, 20, 191-8.

Deinzer, M. L.; Thomson, P. A.; Burgett, D. M.; Isaacson, D. L. Pyrrolizidine alkaloids:
their occurrence in honey from tansy ragwort (Senecio jacobaea L.). Science, 1977,
195, 497-9.

Culvenor, C. C.; Edgar, J. A.; Smith, L. W. Pyrrolizidine alkaloids in honey from
Echium plantagineum L. J. Agric. Food Chem., 1981, 29, 958-60.

Dubecke, A.; Beckh, G.; Lullmann, C. Pyrrolizidine alkaloids in honey and bee pollen.
Food Addit Contam. Part A Chem. Anal. Control. Expo. Risk Assess, 2011, 28, 348-58.
Edgar, J. A.; Smith, L. W. Transfer of pyrrolizidine alkaloids into eggs: food safety
implications. American Chemical Society: Washington D.C., 2000; Vol. ACS
Symposium Series 745, p 118-128.

Molyneux, R. J.; James, L. F. Pyrrolizidine alkaloids in milk: thresholds of intoxication.
Vet. Hum. Toxicol., 1990, 32, 94-103.

Beales, K. A.; Betteridge, K.; Colegate, S. M.; Edgar, J. A. Solid-phase extraction and
LC-MS analysis of pyrrolizidine alkaloids in honeys. J. Agric. Food Chem., 2004, 52,
6664-72.

Kempf, M.; Wittig, M.; Schonfeld, K.; Cramer, L.; Schreier, P.; Beuerle, T.
Pyrrolizidine alkaloids in food: downstream contamination in the food chain caused by
honey and pollen. Food Addit. Contam. Part A Chem Anal. Control. Expo. Risk Assess,
2011, 28, 325-31.

Edgar, J. A.; Lin, H. J.; Kumana, C. R.; Ng, M. M. Pyrrolizidine alkaloid composition
of three Chinese medicinal herbs, Eupatorium cannabinum, E. japonicum and Crotalaria
assamica. Am. J. Chin. Med., 1992, 20, 281-8.

Zhao, X. G.; Wang, Z. T.; Lin, G.; Cui, Y. Y.; Zhang, M.; Xu, L. S.; Xu, G. J.; Damani,
L. A. Hepatotoxic pyrrolizidine alkaloids and tranitional Chinese medicines. Chinese
Traditional and Herbal Drugs, 1998, 29, 115-119.

Bras, G.; Brooks, S. E.; Watler, D. C. Cirrhosis of the liver in Jamaica. The Journal of
pathology and bacteriology, 1961, 82, 503-12.

Brooks, S. E.; Miller, C. G.; McKenzie, K. A.; Audretsch, J. J.; Bras, G. Acute veno-
occlusive disease of the liver: Fine structure in Jamaican children. Arch. Pathol., 1970,
89, 507-20.

Freiman, I.; Schmaman, A.; Zamit, R.; Appleberg, M. Veno-occlusive disease of the
liver--some new aspects. South African medical journal= Suid-Afrikaanse tydskrif vir
geneeskunde 1968, 42, 126-129.



Pyrrolizidine Alkaloids 27

[92] Saint-Aimé, M. M.; Ponsar, C.; Lacombe, C.; Lacombe, W. Maladie Veino-Occlusive
du Foie chez L’Enfant Martiniquais. Bordeaux Médical., 1977, 10, 665-670.

[93] Lyford, C. L.; Vergara, G. G.; Moeller, D. D. Hepatic veno-occlusive disease
originating in Ecuador. Gastroenterology, 1976, 70, 105-8.

[94] Culvenor, C. C.; Edgar, J. A.; Smith, L. W.; Kumana, C. R.; Lin, H. J. Heliotropium
lasiocarpum Fisch and Mey identified as cause of veno- occlusive disease due to a
herbal tea. Lancet, 1986, 1, 978.

[95] Margalith, D.; Heraief, C.; Schindler, A.; Birchler, R.; Mosimann, F.; Aladjem, D.;
Gonvers, J. Veno-occlusive disease of the liver due to the use of tea made from Senecio
plants. J. Hepatol. Suppl., 1985, 204, 280.

[96] Roulet, M.; Laurini, R.; Rivier, L.; Calame, A. Hepatic veno-occlusive disease in
newborn infant of a woman drinking herbal tea. J. Pediatr., 1988, 112, 433-6.

[97] Weston, C. F.; Cooper, B. T.; Davies, J. D.; Levine, D. F. Veno-occlusive disease of the
liver secondary to ingestion of comfrey. Br. Med. J. (Clin Res Ed), 1987, 295, 183.

[98] Tomioka, M.; Calvo, F.; Siguas, A.; Sanchez, L.; Nava, E.; Garcia, U.; Valdivia, M.;
Reategui, E. [Hepatic veno-occlusive disease associated with ingestion of Senecio
tephrosioides]. Rev. Gastroenterol. Peru, 1995, 15, 299-302.

[99] Sperl, W.; Stuppner, H.; Gassner, |.; Judmaier, W.; Dietze, O.; Vogel, W. Reversible
hepatic veno-occlusive disease in an infant after consumption of pyrrolizidine-
containing herbal tea. Eur. J. Pediatr., 1995, 154, 112-6.

[100] Vilar, J.; Garcia, M.; Cabrera, P. Enfermedad venooclusiva hepatica de causa Tdxica
por Senecio vulgaris. Gastroenterologia y hepatologia, 2000, 23, 285-286.

[101] Fu, P. P.; Xia, Q. Assessment of safety and quality assurance of herbal dietary
supplements. In Nutraceutical and Functional Food Regulations in the United States
and Around the World, 2nd ed.; Bagchi, D., Ed. Elsevier/Academic Press: New York,
NY, 2014; Vol. 10, pp 151-168.

[102] Fu, P. P.; Xia, Q.; Zhao, Y.; Wang, S.; Yu, H.; Chiang, H. M. Phototoxicity of herbal
plants and herbal products. Journal of environmental science and health. Part C,
Environmental carcinogenesis & ecotoxicology reviews, 2013, 31, 213-55.

[103] Chou, M. W.; Fu, P. P. Formation of DHP-derived DNA adducts in vivo from dietary
supplements and chinese herbal plant extracts containing carcinogenic pyrrolizidine
alkaloids. Toxicol. Ind. Health, 2006, 22, 321-327.

[104] IARC. Some Traditional Herbal Medicines, Some Mycotoxins, Naphthalene and
Styrene. In IARC Monographs on the evaluation of carcinogenic risks of chemicals to
humans, International Agency for Research in Cancer: Lyon, France, 2002; Vol. 82, pp
153-168.

[105] Schoental, R. Carcinogens in plants and microorganisms. American Chemical Society:
Washington, DC, 1976; Vol. ACS Monograph 173.

[106] Chen, T.; Mei, N.; Fu, P. P. Genotoxicity of pyrrolizidine alkaloids. J. Appl. Toxicol.,
2010, 30, 183-96.

[107] Huxtable, R. J. Human embryotoxicity of pyrrolizidine-containing drugs. Hepatology,
1989, 9, 510-1.

[108] Peterson, J. E.; Jago, M. V.; Reddy, J. K.; Jarrett, R. G. Neoplasia and chronic disease
associated with the prolonged administration of dehydroheliotridine to rats. J. Natl.
Cancer Inst., 1983, 70, 381-6.



28 Peter Fu and Qingsu Xia

[109] (WHO), W. H. O. In Pyrrolizidine alkaloids. International programme on chemical
safety, environmental health criteria, Geneva, World Health Organization: Geneva,
1988; p 337.

[110] Coulombe, R. A, Jr.; Drew, G. L.; Stermitz, F. R. Pyrrolizidine alkaloids crosslink
DNA with actin. Toxicol. Appl. Pharmacol., 1999, 154, 198-202.

[111] Hincks, J. R.; Kim, H. Y.; Segall, H. J.; Molyneux, R. J.; Stermitz, F. R.; Coulombe, R.
A. DNA cross-linking in mammalian cells by pyrrolizidine alkaloids: structure-activity
relationships. Toxicol. Appl. Pharmacol., 1991, 111, 90-98.

[112] Kim, H. Y.; Stermitz, F. R.; Coulombe, R. A. Pyrrolizidine alkaloid-induced DNA-
protein cross-links. Carcinogenesis, 1995, 16, 2691-2697.

[113] Hincks, J. R.; Coulombe, R. A., Jr. Rapid detection of DNA-interstrand and DNA-
protein cross-links in mammalian cells by gravity-flow alkaline elution. Environ Mol.
Mutagen, 1989, 13, 211-7.

[114] Mattocks, A. R.; Bird, I. Alkylation by dehydroretronecine, a cytotoxic metabolite of
some pyrrolizidine alkaloids: an in vitro test. Toxicol. Lett., 1983, 16, 1-8.

[115] Petry, T. W.; Bowden, G. T.; Huxtable, R. J.; Sipes, I. G. Characterization of hepatic
DNA damage induced in rats by the pyrrolizidine alkaloid monocrotaline. Cancer Res.,
1984, 44, 1505-9.

[116] Bruggeman, I. M.; van der Hoeven, J. C. Induction of SCEs by some pyrrolizidine
alkaloids in V79 Chinese hamster cells co-cultured with chick embryo hepatocytes.
Mutat. Res., 1985, 142, 209-12.

[117] Mirsalis, J. C.; Steinmetz, K. L.; Blazak, W. F.; Spalding, J. W. Evaluation of the
potential of riddelliine to induce unscheduled DNA synthesis, S-phase synthesis, or
micronuclei following in vivo treatment with multiple doses. Environ. Mol. Mutagen,
1993, 21, 265-71.

[118] MacGregor, J. T.; Wehr, C. M.; Henika, P. R.; Shelby, M. D. The in vivo erythrocyte
micronucleus test: measurement at steady state increases assay efficiency and permits
integration with toxicity studies. Fundam Appl. Toxicol., 1990, 14, 513-22.

[119] Brink, N. G. The mutagenic activity of the pyrrolizidine alkaloid heliotrine in
Drosophila melanogaster. 1l. Chromosome rearrangements. Mutat. Res., 1969, 8, 139-
46.

[120] Chan, P. C.; Haseman, J. K.; Prejean, J. D.; Nyska, A. Toxicity and carcinogenicity of
riddelliine in rats and mice. Toxicol. Lett., 2003, 144, 295-311.

[121] Galloway, S. M.; Armstrong, M. J.; Reuben, C.; Colman, S.; Brown, B.; Cannon, C.;
Bloom, A. D.; Nakamura, F.; Ahmed, M.; Duk, S.; et al. Chromosome aberrations and
sister chromatid exchanges in Chinese hamster ovary cells: evaluations of 108
chemicals. Environ. Mol. Mutagen, 1987, 10 Suppl 10, 1-175.

[122] Brink, N. G. Somatic and teratogenic effects induced by heliotrine in Drosophila.
Mutat. Res., 1982, 104, 105-11.

[123] Rubiolo, P.; Pieters, L.; Calomme, M.; Bicchi, C.; Vlietinck, A.; Vanden Berghe, D.
Mutagenicity of pyrrolizidine alkaloids in the Salmonella typhimurium/mammalian
microsome system. Mutat. Res., 1992, 281, 143-7.

[124] Wehner, F. C.; Thiel, P. G.; van Rensburg, S. J. Mutagenicity of alkaloids in the
Salmonella/microsome system. Mutat. Res., 1979, 66, 187-90.



Pyrrolizidine Alkaloids 29

[125] Yamanaka, H.; Nagao, M.; Sugimura, T.; Furuya, T.; Shirai, A.; Matsushima, T.
Mutagenicity of pyrrolizidine alkaloids in the Salmonella/mammalian- microsome test.
Mutat. Res., 1979, 68, 211-6.

[126] Zeiger, E.; Anderson, B.; Haworth, S.; Lawlor, T.; Mortelmans, K. Salmonella
mutagenicity tests: 1V. Results from the testing of 300 chemicals. Environ. Mol.
Mutagen., 1988, 11 Suppl 12, 1-157.

[127] Mei, N.; Heflich, R. H.; Chou, M. W.; Chen, T. Mutations induced by the carcinogenic
pyrrolizidine alkaloid riddelliine in the liver cll gene of transgenic big blue rats. Chem.
Res. Toxicol., 2004, 17, 814-8.

[128] Kuhara, K.; Takanashi, H.; Hirono, I.; Furuya, T.; Asada, Y. Carcinogenic activity of
clivorine, a pyrrolizidine alkaloid isolated from Ligularia dentata. Cancer Lett., 1980,
10, 117-122.

[129] Mattocks, A. R.; Cabral, J. R. Carcinogenicity of some pyrrolic pyrrolizidine alkaloid
metabolites and analogues. Cancer Lett., 1982, 17, 61-6.

[130] Rao, M. S.; Reddy, J. K. Malignant neoplasms in rats fed lasiocarpine. Br. J. Cancer,
1978, 37, 289-93.

[131] Schoental, R. Pancreatic islet-cell and other tumors in rats given heliotrine, a monoester
pyrrolizidine alkaloid, and nicotinamide. Cancer Res., 1975, 35, 2020-4.

[132] Schoental, R.; Cavanagh, J. B. Brain and spinal cord tumors in rats treated with
pyrrolizidine alkaloids. J. Natl. Cancer Inst., 1972, 49, 665-71.

[133] Schoental, R.; Fowler, M. E.; Coady, A. Islet cell tumors of the pancreas found in rats
given pyrrolizidine alkaloids from Amsinckia intermedia Fisch and Mey and from
Heliotropium supinum L. Cancer Res., 1970, 30, 2127-31.

[134] Schoental, R.; head, M. A.; Peacock, P. R. Senecio alkaloids: Primary liver tumours in
rats as a result of treatment with (1) a mixture of alkaloids from S. jacobaea lin.; (2)
retrorsine; (3) isatidine. Br. J. Cancer, 1954, 8, 458-465.

[135] Svoboda, D. J.; Reddy, J. K. Malignant tumors in rats given lasiocarpine. Cancer Res.,
1972, 32, 908-13.

[136] Harris, P. N.; Chen, K. K. Development of hepatic tumors in rats following ingestion of
senecio longilobus. Cancer Res., 1970, 30, 2881-2886.

[137] Schoental, R.; Hard, G. C.; Gibbard, S. Histopathology of renal lipomatous tumors in
rats treated with the "natural” products, pyrrolizidine alkaloids and, -unsaturated
aldehydes. J. Natl. Cancer Inst., 1971, 47, 1037-44.

[138] Schoental, R.; head, M. A. Progression of liver lesions produced in rats by temporary
treatment with pyrrolizidine (senecio) alkaloids, and the effecs of betaine and high
casein diet. Br. J. Cancer, 1957, 11, 535-544.

[139] Brandange, S.; Luning, B.; Moberg, C.; Sjostrand, E. Studies on orchidaceae alkaloids.
XXIV. A pyrrolizidine alkaloid from Phalaenopsis cornu-cervi Rchb. f. Acta. Chem.
Scand., 1970, 25, 349-50.

[140] Allen, J. R.; Hsu, I C.; Carstens, L. A. Dehydroretronecine-induced
rhabdomyosarcomas in rats. Cancer Res., 1975, 35, 997-1002.

[141] Shumaker, R. C.; Robertson, K. A.; Hsu, I. C.; Allen, J. R. Neoplastic transformation in
tissues of rats exposed to monocrotaline or dehydroretronecine. J. Natl. Cancer Inst.,
1976, 56, 787-90.

[142] Hirono, 1.; Mori, H.; Culvenor, C. C. Carcinogenic activity of coltsfoot, Tussilago
farfara L. Gann, 1976, 67, 125-129.



30 Peter Fu and Qingsu Xia

[143] Cook, J. W.; Duffy, E.; Schoental, R. Primary liver tumours in rats following feeding
with alkaloids of Senecio jacobaea. Br. J. Cancer, 1950, 4, 405-10.

[144] Hirono, |.; Haga, M.; Fujii, M.; Matsuura, S.; Matsubara, N.; Nakayama, M.; Furuya,
T.; Hikichi, M.; Takanashi, H.; Uchida, E.; Hosaka, S.; Ueno, I. Induction of hepatic
tumors in rats by senkirkine and symphytine. J. Natl. Cancer Inst., 1979, 63, 469-472.

[145] Hirono, 1.; Mori, H.; Haga, M. Carcinogenic activity of symphytum officinale. J. Natl.
Cancer Inst., 1978, 61, 865-868.

[146] Rao, M. S.; Jago, M. V.; Reddy, J. K. Effect of calorie restriction on the fate of
hyperplastic liver nodules induced by concurrent administration of lasiocarpine and
thioacetamide. Hum. Toxicol., 1983, 2, 15-26.

[147] Svoboda, D. J.; Reddy, J. K. Lasiocarpine-induced, transplantable squamous cell
carcinoma of rat skin. J. Natl. Cancer Inst., 1974, 53, 1415-8.

[148] Furuya, T.; Hikichi, M.; litaka, Y. Fukinotoxin, a new pyrrolizidine alkaloid from
Petasites japonicus. Chem. Pharm. Bull., (Tokyo) 1976, 24, 1120-2.

[149] Hirono, I.; Mori, H.; Yamada, K.; Hirata, Y.; Haga, M. Carcinogenic activity of
petasitenine, a new pyrrolizidine alkaloid isolated from Petasites japonicus Maxim. J.
Natl. Cancer Inst., 1977, 58, 1155-7.

[150] Crout, D. H. Pyrrolizidine and seco-pyrrolizidine alkaloids of Crotalaria laburnifolia L.
subspecies eldomae. J. Chem. Soc., [Perkin 1] 1972, 13, 1602-7.

[151] Johnson, W. D.; Robertson, K. A.; Pounds, J. G.; Allen, J. R. Dehydroretronecine-
induced skin tumors in mice. J. Natl. Cancer Inst., 1978, 61, 85-9.

[152] Zhao, Y.; Xia, Q.; Gamboa da Costa, G.; Yu, H.; Cai, L.; Fu, P. P. Full structure
assignments of pyrrolizidine alkaloid DNA adducts and mechanism of tumor initiation.
Chem. Res. Toxicol., 2012, 25, 1985-96.

[153] Buhler, D. R.; Kedzierski, B. Biological reactive intermediates of pyrrolizidine
alkaloids. Adv. Exp. Med. Biol., 1986, 197, 611-20.

[154] Chung, W. G.; Buhler, D. R. The effect of spironolactone treatment on the cytochrome
P450-mediated metabolism of the pyrrolizidine alkaloid senecionine by hepatic
microsomes from rats and guinea pigs. Toxicol. Appl. Pharmacol., 1994, 127, 314-9.

[155] Kasahara, Y.; Kiyatake, K.; Tatsumi, K.; Sugito, K.; Kakusaka, I.; Yamagata, S.;
Ohmori, S.; Kitada, M.; Kuriyama, T. Bioactivation of monocrotaline by P-450 3A in
rat liver. J. Cardiovasc. Pharmacol., 1997, 30, 124-9.

[156] Reid, M. J.; Lame, M. W.; Morin, D.; Wilson, D. W.; Segall, H. J. Involvement of
cytochrome P450 3A in the metabolism and covalent binding of 14C-monocrotaline in
rat liver microsomes. J. Biochem. Mol. Toxicol., 1998, 12, 157-66.

[157] Cooper, R. A.; Huxtable, R. J. A simple procedure for determining the aqueous half-
lives of pyrrolic metabolites of pyrrolizidine alkaloids. Toxicon, 1996, 34, 604-607.

[158] Kedzierski, B.; Buhler, D. R. The formation of 6,7-dihydro-7-hydroxy-1-hydroxy-
methyl-5H-pyrrolizine, a metabolite of pyrrolizidine alkaloids. Chem. Biol. Interact.,
1986, 57, 217-22.

[159] Kedzierski, B.; Buhler, D. R. Configuration of necine pyrroles--toxic metabolites of
pyrrolizidine alkaloids. Toxicol. Lett., 1985, 25, 115-119.

[160] Xia, Q.; Yan, J.; Chou, M. W.; Fu, P. P. Formation of DHP-derived DNA adducts from
metabolic activation of the prototype heliotridine-type pyrrolizidine alkaloid, heliotrine.
Toxicol. Lett., 2008, 178, 77-82.



Pyrrolizidine Alkaloids 31

[161] Dueker, S. R.; Lame, M. W.; Morin, D.; Wilson, D. W.; Segall, H. J. Guinea pig and rat
hepatic microsomal metabolism of monocrotaline. Drug Metab. Dispos, 1992, 20, 275-
80.

[162] Mattocks, A. R. Hydrolysis and hepatotoxicity of retronecine diesters. Toxicol. Lett.,
1982, 14, 111-6.

[163] Miranda, C. L.; Chung, W.; Reed, R. E.; Zhao, X.; Henderson, M. C.; Wang, J. L.;
Williams, D. E.; Buhler, D. R. Flavin-containing monooxygenase: a major detoxifying
enzyme for the pyrrolizidine alkaloid senecionine in guinea pig tissues. Biochem.
Biophys. Res. Commun, 1991, 178, 546-52.

[164] Williams, D. E.; Reed, R. L.; Kedzierski, B.; Ziegler, D. M.; Buhler, D. R. The role of
flavin-containing monooxygenase in the N-oxidation of the pyrrolizidine alkaloid
senecionine. Drug Metab. Dispos., 1989, 17, 380-6.

[165] Lin, G.; Cui, Y. Y.; Hawes, E. M. Characterization of rat liver microsomal metabolites
of clivorine, an hepatotoxic otonecine-type pyrrolizidine alkaloid. Drug Metab. Dispos.,
2000, 28, 1475-1483.

[166] Lin, G.; Cui, Y. Y.; Liu, X. Q. Gender differences in microsomal metabolic activation
of hepatotoxic clivorine in rat. Chem. Res. Toxicol., 2003, 16, 768-74.

[167] Lin, G.; Cui, Y. Y.; Liu, X. Q.; Wang, Z. T. Species differences in the in vitro
metabolic activation of the hepatotoxic pyrrolizidine alkaloid clivorine. Chem. Res.
Toxicol., 2002, 15, 1421-8.

[168] Liu, X. Q.; Lin, G.; Wang, G. G.; Qian, Z. Y. Involvement of human CYP3A in
formation of hepatotoxic metabolites of clivorine. Zhongguo Yaolixue Yu Dulixue
Zazhi, 2002, 16, 15-20.

[169] Mattocks, A. R.; White, I. N. The conversion of pyrrolizidine alkaloids to N-oxides and
to dihydropyrrolizine derivatives by rat-liver microsomes in vitro. Chem. Biol. Interact.,
1971, 3, 383-96.

[170] Powis, G.; Ames, M. M.; Kovach, J. S. Metabolic conversion of indicine N-oxide to
indicine in rabbits and humans. Cancer Res., 1979, 39, 3564-70.

[171] Kim, H. Y.; Stermitz, F. R.; Molyneux, R. J.; Wilson, D. W.; Taylor, D.; Coulombe, R.
A. Structural influences on pyrrolizidine alkaloid-induced cytopathology. Toxicol. Appl.
Pharmacol., 1993, 122, 61-69.

[172] Chou, M. W.; Wang, Y. P.; Yan, J.; Yang, Y. C.; Beger, R. D.; Williams, L. D.;
Doerge, D. R.; Fu, P. P. Riddelliine N-oxide is a phytochemical and mammalian
metabolite with genotoxic activity that is comparable to the parent pyrrolizidine
alkaloid riddelliine. Toxicol. Lett., 2003, 145, 239-47.

[173]Wang, Y. P.; Fu, P. P.; Chou, M. W. Metabolic activation of the tumorigenic
pyrrolizidine alkaloid, retrorsine, leading to DNA adduct formation in vivo. Int J
Environ Res Public Health, 2005, 2, 74-9.

[174] Wang, Y. P.; Yan, J.; Fu, P. P.; Chou, M. W. Human liver microsomal reduction of
pyrrolizidine alkaloid N-oxides to form the corresponding carcinogenic parent alkaloid.
Toxicol Lett 2005, 155, 411-20.

[175] Griffin, D. S.; Segall, H. J. Effects of the pyrrolizidine alkaloid senecionine and the
alkenals trans-4-OH-hexenal and trans-2-hexenal on intracellular calcium
compartmentation in isolated hepatocytes. Biochem. Pharmacol., 1989, 38, 391-7.



32 Peter Fu and Qingsu Xia

[176] Griffin, D. S.; Segall, H. J. Genotoxicity and cytotoxicity of selected pyrrolizidine
alkaloids, a possible alkenal metabolite of the alkaloids, and related alkenals. Toxicol.
Appl. Pharmacol., 1986, 86, 227-34.

[177] Segall, H. J.; Wilson, D. W.; Dallas, J. L.; Haddon, W. F. trans-4-Hydroxy-2-hexenal: a
reactive metabolite from the macrocyclic pyrrolizidine alkaloid senecionine. Science,
1985, 229, 472-5.

[178] Tepe, J. J.; Williams, R. M. DNA cross-linking by phototriggered
dehydromonocrotaline progenitor. J. of the American Chemical. Society, 1999, 121,
2951-2955.

[179] Winter, C. K.; Segall, H. J.; Haddon, W. F. Formation of cyclic adducts of
deoxyguanosine with the aldehydes trans- 4-hydroxy-2-hexenal and trans-4-hydroxy-2-
nonenal in vitro. Cancer Res., 1986, 46, 5682-6.

[180] Kim, H. Y.; Stermitz, F. R.; Li, J. K.; Coulombe, R. A. Comparative DNA cross-linking
by activated pyrrolizidine alkaloids. Food Chem. Toxicol., 1999, 37, 619-625.

[181] Pereira, T. N.; Webb, R. I.; Reilly, P. E.; Seawright, A. A.; Prakash, A. S.
Dehydromonocrotaline generates sequence-selective N-7 guanine alkylation and heat
and alkali stable multiple fragment DNA crosslinks. Nucleic Acids Res., 1998, 26,
5441-7.

[182] Reed, R. L.; Ahern, K. G.; Pearson, G. D.; Buhler, D. R. Crosslinking of DNA by
dehydroretronecine, a metabolite of pyrrolizidine alkaloids. Carcinogenesis 1988, 9,
1355-61.

[183] Yang, Y. C.; Yan, J.; Doerge, D. R.; Chan, P. C.; Fu, P. P.; Chou, M. W. Metabolic
activation of the tumorigenic pyrrolizidine alkaloid, riddelliine, leading to DNA adduct
formation in vivo. Chem. Res. Toxicol., 2001, 14, 101-9.

[184] Yang, Y.; Yan, J.; Churchwell, M.; Beger, R.; Chan, P.; Doerge, D. R.; Fu, P. P.; Chou,
M. W. Development of a (32)P-postlabeling/HPLC method for detection of
dehydroretronecine-derived DNA adducts in vivo and in vitro. Chem. Res. Toxicol.,
2001, 14, 91-100.

[185] Chou, M. W.; Yan, J.; Williams, L.; Xia, Q.; Churchwell, M.; Doerge, D. R.; Fu, P. P.
Identification of DNA adducts derived from riddelliine, a carcinogenic pyrrolizidine
alkaloid, in vitro and in vivo. Chem. Res. Toxicol., 2003, 16, 1130-1137.

[186] Chou, M. W.; Yan, J.; Nichols, J.; Xia, Q.; Beland, F. A.; Chan, P. C.; Fu, P. P.
Correlation of DNA adduct formation and riddelliine-induced liver tumorigenesis in
F344 rats and B6C3F(1) mice. Cancer Lett., 2003, 193, 119-125.

[187] Xia, Q.; Chou, M. W.; Kadlubar, F. F.; Chan, P. C.; Fu, P. P. Human liver microsomal
metabolism and DNA adduct formation of the tumorigenic pyrrolizidine alkaloid,
riddelliine. Chem. Res. Toxicol., 2003, 16, 66-73.

[188] Wang, Y. H.; Li, Y.; Li, Y. H,; Yang, S. L.; Yang, L. Modeling K(m) values using
electrotopological state: substrates for cytochrome P450 3A4-mediated metabolism.
Bioorg. Med. Chem. Lett., 2005, 15, 4076-84.

[189] Xia, Q.; Chou, M. W.; Edgar, J. A.; Doerge, D. R.; Fu, P. P. Formation of DHP-derived
DNA adducts from metabolic activation of the prototype heliotridine-type pyrrolizidine
alkaloid, lasiocarpine. Cancer Lett., 2006, 231, 138-45.

[190] Xia, Q.; Chou, M. W.; Lin, G.; Fu, P. P. Metabolic formation of DHP-derived DNA
adducts from a representative otonecine type pyrrolizidine alkaloid clivorine and the
extract of Ligularia hodgsonnii hook. Chem. Res. Toxicol., 2004, 17, 702-8.



Pyrrolizidine Alkaloids 33

[191] Yan, J.; Xia, Q.; Chou, M. W.; Fu, P. P. Metabolic activation of retronecine and
retronecine N-oxide - formation of DHP-derived DNA adducts. Toxicol. Ind. Health,
2008, 24, 181-8.

[192] Fu, P. P.; Xia, Q.; Sun, X.; Yu, H. Phototoxicity and environmental transformation of
polycyclic aromatic hydrocarbons (PAHSs)-light-induced reactive oxygen species, lipid
peroxidation, and DNA damage. Journal of environmental science and health. Part C,
Environmental carcinogenesis & ecotoxicology reviews, 2012, 30, 1-41.

[193] Xia, Q.; Yin, J. J.; Zhao, Y.; Wu, Y. S.; Wang, Y. Q.; Ma, L.; Chen, S.; Sun, X.; Fu, P.
P.; Yu, H. UVA photoirradiation of nitro-polycyclic aromatic hydrocarbons-induction
of reactive oxygen species and formation of lipid peroxides. Int. J. Environ. Res. Public
Health, 2013, 10, 1062-84.






In: Food Poisoning ISBN: 978-1-63463-166-2
Editor: Paresh C. Ray © 2015 Nova Science Publishers, Inc.

Chapter 2

NANOSILVER-BASED ANTIBACTERIAL AGENTS
FOR FOOD SAFETY

Thabitha P. S. Dasari, Hua Deng, Danielle McShan

and Hongtao Yu

Department of Chemistry and Biochemistry,
Jackson State University, Jackson, MS, US

ABSTRACT

The burden of foodborne diseases is a world-wide challenge. One in six Americans
develops foodborne illnesses each year. Although, novel technologies for antibiotics are
rapidly advancing, infectious diseases remain to be one of the significant health concerns
worldwide. Especially, since bacterial pathogens are continuously developing drug-
resistance, the advancement of new antibiotics or strategies for treatment must outpace
drug-resistance. At present, bacterial infections are still mostly under control with
antibiotics and proper treatment technologies. However, treatment of multiple drug
resistance of bacteria demands high dose administration of antibiotics, significant
economic, labor, and time investments, and often initiates elevated toxicity. Currently,
nanosilver, an ancient antibiotic, is reconsidered for use as an antibiotic. One strategy is
to use it in combination with some of the outdated antibiotics for treatment of infections.
Many studies have reported on these studies including mechanism of antibiotic activity of
nanosilver and its combined use with conventional antibiotics. This review summarizes
bacteria-related food safety issues, mechanisms of antimicrobial/antiparasitic properties
of nanosilver, and the use of nanosilver-based antimicrobials.
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1. INTRODUCTION

Infectious diseases caused by microorganisms and parasites are a worldwide problem [1-
4]. The critical issue is not just the infectious diseases, but also the drug resistance developed
by these pathogens [5-15]. Among these infectious diseases, foodborne illnesses are
predominant as they are the leading cause of deaths and hospitalizations (Figure 1 and Table
1) [2, 4, 16-24]. Foodborne infections have affected millions and it is a worldwide challenge
[24, 25]. Therefore, the ability to treat foodborne infections is essential to ensure human
health [26].

Bacteria develop resistance to conventional antibiotics over time. These pathogens have
the ability to undergo modifications due to their genetic and environmental factors [3, 6, 7, 9-
14,27,28]. As a result, drug-resistances by pathogens have been ever growing and have
become a serious threat to human health [1, 6-9, 11-14, 27-30]. The discovery of new
antimicrobials has lessened some of the concerns [31-33]. However, there is no assurance that
the development of new antimicrobial drugs can keep pace with the microbial pathogen's fast
development of resistance.

Recent efforts to address this problem are the use of nanomaterials as novel antibiotics
for which microbial pathogens may not develop resistance. The use of nanoparticles is
gaining grounds because of their unique antibacterial, chemical, optical, and mechanical
properties [33, 36-44]. One of the new approaches is to use the combination of antibiotics and
nanoparticles [33, 45-49]. The combined use of nanoparticles with antibiotics makes it
possible to reduce the toxicity of both agents towards humans due to lower dosages and
synergistic enhancement of each others’ antimicrobial activities [47, 50-52].
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Figure 1. Top pathogens contributing to domestically acquired foodborne illnesses and deaths, 2000 -
2008 (Source: http://www.cdc.gov/Features/dsFoodborneEstimates/) [34].
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Table 1. Estimated annual number of domestically acquired, foodborne illnesses,
hospitalizations, and deaths due to 31 pathogens and unspecified agents transmitted
through food in the United States [35]

Estimated Estimated annual Estimated
Foodborne annu.al number ngmt_)er gf annual number
Agents of |Ilnesse:\s % hospltallzat!ons % of deathg %
(90% credible (90% credible (90% credible
interval) interval) interval)
31 known 9.4 million 20 | 55,961 44 | 1,351 44
pathogens (6.6-12.7 (39,534-75,741) (712-2,268)
million)
Unspecified 38.4 million 80 | 71,878 56 | 1,686 56
agents (19.8-61.2 (9,924-157,340) (369-3,338)
million)
Total 47.8 million 100 | 127,839 100 | 3,037 100
(28.7-71.1 (62,529-215,562) (1,492-4,983)
million)

Source: http://www.cdc.gov/foodborneburden/2011-foodborne-estimates.html.

In order to make the combination of antibiotics and nanoparticles efficient antibiotic
drugs, there must be a comprehensive understanding of the mechanistic pathways how
antibiotics and nanoparticles work together [49, 52-61]. Kalan et al. [61] suggested that the
following factors must be considered: synergism between antibiotics and nanoparticles,
enzyme inhibition, blockage of antibiotics entry into cells, and physiological insensitivity of
cells. Antimicrobial nanoparticles contribute to various factors such as mitigation of acute
toxicity, overcoming resistance, and lowering cost when compared to antibiotics alone [26,
43, 60, 62-67]. Metallic nanoparticles, because of their larger surface to volume ratio, are
usually used as antimicrobial agents [43, 68-72]. These antimicrobial metals are the most
commonly used antimicrobial additives in food industry due to their temperature and
mechanical stability [39, 41, 73-77]. Among them, silver nanoparticles, or nanosilver, have
been widely used as a broad-spectrum antibacterial agent [45,68,78-86]. Actually, silver was
used in ancient times for the treatment of burns and wounds [80,87-89]. Nanosilver is also
used now as an additive in several food contact materials based on plastics, glass, or metal.
Understanding of the mechanistic pathways of how nanosilver acts on microbial pathogens
and parasites, will help to overcome the problem of antibiotic resistance. In this review, we
will discuss the importance of food safety issues, the use of silver and nanosilver as
antibacterial agents and the mechanism of action on microbial pathogens and parasites.
Finally, we will explain the synergistic effects and mechanistic pathways of combined
antibiotics and nanosilver on microbial pathogens and parasites.

2. FOOD SAFETY

Food safety has been a worldwide challenge in the past decades as it is an important
concern for many countries [1, 2, 4, 5, 15, 16, 21-23, 38, 39, 76, 90-96]. Foodborne diseases
are some of the most widespread health problems in the world. They have implications on
both the health of individuals and the development of societies. The control and prevention of
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foodborne illnesses is a major challenge to public health in the United States and in the world
[2, 16, 18, 97, 98]. Each year, one in six Americans is affected by foodborne illnesses due to
the consumption of contaminated foods and beverages [35]. Many countries now recognize
that foodborne diseases continue to be a main public health issue [20-23, 95]. The major
causative factors are microbial pathogens, which contaminates the food and beverages. These
disease-causing pathogens include microbes, viruses, fungi, and parasites [2, 16, 18, 22, 23,
92, 93, 97, 99]. Generally, foodborne illnesses are categorized into foodborne infections and
foodborne intoxications. A century ago, foodborne illnesses such as cholera, tuberculosis and
typhoid were common. However, advancements in food safety have eradicated these diseases
to some extent. Furthermore, the spectrum of the foodborne disease varies frequently and
causes major outbreaks around the world. The U.S. Public Health Service has identified the
least-wanted pathogens as major causes of foodborne illnesses. The list includes
Campylobacter, Clostridium botulinum, E. coli 0157:H7, Listeria monocytogenes, Norovirus,
Salmonella, Staphylococcus aureus, Shigella, Toxoplasma gondii, and Vibrio vulnificus.
Velusamy et al. assembled a list of foodborne hazards and new emerging foodborne
pathogens [100]. Below is an estimate of foodborne diseases outbreak in 2009-2010 in the
United States [101].

All outbreaks (N = 1,917}
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Source: http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6203al.htm [101].

Figure 2. Average annual rate of reported foodborne disease outbreaks per 1 million population and
number of outbreaks by state and major etiology group.
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Over the past years, the widespread of foodborne infections has changed significantly.
Some established pathogens have been under control or are being eliminated, but new
emerging microbial pathogens appear in foods [2, 3, 23, 91, 96]. Food processing companies
cannot guarantee the absence of foodborne pathogens as they may get recontaminated during
processing. Therefore, there is a need for new preventive methods to eradicate foodborne
illnesses and diseases. The capability to manage and minimize higher risks of foodborne
illnesses requires integrating the research data, control of food monitoring, epidemiological
assessments, and disease surveillance [2, 16, 19, 20, 96, 97]. Pharmaceutical companies are
inventing new antimicrobial and antiparasitic agents to reduce risks for both human and
environmental health. In recent years, nanotechnology has been a major technology in which
nanoparticles are used in the food industry to minimize emerging foodborne illnesses. There
are five basic categories of nanotechnology applications and functionalities currently in the
development of food sector: food processing, packaging, nutraceuticals delivery, food safety
and functional food [76, 102, 103].

Silver is used as an additive in several food-contacting materials such as plastics, glass, or
metal. In particular, silver compounds or nanosilver have already been used in many
applications including food contact and food packaging materials and refrigerator inner liners
[71, 74, 104-107].

Fast and precise detection of pathogenic bacteria is important for proper treatment,
inhibition, and prevention of infectious diseases. Delay in diagnoses might cause deaths and
side effects. Great advancements have been made in the past decade to detect and identify
specific pathogens and toxins present in foods [91, 108-113]. Traditional methods for
pathogen detection include microscopy, culture, and serology, which are inexpensive but
time-consuming. Nanotechnology enables rapid detection and monitoring of pathogen and
toxin contamination at various steps in food supply chains, thereby drastically reducing costly
food recalls as well as human health costs [109, 114-116]. Number of studies summarized
conventional methods, analytical methods, bacteriophage based methods and recent
advancements in detection, identification and quantification of foodborne pathogens with
biosensors [100, 108-111, 117, 118].

3. SILVER AND NANOSILVER AS ANTIBACTERIAL AGENTS

3.1. Silver as Antimicrobial and Antiparasitic Agent

Silver has been used for the treatment of burns and chronic wounds for centuries [87,
119-122]. As early as 1000 B.C., silver was used to make potable drinking water [80, 84]. In
year 1700, silver nitrate was used for the treatment of various diseases [88,119]. In the 19"
century, Lea reported that the synthesis of allotropic forms of silver [123]. During this period,
colloidal silver was developed for medical applications [85, 86, 124, 125]. During the 20"
century, silver in the form of silver nitrate was used for the treatment of burns as an
antibacterial [80, 88, 121, 126]. In addition, silver was used to purify drinking and swimming
pool waters [122, 127, 128]. In the late 20" century, United States FDA (Food Drug
Administration) and EPA (Environmental Protection Agency) approved the use of silver in
various consumer products [124]. Therefore, silver is known as a potent antibacterial,
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antifungal, and antiviral agent used in many medical and consumer products [42, 78, 124,
129-133].

3.2. Nanosilver as Antimicrobial and Antiparasitic Agent

Nanosilver has many medical and nonmedical applications due to its unique
physicochemical properties. Nanosilver plays a profound role in textile industry [68,134,135].
Several studies have shown the utility of coatings containing silver to prevent biofilm
formation in different food-contacting surfaces and silver-based technologies [136,137]. They
have also been used in aseptic surfaces with various applications, such as cutting boards,
knifes, refrigerators, water filters, liquid soaps, working surfaces, and reusable food
packaging [138,139].

Nanosilver is the most commonly used engineered nanomaterial in consumer goods [78,
85, 86, 124, 126, 128, 130, 157-162]. It is effective against humerous species of bacteria
(Table 2). For centuries, nanosilver products have shown to be effective against bacteria via
inhibition of bacterial growth and bactericidal effects. Nanosilver was evaluated for their
antibacterial [131, 136, 163-170], anti-inflammatory [171], anti-viral [172], and antiparasitic
[173] effects on various pathogenic microorganisms. Nanosilver inhibited the growth of E.
coli [46, 78, 81, 140, 143, 144, 174], E. faecalis [175], S. aureus [176] and B. subtilis [174].
There are also studies on the antifungal activity of nanosilver [131, 136, 163-165, 167, 170,
177]. Additionally, nanosilver was proven to be efficient against resistant strains including
MRSA (Methicillin-resistant S. aureus) [116, 176], MRSE (methicillin-resistant S.
epidermidis) [176], vancomycin-resistant Enterococcus (VRE) [178], and extended spectrum
B-lactamase (ESBL) producing Klebsiella [66, 179]. In addition, nanosilver is toxic to fungi
Candida albicans [165], Aspergillus niger [180], Trichophyton mentagrophytes [164], and
yeast isolated from Bovine mastitis [181].

4. MECHANISM OF ACTION FOR NANOSILVER ON
MICROBIAL PATHOGENS

The antimicrobial activity can be defined as local killing of microbes or retardation of
growth of the microbes. The antimicrobial agents are categorized either bactericidal or
bacteriostatic. Various nanoparticles are used as antimicrobial and antifungal agents. In
general, the antimicrobial activity of nanosilver is of significant interest because of their
specificity towards various strains of bacteria [62]. There are various studies on the
antimicrobial activities of nanosilver as well as on the mechanistic pathways [62, 63, 65, 130,
162, 182-187]. Various factors such as the cell wall properties, growth rate of bacteria,
species of bacteria, composition of surface modifications, and large surface area of
nanoparticles contribute to the antibacterial and antiparasitic activity of nanosilver. Some
bacterial strains exhibit defense mechanisms to certain antimicrobial agents. Therefore, the
specificity of different bacterial strains also plays an important role on the mechanism of
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toxicity. In summary, the multiple mechanisms of toxicity of nanosilver on bacteria are
elucidated in Figures 3 & 4. In Figure 3, Rai et al. listed eight different pathways for
nanosilver action: Inhibition of cell wall formation, formation of free radicals, attachment to
30 S subunit of the ribosome, interaction with bacterial peptides that affect cell signaling,
attaching to the surface of cell membrane, intercalate nucleic acid between DNA bases,
preventing biofilm formation, and binding with thiol groups of enzymes [99].

Table 2. Activity of silver ions and nanosilver against broad spectrum of microbes
(reproduced from Rai et al. (2012) [99]

No. Forms of silver Target organisms References
1. Silver ions S. aureus and E. coli [140]
2. Silver nitrate Periodontal pathogens [141]
3. Silver zeolite E. coli [142]
4. Nanosilver E. coli [143,144]
5. Silver ions RNA viruses [145]
6. Nanosilver E. coli, V. cholerae, P. aeruginosa, S. | [79]
typhi
7. Nanosilver E. coli in liquid & solid medium [81]
8. Silver ions E. coli [146]
9. Nanosilver S. aureus and E. coli [147]
10. | Super paramagnetic Nanosilver, | S. epidermidis [148]
bifunctional Fe;0,4, @
Nanosilver
11. | Nanofibres impregnated E. coli & S. aureus [149]
Nanosilver
12. | Nanosilver on cotton Fabrics S. aureus [63]
13. | Nanosilver impregnated on the E. coli & S. aureus [150]
wound dressing
14. | Nanosilver E. coli, S. typhi, S. epidermidis, S. [151]
aureus
15. | Nanosilver P. glomerata, P. herbarum, F. [58]
semitectum, Trichoderma sp. and C.
albicans
16. | Nanosilver E. coli, S. aureus and Ps. aeruginosa [83]
17. | Nanosilver E. coli and S. aureus [69]
18. | Nanosilver E. coli and Ps. aeruginosa [152]
19. | Nanosilver E. coli, S. aureus and Ps. aeruginosa [153]
20. | Nanosilver Ps. aeruginosa, S. aureus, pathogenic | [154]
fungi 4. flavus and A. niger
21. | Nanosilver S. aureus, E. coli, K. pneumonia, B. [155]
subtilis, E. faecalis, Ps. aeruginosa
22. | Nanosilver coated med. devices | S. aureus and S. mutans [156]
23. | Cellulose-nanosilver complex E. coli and S. aureus [82]
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Figure 3. Multiple mechanisms of action for nanosilver on bacteria (reproduced with permission from
Springer-Verlag [99]).

In Figure 4, Rizzello and Pompa presented a mechanism for Ag" ion release by
nanosilver in biological media and its implication for toxicity [162]. Under anaerobic
conditions, there may not be an ion release. But under aerobic conditions, due to oxidation of
surface silver atoms to Ag,O, there is always ion release. Ag® plays the key role for
nanosilver’s toxicity. They listed four modes of action: 1) Direct physical damage as a result
of the interaction of Ag”™ or nanosilver with proteins of respiratory chain; 2) Production of
ROS and subsequent lipid and DNA damages; 3) Ag® based DNA damages; and 4)
Interaction of Ag" with intracellular proteins through electrostatic attractions.

Li et al. outlined three antibacterial mechanisms of toxicity of nanosilver [186]: 1).
Nanosilver alters the cell membrane properties by adhering to the surface of bacteria. 2).
Penetration of nanosilver inside the cell membrane causing DNA damage. 3). Release of
silver ions from nanosilver particles interacts with sulfur containing proteins in the bacterial
cell wall.

McShan et al. also pointed out that the toxicity of nanosilver is closely related to its
transformation in biological and environmental media including surface oxidation, release of
silver ions, and interaction with biological macromolecules [130]. They also summarized
nanosilver’s interaction with cell membrane proteins, ROS production, and the binding and
damage to cellular proteins.

Lu et al. pointed out that environmental effect such as light and moisture also plays a role
in nanosilver’s toxicity in cells [188]. Using of a more robust coating agent can prevent
surface oxidation and thus reduce the toxicity of released silver ions.
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Due to the complexicity of the mechanisms, we use Table 3 to summarize recent research
results on nanosilver’s mechanisms of toxicity on different microorganisms. In the following
sections (a-d), we will summarize in detail about nanosilver’s mechanism of action.

Table 3. Summary of recently published reports on the mechanism of nanosilver toxicity
on bacteria, fungi, and parasites

Microorganism Nanosilver Nanosnve_r Mechanism of Toxicity Ref.
(nm) Concentration
E. coli 93+28 |04nM Target membrane and dissipate [189]
proton motive force
P. aeruginosa 1-10 25-100 mg/L Disturb permeability, respiratory [79]
cell division, interact with cell
membrane, sulfur and
phosphorous compounds
E. coli 10 pg/mL Bacterial cell membrane damage [186]
and deactivation of membranous
enzymes
E. coli 18-72 Ag’ release [190]
Enterococus 700-800 10 mg/L [178]
P. aeruginosa 30+7 14.38-215.74 Antibacterial activity increased [191
S. aureus 9+2 pg/mL with decreasing particle size
S.aureus MRSA | 14 +5
E. coli 24+ 6
E. coli 10.5-85.7 | 0.71-0.74 Additional dissolution of Ag " [192]
P. fluorescens mg/L occurs at the particle-cell interface
P. putida
P. aeruginosa
B. subtilis
S. aureus
B. subtilis <100 10 mM Significant inhibition on viability; | [193]
Less toxic to Gram positive
bacteria because of thicker layer
K. pneumonia 43 30 mg/L Electrostatic interaction; [194]
Adsorption increases with increase
of temperature from 20 to 37 °C
E. coli 80+ 38 200 mg/L Significant influence on protein [182]
18+7 50 mg/L and metabolic processes of purine.
Drastic change on protein,
hypoxanthine adenosine, and
guanosine
E. coli 9.1- 435 2.0-40.9 Toxicity mediated by dissolved [184]
mg/L Ag’, ROS production, and
impairment of flagellar activity.
Interaction between negatively
and positively charged nanosilver
with bacterial surface results in
high concentration of dissolved
and bioavailable Ag”
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a.

Silver ion release: The nanosilver may attack the respiratory chain ultimately
leading to cell death. Release of silver ions in the bacterial cells augments their
bactericidal activity and plays a key role in exerting the antimicrobial activity of
nanosilver [26, 79, 130, 140, 143]. Interaction between silver ions and thiol groups of
enzymes results in the bacteria cell inactivation [26, 142, 195, 196]. Samberg et al.
reported that the antibacterial activity of silver ions is the result of synergism
between silver ions and the cell wall of bacteria [197]. Wong and Liu reported that
silver ions interact with phosphorous containing compounds such as DNA and
obstruct replication and cease cell proliferation [198]. Kim et al. reported that the
positive charge on the silver ion plays a key role in exerting the antimicrobial activity
via electrostatic attraction between negatively charged cell membrane of the
microorganism and the positively charged nanoparticles [78]. Xiu et al. proposed a
two-step process of silver ion release, metallic nanosilver particles oxidized to silver
oxide and silver ions released through the reaction between Ag,0 and proton [190].
Silver ions also cause denaturation of the 30s subunit of the ribosome. It may
suppress the expression of enzymes and proteins necessary for ATP production and
hinder respiratory enzymes and thus destabilize and disrupt the outer membrane
[142, 146, 158, 189].

Membrane integrity disruption: Bolla et al. reported that membrane permeability
is part of the early bacterial defense [48]. Bacteria are categorized into Gram-positive
and Gram-negative based on their membrane structures. Both Gram-positive (20-50
nm) and Gram-negative (2-3 nm) bacteria are made up of peptidoglycan layer. In the
Gram-negative bacteria cell wall, there is an additional outer membrane composed of
phospholipids, lipo-polysaccharides, and protein molecules. Understanding of the
cell wall plays a significant role in elucidating the mechanism of toxicity.
Shrivastava et al. discussed that Gram-positive bacteria contain high composition of
negatively charged components such as lipopolysaccharides that attract the positively
charged nanomaterials [159]. Amro et al. explained the irregular shaped pit on the
outer membrane caused by metal depletion disturbs the membrane permeability with
the release of lipopolysaccharides and membrane proteins [199]. Verma and Stellacci
suggested that synthetic and natural chemical moieties on the nanoparticle surface (in
addition to nanoparticle shape and size) impact their interaction with lipid bilayers
and cells [200]. Sondi et al. pointed out that the similar mechanism might cause
damage to membrane structure of E. coli [143]. There are two suggested pathways
for disruption of membrane as described in the literature: i). Electrostatic interaction
between positively charged nanoparticles and negatively charged cell membrane is
the key mechanism for disruption of membrane integrity. The surface charge of
nanosilver has a profound effect on how the nanoparticle interacts with the cell
membrane [201]. ii). Interaction between nanosilver and the cell membrane of a
bacterium might cause oxidative stress via generation of ROS [159]. Several studies
reported that the disruption of bacterial cellular membrane is one of the causes of
antibacterial activity of nanomaterials [159, 202-205]. Nanosilver has the ability to
attach to the bacterial cell wall and thereby cause structural damages to the cell wall
leading to cell death [78].
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c. Generation of reactive oxygen species (ROS): In general, when nanomaterials
penetrate into the cell membrane, they trigger the generation of ROS. The metal ions
released by nanomaterials also induce oxidative stress via direct interaction with cell
organelles. The ROS might undergo breakage of DNA strand, inactivation of
proteins, disruption of cellular metabolic processes, and finally leading to cell death
[144]. Kim et al. [78] detected the formation of free radicals by nanosilver. Silver ion
uptake in bacteria might also lead to the formation of ROS to disrupt cell membrane
[206]. Xiu et al. supported the concept of silver ion toxicity by reporting that
nanosilver shows no toxicity with the ceasing of silver ions [190].

d. Electrochemical gradient Disruption: Proton electrochemical gradient is essential
for ATP synthesis in bacteria. Interruption of these processes leads to microbial cell
death [26,189]. Cao et al. observed that the proton depleted regions around
nanosilver particles may disrupt the electrochemical gradient in the bacteria’s inter
membrane space and interfere with adhesion and proliferation [26]. Shrivastava et al.
reported that nanoparticles dephosphorylated peptide substances on tyrosine residues
resulted in the inhibition of transduction and cessation of growth [159].

5. COMBINATION OF NANOSILVER WITH ANTIBIOTICS

Recently, the combination of nanosilver with traditional antibiotics has become a hot
research topic. These findings are of great significance in two aspects in regards to the
practical applications: i) A promising solution to the worldwide bacterial resistance to
conventional antibiotics. The escalation of bacterial resistance to common medical antibiotics
gradually appears to be a serious health problem. The presence of nanosilver can help
conventional antibiotics restore antibacterial capability to destroy multidrug-resistant bacteria.
ii) Combinational usage of nanosilver and antibiotics often lead to much lower minimal
inhibitory concentration (MIC) than either nanosilver or antibiotics alone. This demonstrates
a much higher efficiency of antibacterial effect, and decreases the potential toxicity of
nanosilver and antibiotics to achieve the same treatment effectiveness.

There are a total of about 20 publications that tested the antibiotic activity of the
combination of nanosilver and antibiotics. As listed in Table 3, one of the earliest publications
is carried out by Li et al. [46], where the combined activity of nanosilver and amoxicillin was
investigated against E. coli. Nanosilver was prepared by using freshly prepared ascorbic acid
solution with an average size of 20 nm. MIC decreased greatly when nanosilver and
amoxicillin were combined (5 pg/mL and 0.15 mg/mL, respectively), compared to separate
use of either nanosilver (40 pg/mL) or amoxicillin (0.5 mg/mL). Dynamic tests showed that
bacterial growth was decreased and delayed at exponential and stationary phases. Authors
concluded that there was a synergistic effect of amoxicillin and silver nanoparticles and pre-
incubation of a solution containing more nanosilver received better antimicrobial effects.

Kora et al. prepared nanosilver by reducing AgNO; solution with NaBH,4 [59]. Various
sized nanosilver particles were formed when different stabilizing agents were used: citrate
(38.3+13.5 nm), sodium dodecyl sulfate (SDS, 19.3+6.0 nm) and polyvinylpyrrolidone (PVP,
16.0 +4.8 nm). These nanosilver particles were then combined with streptomycin (10 ug),
ampicillin (10 ug), and tetracycline (30 ug) to inhibit the growth of E. coli and S. aureus as
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models for Gram-negative and Gram-positive bacteria, respectively. The presence of the
above three different sized nanosilver enhanced the antibacterial activity of the antibiotics,
with percent of enhancement being different (Figure 5). As shown in Figure 5, the
enhancement is the greatest with PVVP-coated nanosilver, with the percents of enhancement
being 45.4% and 50%, respectively, when PVP-stabilized nanosilver is combined with
streptomycin against S. aureus or with ampicillin against E. coli.

Table 4. Summary of recent studies on antibacterial activity using the combination of
nanosilver and conventional antibiotics

nm)

& C. albicans

Nanosilver Synthesis Antibiotics Bacteria/fungi Ref
Reduce AgNO; w. Amoxicillin E. coli (gram-negative) [46]
ascorbic acid, cubic
shaped, 20 nm
Reduce AgNO; w. Streptomycin, ampicillin E. coli and S. aureus [59]
NaBH,, capped by citrate | tetracycline
(38.3+13.5 nm), SDS
(19.3+6.0 nm), and PVP
(16.0 4.8 nm)

Reduce AgNQg in Penicillin G amoxicillin S. aureus and E. coli [147]
presence of Klebsiella erythromycin clindamycin
pneumonia, 22.5 nm (5-32 | vancomycin
nm)
Photo-assisted reduction, Ceftazidime streptomycin Over 10 different kinds of | [125]
16.6 nm (7-20 nm) kanamycin ampiclox bacteria
polymyxin B
chloramphenicol
Fungus extracellular Ampicillin gentamycin E. coli, S. aureus and Ps. [83]
synthesis (60-80 nm) streptomycin vancomycin aeruginosa
Fungus-mediated Fluconazole P. glomerata, P. [58]
synthesis (Alternaria herbarum, F. semitectum,
alternate), 32.5 nm (20-60 Trichoderma sp., and C.
nm) albicans
Fungus Trichoderma Ampicillin kanamycin S. typhi (Gram negative [47]
viride, 5-40 nm erythromycin rods), E. coli (gram-negat-
chloramphenicol ive rods), S. aureus (gram-
positive cocci), M. luteus
(gram-positive cocci)
Aspergillus terreus SP5, Erythromycin methicillin S. aureus, S. pyogenes, S. [207]
Paecilomyces lilacinus chloramphenicol enterica and E. faecalis
SF1 and Fusarium sp. ciprofloxacin
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Figure 5. Percent of enhancement of antibacterial activity of antibiotics in combination with nanosilver,
against E. coli (a) and S. aureus (b) (Reproduced with permission from Hindawi Publishing
Corporation [59]).

It’s well-known that nanosilver can be synthesized by reduction of silver ions using
citrate, NaBH,, or other reducing agents, and by applying various small molecules or
polymers/biopolymers as coating agents. However, these traditional chemical methods
involve many different kinds of chemicals that are potentially harmful and toxic to human
cells [208]. This means that further purification process is required to get rid of remaining
chemicals in nanosilver solution after the synthesis procedure. On the other hand, nanosilver
is not stable without a coating agent and aggregate irreversibly to reduce their surface energy.
Therefore, there is an underlying balance between purity and presence of coating agents,
which is hard to achieve during operation. In this case, biosynthetic technology is developed
using fungi [58, 83, 207,2 09] or natural extract [49]. As listed in Table 4, nanosilver ranged
2-70 nm have been synthesized by using many types of fungi or extract, including Alternaria
alternate [58], Trichoderma viride [47], Aspergillus terreus SP5, Paecilomyces lilacinus SF1
and Fusarium sp. MP5 [207], Cryphonectria sp. [57] and Dioscorea bulbifera tuber extract
[49].

These nanosilvers were then combined with various antibiotics to study the antimicrobial
effects. In the presence of nanosilver, fluconazole showed the maximum inhibition against C.
albicans, followed by P. glomerata and Trichoderma viride while no significant enhancement
of activity was found against P. herbarum and F. semitectum [58]. Confirmed by Fayaz et al.
[47], the antibacterial activities of ampicillin, kanamycin, erythromycin, and chloramphenicol
were increased in the presence of nanosilver against both gram-negative (S. typhi and E. coli)
and gram-positive (S. aureus and M. luteus) bacteria. The highest enhancement was observed
for ampicillin. Devi et al. [207] also investigated the synergistic effect of nanosilver with
erythromycin, methicillin, chloramphenicol and ciprofloxacin against S. aureus, S. pyogenes,
S. enterica and E. faecalis.

Notably, Shahverdi et al. [147] synthesized nanosilver ranging from 5 to 30 nm (average
size 22.5 nm) using the culture supernatants of Klebsiella pneumoniae. The nanosilver was
then combined with 14 types of conventional antibiotics to investigate their antibacterial
activity against S. aureus and E. coli. As reported in table 1 in their paper, antibacterial
activities of penicillin G, amoxicillin, erythromycin, clindamycin and vancomycin are all
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enhanced against both S. aureus and E. coli, while enhancements are the highest for
vancomycin, amoxicillin, and penicillin G against S. aureus. There is no enhancement for all
the other antibiotics.

Jain et al. reported antimicrobial effects of biostabilized nanosilver with the size range of
7-20 nm (average 16.6 nm) in combination with ceftazidime, streptomycin, kanamycin,
ampiclox, polymyxin B and chloramphenicol against over 10 types of mirocorganisms [125].
Various MIC values were examined by utilizing Checkerboard Microdilution Studies.
Interestingly, distinct effects are observed. Effect of nanosilver with ceftazidime is
synergistic, while nanosilver with streptomycin, kanamycin, ampiclox and polymyxin B are
additive, and nanosilver with chloramphenicol is antagonistic. Based on these results, authors
developed an antimicrobial gel for topical treatment. Another study, carried out by Birla et al.
[83], used synthesized nanosilver from Phoma glomerata with size ranged from 60-80 nm.
The addition of nanosilver caused an increase of inhibition by ampicillin, streptomycin and
vancomycin against E. coli and Ps. aeruginosa. The observed synergistic activity is better for
E. coli and Ps. aeruginosa than for S. aureus.

Chopade et al. found that B-lactam (piperacillin) and macrolide (erythromycin) antibiotics
showed a 3.6-fold and 3-fold increase, respectively, against multidrug-resistant Acinetobacter
baumannii, in combination with nanosilver [49]. Chloramphenicol or vancomycin against
Pseudomonas aeruginosa received a 4.9-fold and 4.2-fold increase, respectively, while a
maximum 11.8-fold increase in zone diameter of streptomycin was observed when combined
with nanosilver against E. coli. Dar et al. [57] also reported that streptomycin and
amphotericin combined with nanosilver showed comparatively higher activity against both S.
aureus and E. coli than against S. typhi and C. albicans. Rajawat et al. elctrolytically prepared
nanosilver of average size 10 nm (2-23 nm) [60]. They found that the combination of
synthesized nanosilver and ampicillin was more effective than the combination of nanosilver
and gentamicin against Salmonella typhi.

6. MECHANISM OF ANTIBACTERIAL ACTIVITY OF
COMBINED NANOSILVER WITH ANTIBIOTICS

Mechanisms of action for most of the conventional antibiotics have already been studied.
B-Lactam antibiotics (penicillin class) can inhibit the formation of peptidoglycan cross-links
in the bacterial cell wall by binding to the four-membered B-lactam ring of penicillin to the
enzyme DD-transpeptidase [210]. Nanosilver is also widely investigated as potential
antibacterial agents and how the antimicrobial effect is achieved [63].

Several hypotheses have been proposed to explain the synergistic effect of nanosilver-
antibiotics complex for bacteria [46,51]. The two antimicrobial agents could function either
separately or synergistically. Even one of the two is not effective due resistance by the
bacterium, the other will still function to kill the bacteria. The synergistic effect may be
caused by binding of the antibiotic molecules onto nanosilver. Antibiotics contain many
functional groups including hydroxyl and amino groups which can bind to silver. Since the
antibiotic usually has a strong affinity to the bacteria, the antibiotic-nanosilver complex can
bind to the bacteria more easily than nanosilver alone, increasing the local concentration of
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nanosilver and released Ag*. Another possible mechanism is that nanosilver facilitates inter-
membrane transportation of antibiotics (like amoxicillin) to the target cell surfaces.

Fayaz et al. proposed a four-step mechanism for the synergistic activity of ampicillin
combined with nanosilver [47]. According to their mechanism, core nanosilver is formed with
ampicillin based chelation. The nanosilver-ampicillin complex then interacts with bacteria
cell wall and inhibits the formation of cross-links in the peptidoglycan layer, thus preventing
cell wall formation. Finally, it leads to cell wall lysis. This is the same way in which p-lactam
antibiotics (ampicillin) kill bacteria. Furthermore, silver-ampicillin complex can enter into
bacterial cell and prevents the DNA unwinding.

Based on different results discussed here, it can be concluded that the antibacterial effect
of nanosilver-antibiotic combination is greatly dependent on the size, stabilizer of nanosilver
as well as the type of antibiotic molecules. Obviously, reactive functional groups, like
sulfydryl, amino and hydroxyl groups, are responsible for the interactions between nanosilver
and antibiotic molecules. If the binding between nanosilver and antibiotics is very weak van
der Waals interaction, it dissociates easily when nanosilver-antibiotics complex is located in
the bacterial environment. Nanosilver and antibiotic molecules will function separately. In
contrast, when the binding is covalent or strong noncovalent interactions, nanosilver-
antibiotics complexes are preferable to function as a unit. This indicates that the interaction
between nanosilver and antibiotic molecules should be first studied. Then the changes of
protein expression should be clarified to figure out the mechanistic pathway. These results
will provide direct evidences for the mechanism of antimicrobial effect of nanosilver-
antibiotics.
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ABSTRACT

Laser-Induced Breakdown Spectroscopy (LIBS) is a chemical analysis technique in
which a laser pulse is focused onto a sample surface to generate a high density electric
field resulting in a micro-plasma or “spark™. The light emissions from the spark are
collected and analyzed to determine sample composition or for the identification of
complex materials. Advantages of a LIBS analysis are that results are provided rapidly
(seconds to minutes) and often there is little or no sample preparation. For many years,
LIBS was used purely as an elemental analysis technique. However, with the advent of
advanced computing that has allowed application of more complex mathematical analysis
to LIBS spectra, LIBS is being used for more complex chemical and biological analysis.
In this chapter, the potential of LIBS as a tool for food safety applications will be
explored through a review of published works.

INTRODUCTION

Laser-Induced Breakdown Spectroscopy (LIBS) is an analysis technique in which a laser
pulse is focused onto a sample surface to generate a high density electric field resulting in a
micro-plasma or "spark". This micro-plasma contains material from the sample surface and
the atmosphere surrounding the sample that has been vaporized with the resulting atoms
excited to emit light by the high plasma temperature (8000 K). The light emissions are
subsequently collected and analyzed to determine the sample composition. LIBS is a form of
atomic emission spectroscopy (AES). In the 1860's the first use of AES to determine
elemental composition was demonstrated by introducing a sample into a flame and observing
the resulting color changes. [1] With the advent of lasers in the 1960's the flame was replaced

* Corresponding author: E-Mail: rmultari@ara.com.
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by a laser generated plasma produced by focusing powerful laser pulses onto the sample
surface. Over the next 50 years, LIBS has been investigated and found to be useful across a
wide variety of fields including, but not limited to, coal analysis; sorting of metals and
plastics; cultural heritage studies; detection of toxic metals in liquids; explosive, biological,
and chemical detection; rock & soil analysis; aerosol, water, and soil analysis; and detection
of trace elements in fresh vegetables and food powders. [2,3] Each year hundreds of LIBS
articles are published relating to various applications. There is even a LIBS instrument
(ChemCam) currently deployed on the Mars rover Curiosity. [4]

LIBS is an attractive analytical technique because there is typically little to no sample
preparation, data are collected in seconds and, with automated analysis, results can be
available to the user of a LIBS-based instrument in seconds to minutes. LIBS instruments can
be designed not only for laboratory use but made portable for field use or built into
manufacturing facilities as needed. General LIBS instruments developed for elemental
analysis are commercially available. In recent years, investigations into possible uses for
LIBS have been expanded to the analysis of biological and chemical materials through the
application of advanced mathematical modeling of the spectral data. Morel et al.
demonstrated that LIBS could detect and sort six bacteria species and two pollens in pellet
form. [5] Guyron et al. studied the differences in LIBS bacterial spectra. [6] Rehse et al. and
Diedrich et al. have shown that both pathogenic and nonpathogenic Escherichia coli (E. coli)
cultured strains grown in both nutrient-rich and nutrient-free media can be differentiated. [7—
9] Gottfried et al. and Snyder et al. have shown that LIBS can be used to differentiate
biological warfare simulants in a defined sample set. [10] The first blind study demonstrating
that LIBS could be used to differentiate species and strains of live bacteria was done by
Multari, et al. [11] Multari et al. were also the first to demonstrate that LIBS could be used to
differentiate viruses. [12] Investigations continue to better understand the biological and
chemical detection capabilities of LIBS when the LIBS spectrum is analyzed with advanced
mathematical techniques as opposed to traditional elemental analysis methods. Recently, a
number of investigations have been made into the use of LIBS for food safety applications.
[13-18] Each of these investigations examined different food safety applications and a review
of these will aid in a better understanding of the potential use of LIBS as a tool for ensuring
food safety.

THE LIBS APPARATUS

The primary components of a LIBS apparatus include a pulsed laser, an optical assembly
for focusing laser pulses onto the sample, a sample holder capable of translation (for
measurements in which a fresh interrogation spot is desired for each measurement), a method
of collecting the light emitted from the laser spark, a spectrometer, detector, and a computer
for equipment control and data analysis. A typical LIBS apparatus is shown in Figure 1.
Often, the detector is time gated to only record emissions from the laser plasma at a certain
period after initiation. Depending on the complexity of the LIBS apparatus, a LIBS data
collection system can cost as little $25,000 or as much as a hundred thousand dollars. Typical
laser energies used for LIBS analysis range from a few mJ to hundreds of mJ. The
spectrometer wavelength range used for analysis typically extends from 200 nm in the
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ultraviolet spectral region to 1000 nm in the near infra-red region. The optical components
chosen for focusing the laser pulses onto the sample are customized for an application and the
laser path, focusing optics, and timing parameters are chosen to produce the best possible
spectrum as defined by the intensity of the spectrum without introducing saturation of
emission lines. Care must also be taken to ensure that the spark does not ablate completely
through the sample to the underlying sample holder.

SAMPLE PREPARATION

Depending on the investigation, sample preparation for LIBS can be simple or complex.
Martelli et al. [13] investigated the analysis of common wheat grains of different kernel sizes
by first selecting grains according to their thickness as measured with a caliper, then
conditioning them at constant humidity using a saturated solution for at least a week prior to
the LIBS measurements. To investigate wheat tissues, tissues were selected by hand
according to the radial grain orientation. A scalpel was used to separate tissues as desired for
the planned investigations and samples were dried between microscope slides. The moisture
content was adjusted using a constant relative humidity and a saturated solution. Figure 2
shows examples of LIBS spectra collected from these samples. Barnett et al. [14] investigated
the detection of Salmonella enterica serovar from foods by analyzing pellets made from
purchased bacterial strains which were first grown on an agar plate. Individual bacteria
colonies were harvested from the agar plate and then placed in brain heart infusion growth
media (BHI) and incubated for 16 hours. Serial dilutions of the grown bacteria were then
made using milk or chicken broth to obtain different concentrations of contamination.
Samples were then centrifuged three times with the supernatant being discarded after each
centrifuge step. The cells were washed between centrifuge steps by immersion in phosphate
buffered saline (PBS) to remove media debris. Before being applied to a Si substrate, the cells
were re-suspended in PBS and mixed to ensure even cell distribution. The Si substrate was
washed, the cells in PBS were applied and then the samples were subsequently dried prior to
LIBS analysis. Kim et al. [15] investigated pesticides in spinach and rice by powdering the
leaves of these materials. The samples were first dried and then ground. The ground samples
were subsequently filtered to achieve similar particle sizes and these were pelletized. To
create pesticide contaminated samples, the pesticide was mixed in the powders prior to
making the pellets. In contrast, although Multari et al. [16] also started from individual
bacterial colonies and incubated as in previous works, the grown samples bacterial were
subsequently diluted in de-ionized water and applied directly to food and food processing
surfaces for LIBS measurements. No drying step was used and data were collected over
sample surfaces that included a plastic cutting board, a metal drain strainer, eggshell, raw
chicken, bologna, and ground beef. For liquid milk, the bacterial contamination was mixed
into the milk and the milk was applied directly to an agar plate for data collection. To
investigate pesticides and dioxins in tissue fats and rendered oils, Multari et al. [17]used
samples consisting of pesticides diluted into hexane and subsequently mixed into tissue fats
and rendered oils which were then applied directly to filter paper for analysis without drying.
To investigate pesticides on apples, Ma et al. [18] applied pesticide dilutions in deionized
water directly to the surfaces of pieces of apples. The apple samples were air dried for a
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period of time prior to LIBS analysis. As can be seen from these examples, sample
preparation can be either complex or simple depending on the food and the type of the
investigation.

time control

computer

translation stage

Figure 1. Typical equipment set-up for LIBS data collection and analysis. Insert is a photo of a laser
spark on plastic.
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Figure 2. LIBS spectra obtained from wheat grains. A Nd:YAG laser was used to generate the laser
pulses and data collection occurred 500 ns after spark generation. The results from ten successive.
pulses were averaged to generate the LIBS spectra shown. Reprinted with permission (J. Agric. Food
Chem., 2010, 58(12), pp. 7126—7134). Copyright 2010 American Chemical Society.
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Because LIBS analysis is dependent on the emission spectrum which is a function of the
coupling of the laser pulse energy with the sample and atmosphere surrounding the sample,
sample preparation plays a key role in obtaining useful results. Results for an investigation
are heavily dependent on the method chosen for sample preparation and care must be taken
not to inadvertently introduce contaminations that may lead to erroneous results.

DATA ANALYSIS AND RESULTS

Once the spectral data have been collected, these must be analyzed for signals that can be
correlated to the detection targets. For many years LIBS analysis was based entirely on
elemental signatures as represented by individual emission peaks in the spectrum. For
biological and complex chemical detection, more complicated mathematical analysis of the
spectrum combined with statistical methods are often needed. Many different approaches
have been taken to accomplish this.

Martelli et al. [13] pretreated collected spectra, prior to analysis, by baseline correcting
and normalizing the spectral intensities to the C, Swan molecular band (516.52 nm) to
compensate for any experimental fluctuations. The goal of the study was to drill into the
sample to discriminate between wheat tissue layers (not to quantify elemental content) so this
normalization was appropriate. Moving Window Two-Dimensional (MW2D) Correlation
[19] was applied to a matrix consisting of the collected spectra arranged in pulse order. The
spectral intensities from each individual spectrum were mean centered. The matrix was
divided into subsets of data by a moving window of arbitrary fixed width. For a data subset,
the autocorrelation was calculated and then plotted as a function of the local average value of
the perturbation within the window. Window size was varied and the size yielding the lowest
noise and highest peak resolution was chosen as the width for the new window. The window
was moved and this process was repeated until all spectra were included in the analysis. 2D
maps were then generated by plotting the autocorrelation intensities as a function of the
window. Peaks could be observed in the 2D plot at the number of pulses where the largest
spectral variations were found. By analyzing individual lines and tying these variations to
changes in tissue layer, an understanding of the depth and chemistry of the tissue layers was
obtained. As can be seen from Figure 3, Ca is found in the initial layers of the sample
corresponding to pulses 1-40 and greater than 100 pulses whereas Mg is present for all pulse
measurements. Next, Matlab 7.0[20] was used to perform Partial Least Squares -
Discriminant Analysis (PLS-DA) on the data. [21] Results were validated by both calibration
set cross-validation and external validation using a test set. It was found that it was possible to
predict the wheat tissue layers that had been successfully modeled using PLS-DA. This work
demonstrated the usefulness of LIBS for investigating wheat grain structure.

Barnett et al. [14] investigated S. enterica serovar Typhimurium concentrations in BHI,
chicken broth, and milk using discriminate functional analysis (DFA) on selected emission
lines. In this study, a number of elements known to provide identification and differentiation
of bacteria based on relative intensities were selected to include in the analysis. A Gaussian
curve was used to fit the emission line profile and determine the area under the curve which
was used as the emission intensity. The data were then mean centered and normalized. DFA
was then performed on the mean-centered normalized intensities of the selected emission
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lines using SPSS 16 software [22]. From the analysis (Figure 3, reference 14), it is clear that
S. enterica serovar Typhimurium in BHI can be distinguished from BHI.

Multari et al. [16] investigated detection of S. enterica and E.coli over a range of
concentrations in a variety of foods (including milk) using multivariate regression applied to
the entire LIBS spectrum and found bacteria could be differentiated over a much wider range
of concentrations and to lower levels (<10% cells/mL) than that demonstrated using the
analysis methods of Barnett et al. [14] To accomplish this, no wavelength regions were pre-
selected and the entire spectrum was treated as a single variable set for which the x
coordinates corresponded to the wavelength and the y coordinates to the intensity. Partial
least square regression over the entire data set was performed to create differentiation models
using the Unscrambler 9.7. [23] Spectral normalization such that the maximum peak intensity
was set to unity was applied to all spectra prior to this analysis. Using this method,
differentiation of E.coli and Salmonella (both live and dead) on plastic and metal food
processing surfaces was demonstrated. Differentiation was also demonstrated for Salmonella
in milk, raw chicken, eggshell, and swabs of eggshell surfaces and for E.coli on bologna,
ground beef, eggshell and swabs of eggshell surfaces. In this work, the ability to differentiate
live bacteria from dead bacteria was also demonstrated. Examples of prediction values
obtained from test spectra input into various models are shown in Figure 4.

By employing the same methods of data analysis used to differentiate bacteria, Multari et
al. [17] successfully demonstrated the differentiation of samples contaminated with pesticides
and dioxins to low levels of contamination. In this study, tissue fat and rendering oil samples
were contaminated with aldrin, 1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin, chlorpyrifos, and
dieldrin for concentrations of 0.005 to 0.1 pg/g. In addition, the ability to build detection
algorithms using individual differentiation models as building blocks for the overall detection
capability was also demonstrated. An example of the algorithm flow for differentiating
pesticides and dioxin in rendered oil deposited on filter paper is shown in Figure 5.
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Figure 3. Cumulated intensities for Ca Il (396.85 nm) and Mg 11 (279.55 nm) calculated from baseline
corrected and normalized spectra during wheat ablation. Reprinted with permission (J. Agric. Food
Chem., 2010, 58, (12), pp. 7126-7134). Copyright 2010 American Chemical Society.
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Figure 4. Prediction values obtained from test spectra for models designed to differentiate A) live from
killed E. coli and a control on a metal drain strainer; B) killed E. coli dilutions from live E. coli
dilutions and control dilutions on bologna, C) live Salmonella on raw chicken; and D) live Salmonella
from dead Salmonella, live and dead E. coli and a control (Triptic soy broth, TSB) on a metal drain
strainer. Reprinted with permission (J. Agric. Food Chem., 2013, 61 (36), pp 8687-8694). Copyright
2013 American Chemical Society.

Kim et al. [15] investigated the use of PLS-DA for the detection of pesticides in spinach
and rice samples. In this work, key elements associated with the pesticides and the samples
were identified and PLS-DA was performed on the spectral regions corresponding to
emissions from these elements. From the score plots in the analysis, clean spinach could be
differentiated from spinach spiked with parathion to 10 ppm; clean spinach could be
differentiated from spinach spiked with forsetyl-aluminum; and clean rice could be
differentiated from rice spiked with parathion (Figure 6).

Ma et al. [18] investigated the detection of pesticides on apples by identifying spectral
emissions correlated with the presence of the pesticide and then performing principal
component analysis (PCA) only on the spectral regions corresponding to these emissions. The
Unscramber 9.7[23] was used to perform the PCA analysis and it was found that apples
contaminated with chlorpyrifos could be differentiated from uncontaminated apples.
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Figure 5. Algorithm flow for differentiating pesticides and dioxin in rendered oil on filter paper.
Reprinted with permission (J. Agric. Food Chem., 2013, 61 (10), pp 2348 —2357). Copyright 2013
American Chemical Society.
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Figure 6. PLS-DA score plots for differentiating A) clean spinach from spinach spiked with parathion,
B) clean spinach from spinach spiked with forsetyl-aluminum, and C) clean rice from rice spiked with
parathion. Reprinted with permission (J. Agric. Food Chem., 2012, 60 (3), pp 718—724). Copyright
2012 American Chemical Society.
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CONCLUSION

The use of LIBS as a diagnostic tool for certain food safety applications appears
promising based on these initial studies. All studies to date have been carried out under
controlled laboratory conditions using carefully prepared laboratory samples. To truly
become useful as a food safety diagnostic, detection must be accomplished in the presence of
unknown and varying background species in the uncontrolled environment of the "real
world". To accomplish this, more investigation is needed into the robustness of the methods
being used for data collection and analysis and "best" methods must be identified and further
developed. If successfully developed, the use of LIBS for food safety would allow for near
real-time detection of both chemical and bacterial contaminations thereby enhancing food
safety.
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ABSTRACT

Contamination of food by pathogenic bacteria is very common in this world. Recent
advancement in graphene, graphene oxide and hybrid graphene material has expanded
our ability to design and construct platform with targeting and diagnostic functions.
These multifunctional graphene oxide based materials have been demonstrated to be one
of the most promising materials for selective pathogenic bacteria sensing. This book
chapter discusses work from our and other groups on bio-conjugated graphene based
nanomaterial based strategies for the selective and highly sensitive food pathogen
detection. Current chapter is focused mainly on the basic concepts and critical properties
of the hybrid graphene oxide platform that are useful for the food-pathogen sensing.

INTRODUCTION

Outbreaks of Escherichia coli, Staphylococcus and Salmonella food-borne pathogens
occur regularly in the U.S and other developed countries [1-4]. According to the United
States of America (USA) Centers for Disease Control and Prevention (CDC), an estimated 48
million food borne illnesses occur each year only in USA and on that around 3000 people die
due to food borne diseases [3]. On the other hand, according to the European Food Safety
Authority (EFSA), about 0.5 million of food borne illnesses occur each year in Europe [4].
Food recalls due to the presence of food-borne pathogens are the nightmare for world
economical growth [1-9]. It is now well documented that due to the biological diversity and
quite low infection dose, it is a continual challenge to prevent infectious disease outbreaks
due to harmful pathogens [1-15]. Due to the lack of highly sensitive methods for the
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identification of pathogenic bacteria and since current methods take several days to report the
correct information, our society needs rapid, sensitive, and reliable assay to identify the
harmful pathogens from food [1-15]. Nanomaterial-enabled detection strategies, though
promising, is currently in its infancy, and may be able to help society to fulfill the demand in
future. Since last ten years, several articles have demonstrated that very high selectivity can
be achieved after the nanomaterials have been functionalized with targeting groups like
antibody, aptamers, ligands. These recognition elements have the capability to recognize
antigens or other epitopes on the exterior of a food-borne pathogen, and as a result, bio-
conjugated nanomaterial can be used for selective capturing and detection of the food-borne
pathogens. We and others have demonstrated that due to the presence of large surface area,
nanomaterials enable attachment of large number of target-specific recognition elements. As a
result, nanomaterial based techniques can be used for several pathogens simultaneously as
well as selectively at the single bacterium level.

Graphene, a single sheet from graphite, has the ideal 2D structure and was produced in
the laboratory in 2004 by Andre Geim and Konstantin Novoselov [16]. After that, in the last
ten years it has revolutionized the scientific community due to the remarkable electronic and
structural properties [17-24]. However, due to the presence of zero optical band gap, its
device applications for food-borne pathogens are restricted. [16-24] Recently, we and others
have shown that graphene oxide, which is chemically treated graphene, can be a potential
alternative to graphene for the food-borne pathogen detection applications. [25-29] Recent
articles have demonstrated that presence of oxygen moieties in the form of epoxy, hydroxyl,
carbonyl or ether groups, opens up the band gap in graphene oxide, which helps it to be used
for sensing applications. [25-33] Current book chapter intended to illustrate the current status
of the use of graphene material for food-borne pathogen sensing and also to spur possible
future research in this area for the next generation scientific community.

B10-CoONJUGATED GRAPHENE MATERIAL BASED SERS SENSOR
FOR FOOD BORNE PATHOGEN DETECTION

Raman Spectroscopy is a powerful analytical tool for characterizing materials. The
significant shortcoming of Raman spectroscopy is that it has a very week signal (low cross-
section), requiring high concentrations of sample. However, in the presence of appropriate
surfaces (rough surfaces, nanoparticles etc.) Raman cross section improves, hence called
surface enhanced Raman scattering/spectroscopy (SERS). The two major factors contributing
to the enhancement are electromagnetic enhancement (EM) and chemical enhancement (CM).
SERS has been shown to be highly promising for biosensing applications due its ability to
enhance Raman signals by 10° —70™ orders of magnitude with the potential for single-
molecule detection and featuring the specificity due to its unique molecular fingerprinting
information. [25-27] The major factor for enhancing the scattering is EM. Graphene cannot
support EM, since the plasmon band is in the terahertz range. [28,29] However, CM is still
possible, via charge transfer between the molecule and the substrate. Since charge transfer
causes more separation of positive and negative charges, the polarizability of the molecule
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increases resulting in the enhancement of Raman scattering cross-section. [30-32] Vast
majority of biological molecules are aromatic and their structure is complementary to that of
graphene. These aromatic molecules lie parallel to the surface of graphene, due to the m-nt
stacking, [33-35] resulting in minimal distance between graphene and the molecules. Possible
position of the HOMO and LUMO of the molecules are all located on the two sides of the
Fermi level of graphene which is an amicable situation for charge transfer between graphene
and the molecules, causing chemical enhancement. Additionally, because of the similarity of
the chemical structure between the molecules and graphene, the vibrational coupling [36]
between them may be another factor contributing to the Raman enhancement. [28] The major
drawback of chemical enhancement is that the enhancement factor is around 10 - 10% This
drawback can be overcome by modifying graphene substrate with metal nanostructures,
which causes enhancement by EM mechanism, with surface plasmon which has enhancement
factors more than 10™°. The advantage of using nanoparticles in conjunction with graphene is
that, we can get a synergistic effect for Raman enhancement and graphene acts as stationary
phase for nanoparticles, where immobilization is necessary.
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Figure 1. Dark-field microscopy images of (a) S. aureus (b) E. coli aggregated inside SERS tags.
Corresponding SERS spectra are shown across the respective images. Black colored arrows indicate the
bacteria and red colored crosses indicate the laser spot. (Reproduced with permission from ref. 37,
copyright 2011, American Chemical Society).
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Lin et al. [37] reported Graphene Oxide (GO) wrapped gold nanocluster SERS tags by
using a glutaraldehyde (GA) modified poly (allylamine hydrochloride) labeled tris (2, 2'-
bipyridyl) ruthenium - (I1) chloride /GO nanohybrid as a complex Raman reporter for the
detection of bacteria. Here the role of graphene is primarily a receptor for various aromatic
compounds (dye in this case) which is a result of n—n stacking and electrostatic interaction
between graphene and the dye molecule. Presence of graphene also resulted in several
advantages like reproducibility, sensitivity, and colloidal signal stability. First, the
morphology and optical property of tags are controllable. Au clusters with different
aggregation extents can be obtained by using different-sized GO. The samples with near-
infrared (NIR) absorption are easily attainable for further photothermal application. Second,
high density of the Raman reporter can be enriched on GO sheets, rendering the high
sensitivity of the tags. Third, GO forms an ultrathin (about 1 nm), transparent capping sheath
of the tags, and thus the adsorbed Raman reporters “feel” the EM field with high efficiency
for SERS enhancement, and the scattering signals export nearly without loss. [38] Fourth, the
compact GO coating maintains the good water dispersibility and assures the tag’s colloidal
and signal stability in the biological matrix. Another interesting thermal property is also
observed. Upon heating the SERS intensity decreases due to heat induced release of reporter
molecules. [37] Both S. aureus and Escherichia coli bacteria were efficiently agglomerated
by the tags owing to their unique sheet like coating structural properties combined with the
cross-linking ability of GA, resulting in the enhancement of Raman signal. Using this
method, we can also perform photothermal ablation by exposing agglomerated bacteria to
LASER. Au cluster will generate the heat, which is required to destroy the cell wall of the
microbes, upon exposure to light and as microbes are already agglomerated, heat transfer will
be efficient resulting in better photothermal ablation.
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Figure 2. Plot showing SERS enhancement of the Raman signal from MRSA at 670 nm excitation, in
the presence of nanoassemblies. SERS spectra from MRSA clearly show that the detection limit can be
as low as 10 MRSA (reproduced with permission from ref. 12, copyright 2014, American Chemical
Society).
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Our group recently reported a label-free SERS probe for the detection of bacteria. [12] In
this approach, a nano assembly is made of GO and popcorn shaped Gold Nano Particles. To
understand whether the nano assembly is superior, Rhodamine 6G (Rh6G) SERS experiments
were performed using graphene oxide alone and nanohybrid. The enhancement factor is
calculated by using following equation (1).

G = [Isers] % [Mpuix] @

[IRaman] [Mads]

where lsgrs is the intensity of a 1511 cm ™’ vibrational mode in the SERS spectrum in the
presence of graphene oxide, nanopopcorn, or hybrid graphene oxide and lgaman iS the intensity
of the same mode in the bulk Raman spectrum from only Rh6G. My is the number of
molecules used in the bulk, and M.gs is the number of molecules adsorbed on the nanosurface.

Experimental data show that the enhancement factor is about 1.2 x 10° in the case of gold
nanopopcorn, and this huge SERS enhancement in the case of nanopopcorn is mainly due to
the electromagnetic enhancement and a lightning rod effect. A SERS enhancement factor of
3.8x10™ is observed for the nano assembly, proving that hybrid is two orders of magnitude
more sensitive. This huge eleven orders magnitude SERS enhancement of the hybrid material
is mainly due to the CM by graphene oxide and very high plasmon enhancement (EM) by
nanopopcorn. To specifically detect the S. aureus, nano assembly is modified with SEB1
aptamer (APTSEB1), which is specific to S. aureus. After incubating with the nano assembly,
S. aureus successfully aggregated inside the nano assembly. Since the cell wall of bacteria
contains various proteins, carbohydrates and lipids, in the presence of nano assembly, we will
be able to see vibrational modes of respective compounds. SERS data observed from MRSA
show 8(CH,) saturated lipids peak at 1460 cm™' and that the v(NH2) stretch for adenine and
guanine peaks at 1320 cm . Similarly, we have observed the ring breathing mode of the
tyrosine protein peak at 855 cm™', C—O—C glycosidic ring deformation at 580 cm™', and the
skeletal modes C-C peak at 420 cm™'. We also see D and G bands of graphene oxide.
Experimentally observed SERS bands using our SERS substrate are in good agreement with
the Raman bands reported for different microorganisms in the literature. [39,40] Using this
nano assembly, one can detect methicillin resistant S. aureus at the concentrations as low as
10 CFU/mL.

Table 1. Raman Modes Analysis Observed from MRSA (Reproduced with permission
from ref. 12, copyright 2014, American Chemical Society)

Vibration mode Raman Peak position [cm™]
graphene oxide G band and amide I 1603—16158 1603-1615
8(CH,) saturated lipids 1460
Graphene oxide D band 1350
v(NH,) Stretch for adenine and guanine 1320
Ring breathing Tyr protein 855
CH, rock 710
C—0—C glycosidic ring deformation 580
Skeletal modes C-C 420
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B10-CONJUGATED GRAPHENE MATERIAL BASED
FIELD EFFECT TRANSISTOR (FET) SENSOR FOR FOOD BORNE
PATHOGEN DETECTION

Field-effect sensors have several advantages over resistor sensors. First, the sensitivity
can be dramatically enhanced by the modulation of the gate electrode when operating the
devices in the sub-threshold regime. [41,42] Second, the current, the multiple parameters such
as mobility, threshold voltage,and sub-threshold slope etc. can also be used for sensing. [42]
The third advantage of the field-effect sensors is that the sensor response can be enhanced by
combining them in oscillator and adaptive amplifier circuits. [41,42] Finally, the field-effect
sensors can operate at room temperature, which has advantages of low power consumption,
long device lifetime, and reduced explosion hazards. [42] Stimuli-responsive Field Effect
Transistor (FET) devices are attractive due to their rapid response, real time monitoring and
high sensitivity. [43] Integrating materials like graphene that has very low band gap in a FET
device is more practical approach, since it reduces sensor to sensor variation improving the
reproducibility. Due to zero-gap, graphene has exceptional electron mobility (~100 times
greater than that of silicon) making it apposite for electronic applications. [44]

In a proof of concept example, Mohanty et al. reported the fabrication of Chemically
modified graphene sheets (CMGs) based single bacterium resolution interfacial device, [45]
which is fabricated by immobilizing graphene-amine on a silica substrate forming p-type
chemically modified graphene device. CMGs can be valuable tool to develop versatile
biohybrids. Since graphene contains huge surface area, they can strongly interfere with
microscale biocomponents by the virtue of appropriate modification. These CMGs, which are
p-type semiconducting nano sheets, upon interaction with biological cells, like bacteria, will
experience highly sensitive charge carrier modulation that enables us to detect bacteria by an
electrical signal. In this study, the CMGs and their biohybrids were synthesized using GO
immobilized on heavily doped n-type silicon substrate and subsequently functionalized with a
monolayer of (3-aminopropyl) to make the silica surface positively charged with tethered
amine groups. The aminized GO scaffolds (GA), which are positively charged, can now be
electrostatically attached to negatively surface charged bacteria forming CMG/bacteria
biohybrids. The bacterial strain used in this experiment was Bacillus cereus, a gram positive
strain with an abundance of polyteichoic acid molecules on their cell wall, making it
negatively charged. To further enhance the specificity of biohybrids towards bacteria, it was
modified with concanavalin, a biomolecule with highly specific affinity to the teichoic acid
on the peptidoglycan membrane of the bacterial cell wall. The hybrid device’s (GA based)
hole and electron mobilities were compared to that of GO based device to determine the
superiority. The hole mobilities for GO and GA were 0.0297 + 0.0017 (cm’/V)/s and 5.882 +
0.098 (cm?/V)/s, respectively, while the electron mobilities were ~0.00198 + 0.0002 and
0.00747 + 0.00178 (cm?/V)/s, respectively. These carrier mobilities (Ucarier) Were calculated
using Equation 2.

Hearrier =

Al /AVG
( )/(cc(lmvm) ?



Two-Dimensional Graphene Material for Food Pathogen Diagnosis 81

where Alps and Vps are the source-drain current and voltage, Cg is the capacitance of the
silica gate, and | and w are the length and width of the CMG sheets between electrodes. The
increase in hole mobility can be attributed to the length between amine group end to graphene
base, which is significantly higher than that of between carboxylic end to graphene base in
case of GO. There is an increase of 42% in conductivity of GA device with the addition of
single bacterium. Here attaching a bacterium, a negatively charged species, to GA device, a p-
type device, is equivalent to negative potential gating that increases the hole density. The
increase in hole density due to the bacterium attachment was calculated to be 3.53x10"cm™
It is evident that on an average, there is an estimated ~1400 additional charge carriers
generated with the addition of single bacterium to the device, resulting in the increase in
conductivity, thereby confirming the presence of bacteria. The change in hole density (Aq)
was calculated using Equation 3.

_ (R7*—R{Y)
Aq = /((l/w)up) ©)

where R2 and R1 are the final and initial resistances of the device.

Chang et al. reported a FET produced by thermally reduced monolayer GO (TRMGO),
[46] which is able to detect E. coli selectively with a sensitivity of 10 CFU/mL. The
electrodes were fabricated by solution process involving self assembly of monolayer
graphene oxide sheets on to Au electrodes. The self assembly is a result of electrostatic
interaction between oxygen groups on GO sheets and amine groups on the functionalized Au
electrodes. Since the target (bacteria) is a charged species, sensing signals can be monitored
directly by the change in FET electrical properties (e.g., current or conductance). To
investigate the electrical properties of TRMGO FET devices, measurements were carried out
in air at room temperature using the back-gated FET devices. While the gate bias was varied
from -40 to +40 V, the current of the device decreased from 139 to 59 nA. The decrease in
conductivity with increasing voltage indicates that the TRMGO sheets are p-type
semiconducting materials. The sensing performance of TRMGO FET devices was
investigated using anti-E. coli antibodies as probes. The device was exposed to various
concentrations of E. coli cells in the cell culture grade water. The changes in transfer curves
of the FET sensor after adding selected concentrations of E. coli cells (10, 10% 10° and 10*
cfu/mL) have been investigated. It can be observed that the conductance of the devices
continued to increase with increasing concentrations of E. coli cells. As the TRMGO FET
was operated in the p-type region (solution-gate voltage Vg = 0 V), the device conductance
increase is due to increased hole concentration, which is induced by the highly negatively
charged bacteria. The conductance of the device with specific binding increased
correspondingly with the addition of E. coli cell solution, and the current change of the device
was around 1.1% with the introduction of 10 cfu/mL. For comparison, a control experiment
was carried out on a device without modification of anti- E. coli antibody probes. In contrast,
controlled injection of E. coli cells had almost no effect on the conductance of the TRMGO
devices in the absence of probes. Therefore, it is confirmed that the conductance increase is
solely attributed to the specific binding between probes and target materials. An increase in
conductance of the device is observed with specific binding of E. coli and the current change
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of the device was measured to be around 1.1% for 10 CFU/mL of E. coli. In the case of FET
biosensor devices, proposed mechanisms include charge induced electrostatic gating and the
Schottky barrier effect. Due to the high temperature (400 °C) during the annealing process,
the Schottky barrier effect can be neglected. From the above discussion of sensor response
from specific and non-specific bindings, it is believed that the gate modulation (FET
performance) leads to the sensor signal by capturing negatively charged E. coli cells. And the
device conductivity change is attributed to the direct electrostatic gating effect from the
accumulation of negatively charged E. coli cells on the gate electrode.

Huang et al. demonstrated a high throughput nanoelectronic sensor based on antibody-
modified graphene to detect bacteria (E. coli) with high sensitivity and selectivity. [47] To
specifically detect bacteria E. coli, anti- E. coli antibodies were first immobilized onto
graphene film via the linker molecules (1-pyrenebutanoic acid succinimidyl ester), whose
pyrene group at one end binds to the graphene surface through strong n-n interaction and the
succinimidyl ester group at the other end covalently reacts with the amino group on the
antibody. To prevent nonspecific binding, ethanolamine was applied to quench the unreacted
succinimidyl esters on the linker molecules and Tween 20 was used to passivate the uncoated
graphene area. The CVD-grown graphene exhibited the characteristic ambipolar field-effect
and each functionalization step led to shift in the transfer curve (drain-source current lgs
versus the solution-gate voltage V). The grapheme sensor was incubated with 10° CFU/mL
of E. coli to determine kinetics of bacteria binding and the device response. The graphene
conductance increases with time due to gradual increase in the number of E. coli caught by
the antibodies on the graphene film. As the graphene FET was operated at the p-type region
(Vg = 0V), the increase in graphene conductance is due to increased hole density induced by
the highly negatively charged bacterial wall. The device response reached the maximum in
about an hour due to saturation of bacteria binding. The Kinetic time constant of bacteria
binding (time-dependent device response) was about 10 min. In control experiments, 1 hr
incubation of 10° cfu/mL of E. coli did not cause any appreciable conductance change in the
devices modified only with linker molecules, ethanolamine and Tween 20, suggesting the
essential role of anti- E. coli antibodies in the detection. The functionalized graphene devices
were incubated with different concentrations of E. coli for 30 min, rinsed thoroughly with
PBS solution, and electrically characterized by measuring the l4—Vgs (I-V) characteristics
while the solution-gate voltage V4 was held at 0 V. The increase in graphene conductance
positively scaled with the concentration of bacteria. In comparison, 10° cfu/mL Pseudomonas
aeruginosa did not cause significant response of anti- E. coli antibody functionalized
graphene FET, indicating the high specificity of detection. The specificity is attributable to
the fact that other bacterial strains are not able to bind with the anti- E. coli antibodies
functionalized on the graphene, and non-specific binding to the graphene surface is prevented
by Tween-20 passivation. Specifically, 10 cfu/mL caused 3.25 + 0.43 % increase in graphene
conductance (n = 6 devices) which corresponds to a current increase of ~1.17mA at Vg4 = 0.2
V (significantly higher than the current noise of 0.02 mA). In contrast, high concentration of
P. aeruginosa (10° cfu/mL) only produced 1.02 + 0.81% increase (n = 6 devices). The
transfer curves of graphene device measured before and after incubation with E. coli indicate
the obvious right-shift of the Dirac point and a conductance increase at V4 = 0 V, agreeing
with the notion that the negatively charged bacteria increase the hole density in graphene.
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Figure 3. lllustration of anti- E. coli antibody functionalized graphene-FET for detection of E. coli.
Inset: Scanning electron microscopy (SEM) image of an E. coli on antibody functionalized graphene
(reproduced with permission from ref. 47, copyright 2011, Royal Society of Chemistry).

Basu et al. reported a low cost graphene based transparent flexible acetate substrate E.
coli sensor, without using any linker or antibody. [48] The sensing study was done with
different concentrations of E. coli along with the effect of acetate sheet and the media on
impedance signal. It is observed that the impedance values obtained for the bare acetate
substrate, with different concentration of E. coli is extremely high (MQ), due to absence of
graphene. The decrease in the impedance with increasing frequency can be attributed to
capacitive component of the current. However, the impedance value does not change
appreciably for different concentrations of E. coli. In order to assess the impact of media and
its degradation, impedance spectroscopy was performed by taking different samples of LB
broth stored over long time. The impedance did not change for different samples of LB broth
in the absence of E. coli. However the impedance values are lower, which can be attributed to
the presence of graphene channel. Finally, the impedance spectroscopy of graphene device
was performed, with different concentrations of E. coli obtained from two different
techniques. In the first technique, E. coli solution was collected after different times of
incubation, with longer incubation time corresponding to higher concentration of E. coli. In
the second technique, the master solution obtained after 2 hr of incubation was serially
diluted. In both cases, the impedance decreases with increasing concentration of E. coli,
clearly indicating the sensing capability of graphene device. The RC model can be applied in
any graphene based sensor structure with interdigitated electrodes. Here the separation
between two electrodes is 300 um, so the capacitance (Cy) is very low and it can be neglected.
The equivalent impedances at high frequency (Zeq) and low frequency (Zeq) are given by
Equations 4 and 5.

Ry XRg
ZeqH = RZ+R5 (4)
7 _ Rg(Rs+Rp) (5)

€L ™ Ry +Rs+R,
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b)

Figure 4. (a) TEM image of hRGO. (b) Schematic illustration of an AMP-functionalized hRGO FET
for the selective detection of gram-negative (Reproduced with permission from ref. 51, copyright 2014,
American Chemical Society).

Where R, Rs and Ry are polarization resistance, solution resistance and graphene
resistance respectively. In this model, the observed impedance decrease with increasing
concentrations of E. coli is attributed to increased hole doping in p-type graphene due to
negatively charged E. coli. The sensitivity (S) of the model is calculated to be around 10°
CFU/mL, by using the following Equation 6.

— ZO_Ze

s =222 % 100 (6)

Zo

Where Z, is the impedance of media at 100 kHz and Z. is the impedance after
introducing E. coli.

Recently developed holey reduced graphene oxide (hRGO), [49] which demonstrates
p-type semiconductor transfer characteristics and shown to be used as the transducer element
in FET bacteria cell devices [50]. Chen et al. [51] recently reported a p-type FET device made
up of holey reduced graphene oxide, modified with a positively charged anti microbial
peptide (AMP), Magainin | (GIGKFLHSAGKFGKAFVGEIMKS), [52] specific for gram
negative bacteria that operates by taking advantage of the electrostatic interaction between
positively charged Magainin | and anionic lipopolysaccharides. AMPs, which are inherent to
many organisms’ immune systems, recognize target pathogens by interacting with surface
components of microbial cells. [52-54] While the exact mechanism for their antimicrobial
activities remains undetermined, the microbicidal or microbiostatic activity is generally
postulated to occur via membrane disruption. [55]

hRGO was first synthesized via enzymatic oxidation [49] and then as-synthesized
product was diluted in water to 0.01 mg/mL and deposited between interdigitated electrodes
(Au/Ti, 100 nm/30 nm, 10pm spacing) using an alternating-current dielectrophoresis method
with a bias voltage of 10 Vpp at 300 kHz for 60 s. Functionalization was accomplished by
activating carboxylic groups on bare hRGO devices with 1-ethyl-3-[3-(dimethylamino)
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propyl] carbodiimide/N-hydroxysuccinimide. After a thorough rinsing with PBS, activated
devices were incubated overnight with AMP (1uM in PBS), resulting in the formation of
amide bonds between Magainin | and activated hRGO. After incubation with a blocking
buffer (BB; 0.1% Tween 20 in PBS) for 1 h, a further decrease in the conductance was
detected as a result of Tween occupying nonspecific binding sites on hRGO. The lack of a BB
results in both the allowance of nonspecific interactions and low response, possibly related to
the conformation of AMP on the device surface. Upon subsequent exposure to heat-killed
E. coli 0157:H7 (10* — 10’ cfu/mL in PBS) for 1 h at each concentration, a time sufficient for
cell capture, the devices demonstrated a further response in the p-type region that was
attributed to the specific interaction between the attached AMP and bacterial cells in the
solution. Presumably, this interaction induces electron transfer with hRGO, which decreases
the conductivity of the device by depleting the main carriers (i.e., holes); however,
electrostatic gating may also contribute to the observed response, and so the overall
mechanism is complex. The limit of detection for this sensor was calculated to be 803
CFU/mL. As a control experiment, functionalized devices were exposed to gram-positive
Listeria cells, which do not interact with Magainin 1. After incubation with Listeria (10* =10’
CFU /mL in PBS), the transfer characteristics changed negligibly comparable to a device
treated equally with, thereby indicating minimal to no binding between AMP and the control
bacterial cells. This instrument can be used in variety of bacterial species simply by choosing
specific AMP from the library.

An impedimetric immuno sensor developed by electrodepositing reduced graphene oxide
sheets (RGS) doped chitosan (CS) on to a glassy carbon electrode (GCE) to detect marine
sulfate reducing pathogenic bacteria (SRB) is reported by Wan et al. [56] The electro
deposited RGS-CS composite was further modified with anti-SRB antibody for specificity,
then with bovine serum albumin to avoid any non-specific interaction. Upon immersing the
electrode in a solution containing SRB, a significant change is observed in charge transfer
resistance (over 90 Q at a bacterial concentration of 1.8 x 10" CFU/mL) of redox couple, a
similar change is not observed in case of counterpart gram negative pathogenic bacteria
Vibrio anguillarum (less than 20 Q at a bacterial concentration of 2.1 x 10’ CFU/mL), owing
to specificity. The sensitivity of the electrode mainly arises from graphene sheets, which is a
very good conductor.

Another electrochemical impedimetric sensor for the detection of MRSA DNA is
recently reported by Wang et al. [57] First a GCE is modified with
aminopropyltriethoxysilane (APTES), then with RGS. A 30mer probe DNA adsorbed onto
RGS through weak electrostatic/hydrogen bonding. As DNA is negatively charged, it will
reduce the conductivity, that is increase in the resistance of charge transfer due to the
repulsive interaction with redox mediator (in this case redox mediator is [Fe(CN)e]’"*).
In the presence of complementary DNA conductivity change is still higher, decrease by about
10 times, which is measured by Nyquist plot. This method is able to detect DNA even at a
concentration of 100 femto molar.
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B10-CONJUGATED GRAPHENE MATERIAL BASED FLUORESCENCE
SENSOR FOR FOOD BORNE PATHOGEN DETECTION

According to Michael Kasha’s rule, [58] the photoluminescence peak is independent of
the wavelength of the excitation, as it is always observed for organic dyes and inorganic
quantum dots fluorophores. Usually, the fluorophore is excited to the excited states in femto-
second (10™"° s) time scale via the absorption of light and after that it undergoes non-radiative
relaxation to the band edge in pico-second (10™ s) time scale [59,60]. At the end, radiative
recombination of the electron and hole to emit a photon as photoluminescence occurs at nano-
second (107 s) time scale. As a result, all the excited electrons, independent of initial energy,
have to relax to the band edge before it comes back to the ground state by releasing
luminescence [59,60].

Recently our group demonstrated that two-photon photoluminescence imaging color and
luminescence peak position can be tuned for graphene oxide, from deep blue to red simply by
varying the excitation wavelength without changing its chemical composition and size. [61]
The excitation energy dependent photoluminescence spectral shift for graphene oxide can be
due to the several factors [62,63] and these are as follows: 1) possible excited-state
protonation of the COOH group. In the excited state, intramolecular proton transfer occurs
from hydroxy to carboxylate anions; 2) excitation wavelength dependent fluorescence from
the OH moiety in the graphene oxide sheets; 3) Due to the local reorganization of
photoexcited GO sheets in a polar solvent, the solvent relaxation time becomes comparable to
the fluorescence lifetime. Though the GO photoluminescence can be tuned from the visible to
the NIR region just by varying the excitation energy from 440-600 nm, we have not observed
any clear fluorescence above 600 nm excitation, which clearly indicates that GO is not
suitable for biological imaging applications using near-infrared (NIR) light within the
biological transparency windows. [59,60,64,65] As a result, two-photon photoluminescence
imaging at different excitation wavelengths with near-infrared light in two biological
transparency windows has been used for MDRB imaging. As discussed earlier, the excitation
wavelength dependent two-photon photoluminescence from freshly prepared graphene oxide
can be tuned just by varying the NIR excitation energy from 760 to 1120 nm, without
changing its chemical composition and size. Excitation wavelength power dependent two-
photon intensity measurement experiments performed to know how 680 nm two-photon
emission intensities from GO vary for 1120 nm fs laser excitation with various average
powers show that the emission intensity is proportional to the square of the fs excitation
intensity confirming the presence of the two-photon process. Continuous 1120 nm fs laser
illumination experiment shows that two-photon luminescence signals remain unchanged till
40 minutes of illuminations, which indicates very good photo-stability of aptamer APT 5" -
modified graphene oxide as a TPF material. Next, we have measured two-photon absorption
cross-section values using the following Equation 7, which was then compared with literature
reported values. [66,67]

0o = OFL’ (FGO/FFL) . ((DFL/‘DGO) . (CFL/CGO) @
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where the observed fluorescence intensity has been represented by F, the quantum yield is
represented by ® and C is the concentration. It was found that the two-photon absorption
cross-section is 50840 Goeppert-Mayer units (GM), for -NH modified APT>F®! attached
graphene oxide at 760 nm excitation, which is higher than any other reported value in
literature. Our measurement of o,pa for APT 8! attached graphene oxide is few orders of
magnitude larger than that of organic molecules and even higher than that of the highest
reported two-photon absorption cross-section for QDs. [68,69] Due to the very high two-
photon absorption cross-section and good quantum yield, graphene oxide is a highly
promising two-photon luminescence microscopy imaging contrast agent for bio-imaging.
The purpose of using aptamer APT 8" is that it can be used for very selective detection of
Staphylococcus aureus. [70] Next, we have incubated aptamer APT**®! -modified graphene
oxide with different concentrations of MRSA for 30 minutes. To understand whether the two-
photon luminescence of graphene oxide can be tuned just by varying the excitation energy
from the first to the second biological transparency windows, we have performed two-photon
photoluminescence experiments at 760, 880, 980 and 1120 nm excitation wavelength, which
show that the two-photon luminescence of graphene oxide can be used for multi-color bio-
imaging and it is due to the fact that two-photon photoluminescence from GO can be tuned
just by varying the NIR excitation energy without changing its chemical composition and
size, as we have discussed before. Due to the interaction of aptamer attached graphene oxide
sheets and bacterial surface, GO density is much higher on the top of MRSA. As a result, we
have observed much brighter two-photon fluorescence from graphene oxide on top of MRSA.
Experimental data show that the fluorescence image becomes brighter due to the strong
interaction between hybrid GO and aggregated MRSA. The above interaction helps to locate
MRSA in the fluorescence image in the presence GO two-photon fluorescence background.
To find out that whether aptamer APT®®! -modified graphene oxide based two-photon
luminescence is selective for MRSA or not, Salmonella DT104 was incubated with aptamer
APTEBL modified graphene oxide for 30 minutes. Two-photon fluorescence image and TEM
image clearly show that Salmonella DT104 does not bind with aptamer APT*®! -modified
graphene oxide sheet. The above experimental data clearly indicate that aptamer APT®EE!
modified graphene oxide based two-photon luminescence is highly selective for MRSA
imaging and can be used selective and multi-color imaging of MRSA in the first and the
second biological transparency windows.

Abdelhamid et al. reported a method to detect bacteria using multifunctional graphene
magnetic nanosheet decorated with chitosan. [71] A graphene-magnetic nanoparticle-chitosan
composite (GMCS) is prepared by synthesizing chitosan modified magnetic nanoparticles and
chitosan modified graphene sheets separately, then incubating them together. The GMCS is
used to develop an effective biosensor that can generate photoluminescence as a function of
the bacterial concentration. Two kinds of bacteria were detected with detection limits of 5.0 x
10? for P. aeruginosa and 4.5 x 10° for S. aureus by using fluorescence. GMCS is also used
to detect the bacteria by matrix assisted laser desorption/ionization mass spectrometry
(MALDI). To detect bacteria by MALDI analysis, bacteria were pre-concentrated by
magnetic separation and were analyzed. This approach is able to detect P. aeruginosa and S.
aureus at concentrations similar to that of fluorescence analysis.
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Figure 5. (A), (B) Excitation wavelength dependent single photon photoluminescence from freshly
prepared graphene oxide. Plot clearly shows that water soluble GO photoluminescence can be tuned
from the visible to near NIR region just by varying the excitation energy, without changing its chemical
composition and size (reproduced with permission from ref. 61, copyright 2014, Nature Publishing
Group).

Liao et al. proposed a novel multivariate testing strategy that depends on a QD and GO
nanoplatform. [72] It aims at multiplex gene monitoring of Listeria monocytogenes that can
overcome false negatives and reduce the false-dismissal probability in routine tests, based on
the principles of probability statistics, the probability of independent random events occurring
at the same time is far less than that of a single event occurring independently. In this
approach, the linear-after-the-exponential polymerase chain reaction (LATE-PCR), is
employed as the amplification system, and the iap and hlyA genes of L. monocytogenes are
used as the target genes. This platform consists of three parts: multiplex LATE-PCR
amplification, DNA hybridization, and GO—QD signal detection. When the genome of L.
monocytogenes exists, the multiplex LATE-PCR amplification system can obtain ssSDNA
amplification products of the iap and hlyA genes at an efficiency between linear amplification
and exponential amplification. Then, QD probes are added and incubated with the ssSDNA
amplification products to achieve sufficient hybridization of the ssDNA amplification
products and QD probes. At the same time, helper probes are imported to constitute a longer
double chain structure. Then, the single-stranded QD probes are quenched by GO. However,
partial formation of double-stranded DNA (dsDNA) through the hybridization of QD probes
and amplification products leads to sufficient resistance to the quenching effect induced by
GO. Therefore, the nanoplatform can achieve characteristic signals corresponding to the
target genes. The sensitivity of the model evaluated by varying the concentration of DNA
from 10 to 10 fg/uL. After amplification, the products of target genes were mixed with pre
prepared QD probes and helper probes. The mixture was incubated at 37°C for 30 min. Then,
GO was added to the system, reaching a final concentration of 16pg/mL and leading to a
quenching effect on the excess QD probes within 10 min. Finally, changes in the fluorescence
intensity of the final mixture were observed and recorded. The fluorescence intensity
synchronously decreased with the reduction of genomic DNA. When the concentration of
genomic DNA decreased to 10 fg/uL, the fluorescence intensity tended to be coincident with
that of the control group. It was demonstrated that the QD—GO multiplex gene monitoring
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platform achieved a sensitivity of 100 fg/ulL. We performed linear regression analysis of the
fluorescence intensities with different genomic DNA concentrations for verification of the
reliability and feasibility of this platform. This platform exhibited a good dynamic range from
10 to 10° fg/uL. To further evaluate the performance of the platform, samples of the genomic
DNA of Salmonella enterica, E. coli O157:H7, and L. monocytogenes with an isometric
concentration of 10° fg/ul. were also analyzed using this platform. The fluorescence
intensities of Salmonella enteric and E. coli O157:H7 exhibited no significant enhancements,
where as L. monocytogenes gave a dramatic response, which confirms that this platform has
highly responsive specificity to L. monocytogenes.

B10-CONJUGATED GRAPHENE MATERIAL BASED FRET
SENSOR FOR FOOD BORNE PATHOGEN DETECTION

Fluorescence resonance energy transfer (FRET) is the transfer of photoexcitation energy
from a donor fluorophore to an acceptor molecule. According to the quantum physical model
and the classical Coulombic dipole—dipole interactions, FRET occurs via radiationless
transitions. [73,74] The energy transfer efficiency depends highly on the relative distance
between the FRET pair. [75] Over the past few decades, single-molecule FRET has become a
sensitive and powerful tool for determining conformational biomolecular changes and
molecular interactions, and it has been used for inter- and intramolecular distance
measurement for biochemical processes. [76] Since the FRET process originates from dipole—
dipole interactions, the energy transfer between the donor and the acceptor is strongly
dependent on the center-to-center separation distance. Due to the coupling requirement, the
energy transfer efficiency is inversely proportional to the sixth power of the donor to acceptor
distance. [77] As a result, the length scale of a FRET ruler is of the order of 10 nm maximum.
Due to its nearly transparent, semimetallic nature, graphene is also a unique interface for
fluorescence energy transfer. Graphene exhibits linear band dispersion around the corners of
its Brillouin zone and also has a nearly constant optical absorption. [78-80] As a result,
optically excited species can be quenched by resonant energy transfer via the excitation of
electron-hole pairs in graphene. [78-82] Using theoretical calculations, Swathi and Sebastian
[79,80] determined that graphene could act as a highly efficient quencher of fluorophores.
They calculated that quenching of FRET fluorescence using graphene would be observable up
to a distance of approximately 300 A, whereas FRET is typically observable at about 20-60
A. [83] In spite of being a disrupted lattice of sp®-bonded carbon atoms, GO can exhibit
similar behavior. Interestingly, in studies in which GO was used as the acceptor, quenching
was observable at distances greater than 20 nm. [84] Graphene oxide has been reported to be
a universal highly efficient long-range quencher of fluorescence. [85,86] Morales-Narvaez
reported a novel pathogen-detection system based on antibody quantum dot (Ab-QD) probes,
in which GO is employed as a pathogen-revealing agent (based on its quenching
performance). [87] The system uses Ab-QD microarrays for pathogen attachment. The
pathogen is selectively captured onto the Ab-QD probes, which fluoresces when excited with
a laser, and then GO is added. In the presence of the pathogen, the bound probes barely
interact with GO; consequently, GO cannot quench their fluorescence. However, in the
absence of the pathogen, the (free) probes extensively interact with GO through n-m stacking,
and GO quenches their fluorescence. In FRET, the fraction of photons that are absorbed by
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the donor and subsequently transferred to the acceptor can usually be increased by increasing
the number of acceptor molecules. [88] Ab-QD complexes in microspots of approximately
140+£10 um were printed, and then assayed for quenching of their fluorescence by GO at
different GO concentrations. As in microarray technology, the interaction of the spotted
probes (in this system, Ab-QDs) and the molecule that is to be attached onto the probes (in
this system, GO) strongly depends on both the concentration and the incubation time. [89] A
calibration curve obtained from the quenching of the Ab-QD microarrays by GO at different
concentrations (0 — 350 mg/mL) at an incubation time of 30 min yielded a linear response,
however, at an incubation time of 75 min, the response was exponential. These results
indicate that an increase in GO concentration and an increase in the incubation time can both
induce an increase in quenching efficiency. This system, once optimized, would be able to
display an ON/OFF (digital-like) response. When used a high concentration of GO (<110
mg/mL) as the pathogen-revealing agent (which led to a dense coating of GO platelets),
distinguishing between the absence and presence of the pathogen is not possible, as the
guenching levels were similarly high in the two cases. In contrast, when used a low
concentration of GO (<40 mg/mL), the probes were scarcely quenched. This result indicates
that the optimal conditions for the use of GO were an incubation time of 75 min and a GO
concentration of approximately 70 mg/mL. Under optimal conditions, the system exhibits a
transition at an E. coli concentration of approximately 10 CFU/mL and becomes saturated at
an E. coli concentration of about 10’ CFU/mL. When similar experiment performed with
Salmonella typhimurium as a non-target pathogen, there was no much difference observed
compared to the blank, indicating the specificity of the system.

ooeoeo |\
® 06 © 0 O . \ 4 Graphene Oxide
o 0o o0 o0 o &, Fatnogen
Chip on GI Slid
1P aaallae YAntibody
@ Capture spot @ Quantum Dot

Figure 6. Operational concept of the nano-enabled system (illustration not to scale). The system relies
on Ab-QD microarrays as a pathogen attachment mechanism. Once the pathogen is selectively captured
onto the Ab-QD probes (which can be excited with a laser), they are coated with GO platelets that
reveal the presence of the pathogen. In the presence of the pathogen, the quenching of the probes is
minimal, as they barely interact with GO (ON state), whereas in the absence of the pathogen, the probes
are quenched by electrostatic or 7-7 stacking interactions between the probes and GO (OFF state)
(reproduced with permission from ref. 87, copyright 2013, John Wiley & Sons).
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CONCLUSION AND OUTLOOKS

In conclusion, the current chapter discussed the great potential of graphene based
materials for the possible application of food-pathogen diagnostics. Reported data from
different groups have shown that outstanding electronic and plasmonic properties of hybrid
graphene based materials are useful for food-pathogen labeling, imaging and diagnosis.
Reported results clearly show that graphene based materials are going to make the essential
tools that are necessary to face the food-pathogen infection challenges in 21* century. Though
the use of graphene material for food-pathogen sensing is only just the beginning, scientists
believe that it represents one of the highly promising areas of scientific inquiry into the food
technology field. Though there are several advantages of using graphene based material for
pathogen sensing, as we have discussed before, several challenges need to be solved before it
will be useful for the society. Problems such as environmental stability, possible toxicity,
nonspecific binding need to be addressed before it can be used for sensing in food technology
field environments in presence of competing targets. We believe that after overcoming these
issues, we can realize the dream of bringing graphene based technology to the real life food
industry applications.
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Chapter 5

PLASMONIC NANO-PROBE AND NANO-MEDICINE
FOR SELECTIVE DETECTION, ULTRASENSITIVE
QUANTIFICATION, AND UNTRENDY TREATMENT

FOR FOOD-BORNE BACTERIAL INFECTION

Dulal Senapati”

Nanophotonics Group, Chemical Sciences Division,
Saha Institute of Nuclear Physics, Bidhannagar, Kolkata, India

ABSTRACT

Food-borne bacterial infection is one of the most serious threats to public health and
comprise a large part of the global mortality burden. Despite the tremendous
development of standardized treatment protocols, food poisoning due to bacterial
infection is still very common. Driven by the needs of the society, large scale production
of processed food and associated bacterial infections sometimes create food-borne
disease outbreaks. Along with this large scale food-born bacterial infections, several
different strains of these bacterial pathogens are becoming resistant to drug, heat, and to
pH. Due to this increasing resistance, usual medications for the destruction is no more
suitable in the context of present scenario. Recent advancement in nanoscience and
nanotechnology has expanded our ability to design and construct nanomaterials with
selective targeting, effective therapeutic, and efficient diagnostic functions. With the
emergence of nanoscience & nanotechnology and the ability to make tailored plasmonic
nanomaterials suitable for efficient light harvest, we are now in a position to offer several
plasmonic nano-probes for rapid and cost effective sensing of food-borne pathogens
suitable for field application to beat the urgency and universality respectively. More
interestingly, this advancement of nano-probes also gives the ray of hope to design nano-
medicine for the future to destruct these pathogens not only in the large scale but will also
be suitable for multi-resistant (drug, heat, pH, etc.) bacteria. This chapter describes
different established plasmonic nanomaterials-based optical and spectroscopic techniques

* Corresponding author: Email: dulal.senapati@saha.ac.in.



98 Dulal Senapati

for strain-specific detection, ultra-sensitive quantification, and efficient destruction of
different food-borne bacteria.

1. INTRODUCTION

Bacterial infection is the major cause of food-borne diseases (FBD) throughout the world
and is one of the most serious threats to public health for decades and remains a major public
health challenge even in the 21* century. FBD comprise a large part of the global mortality
burden, though the true extent of their impact is unknown due to innumerable unreported
cases and inefficient health record system of the developing countries. Food-borne diseases
have devastating health and economic impact in both developed and developing countries.
World Health Organization (WHO)[1] estimates the full extent and cost of the disease burden
associated with FBD and pointed it out as an important cause of morbidity and mortality
worldwide. Diarrhoeal disease alone - a considerable proportion of which is food-borne, kills
1.9 million children globally every year. FBD in United states alone results 76 million illness,
325000 hospitalizations, and ~5000 deaths each year [2]. With every bite we eat, each drop
we drink, and all breath we draw, we might expose ourselves to illness from either microbial
or chemical contamination. Out of several microbial infections (bacteria, virus, amoeba,
protozoa, etc.) bacterial infection is the most common cause for food poisoning and results
outbreak and adverse health effects. Estimates of the economic cost of food-borne illness play
an important role in guiding food safety policy. Two 2012 studies of the cost of food-borne
illness in the United States-one conducted by researchers from Economic Research Service
(ERS), US Department of Agriculture and the University of Florida and the other by a
researcher from Ohio State University-agree on which food-borne pathogens are the costliest
in terms of medical care, lost time from work, and losses due to premature death. The studies
find that Salmonella (non-typhoidal) and Toxoplasma gondii are the first and second costliest
food-borne pathogens, followed by Listeria monocytogenes, Norovirus, and Campylobacter.
Out of these five pathogens, four of them are bacterial pathogens (except Norovirus).
Together, these five pathogens account for over 85 percent of the estimated costs for illnesses
caused by the 14 major food-borne pathogens. ERS estimates that the total food-borne costs
by these 14 pathogens in US about $14.6 billion (updated to 2010 $ price)[3]. Other common
bacteria thatcauses the most illness, hospitalization, and death are E. coli, Clostridium
perfringens, Clostridium botulinum, Streptococcus A, Sigella, and Staphylococcus aureus [4].
The worldwide food-production industry is worth about US$578 billion and food recalls due
to the presence of food-borne bacteria are becoming a nightmare for the food industry [5,6].
Currently there are several well established bacteria detection techniques are available in the
market which include polymerase chain reaction (PCR) [7], enzyme-linked immunosorbent
assay (ELISA)[8], Fourier transform infrared spectroscopy [9], mass spectrometry [10]. Their
slow response, time consuming and labour intensive sample preparation, and initial
establishment cost limit their ability to detect food-borne bacteria in a multiplex format [11-
19]. As a consequence, the demand to develop a rapid, sensitive, and highly specific method
capable of simultaneous detection of several food-borne bacteria is growing day-by-day. Most
of the bacteria that are major cause of food-borne disease are generally transmitted to humans
through consumption of contaminated food of animal origin, mainly meat, poultry, eggs,
milk, etc. and minimum infection dose can harm badly which may become life-threatening.



Plasmonic Nano-Probe and Nano-Medicine for Selective Detection ... 99

To stop fast spreading of bacterial infection and rapid assessment of the outbreak data from
the remote sites we urgently need a sustainable ultrasensitive sensing technology for global
food safety which has a direct impact on the world economy [5]. These new technologies
should work in a multiplex format capable of simultaneous detection of multiple bacteria of
interest in a time saving and cost effective way [21]. To address this issue, multiplexed PCR,
DNA microarray techniques, and array-based immuno-sensors have been developed to
identify two to three food-borne pathogens in one assay [21-25]. Nanoparticle-based
biosensors have also been developed using magnetic nanoparticles [26-29], silver
nanoparticles [30-32], and silver nanoshells [33] to detect pathogens. However, these methods
have a limited ability to detect multiple organisms. More recently, triple-dye-doped
fluorescent silica nanoparticles [34] and quantum dots (QDs) [35] have been used for
detecting multiple bacteria. However, the fluorescent detection modality requires the use of
fluorescent probes and is typically susceptible to photo bleaching and careless handling,
sometimes requiring specific excitations for sensitive detection, while QDs are difficult to
synthesize, toxic, expensive, and surface modification is not trivial. Compared to these, there
are several reports based on gold nanoparticle-based optical and spectroscopic techniques
[20,36-39] developed in the last two decades or so for ultrasensitive, highly specific, rapid,
and non toxic assay for accurate sensing and diagnosis of a specific bacteria in uniplex or
multiplex pattern from environmental samples which has direct influence in the modern age
food safety regulation, as well as world economy. Though the FBD being a overgrown
concern in the modern days, clusters of cases reported which closely resemble to the known
adverse effects of bacterial infection even in the 1940s and 1950s, much before their
identification [8c]. There is an increase in new food-borne pathogens (toxin-producing
strains) in the recent years, possibly due to improved bio analytical detection techniques or
could be gene-swapping (or DNA-swapping) among bacteria for better resistance. Gene
swapping could be due to several different conditions, which include (i) change in farming
practice, (ii) multi-species farming, (iii) excessive use of preservation, or even (iv) change in
environmental condition. There are increasing reports on drug resistant, thermal resistant, or
even chemical resistant bacteria to increase our problem for our regulatory system. There is
an urgent need for better understanding of the survival mechanism of bacteria than making
their antidotes, otherwise "we could be storing up problems for ourself"[8c ] as large number
of these pathogens are now part of their normal flora.

In this article, I reviewed different types of food-borne bacterial species and their possible
adverse health effect; existing nano-materials based optical and spectroscopic techniques for
detection, diagnosis, and quantification; reliability of nano-probes against the standard Kits;
untrendy treatment for food-borne bacterial infection. More stress will be given on the recent
development of new ultra sensitive optical and spectroscopic techniques for bacterial
detection, principle of these detection techniques, and nanomaterials-based untrendy
treatment for the future.

2. EMERGING FOOD-BORNE BACTERIA

The epidemiology of food-borne infections throughout the globe has remarkably changed
during the past two decade and an increasing number of bacteria or genetic variant or subtype
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of a bacteria have been associated with human infections. Several different practices of food
processing or protocols for food preservation in the past known to be safe from bacterial
infection is no more secure for intake in the present day. This is due to their continual
mutation or gene swapping to make them resistant over those protecting conditions. These
protecting conditions could be (i) antibiotics: force them to transform into drug resistant
bacteria (e.g., salmonella DT104)[37,8c], (ii) heating: forces them to transform into
temperature resistant bacteria (e.g., E. coli 0111 and strains of Salmonella entrica)[8c], (iii)
pH: acid resistant bacteria (O157:H7 strain of E. coli now can survive in acidic condition
which supposed to be a condition for safe food. The marked acidic and environmental
resistance of E. coli O157[40,41] also allowed the organism to survive in apple cider and
dried venison jerky.). Internal contamination of intact eggs by Salmonella enteritidis is a
peculiar ecological niche of Salmonella serotype in egg-laying flocks [42]. Though most
bacterial outbreaks related to minced meat products, mincing allows bacteria being
transferred to the interior of such products where they can survive even after cooking. Not
only meat product, bacterial food infection can occur through egg, fish, milk, fruit juice,
vegetables, or even through water. Along with the food-borne bacterial infection from
individual food products, untreated animal dejections as fertilizer can cause serious bacterial
contamination in vegetable items from large farms [43,44]. Fresh products like lettuce,
tomatoes, coleslaw, and berries are established or potential vehicles of Shiga-toxin producing
E. coli (STEC) infection [43,44]. Although most strains of E. coli are harmless, others can
make serious outbreaks. There are six pathogenic E. coli associated with diarrhoea while
others can cause urinary tract infections, respiratory illness, pneumonia, and other infections
[45]. Six diarrheal E. coli strains are: (i) Shiga toxin-producing E. coli (STEC))—STEC may
also be referred to as Verocytotoxin-producing E. coli (VTEC) or enterohemorrhagic E. coli
(EHEC) or E. coli O157:H7, (ii) Enterotoxigenic E. coli (ETEC), (iii) Enteropathogenic E.
coli (EPEC), (iv) Enteroaggregative E. coli (EAEC), (v) Enteroinvasive E. coli (EIEC), and
(vi) Diffusely adherent E. coli (DAEC).

Similar to E.coli, Salmonella is another group of bacteria that causes most common food
poisoning throughout the world especially for older adults, infants, and persons with chronic
disease [46]. Proper cooking and pasteurization can remove Salmonella completely from
food. Common symptoms are diarrhoea, fever, abdominal cramps, and vomiting. It is
estimated that tens of millions of human cases occur worldwide every year and the disease
results in more than hundred thousand deaths. For salmonella species, over 2500 different
strains (called “serotypes" or "serovars™) have been identified to date. Salmonella is a
ubiquitous and can survive several weeks in a dry environment and several months in water
[5]. Different strains of Salmonella are categorized based on the presence of specific antigen
set. There are five most common Salmonella strains in food-borne illness outbreaks [47] and
these are:

(i) SalmonellaEnteritidis: This specific serotype most often associated with poultry.
Salmonella Enteritidis infects the gastrointestinal tract of poultry. Salmonella is
passed from bird to bird in several ways, most commonly through fecal matter.
Based on U.S. Centers for Disease Control and Prevention (CDC) data, Enteritidis
outbreaks since 2010 were linked to shell eggs, alfalfa sprouts, pine nuts and ground
beef.
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(if) SalmonellaTyphimurium: Typhimurium is the second most common serotype

associated with food-borne illness and the third most frequently identified with
chicken. This serotype is also linked to ground beef, pork and other poultry products.
Typhimurium has proven to be antibiotic-resistant, which makes eliminating the
pathogen from food products very challenging. Discussion on drug resistance
bacteria will be provided in the later sections of this chapter. Unlike other serotypes
that populated the intestinal tract of animals, Typhimurium might be in the lymph
system of cattle. Research is ongoing. The CDC list of outbreaks associated with
Typhimurium since 2006 show the following as sources: ground beef, hedge hogs,
cantaloupes, peanut butter, tomatoes and African dwarf and water frogs.

(iii) SalmonellaNewport: Newport is currently the third most common Salmonella

serotype associated with food-borne illness. This strain is most often associated with
turkey products. Like Typhimurium, it has been determined to be antibiotic-resistant.
In the fall of 2012, Salmonella Newport and Typhimurium were found in cantaloupe.
The outbreak led to three deaths and more than 250 illnesses in 24 states of USA. In
addition to cantaloupe, live poultry and alfalfa sprouts have been linked to Newport
outbreaks since 2010.

(iv) SalmonellaJaviana: Javiana is the fourth most common serotype associated with

v)

food-borne illness. This serotype is associated with exposure to amphibians in the
Southeast U.S. It has also been linked to contaminated mozzarella cheese,
watermelon, bass, poultry, lettuce and tomatoes. CDC has not reported a multistate
outbreak associated with Javiana since 2006.

SalmonellaHeidelberg: Heidelberg is the fifth most common Salmonella serotype
associated with food-borne illness and the second most frequently associated with
human health issues and poultry, according to a recent report from Food Safety and
Inspection Service (FSIS). Salmonella Heidelberg has caused recent poultry recalls
and food-borne illness outbreaks. In March 2013, 128 illnesses in USA were linked
to Heidelberg in chicken meat. It is also found in shell eggs.

Listeria is another class of food-borne bacteria which can cause serious outbreaks most

(i)

commonly found in soil and water and in some animals which includes cattle and poultry.
This causes common infection in raw milk, milk products, and processed meats. Main
concern of Listeria outbreak is its ability to grow even in the cold refrigerated temperature.
Like Salmonella, Listeria can be removed by cooking and pasteurization. Common symptoms
of Listeria infection are Fever, stiff neck, confusion, weakness, vomiting, sometimes
preceded by diarrhea and mostly affected to older adults, pregnent women, persons with
immune deficiency, organ transplant patients, or people with certain disease, like HIV/AIDS,
cancer, end-stage-renal disease, liver disease, alcoholism, diabetes, etc. Though there are
several strains of Listeria have been isolated, few of them been reported to cause human
Listeriosis outbreak. Most common stains to cause food-borne outbreaks are as follows:

ListeriaJ0161, FSL R2-499: caused human listeriosis outbreak in 2000 linked to
consumption of sliced turkey [48].
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(i) Listerial0403S: 10403S is a streptomycin resistant strain of Listeria. This strain
causes unusual bacterial disease, listeriosis, a serious infection caused by eating food
contaminated with the bacteria and affects primarily to pregnant women, newborn,
adults with weak immune system [49,50].

(iii) Listeria FSL J1-194: This strain has been linked to two human listeriosis outbreaks
and is also responsible for a number of sporadic human listeriosis outbreaks.

(iv) Listeria FSL R2-503: Particular strain was responsible for a gastrointestinal listeriosis
outbreak in the US in 1994. Analysis of this strain will provide insight into the
differences between strains causing systemic versus diarrheal disease.

(v) ListeriaJ2818: Human listeriosis outbreak in 2000 was linked to consumption of
sliced turkey with J2818 infection [48].

Campilobacter is another most common bacterium for food poisoning. The vast majority
of cases occurs as isolated events, not as part of recognized outbreaks [5]. Most common
sources of contamination are raw and undercooked poultry, unpasteurized milk, and
contaminated water. Common symptoms are diarrhoea, cramps, fever, and vomiting;
diarrhoea could be bloody. Frequency of infection is ~14/100,000 persons in the population.
Many more cases go undiagnosed or unreported, and campylobacteriosis is estimated to affect
over 1.3 million persons every year. Campylobacteriosis occurs much more frequently in the
summer months than in the winter and affects more to infant and young males. Although
Campylobacter infection does not commonly cause death, it has been estimated that
approximately 76 persons with Campylobacter infections die each year. Though
Campylobacter has several species, most human illness is caused by one species, called
Campylobacter Jejuni. Campylobacter jejuni grows best at 37°C to 42°C, the approximate
body temperature of a bird (41°C to 42°C), and seems to be well adapted to birds, who carry
it without becoming ill. These bacteria are spiral-shaped and fragile. They cannot tolerate
drying and can be killed by oxygen. They grow only in places with less oxygen than the
amount in the atmosphere. Freezing reduces the number of Campylobacter bacteria on raw
meat [51].

Clostridium perfringens or C. perfringens is also a common bacterium to cause food
poisoning throughout the world and causes nearly a million illness every year. Cooking Kills
the growing C. perfringens cells that cause food poisoning, but not necessarily the spores that
can grow into new cells. If cooked food is not promptly served or refrigerated, the spores can
grow and produce new cells. These bacteria thrive between 40-140°F (the “Danger Zone”).
This means that they grow quickly at room temperature, but they cannot grow at refrigerator
or freezer temperatures. It prefers to grow in conditions with very little or no oxygen, and
under ideal conditions can multiply very rapidly. C. perfringens infections often occur when
the food is prepared in large quantities and then is kept warm for a long time before serving.
That’s why outbreaks of these infections are usually linked to institutions (such as hospitals,
school cafeterias, prisons, and nursing homes) or events with catered food. Common sources
of infection are beef, poultry, and gravies and the general symptoms of infection are diarrhoea
and abdominal pain but without fever and vomiting. The illness usually begins suddenly and
lasts for less than 24 hours and most affected the very young and the elderly people. Some
strains of C. perfringens produce a toxin in the intestine that causes illness [52].
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3. PLAsSMONIC NANO-MATERIALS BASED OPTICAL AND
SPECTROSCOPIC TECHNIQUES FOR DETECTION, DIAGNOSIS,
AND QUANTIFICATION OF BACTERIA

Various different techniques are available in laboratories for pathogenic bacteria
detection and identification, including (i) plating and culturing [53], (ii) luminescence [54],
(iii) immunological approaches [53b-c], (iv) nucleic acid probe-based methods [7] (PCR,
LCR), (v) mass spectrometry [10], (vi) microarrays [53f], and (vii) biosensors [53g-h]. Each
of these systems has its advantages; however the utility of these methods is generally limited
by their high cost for use and the requirement of trained operators. Compared to these
techniques, recent advancement in the field of nanoscience and nanotechnology offers a rapid
and cost effective sensing of food-borne pathogen suitable for field application to beat the
urgency and universality respectively. It is the proven fact that there is an increased
interaction between nanoscience & nanotechnology and biological science in the last couple
of decades. Though there is a broad spectrum of diverse nanomaterials, noble metal (mainly
Au, Ag, and Cu) nanostructures especially attract much interest because of their unique
properties, including large optical field enhancements resulting in the strong scattering and
absorption of light [20,39f-i,55-76]. In the last 15 years, the field of biosensors using
nanomaterial has witnessed an explosion of interest for small analytes, DNA/RNA, and
pathogen detection [20,39f-i,55-76]. In terms of sensing, the use of nanotechnology has led to
the production of numerous, rapid, sensitive multianalyte assays which are useful not only in
the laboratory but also in the field as portable instruments [20,39f-i,55-76]. Due to the
increased availability of nanostructures with highly controlled optical properties, nanosystems
are attractive in their use in technological systems for diagnostic applications. Gold and silver
nanosystems attract much interest because of their unique properties, including their shape
and size-dependent optical properties. Due to the lack of toxicity [20,39f-i,55-79], scientists
have shown great interest in using gold nanosystems for sensing and imaging. Besides
plasmonic nanomaterials, semiconductor materials which generally used for macroscopic
optical and electrical sensor, can now be made on the size scale of individual biological
macromolecules. In the last few decades, extensive research in the field of nanomaterials
synthesis has allowed us to make many tailored nanomaterials that could be size variable or
shape variable. Due to this size and shape variation ability, we can now either decorate the
surface of a pathogen (e.g. bacteria) by nanomaterials or pathogens (e.g. virus) can be
decorated on the surface of a nanomaterial to utilize the near-field-electromagnetic field
enhancement technology for optical and spectroscopic diagnosis of pathogens. The dimension
of bacteria can vary a lot in the range of 0.5um to even 750um depending on their types. Not
only size but also bacteria have a variable shape like most common cocci have round shape
with dimension 0.5-1um, second most common bacilli have rod shape with 0.5-1um in
breadth and 1-4um in length, and third most common are spiral bacteria with 1-100um in
length. Besides that there are several giant bacteria, like Epulopiscium fishelsoni which has a
bacillus shape and measures 80 micrometers in diameter while the length of the organism can
measure from 200 to 600 micrometers, and the Thiomargarita namibiensis, a coccus that
measures from 100 to 750 micrometers in diameter. These bacteria can sometimes be seen by
the naked eye when in their largest sizes. Due to their large size we can decorate the bacteria
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surface by thousands to millions of nanoparticles. Along with the inorganic nanomaterials,
considerable advances have been observed in the field of polymeric, dendritic [80], and
organic nanostructures. Although all these nanomaterials can influence the enhanced sensing
of specific food-borne bacteria, this discussion will be limited to the plasmonic nanomaterials
only. In physics, a plasmon is a quanta of plasma oscillation. The plasmon can be considered
a quasiparticle since it arises from the quantization of plasma oscillations, just like phonons
are quantization of mechanical vibrations. Thus, plasmons are collective oscillations of the
free electron gas density and the nanomaterials which show plasma oscillation are called
plasmonic nanomaterials. For plasmonic nanomaterials, incident light can couple to the
plasmon excitation of the metal, which involves the light-induced motion of all the valance
electrons [81]. As a result of this, the cross-section for absorption and scattering from a
nanoparticle increases several orders compared to organic chromophores. Along with this,
nanomaterial's size and shape dependent properties [82-86], hyper quenching activities
[59,66,87-96], extra ordinary nonlinear activity [38d,97], and ease of surface modification
[20,36-37, 38d] make them versatile tool kit for biological detection. Electromagnetic field in
the near-field region around a plasmonic nanoparticle is greatly enhanced and provides
important new ways of sensitive detection. In this chapter, we will focus mainly on different
nanomaterials-based optical and spectroscopic detection of food-borne bacteria which include
colorimetric method, surface enhancer Raman scattering (SERS) technique, localized surface
plasmon (LSP) based sensing, fluorescence-based quenching (or nano-surface energy
transfer, NSET), and non-linear-optics based techniques.

5‘\./_NH2
SM/'_NHz

Arli-galmanalla
anlibody

Saimonells

Figure 1. Schematic representation showing the nanotechnology-driven approach for selective targeting
pathogenic Salmonella bacteria by antibody-conjugated oval-shaped gold nanoparticles (reprinted with
permission from ref. 36, Copyright 2010, Wiley-VCH).
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3.1. Colorimetric Identification and Sensing

3.1.1. Principle

Plasmonic nanoparticles are now known to be very good materials for colorimetric
bioassays due to their attractive bright colours [6,98-99]. Bright colour of the plasmonic
nanomaterials originated from their strong localized surface plasmon resonance. The working
principle for the nanoparticle-based colorimetric sensor is based on the fact that the color of
the nanoparticle solution is highly dependent on the interparticle distance of nanoparticles.
When individual nanoparticles come into close proximity and the center-to-center distance is
normally smaller for effective surface electron cloud overlap, due to the interparticle plasmon
coupling, a distinct color change occurs depending on the extent of plasmon coupling [6,98-
99]. Since the extinction coefficient of each gold nanoparticle is several orders of magnitude
higher than that of common organic dyes, the inter particle distance dependent AuNP color
change phenomenon has been extensively applied in solution phase for colorimetric bio-
detection [6,98-99] including detection of bacteria.

3.1.2. Research and Development

Out of different optical and spectroscopic techniques, colorimeric detection technique is
the simplest and most cost effective, does not require any instrumentation, and can be handled
by any untrained person and hence securing its potential application for field detection to
control any food-borne bacterial outbreak. Due to its simplicity, since the last fifteen years we
and other groups have used this colorimetric technique for ultrasensitive biological sensing.
Conventional methods are selective and sensitive too, but since they rely on a series of
enrichment steps, they are too slow from the perspective of industrial needs. Driven by this
need, we reported a rapid colorimetric identification of Salmonella bacteria by using bio-
conjugated oval-shaped gold nanoparticles [36]. In this colorimetric assay, we have
conjugated anti-salmonella antibody to biocompatible oval-shaped gold nanoparticle for
label-free detection of Salmonella typhimurium (Figure 1). The obtained detection limit is 10°
bacteria/L with excellent discrimination over other bacteria and pathogens ensures our
nanotechnology-based assay as potential new-age sensor for rapid, on-site pathogen detection
to avoid the distribution of contaminated foods. Our Salmonella bacteria identification is
based on the fact that 1) anti-salmonella-antibody-conjugated oval-shaped gold nanoparticles
can readily and specifically identify Salmonella typhimurium bacteria, through antibody—
antigen recognition (as illustrated in Figures 1 and 2) when anti-salmonella-antibody-
conjugated oval-shaped gold nanoparticles were mixed with various concentrations of
Salmonella typhimurium bacteria, a nice calorimetric change was observed (Figure 2a). This
color change is due to the fact that the Salmonella bacteria are more than an order of
magnitude larger in size (1-3 um) than the anti-salmonella-antibody conjugated oval-shaped
gold nanoparticles. In the presence of Salmonella bacteria, several oval-shaped gold
nanoparticles conjugate with one Salmonella bacterium, and nanoparticle aggregates are
thereby produced. Our TEM image (Figure 2d) shows clear aggregation of anti-salmonella-
antibody-conjugated oval-shaped gold nanoparticles on the surface of Salmonella
typhimurium bacteria and results a colorimetric change from pink to a bluish color (Figure
2a). As shown in Figure 2i, the absorption maximum for the plasmon-absorption band of anti-
salmonella-antibody-conjugated oval-shaped gold nanoparticles at 550 nm decreases with the
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increase in the concentration of Salmonella bacteria, and a new broad band appears at around
700 nm confirms the binding of gold nanoparticles on individual bacteria surface or acts as
bridge between two bacterium to form bacterial assembly. This bioassay is rapid, takes less
than 5 min from bacterium binding to detection and analysis, and is also convenient and
highly selective.
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Figure 2.a) Photograph showing colorimetric change upon the addition of Al) 10, A2) 50, A3) 100, A4)
500, A5) 1000, A6) 5000, A7) 10000, A8) 50000, A9) 100 000, and A10) 500 000 Salmonellabacteria.
b) TEM image showing anti-salmonella-antibody-conjugated oval-shaped gold nanoparticles before the
addition of Salmonella bacteria. ¢) TEM image of Salmonella bacteria in the presence of oval-shaped
gold nanoparticles conjugated with anti-E. coli antibody. The TEM image clearly illustrates that the
Salmonella typhimurium bacterium cells are poorly labelled by the gold nanoparticles coated with anti-
E. coli antibody. d) TEM image demonstrating aggregation of oval-shaped gold nanoparticles after the
addition of 10° CFU mL'Salmonella bacteria. ) TEM image illustrating the aggregation of oval-
shaped gold nanoparticles and the formation of microbial clusters in presence of 10* CFU mL®
'Salmonella bacteria. f-h) TEM images illustrating the formation of bigger microbial clusters in the
presence 10°, 5x10°, and 10° CFU mL"Salmonella bacteria, respectively. i) Absorption-profile
variation of anti-salmonella-antibody-conjugated oval-shaped gold nanoparticles in the absence of
bacteria (red) due to the addition of 10° CFU mL™ E. coli bacteria (green) or different concentrations of
Salmonella bacteria (10 (black), 50 (dark blue), 10° (light blue), 10* (pink), and 10° bacteria (yellow)).
The strong long-wavelength band in the visible region (Ar=550 nm) is due to the oscillation of the
conduction-band electrons. The new band appearing at around 680 nm, due to the addition of
Salmonella bacteria indicates the aggregation of the gold nanoparticles (reprinted with permission from
ref. 36, Copyright 2010, Wiley-VCH).

Selectivity of our gold-nanoparticle-based colorimetric assay was tested on E. coli
bacteria or by using anti-E. coli antibody conjugated oval shaped gold nanoparticles. In both
the cases we have not observed any color change. However, distinct color changes were
observed when we added 10° E. coli bacteria to the nanoparticles conjugated with anti-E. coli
antibodies (Figure 3a) or when we added 10° Salmonella typhimurium bacteria to anti-
salmonella-antibody-conjugated oval-shaped gold nanoparticles (Figure 2a). Corresponding
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TEM image shows the selectivity of our assy. Figure 2i shows that absorption profile for the
anti-salmonella-antibody-conjugated oval-shaped gold nanoparticles remains unchanged after
the addition of 10° CFU mL™E. coli bacteria, whereas the plasmon-band absorption profile
changed abruptly and shifted by about 100-150 nm when 10° CFU mL™ of Salmonella
bacteria were added. This difference clearly demonstrates that our colorimetric assay based
on antibody-coated oval shaped gold nanoparticles is highly specific for Salmonella
typhimurium bacteria and even can distinguish between different bacteria. Sensitivity of our
colorimetric assay is 10* bacteria cells, which is comparable with the detection limit of
enzyme-linked immunosorbent assays or ELISA (10°-10° CFU mL™)[8b], antibody-
microarray biochip techniques [8c], and biofunctionalized magnetic-nanoparticle assays [38f].
As discussed before, we used the absorption coefficient of the 550 nm band for quantifying
the concentration of Salmonella bacteria. As shown in Figure 3c, the plasmon-band intensity
is highly sensitive to the concentration of Salmonella bacteria. Our experimental results
clearly demonstrate that our assay based on anti-salmonella-antibody- conjugated oval-shaped
gold nanoparticles can quantify the amount of Salmonella bacteria over the range of 10°-10’
bacteria.
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Figure 3. a) Photograph showing colorimetric change upon addition of A1) 10°E. coli bacteria to anti-
salmonella-antibody-conjugated ovalshaped gold nanoparticles, A2) 10° Salmonella bacteria to oval-
shaped gold nanoparticles conjugated with anti-E. coli antibody, A3) 10*E. coli bacteria to oval-shaped
gold nanoparticles conjugated with anti-E. coli antibody, and A4) 10°E. coli bacteria to oval-shaped
gold nanoparticles conjugated with anti-E. coli antibody. b) TEM image showing anti-salmonella-
antibody-conjugated oval-shaped gold nanoparticles after addition of E. coli bacteria. ¢) Plot illustrating
how the plasmon-band intensity of the anti-salmonella-antibody-conjugated oval-shaped gold
nanoparticles at 550 nm changes upon addition of different concentrations of Salmonella typhimurium.
Squares indicate the experimental data and the line shows the linear fit obtained with R=0.99 (reprinted
with permission from ref. 36, Copyright 2010, Wiley-VCH).

To evaluate whether our assay can be used for the detection of Salmonella bacteria in
environmental samples, spiking experiments were performed and recovery values were
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determined. In this spiking experiment, we used 1x10° S. typhimurium per mL and a
mixtureof 5x10* E. coli 0157:H7 and 5x10*S. typhimurium per mL. In Table 1, the supplied
concentration and determined concentrations are compared. Our data show that the recovery
values are quite good, even for the mixture and confirm the capability of our assay to detect a
low concentration of one type of bacteria in the presence of another kind of bacteria.

Along with our original research work, several other groups throughout the world have
contributed significantly in the field of colorometric detection of bacteria. Recently,
Sundaram Gunasekaran [100] and co-workers reported a switchable linker (SL)-attached
nanoparticle-based visible detection of E. coli at a concentration fewer than 100 CFU/mL.
Colorimetric detection based on nanoparticle aggregation is highly advantageous for rapid on-
site detection of bacterial infection as this methodology does not seek a trained person and
any specialized instrument for successful execution. For bacteria, key feature for designing
SL is based on the concept that a target has thousands of receptor molecules. In fact,
immunogenic attachment of NPs on the cell surface using functionalized antibody (f-AB) has
been reported to produce an optical signal for selective detection of bacteria [20,38d,101-
103]. Recently, V. M. Rotello and co-workers [104] have reported a hybrid colorimetric
enzymatic nanocomposite biosensor that uses enzyme amplification to provide high
sensitivity for the detection of pathogens in aqueous solution. They have mentioned two key
issues in designing an effective pathogen sensor to find application in field detection. First,
the limit of detection (LOD) required for application in either environmental testing [105-
107] or clinical applications [106-108] is 10*-10° pathogen/mL. Second, the readout should
not require expensive instrumentation. Their colorimetric sensor design features three
maincomponents: (a) B-galactosidase (B-Gal), an anionic enzyme (pl 4.6), to provide signal
amplification; (b) chlorophenol red p-D-galactopyranoside (CPRG), a chromogenic substrate,
toprovide a color readout; and (c) a cationic NP that bindsreversibly to B-Gal, inhibiting the
enzyme without denaturation(Figure 4a). The AuNPs used here were functionalized
withquaternary ammonium ligands to provide high stability, biocompatibility, and a head
group for tuning surface interactions, all of which are critical requirements for stable and
sensitive biosensors (Figure 4b). Binding of the anionic surface of analyte bacteria [107]
(Figure 4b) to the cationic particle surface displaces the p-Gal, with concomitant restoration
of activity. The active enzyme converts the pale-yellow substrate into the red product,
providing a colorimetric readout (Figure 4a). They have checked the effectiveness of their
assay by using E. coli (XL1) as a model analyte and they could successfully and reproducibly
differentiate bacterial levels by visible color change as low as 100 cells/mL within 10min of
load. They observed similar changes by using gram positive bacteria like Streptomyces
griseus and Bacillus subtilis, indicating the generality of their assay. V. M. Rotello and co-
workers
[104] also designed a test strip suitable for field application by using GF/B binder free
microfiber filter paper as the platform because of its high wet strength, high loading capacity,
and rapid response. By using this assy they have proven the effectiveness of this chromogenic
platform, demonstrating that 1x10* bacteria/mL can be distinguished using this method.
Similar electrostatic interaction between CTAB-based cationic gold nanorod or nanosphere
and Bacillus cereus has been reported by Berry et al. [5K].

Though colorimetric detection is fundamentally simple, aggregation based methods can
be quite difficult to be developed into daily life quantitative bacteria sensing methods. One
needs to determine the strategy of how to control the aggregation size. Otherwise it may be
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challenging to reproduce, particularly in the presence of several bacteria contaminants, which
will be true in daily life samples. In future, there should be greater focus on how to control the
nanoparticle aggregation size, so that it can be expanded to the detection of microorganisms
in environmental and clinical samples.

3.2. Surface Enhance Raman Scattering (SERS) Based Identification and
Sensing

3.2.1. Principle

SERS is a nanoparticle-based Raman spectroscopic technique has been studied
extensively in the last few decades [109-113] and promised to be one of the most powerful
techniques for the future applications in diagnosis and sensing [114-115]. The usefulness of
this technique lies in its ability to provide the chemical signature along with its signal
amplification (10%-10™ order) leads to state-of-the-art highly specific and sensitive assay for
diagnosis, detection and monitoring [114-115]. Though bulk SERS enhancements have been
understood as largely plasmon-based [116,117] since the first experimental demonstrations
[118], resonance [119-120] and chemical contributions [121,122]can also be quite large under
certain conditions. The Raman enhancement, G, is measured experimentally by direct
comparison as shown in Equation (1) [109,113, 123-124].

6 = (55 x| My, @

In which Isgrs is the intensity of a particular vibrational mode in the observed SERS
spectrum of the analyte in presence of nanoparticle, and Iraman iS the intensity of the same
mode in the bulk Raman spectrum from the same analyte in absence of nanosurface. Mgy is
the number of molecules used in the bulk, Mags is the number of molecules adsorbed and
sampled on the SERS-active substrate. The possibility of observing Raman signals, which are
normally very weak, with enhancements of the order of 10°-10™ and the unique ability to
obtain molecular recognition of bacteria at very low concentrations allow SERS to be unique
for ultrasensitive pathogen sensing [109, 125-127]. Very high selectivity and sensitivity
offered by SERS, along with the highly informative spectral characteristics of Raman
spectroscopy, allows an SERS-based method to be a feasible alternative to detect bacteria
[32,37,109, 125-130] than more commonly used optical sensing methods.

Table 1. Comparison of supplied and found concentrations of S. typhimurium in water
samples (reprinted with permission from ref. 36, Copyright 2010, Wiley-VCH)

Water Sample Bacteria supplied S. typhimurium found
tap water 1x10° S. typhimurium 1.5x10°
tap water 5x10* S. typhimurium and 5x10*E. coli 8.9x10*
drinking water | 1x10° S. typhimurium 1.3x10°
drinking water | 5x10* S. typhimurium and 5x10*E. coli 7.7x10*
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Figure 4. (a) Enzyme-amplified sensing of bacteria, showing the relative sizes of the 2 nm core
diameter NPs and B-Gal. (b) Structures of ligands used for sensing studies. (¢) LOD of E. coli using the
B-GalNP2nanocomposite. Kinetic absorbance responses upon addition of different bacteria
concentrations are shown; the B-Gal-NP2 nanocomposite without bacteria was used as the control. (d)
Microplate wells showing the color change upon variation of the bacteria concentration (reprinted with
permission from ref. 104, Copyright 2011, American Chemical Society).
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3.2.2. Research and Development

Since last one decade, we and other groups have used SERS-based technique for
ultrasensitive biological sensing motivated by both applications in clinical diagnostic
microbiology and potential bioterrorist attack [131-146]. Though the colorimetric sensing is
the easiest technique for field detection to control any food-borne bacterial outbreak, lack of
noticeable color change at low concentration of pathogen does not make colorimetric method
as an ultrasensitive methodology for low level diagnosis. Contrary to that, the ability to
provide chemical signature of bacteria species at low concentration illustrates the potential
applications of SERS-based techniques as valuable analytical and structural spectroscopic
tool. Limited literature of bulk Raman (non-SERS) spectra of whole-cell bacteria are
available over the last couple of decades and their vibrational fingerprint can serve as the
basis for classification and identification of different bacterial pathogens with species and, in
some case, strain specifically. Though the diagnosis and sensing efficiency of bacterial
pathogens by bulk Raman is almost comparable to the current methodologies, like
polymerage chain reaction (PCR), and enzyme linked immunosorbent assay (ELISA), SERS
offers several advantages over bulk Raman observation. Enhanced Raman cross-section in
SERS reduces data accumulation time, excitation laser power, and easy accessible visible line
over UV lines for Raman excitation make the SERS-based detection a rapid, cost effective
venture for bacteria sensing and diagnosis [147-157].

SERS spectra have been previously reported for bacteria in silver and gold colloid
solutions [140-144], bacteria placed on electrochemically roughened metal surfaces [143-
145], bacteria coated by silver metal deposits [141-142], and bacteria co-deposited with silver
colloid aggregates on inert substrates [146]. Though the relative band intensity and absolute
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enhancement vary from sample to sample of nanomaterials, their vibational signature remain
constant for a specific bacterial pathogen. It was Jarvis et al. who first shown that SERS could
be an useful and powerful tool in pathogen identification and discrimination because of its
ability to generate whole organism fingerprints [128, 146]. Premasiri et al. [32] reported an
aggregated gold nanoparticle covered SiO, chips based SERS probe for the detection of
Gram-positive bacteria Bacillus cereus, Bacillus subtilis (YS11 and 3610), Bacillus anthracis
Sterne (a nonvirulent strain), and Bacillus thuringiensis and Gram-negative bacteria
Escherichia coli K12 and Salmonella typhimurium.

They have also reported the Raman cross-section enhancement for E. coli and B.
anthracis by a factor of 2x10* and 5x10* per bacterium respectively on gold nanoparticle
covered SERS substrate. The difference per bacterium enhancement factor was explained on
the basis of different Gram-positive and Gram-negative cell surface structures of these two
bacterial species. They have acquired SERS spectra of six closely related species of bacteria
in the 400-1700 cm™ range on the gold nanoparticle covered chip as shown in Figure 5.
Spectral differences between the SERS spectra of closely related bacteria species indicate that
the bacterial SERS fingerprints can be used to clearly distinguish different species. They have
also demonstrated the ability to quickly obtain high quality Raman spectra of bacterial single
cells, which may be useful for distinguishing dangerous pathogens in a mixture more
specifically.
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Figure 5. SERS spectra of six bacterial species obtained on gold aggregate coated SiO, chips. Spectra
are offset vertically for display purposes and top-to-bottom ordered according to their phylogenetic
relationship (reprinted with permission from ref. 32, Copyright 2005, American Chemical Society).

Very recently, Joseph Irudayaraj and co-workers have developed a novel SERS active
substrate of 60-80nm diameter through the assembly of silver nanocrystals (AgNCs) into Ag
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nanospheres (AgNSs) and used them for ultrasensitive identification of pathogens [158].
Interestingly, by using this SERS active substrate they could ultrasensitively detect different
pathogenic bacteria as low as 10 colony forming units/mL (CFU/mL). In their experiment,
they have taken three different species of bacteria, E. coli, S. typhimurium, and S. aureus
respectively, and recorded their Raman fingerprint as shown in Figure 6.

Fingerprint Raman spectra of S. Aureus obtained from their study show typical Raman
bands of adenine, amine, membrane proteins, phospholipids, and polysacharides consistent
with the existing literature [159-160]. Furthermore, their study also demonstrates that the
SERS spectra from two different bacteria species of the same type (e.g. gran-negative or
gram-positive) although share many common spectral features, differences in vibrational
bands and the relative intensity are clearly observable. In addition to the detection and
differentiation of live bacteria, the versatility of their assay to distinguish between live and
dead species, a critical area in food safety as dead bacteria, can alter the test of a food but is
no more can act as a toxin. A considerable difference in the spectra of dead and live cells
were obtained possibly due to the rupture of the outer layer of the bacterial cell wall with a
possible change in the membrane proteins resulting in the release of carbohydrates from these
cells [161]. All of these changes contribute to inducing a significant difference in the SERS
signal between the live and dead samples. Since SERS fingerprint is sensitive to the
membrane protein composition, we could possibly use SERS sensing technique to distinguish
between normal and drug resistant bacteria. For the detailed understanding on the bacteria
membrane permeability and drug resistance, readers can go through the review by Anne H.
Delcour [162].

Along with these results, we have also recently reported a Rh-6G modified antibody-
conjugated popcorn shaped gold nanoparticle-based SERS technique for the detection of
multiple drug resistant bacteria (MDRB) Salmonella DT104 [37]. In this report, the central
sphere of the nanopopcorn acts as an electron reservoir while the tips are capable of focusing
the field at their apexes, which provides huge field enhancement of the scattering signal [37,
129]. Our result indicates that in the presence of drug resistant MDRB Salmonella DT104,
antibody-conjugated gold nanoparticles undergo aggregation, which helped to form several
hot spots and provided ~10° order of magnitude SERS signal enhancement through mainly an
electromagnetic field enhancement mechanism. As shown in Figure 7, the SERS intensity
change was negligible in the presence of 10° Salmonella ser. Agona bacteria per mL or E. coli
bacteria, whereas a good enhancement has been observed even in the presence of only 10
CFU g* MDRB S. typhimurium DT104.

Though SERS is rapidly evolving as a practical analytical tool that can be simultaneously
applied to multiple bacteria sensing, SERS has its own challenges. There are several factors
that can change the SERS signal and these are (1) slight changes in the SERS substrate, (2)
variation of the extent of aggregation of nanoparticle based on the physical parameters of the
analyte, (3) substrate surface chemistry, (4) analytes orientation, etc. Although simultaneous
detection of multiple pathogens has been reported, it is not always straightforward to apply
the SERS assay to a mixture of pathogens with a similar structure, polarity, or molecular
weight. As a result, in future, the SERS experimental parameters must be carefully designed
so that the SERS results can be reproduced from one lab to the other lab and SERS can be
used for the real-life sample.
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Figure 6. (A) SERS spectra of S. aureus on the as-prepared AgNSs at concentrations of a, 10°% b, 10°;
c,10*;d, 10°; e, 10°; and f, 10 CFU/mL. (B) Comparison of SERS spectra of E. coli 0157 (a), S.
typhimurium (b), and S. aureus (c) at 785 nm excitation (reprinted with permission from ref. 158,
Copyright 2010, American Chemical Society).
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Figure 7. Plot demonstrating SERS enhancement (SERS intensity change before and after addition of
bacteria) due to the addition of different kinds of bacteria to monoclonal M3038 antibody-conjugated
popcorn shaped gold nanoparticles (reprinted with permission from ref. 37, Copyright 2011, Royal
Society of Chemistry).

3.3. Localized Surface Plasmon (LSP)-Based Identification and Sensing

3.3.1. Principle

When a small spherical metallic nanoparticle is irradiated by light, the oscillating electric
field causes the conduction electrons to oscillate coherently which can be depicted by Figure
8 [86].
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Figure 8. Schematic representation of plasmon oscillation for a sphere, showing the displacement of the
conduction electron charge cloud relative to the nuclei (reprinted with permission from ref. 86,
Copyright 2003, American Chemical Society).

When the electron cloud is displaced relative to the nuclei, a restoring force arises from
Coulomb attraction between electrons and nuclei that results in oscillation of the electron
cloud relative to the nuclear framework. This electron oscillation frequency depends on six
factors: (i) the density of electrons, (ii) the effective electron mass, (iii) the shape and (iv) size
of the charge distribution, (v) dielectric constant of the material, and (vi) dielectric constant of
the surrounding medium [125,163-175]. This collective oscillation of the nanostructure's
conduction electrons in resonance with the incident electromagnetic field is called the dipole
plasmon resonance of the particle or dipolar Localized Surface Plasmon Resonance (dipolar-
LSPR). Higher modes of plasmon excitation can occur, such as the quadrupole mode where
half of the electron cloud moves parallel to the applied field and half moves antiparallel. The
contribution of the different parameters to the total extinction of the metal nanoparticles is
described by the Mie theory. Due to the presence of LSPR, electromagnetic fields near the
particle’s surface are greatly enhanced and the particle’s optical extinction (scattering +
absorption) reaches maximum at the plasmon resonant frequency at visible and NIR
wavelengths depending on the size and shape of nanoparticles [20, 36, 37,38i,98,128, 129,
171, 176-188]. Due to this enormous surface plasmon enhancement, absorption cross-section
of plasmonic nanomaterials increases 5-7 orders more compared to the available dye
molecule depending on their size and shape and results in the intense development of noble
metal nanostructures for various biomedical applications such as biosensor assay for food-
borne bacterial pathogen detection. Depending on the origin of the LSPR change, we can
make two different LSPR sensors. In both the cases we observe a change in absorption
spectral position (Amax) Of the nanoparticle. Two different LSPR sensors are aggregation-
based LSPR sensing and refractive index based LSPR sensing.

3.3.1.1. Aggregation-based LSPR sensing

In the presence of an analyte (which have specific tendency to bind with the nanoparticle
surface) when the nanoparticles come close to each other and make aggregates, it results in a
distinct color change which is obviously associated with an absorption spectral position (Amax)
change of the surface plasmon. Due to the association of the nanoparticles through specific
analyte, the diameter of the particle increases and results a red-shift of the LSPR [175]. In the
early 1990's, aggregation-based LSPR sensing of biomolecules was first reported by Mirkin et
al. to detect femtomolar levels of ssSDNA using this technology [189]. The same methodology
has been applied for the technological development of pregnancy testing kit in which gold
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nanoparticle micro-latex beads are used with specific antibodies to B-hCG, a hormone
released by pregnant women. Upon mixing these particles with urine containing the hormone,
pink aggregates could be clearly observed [190]. Though aggregation-based LSPR sensing is
a label-free solution based assay technique which offers low cost for universal application and
rapid sensing for urgency, it suffers from several drawbacks too which include low
sensitivity; and the change of physical parameters (e.g. pH, temperature, ionic strength) can
also bring the change of nanomaterial-assay color. Therefore, one needs to determine the
strategy before performing the LSPR sensing.

3.3.1.2. Refractive index based LSPR sensing

The LSPR of plasmonic nanoparticle is highly dependent on the local refractive index at
the nanoparticle surface. The relationship between the change in LSPR spectral position
(AhLspr) and the change in local refractive index (An) induced by the adsorbents can be
expressed by equation (2).

Ahpspr = mly [1 —exp (_l_id)] 2

where m is the bulk refractive index response of the nanoparticle, d is the adsorbent thickness
on nanoparticle surface, and Iy is the characteristic electromagnetic-field-decay length. As
such, when molecules bind to a AuNP, the refractive index will change giving rise to a shift
of the LSPR. Though the sensitivity of this assay towards refractive index change is distance
dependent, refractive index change at close proximity of nanoparticle (localization) will result
a LSPR shift. Englebienne et al. have used antibody-coated AuNP probes to monitor changes
in protein conformation using this technology [191,192]. Recently, PharmaDiagnostics has
commercialized this LSPR-based biosensing. This technology is named SoPRano-technology
and it has diverse applications in basic research and therapeutic R&D, including bio-kinetics,
antibody screening, protein-protein interaction, etc.

3.3.2. Research and Development

The most exciting application of LSPR phenomenon for food-borne bacterial pathogen
sensing was studied by Joseseph Irudayaraj [20]. In their report they have used cystamine
modified gold nanorod, synthesized by using CTAB as a active surfactant. The resulting
amine modified gold nanorods then have immobilized to pathogen-specific antibodies to
make gold nanorod bioprobes by activating the ranorods with glutaraldehyde. They have
investigated the use of different gold nanorod bioprobes with different aspect ratios,
conjugated to anti-E. coli and anti-S. typhimurium antibodies, as novel optical labels based on
changes in SPR band for rapid (less than 30 min) and sensitive detection of two major species
of food-borne pathogenic bacteria, E. coli O157: H7 and S. typhimurium, used as model
pathogens in one solution simultaneously at concentrations lower than 10 CFU mL™. Figure
9 shows the procedure for attaching nanorods to antibody and its assay detection concept.

Upon the addition of bacteria, they could easily observe the decrease in LSPR intensity
associate with red shifting of the LSPR peak and they could simply detect the bacteria
concentration as low as 10 CFU mL™ as shown in Figure 10.
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Figure 9. Schematic representation of (top) the synthesis of pathogen-antibody-conjugated gold
nanorods and (bottom) the simultaneous detection of two species of pathogens in an assay based on
gold nanorod probes (GNPs). CTAB. Cetyltrimethylammmonium bromide, GA. glutaraldehyde
(reprinted with permission from ref. 20, Copyright 2008, Wiley-VCH).
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Figure 10. UV/Vis absorbance spectra of A) amine-modified gold nanorods, B) anti-E.coli-antibody
conjugates, and C)—H) after the addition of E. coli at different concentrations (1-10, 10°, 107, 10, 10°,
10° CFU mL™) to antibody-conjugated amine-modified gold-nanorod bioprobes (reprinted with
permission from ref. 20, Copyright 2008, Wiley-VCH).

More interestingly, they could simultaneously monitor two species of bacterial pathogens
in a multiplex format by using two different gold nanorods (for separated LSPR) with two
different antibodies specific for E. coli and S. typhimurium. Figure 11 shows the visible/NIR
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absorption spectra of sample that contains both E. coli and S. typhimurium at concentrations
in the range of 1-10 to 10° CFU mL™. As seen from the spectra, the LP bands present changes
in intensity when the concentration is less than 10* CFU mL™, and both intensity decrease
and red shift were observed at higher concentrations (10°~10° CFU mL™). These results
indicate that the gold-nanorod bioprobes of each aspect ratio could bind to their respective
bacterial target in a mixture of the two species to produce changes in the LP bands of the
nanorods.

Fu et al. [193] demonstrated a LSPR sensor for Salmonella detection using Au NPs
fabricated by oblique angle deposition setup. Their anti-Salmonella coated gold nanosurface
can successfully capture Salmonella and the plasmon peak shifts due to the antigen-antibody
reaction, but their report also indicates that this shift is not sensitive to the concentration of
the bacteria. This clearly indicates that the detection ability of the LSPR sensor has a
limitation for whole bacteria cells, which needs further investigation for improvement. Yu-bin
Lan and co-workers [194] have reported a SPR biosensor for rapid detection of Salmonella
typhemurium in chicken carcass by using a commercial Spreeta SPR biosensor purchased
from Texas Instruments. For the detail of the instrumentation, readers are requested to go
through the specific paper. In brief, incident light interacts with gold sensor film on which the
sample is placed and the analytes in the sample generate a specific refractive index. This
refractive index is plotted against time and provides the necessary information for
determining whether a pathogen is present in the sample or not. By using this SPR biosensor,
they could successfully detect S. typhemurium at the concentration of 10° CFU mL™.
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Figure 11. UV/Vis absorbance spectra after the addition of a mixture of E. coli and S. typhimurium to
anti- E. coli- and S. typhimurium-antibody conjugated amine-modified gold nanorods with aspect ratios
of 2.0 and 3.2, respectively. The concentrations of E. coli and S. typhimurium were 1-10 to 10° CFU
mL™ (A-G) (reprinted with permission from ref. 20, Copyright 2008, Wiley-VCH).
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Besides these noted research activities, there are several reports where researchers have
used LSPR-based biosensor for the detection of different food-borne bacterial pathogens.
Like, Datta Mazumdar [195] and co-workers used SPR method to detect Salmonella in milk
and the detection limit of their assay is 1.25x10° cells/mL within 1h. Nanduri et al. have
reported a SPR-based biosensor for the detection of L. monocytogenes using phase-displayed
scFv antibody. The detection limit for L. monocytogenes whole cells was estimated to be
2x10° CFU/mL. Recently, Zhang et al. [196] reported a new method based on SPR DNA
biosensor for the rapid detection of the invA gene which is highly conserved gene present in
all Salmonella serovars. This DNA biosensor can detect as low as 10° CFU of Salmonella
cells form 1 mL sample within 4.5 h, and excellent regeneration of sensor surface could
reduces the cost of the approach greatly. The strategy proposed in this report performs the
advantages of rapid detection, free label, high sensitivity and specificity, and general
applicability to almost all Salmonella serotypes, which has potential application in
Salmonella detection. Waswa et al. [197] reported a SPR biosensor for the detection of
Salmonella enterica serovar Enteritidis and Escherichia coli in spiked skim milk using
specific antibodies. In their report, they have shown that the SPR sensor registers changes in
the refractive index during binding of the bacteria to the antibody, which was immobilized on
the gold-coated sensor chip surface. They have shown that the SPR sensor is highly specific,
and the limits of detection of the assay were found to be 25 CFU mL™ for E. coli and 23 CFU
mL™* for Salmonella.

Although there is a considerable advancement of the LSPR technique which offers a
rapid and cost effective absorption spectroscopy based technique for food-borne bacteria
detection, we need careful assessment before we use this technique as a standard tool Kkit.
Main challenges it face at present are: reproducibility, specificity, and sensitivity. Also, for
the detection of bacteria from blood, serum, urine samples, the main challenge is the optical
transparency where we could think about a solid state LSPR biosensor to avoid this problem.
To overcome these problems and to use this technique as standard tool for quantification and
scaling in a clinical environment, we need intense further research to develop optimum LSPR
substrates.

3.4. Non-Linear-Optics-based Identification and Sensing

3.4.1. Principle

Non-linear-optics describes the behaviour of light in nonlinear media, media in which the
dielectric polarization (P) responds nonlinearly to the electric field (E) of the light. This
nonlinearity is typically only observed at very high light intensities such as those provided
by laser. Nonlinear optics gives rise to a host of optical phenomena and this discussion will
only be limited to the application of hyper-Rayleigh scattering (HRS) for the identification
and sensing of bacteria. The HRS or two-photon Rayleigh scattering (TPRS) is a nonlinear
optical effect observed in isotropic solutions due to the fluctuations in symmetry, caused by
rotational fluctuations, where incoherent scattering by a fundamental laser beam can be
detected at the second-harmonic wavelength. This technique can be readily applied to study a
very wide range of materials because electrostatic fields and phase matching are not required.
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NLO properties of nanostructured materials, which are drastically influenced by quantum
confinement effect, can be promising for applications in photonics and bio-imaging
[38d,97,198-201]. Plasmonic nanostructures are particularly interesting, due to the presence
of surface plasmon resonances (SPR), which generally significantly enhances (~10*10°
weak nonlinear effects via strong electromagnetic (plasmon) fields at the surfaces of metallic
nanostructures [39h, 39i, 164, 189, 202]. Nanostructured geometries offer its own unique
near-field properties: plasmon resonant frequency, spatial distribution of the near-field
amplitude across the surface of the nanostructure and orientation dependence on polarization
of the incident light wave. The intensity of two-photon scattering signal from gold
nanoparticle solution can be expressed as [39h-i,60,64,203-207]

ITPS = G(NWB;/ + Nnano Biano)lozae_lvnanogz(ul (3)

where G is a geometric factor, Ny, and N, are the number of water molecules and gold
nanoparticles per unit volume, B,, and Bnano are the quadratic hyperpolarizabilities of a single
water molecule and a single gold nanoparticle, ¢, is the molar extinction coefficient of the
gold nanoparticle at 2w, | is the path length, and I,is the fundamental intensity. The
exponential factor accounts for the losses through absorption at the harmonic frequency. It is
obvious that for non-geometric structures (non-centro-symmetric), main contribution of TPS
intensity arises from electric dipole contribution where as for centro-symmetric nano
structures the enhanced nonlinearity originates from multipolar (like electric quadrupole,
octupole, etc.) contribution of the harmonic energy of the excited dipole. Multipolar
contribution is very important when the size of the particle is no longer negligible [38d,208]
compared to the harmonic wavelength.

3.4.2. Research and Development

Compared to colorimetric or LSPR and SERS-based identification and sensing of food-
borne bacteria, nanomaterials-based two-photon Rayleigh scattering assay for bacteria
sensing is relatively a new detection scheme with enormous potential. Last one decade we
have applied extensively this technique for selective and sensitive detection of bacterial
pathogens along with other chemical and biological toxins [38d,199,209]. Using the unique
optical properties of gold nanorods, we reported [38d] the first time that two-photon Rayleigh
scattering properties of gold nanorods can be used for rapid, highly sensitive, and selective
detection of E. coli O157:H7 bacteria from aqueous solution. This nanotechnology method
could be adapted for the detection of a wide variety of bacterial pathogens used as
bioterrorism agents in food and environmental samples.

Our detection is based on the fact that (1) anti-E. coliO157:H7 antibody-conjugated
nanorods can readily and specifically identify Escherichia coli O157:H7 bacterium, through
antibody-antigen recognition (as shown in Figure 12), and (2) when anti-E. coli antibody-
conjugated nanorods (as shown in Figure 13) were mixed with various concentrations of
Escherichia coli O157:H7 bacterium, two-photon scattering intensity increases by about 40
times (4-times increment after the addition of only 50 CFU mL™ E. coli bacteria). This
increment is due to the fact that E. coli bacteria are more than an order of magnitude larger in
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size (1-3 um) than the anti-E. coliantibody-conjugated gold nanorods. In the presence of E.
coli bacteria, several gold nanorods binds with one E. coli bacterium surface, and as a result,
anti-E. coliantibody-conjugated gold nanorods undergo aggregation (as shown in Figure
12D). Due to this aggregation, a new broad band appears around 200 nm far from their
longitudinal plasmon absorption band, and color change takes place (as shown in Figure
12C). This bioassay is rapid, takes less than 15 min from bacterium binding to detection and
analysis, and is convenient and highly selective.

Observed change in the two-photon Rayleigh scattering (TPRS) intensity after the
addition of E. coli bacteria to anti-E. coli in our assay can be due to several factors:

(i) Due to the apparent centro-symmetric structure of nanorod, the TPRS intensity
cannot be due to electric dipole contribution from individual nanorods, unless it
posses any nanoscale defects. The very high total nonlinear polarization could
originates from multipolar contribution like electric quadrupole contribution as |
have discussed in the previous section. Due to the aggregation of nanorods in
presence of E. coli bacteria, nanorods lose the centre of symmetry, and as a result,
one can expect a significant amount of electric dipole contribution to the two-photon
scattering intensity. Since electric dipole contributes several times higher than that of
multipolar moments, we expect two-photon scattering intensity to increase with
aggregation.

(ii) Due to the binding of antibody-conjugated gold nanorods on bacteria surface,
longitudinal absorption band at 680nm shifts to 950nm due to the formation of
nanorod aggregates. According to the two-state model [210]
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ﬂTwoState _[ E%, x (03g—40?)(0dg—0?) @

wherew is the fundamental energy of the incident light, pq is the transition dipole
moment, and e is the transition energy between the ground state |g> and the
charge-transfer excited state |e>, Al is the difference in dipole moment between |e>
and |g> states. Since @egoc 1/ Amax, and Amax shifted 270 nm toward red upon the
addition of bacteria (Figure 13B), £ and associated TPRS intensity should change
tremendously upon the addition of bacteria.

(iii) In the present set of experiment, the fundamental excitation wavelength (mode-
locked Ti:sapphire laser delivering at the fundamental wavelength of 860 nm with a
pulse duration of about 150 fs at a repetition rate of 80 MHz.) matches well with the
LSPR of gold nanorod and fulfil the resonance condition for the enhanced TPRS.

Interestingly, though we could observe increment of the TPRS by four times, after the
addition of 50 CFU/ mL of bacteria to our assay, we need at least 10* CFU/mL bacteria
concentration for any visible color change to originate from nanorod aggregation. This
indicates that our two-photon scattering-based gold nanorod assay is more than 2-orders of
magnitude more sensitive than the usual colorimetric technique. Besides its ultra-sensitivity,
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our assay is very selective over other pathogenic bacteria like S. typhemurium. As shown in
Figure 13, there is only 6% change in TPRS signal in presence of S. typhemurium compared
to 4000% for E. coli. Similarly, when we added E. coli bacteria to anti-Salmonella-antibody-
conjugated gold nanorods, two-photon scattering intensity changes only 5%. So the above
data demonstrate that our assay is highly selective. Moreover, this assay can not only
distinguish two different species of bacteria (E. coli and Salmonella) but also can discriminate
different strains of a single species of bacteria. In a more recent publication [211], we have
also shown that gold-nanoparticle-based TPRS assay is capable of label-free detection of
Salmonella typhimurium (S. typhimurium) with excellent detection limit (10 bacteria/mL)
and high selectivity over other pathogens.

As it is clear from the above discussion that, though TPRS is a highly sensitive technique
for ultrasensitive (50 CFU/mL) and selective (over different species or even different strains
of same species) detection of food-borne pathogenic bacteria, research activity in this field is
very limited. This could be due to the initial cost of establishment for performing the
experiment or not so much knowledge is available in this field to readout the information
from the experiment and apply them for efficient bacteria sensing. Hence, we need extensive
research in this field to establish the TPRS technique as one of the most efficient optical
methods for sensitive food-borne bacteria detection.
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Figure 12. (A) Schematic representation of anti-E. coli-antibody-conjugated nanorod-based sensing of
E. coli bacteria. (B) TEM image of anti-E. coli-antibody-conjugated nanorods before addition of E. coli
bacteria. (C) Photograph showing colorimetric change upon addition of E. coli bacteria (10* CFU/mL),
and (D) TEM image demonstrating aggregation of gold nanorods after the addition of E. coli bacteria
(10* CFU/mL) (reprinted with permission from ref. 38d, Copyright 2009, American Chemical Society).
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Figure 13. (A) Plot demonstrating two-photon scattering intensity changes upon the addition of E. coli
and Salmonella bacteria to anti-E. coli-antibody-conjugated gold nanorods. (B) Absorption profile
variation of anti-E. coli-antibody-conjugated Au nanorods due to the addition of different
concentrations of E. coli bacteria (10 to 10’ CFU/mL) (C) TEM image of E. coli bacteria before the
addition of nanorod. (D) TEM image after the addition of 10> CFU/mL E. coli bacteria. (E) TEM image
demonstrating aggregation of gold nanorods after the addition of 8x10* CFU/mL E. coli bacteria. (F)
TEM image demonstrating aggregation of gold nanorods after the addition of 10’ CFU/mL E. coli
bacteria (reprinted with permission from ref. 38d, Copyright 2009, American Chemical Society).

3.5. Fluorescence-based Identification and Sensing

3.5.1. Principle

Plasmonic nanomaterials can serve as an excellent fluorescence quencher for Forster
resonance energy transfer (NSET)-based assay [39f,212-213] due to their extraordinary high
molar extinction coefficients and broad energy bandwidth [214]. Recently, there have been
many reports on the development of fluorescence-based assay for the detection of bacteria
[215 and the references]. These assays are based on FRET [216] or non-FRET quenching
mechanisms. FRET is a spectroscopic technique in which excitation energy of the donor is
transferred to an acceptor through an induced-dipole/induced-dipole interaction.
The efficiency of energy transfer (E) is given by equation (5) as:
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E = 5)

in which R is the distance between the donor and an acceptor and Ry is the distance at which
50% of the energy is transferred and is a function of the spectral overlap of the donor
emission and acceptor absorption, refractive index of the medium, quantum yield of the
donor, and a factor k [2] that depends on the relative orientation in space between the
transition dipoles of donor and acceptor. In case of plasmonic nanoparticle-based FRET, the
interaction is still dipole—dipole in nature, but is geometrically different because an acceptor
nanoparticle has a surface and an isotropic distribution of dipole vectors to accept energy
from the donor [56,59,91,217-218]. This arrangement increases the probability of energy
transfer and accounts for the enhanced efficiency of nanoparticle-based FRET. In the case of
resonant surface plasmon excitation, a small dipole in the excited fluorophore induces a large
dipole in the particle, leading to an enhancement in the energy-transfer efficiencies
[56,59,91,217-218].

3.5.2. Research and Development

Recently, Phillips et al. [215] have developed a bacteria sensor using chemical nose
technology. The prototype sensor array was generated using three cationic gold nanoparticles
and one anionic poly (p-Phenyleneethynylene) (PPE) polymer. As illustrated in Figure 14,
presence of bacteria disrupts the initially quenched assemblies leading to fluorescence
restoration of PPE. From the distinct fluorescence response patterns, the sensor array was
capable of identifying 12 bacteria including both Gram-positive (e.g., A. azurea, B. subtilis)
and Gram-negative (e.g., E. coli, P. putida) species, as well as three different strains of E. coli
(Figure 14). Utilizing surface plasmon effects, Huang et al. developed a method that relies on
carbohydrate-protected Au nanoparticles for bacterial detection. The method is relatively
simple and capable of sensing bacteria [220]. In their assay, they have synthesized a water-
soluble, luminescent, a.-D-mannose-conjugated Au nanodots (Man-Au NDs) and demonstrate
their applications for the detection of Escherichia coli (E. coli) through multivalent
cooperative interactions between Man-Au NDs and proteins as shown in the following
scheme (Scheme 1).
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Figure 14. Displacement assay between bacteria and the AuUNP-PPE complex which shows fluorescence
ON-OFF for the array-based sensing of bacteria (reprinted with permission from ref. 215, Copyright
2008, Wiley-VCH).
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Au NP

Scheme 1. Schematic Representation of the Preparation of Fluorescent Man-Au NDs for the Detection
of Con A and E. coli (reprinted with permission from ref. 220, Copyright 2009, American Chemical
Society).

Type 1 fimbriae present on the surface of Enterobacteriaceae, such as E. coli, are
responsible for their mannose- and mannoside-binding activities [221-222]. Due to this
specific affinity between mannose and fimbriae, Man-Au NDs shows mannose-specific
adhesin FimH of type 1 pili in E. coli and could easily detect E. coli in a fluorescence turn-on
mode. Type 1 pili are filamentous proteinaceous appendages that extend from the surface of
many Gram-negative organisms; they are composed of FimA, FimF, FimG, and FimH
proteins [221]. FimA accounts for more than 98% of the pilus protein; FimH is uniquely
responsible for the binding to D-mannose [222]. In this study, they tested an E. coli strain
K12 (ATCC 25404) that expresses wild-type 1 pili. After incubation of the bacterial
suspensions ((1.0 x 10%)-(2.5 x 10°) cells/mL, 1.0 mL) with the Man-Au NDs (25 nM) in
phosphate-buffered saline (PBS, pH 7.4) at 25 °C for 60 min. Incubation with E. coli (2.50 x
10° cells/mL) revealed that the Man-Au NDs (25 nM) bind to the bacteria, yielding brightly
fluorescent cell clusters as shown in Figure 15.

Figure 15 indicates that the fluorescence increased upon increasing the concentration of
E. coli. This assay shows a linear relationship between the fluorescence signal and the E. coli
concentration (necessary requirement for an effective sensor) in the concentration range
between 1.0 x 10°t0 5.0 x 10’ cells/mL (R? = 0.96), with the LOD (at a S/N ratio of 3) of E.
coli being 7.2 x 10° cells/mL.

Though there is a considerable development in making plasmonic nanomaterials-based
fluorescence sensor for bacteria detection, detection limit which ranges between 10*-10°
limiting its application for highly sensitive detection platform to regulate food-borne bacterial
pathogens. We need to focus to design efficient fluorescent plasmonic nanomaterials for its
high throughput applications in different bacteria detection in the future to compete with the
QD-based assay. Due to their non toxic nature and easy surface modification, fluorescent
plasmonic nanomaterials have enormous potential for the bacteria detection in a safe mode.
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Figure 15. Fluorescence spectra of Man-Au NDs (25 nM) used as probes for the detection of E. coli
((2.5 x 10%-(1.0 x 10°) cells/ mL). (Inset A). Visualization of Man-Au NDs (25 nM) in the (a) absence
and (b) presence of E. coli (2.50 x 108 cells/mL) upon excitation (365 nm) under a hand-held UV lamp.
(Inset B). Plot of fluorescence intensity (545 nm) versus E. coli concentration (reprinted with
permission from ref. 220, Copyright 2009, American Chemical Society).

4. RESISTANT-BACTERIA AGAINST DRUG, HEAT, AND PH

Due to their continual mutation or gene swapping, make these bacteria resistant over the
protecting conditions. These protecting conditions could be (i) antibiotics: force them to
transform into drug resistant bacteria (e.g., salmonella DT104) [37, 8c], (ii) heating: forces
them to transform into temperature resistant bacteria (e.g., E. coli 0111 and strains of
Salmonella entrica) [8c], (iii) pH: acid resistant bacteria (O157:H7 strain of E. coli now can
survive in acidic condition which supposed to be a condition for safe food. The marked acidic
and environmental resistance of E. coli 0157 [40-41] also allowed the organism to survive in
apple cider and dried venison jerky). There are high proportions of antibiotic resistance
(ABR) in bacteria that cause common infections (e.g. urinary tract infections, pneumonia,
bloodstream infections) in all regions of the world. A high percentage of hospital-acquired
infections are caused by highly resistant bacteria such as methicillin-resistant Staphylococcus
aureus (MRSA) or multidrug-resistant Gram-negative bacteria. Antibiotic resistance (ABR) is
resistance of a microorganism (e.g. bacteria) to an antibiotic drug that was originally effective
for the treatment of infections caused by it. Drug resistant bacteria are able to withstand attack
by antibiotics. Since the last few decades, antibiotics have been used extensively to treat
pathogenic bacterial infections. Introduction of antibiotics in the medical field is one of the
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most important interventions for reducing human morbidity and mortality [223-225]. After
the development of penicillin in the 1940s, antibiotics became responsible for saving
countless human and other lives, as well as enabling modern medical procedures. As a result,
antibiotics are the economic powerhouses of our society and in the USA. There were roughly
42 billion US dollars worth of sales of antibiotics in 2009, which is almost 15-30% of drug
expenditure among all therapeutic groups of drugs [223-225]. However, due to the intensive
use of antibiotics, 100000 tons annually worldwide, human pathogens have become resistant
to many antibiotics [171,176,223-226 ]. Multidrug resistance (MDR) in bacteria occurs by the
accumulation of resistant plasmids or transposons of genes, with each coding for resistance to
a specific drug type [223-225]. Due to the presence of multiple antimicrobial resistance genes
like (1) pse for ampicillin resistance, (2) floR for chloramphenicol resistance, (3) str for
streptomycin resistance, (4) sull for sulfonamide resistance, and (5) tetR or tetG for
tetracycline resistance, MDR bacteria are resistant to five mostly used ampicillin,
chloramphenicol, streptomycin, sulfonamides, and tetracycline antibiotics and it is a cause for
a major source of hospital acquired infections [223-225]. It is now estimated that multiple
drug resistant bacteria cause approximately 60% of nosocomial infections [223-225]. The
Infectious Diseases Society of America has already proposed a 10x20 challenge, which
indicates that we must deliver 10 new antibiotics by the year 2020 [223-225]. Developing
completely new antibiotics will not be easy in the present world economic condition. Since,
unlike any other type of drugs, antibiotics have a limited lifespan of utility, soon we will
reach a point when we will not be able to confidently treat bacterial infections by using
available antibiotics. According to World Health Organization (WHOQO) [225] there may be
another 1-2 decades left for people to use the existing antibiotics and after that multiple drug
resistant bacteria (MDRB) infectious diseases cannot be cured using current antibiotics. This
clearly indicates that the new approaches for the treatment of infectious bacterial pathogens
that do not rely on traditional therapeutic regimes are very urgent. One promising method,
still in its infancy, is to use a nanomaterial-based photothermal process for selective treatment
of bacterial infections [36-37,389-i,20,128-129,171,176-185,226].

Like drug-resitant bacteria, society is going to face the next threat from heat-resistant
bacteria in everyday public health. Men's respiratory passage, skin, and superficial wounds
are common sources of S. aureus. When S. aureus is allowed to grow in food, it can produce
a toxin that causes illness. Although cooking destroys S.aureus, the toxin produced is heat
stable and may not be destroyed. Clostridium perfringens is another bacteria that can exist as
a heat-resistant spore and hence it may survive cooking and grow to large numbers if the
cooked food is kept for an extensive time period. Relatively more lethal Clostridium
botulinum bacteria can also exist as a heat-resistant spore, and can grow and produce a
neurotoxin in the food. Besides these, other heat-resistant bacterium is Bacillus cereus whose
common source is starchy food. A detailed report on the assessment of heat resistance of
bacterial spores from food products by fluorescence monitoring of dipicolinic acid release
was studied by Kort et al. [227]. Dipicolinic acid was first identified in bacterial spores by
Powell [228] which is not indispensable for full heat-resistance. The high sensitivity,
selectivity, and rapidity of this fluorescent DPA assay are of crucial importance to a direct
assessment of the heat resistance of spores occurring in food samples. They have monitored
fluorescence of released DPA upon heat inactivation of three different spores, Bacillus
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subtilis 168, Bacillus subtilis A163, and Bacillus sporothermodurans 1C4, based on the
enhancement of the fluorescence emission (at 545nm) of the terbium ion (Tb*") upon binding
to DPA [229]. The critical DPA release temperature (T,), the temperature at which half the
DPA content has been released within a fixed incubation time, from three different Bacillus
strains 168, A163, and IC4 are of 108°C, 121°C, and 131°C, respectively.

Like heat-resistant bacteria, there are several acid-resistance bacteria available which can
create a serious concern for the resistant bacterial infection. For more study on acid resistant
bacteria, readers can go through the review article by Cotter and Hill [230]. Most common
acid-resistant bacteria are: L. monocytogenes (Listeria not only survives in extreme acid stress
but also requires a drop in pH in order to activate hemolysin, the toxin that permits its escape
from the phagosome), Rhodococcus equi (stable at pH~4.0), Mycobacterium tuberculosis
(causative agent of tuberculosis), Mycobacterium avium (causes one of the most common
opportunistic infections in AIDS patients), Mycobacterium avium subsp. paratuberculosis
(causative agent of para-tuberculosis), Staphylococcus aureus (resistant at pH 2.0), and B.
cereus (resistant at pH 4.6). Out of all these different acid-resistant bacteria, only B. cereus
causes serious food poisoning.

5. B10-CONJUGATED PLASMONIC NANOMATERIALS FOR SELECTIVE
DESTRUCTION OF FOOD-BORNE BACTERIA

Since last one decade, we have exploited bio-conjugated plasmonic nanomaterials for the
selective destruction of pathogens, multidrug-resistant bacteria, and cancer cells. For this
purpose, bio-conjugated nanomaterials of different sizes and shapes have been designed for
diagnostics, capture and photothermal killing of normal and MDR bacteria. For the selective
sensing and therapy, nanomaterials have been modified with different recognition elements to
target antigen-presenting cells as epitopes present on the pathogen surface [36-37,38i,128-
129,171,176-185,226]. Antibodies, aptamers, organic ligands and antimicrobial peptides are
the most common recognition elements that have been used to modify nanomaterials for
selective sensing and therapy [6,36-37,38i,128-129,171,176-185,226] (as shown in
Scheme 2). Once we specifically target the bacterium by bio-conjugated plasmonic
nanomaterials, optical radiation can be used to destruct the targeted bacteria. The basic
principle of this destruction is based on the hyperthermic effect of plasmonic nanomaterials,
i.e., the energy funneling of nanomaterials' plasmon excitation (electronic excitation) as
thermal energy [231-232]. In this case, gold nanoparticles serve as ‘‘light-directed
nanoheaters’’, which are very useful in biomedicine, such as selective laser photothermolysis
of pathogens [20,36,389,129,184-185]. Gold nanoparticles are known to absorb light several
million times stronger than organic dye molecules and also there is a possibility that most of
the absorbed light will be converted to heat via the nonradiative properties
[20,36,389,109,129,182,184-185].

From earlier dynamics studies [233-245] it is clear that the entire process starting from
electronic excitation of the nanomaterial to finally thermal releasing of the input energy to the
surroundings occurs in the sub nano second time scale through stepwise dynamic process.
From the solid state thermalization knowledge, the probable mechanism of nanomaterials
energy relaxation process (Scheme 3) starts with very fast electronic excitation of the
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nanomaterials’ surface electron cloud in the fs time scale (~100fs), followed by relatively fast
electron-phonon coupling between surface electron energy and nanocrystals’ phonons in the
sub-ps time scale (<10ps). Once the energy tunnels to the crystal lattice, phonon-phonon
coupling starts heating up the nanocrystals in ps time scale (>30ps) and finally the generated
heat transports site-specifically to the surface-adsorbed entity through surrounding medium in
the sub-ns time scale (>100ps) [234] depending on the thermal conductivity of the
surrounding medium, heat capacity of the exciting nanocrystals, size and shape of the
nanoparticles, dimension of the surface-adsorbed molecule, nature of bonding (chemisorbed
Vs. physisorbed) between nanosurface and surface-adsorbed entity [232].
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Scheme 2. Schematic representation showing different plasmon based optical techniques for selective
sensing of pathogens (reprinted with permission from ref. 6, Copyright 2012, Royal Society of
Chemistry).
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Scheme 3. Energy relaxation dynamics of Plasmonic nanomaterials.
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As a result of this, temperature rises on the order of a few tens of degrees on the surface
nanoscopically, which produces sufficient heat for the destruction of bacteria attached with
these nanomaterials via cell damage using different thermal effects, such as denaturation of
proteins/enzymes, induction of heat-shock proteins, metabolic signaling disruption,
endothelial swelling, microthrombosis, etc. Since the previously discussed multidrug-resistant
bacteria can't be killed by applying the existing antibiotics, we can adopt this hyperthermic
method for MDRB destruction too [20,36,38¢,129,184-185]. Moreover, bio-conjugated
plasmonic nanomaterials can selectively bind with the bacteria surface and hence by proper
tuning the laser wavelength to match with the LSPR of the nanomaterials we can destroy
MDRB completely. Destruction of MDRB via cell damage can happen through different
thermal effect, such as denaturation of proteins/enzymes, induction of heat-shock proteins,
metabolic signaling disruption, endothelial swelling, microthrombosis, etc [20,36,38,129,184-
185,246].

In the last few years, due to the availability of established synthetic protocols for the
controlled preparation of gold nanostructures and their unique photothermal properties in the
presence of IR light, several groups including ours have been developing suitable
nanomaterials for photothermal therapy of pathogenic bacteria and cancer
[20,36,66,109,182,185,212,247-250]. Among several MDRB, Salmonella DT104 and E. coli
are the two major food-borne pathogens which can cause serious food poisoning and
mortality of human life. Recently we have reported targeted photothermal killing of MDRB
Salmonella DT104 by using antibody-conjugated popcorn shaped gold nanoparticles [129].
For selective killing, we have modified the popcorn shaped gold nanoparticle surface by
monoclonal M3038 antibody, as shown in Scheme 4.

For photothermal therapy we have used a portable continuous wavelength OEM laser
operating at 670 nm, with 200 mW cm power as an excitation light source. Our selective
MDRB Salmonella typhimurium DT104 photothermal lysis is based on the fact that
monoclonal M3038 antibody-conjugated popcorn shaped gold nanoparticles can readily and
specifically bind with Salmonella typhimurium DT104 bacterium O-antigen [251], through
antibody-antigen recognition. In presence of M3038 antibody-conjugated popcorn shaped
gold nanoparticle, gold nanoparticle not only undergoes aggregation on Salmonella
typhimurium DT104 bacteria surface but also form a microbial cluster with absorption
maxima ~650nm and fulfil the suitable condition for the resonance excitation of SPR to
generate light induced heating and subsequent killing of MDRB through irreversible cell
membrane destruction. Photothermal lysis of MDRB Salmonella typhimurium DT104 was
confirmed by colony counting on the tryptic agar plate. Figure 16 shows the number of
colonies after 0, 6, 11, and 17 minutes of NIR exposure, when the initial concentration of
MDRB was 4x10° CFU mL™. Figure 16B shows that after 20 minutes of NIR exposure,
100% of bacteria were killed.

To demonstrate that our gold nanotechnology based assay can kill MDRB from a food
sample, we have reported [129] a photothermal assay to kill MDRB using MDRB Salmonella
DT104 infected romaine lettuce. Table 2 shows how the laser irradiation time varies with the
concentration of bacteria (CFU g™) to kill 100% MDRB, from an MDRB infected lettuce
sample. As shown in Table 2, 100% of bacteria can be destroyed by 6 to 30 minutes laser
irradiation treatment, depending on the initial MDRB concentration (1010’ CFU g™).
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Scheme 4. (A) Schematic representation showing the monoclonal M3038 antibody conjugated popcorn
shaped gold nanotechnology-driven approach to selective photothermal killing of MDRB Salmonella.
(B) Colonies of MDRB Salmonella DT104 (B1) before and (B2) after exposing to 670 nm light with
200 mW cm™ power for 20 minutes in the presence of monoclonal M3038 antibody-conjugated
popcorn shaped gold nanoparticles (reprinted with permission from ref. 129, Copyright 2011, Royal
Society of Chemistry).
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Figure 16. (A) Colonies of MDRB Salmonella DT104 after exposing to monoclonal M3038 antibody-
conjugated popcorn shaped gold nanoparticles using 200 mWem™ 670 nm light for 0, 6, 11 and 17
minutes. (B) Plot showing time dependent effect of photothermal lysis when antibody attached popcorn
shaped gold nanoparticle conjugated Salmonella DT104, Salmonella Agona bacteria were treated using
200 mW/cm? 670 nm light (reprinted with permission from ref. 129, Copyright 2011, Royal Society of
Chemistry).
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Table 2. Laser irradiation time to kill 1009 MDRB in lettuce samples (reprinted with
permission from ref. 129, Copyright 2011, Royal Society of Chemistry)

Concentration of MDRB Laser irradiation time
(CFU gY) in lettuce samples | (minutes) to kill 100% bacteria
10° 6
10° 9
10* 14
10° 20
10° 25
10’ 30

Our photothermal therapy result is encouraging to find the alternative medication to treat
the food-borne multidrug-resistant Salmonella typhimurium DT104 bacteria. Similar
technology we can apply for the destruction of drug-resistant E. coli bacteria too, which is the
leading cause of gastrointestinal infections. Multidrug-resistant E. coli is simultaneously
resistant to a third generation cephalosporin, aminoglycoside, and fluoroquinolone. In a recent
study by J. A. Karlowsky and co-workers [252] revealed that out of 38,835 urinary isolates of
E. coli which have been tested against ampicillin, cephalothin, ciprofloxacin, nitrofurantoin,
and trimethoprim-sulfamethoxazole, 7.1% (2,763 of 38,835) were resistant to three or more
agents and considered multidrug resistant. Among the multidrug-resistant isolates, 97.8%
were resistant to ampicillin, 92.8% were resistant to trimethoprim-sulfamethoxazole, 86.6%
were resistant to cephalothin, 38.8% were resistant to ciprofloxacin, and 7.7% were resistant
to nitrofurantoin. Still there is no definitive medication to treat multidrug-resistant E. coli and
in this respect our nanoparticle-based photothermal therapy could lead the road for the
treatment of multidrug-resistant Salmonella and E. coli.

CONCLUSION

The current chapter gives a brief review about the food-borne pathogenic bacteria,
consequence of their infections, different plasmonic nanomaterials developed for their
selective and sensitive detection, and possible roots for their complete destructions. By
utilizing nanomaterial’s size and shape dependent plasmonic properties, development of
different optical and spectroscopic techniques for selective and sensitive bacteria detection
has been accounted. Each technique has some advantages and disadvantages over the others
to formulate our ultimate target of making a sensor for universal application. Properly chosen
bio-functionalized plasmonic nanostructured materials enable us to develop Nano-Medicine
for selective detection and ultrasensitive quantification. A special section of this chapter
review, the cause and consequences of resistant-Bacteria against drug, heat, and pH.
Nanomaterials-based hyperthermic or photothermal therapeutic method has been described in
details where the nanomaterials act as a nano-antena to absorb light several million times
stronger than the organic dye molecules and then finally release this input light energy as
thermal energy on to the surface of bacteria to destroy them via cell damage through different
thermal effects, such as denaturation of proteins/enzymes, induction of heat-shock
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proteins, metabolic signaling disruption, endothelial swelling, and microthrombosis. This
nanomaterials-based untrendy therapy is most suitable for MDRB as multidrug-resistant
bacteria can't be killed by applying the existing antibiotics.
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ABSTRACT

Hyagienic food and water is essential for sustenance of a healthy and safe lifestyle,
most significantly for woman, children and the elderly. Shortage of food due to spoilage
is common both in developed and developing countries. Currently, one third of the food
produced worldwide is lost due to spoilage. This is often governed by several factors and
necessary management practices should be undertaken to overcome the problem. Major
factors are the lack of food storage and transport facilities which is ubiquitous in
developing countries with hot and humid climate. For example, products with high
protein content and vegetables are mostly affected due to contamination by several
microorganisms such as proteolytic, lipolytic, pectinolytic and cellulolytic bacteria. In
this context, Psudomonas is one of the most important group of bacteria related to food
spoilage both in closed and open environment. Post-harvest rot of fresh produce is mostly
predominant in low income countries and the main causal organisms are P. viridiflava
and by P. fluorescens (40%). In 2004 about 96 million cases of food borne diseases have
been reported in India, which resulted in nearly 3000 deaths. Another important concern
is that of contaminated drinking water. Supply of safe water needs adequate treatment
strategies to ensure quality. Around 1.1 billion people of low income group do not have
access to safe water sources and about 2.4 billion have no basic sanitation. Diarrheal
infections are widespread throughout the developing world. In Southeast Asia and Africa
around 8.5% and 7.7% of all deaths respectively are due to diarrheal infections. Access of
contaminated water into food materials causes food borne infections. Endemic diarrheal
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infection is often caused by Pseudomonas, important episode occurred (1947) through
milk. Apart from bacterial contamination of food it has been reported that the global
phenomenon of environmental exposure to arsenic (As) from groundwater is now
reported to be “The Largest Case of Mass Poisoning” in the world. Groundwater samples
are often known to exceed WHO guideline values (> 10 ppb) from natural shallow
aquifers (>50m) in more than 40 countries. The immense risks of this bane on mankind
are represented by 150 million people at health risk from Arsenicosis in India and
Bangladesh. This chapter mainly deals with the subject of little studied food spoilage by
Pseudomonas and As which not only affects food but also the groundwater, fresh water
source of life for millions. Finally, attempts have been made to highlight issues and
concerns on public health of food spoilage by genus Pseudomonas and groundwater
contamination of arsenic as well as their management.

INTRODUCTION

Food-the most essential requirement for maintenance of life, is to be produced by every
country in sufficient quantity and with right nutrient content to meet the needs of an ever
increasing population. Such food has to be safe, such that on consumption, it should not give
rise to any food borne disease whether from infection, intoxication, contamination,
adulteration or other sources. Food spoilage is a complex process where excessive amounts of
foods are lost due to microbial activities even with modern day preservation techniques [1],
while food borne diseases cause morbidity and mortality in the general population and they
have emerged as a growing public health and economic problem in many countries during the
last two decades [2].

Health disorder is also caused by contamination of food and water with high levels of
heavy metals notably arsenic. Among the chemical elements, metals are the largest group.
Simultaneously, the characteristics and distribution of metals vary greatly in the biosphere.
Out of the ten most abundant elements in this Earth’s crust, seven are metals such as Al (7.5
%wt), Fe (4.7 % wt), Ca (3.4 % wt), Na and K (2.6 and 2.8 % wt), Mg (1.9 % wt) and Ti (0.6
% wt). It is now clearly evident that many metals produce some form of an effect (positive
and or negative) on various organisms and depends on the specific chemical forms that
conclusively influences the toxic effect of an element.

In 2009, FAO estimated an overall 32% loss of food produced worldwide. Food spoilage
during post-harvest storage and post-production handling contributes considerably to global
food loss [3]. The estimate was based on weight in tons for all types of food, thereby
erroneously overlooking the energy in food products that could have been consumed by
people. Using FAO balance sheet, Lipinski et al., 2013 converted FAO’s loss and waste
estimates into calories and inferred a lower but substantially significant 24% percent of all
food produced. Table 1 depicts the comparative estimation of loss in weight and in calorific
value of different food materials.

Regionally, more food loss and waste (kg/year/capita) occurred in developed regions
(Europe, North America, Oceania and Industrial Asia) than developing countries (Africa and
Southeast Asia) both at consumer and production to retail stages (Figure 1).

However this food loss and waste varies significantly between developed and developing
regions with developed countries seeing more at consumption and developing countries
seeing more during production, handling and storage (Table2).
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Table 1. Approximate loss of foods in Kcal and weight (100% = 1.48 quadrillion kcal of
energy and 1.35 billion tonnes off weight)

LOSS IN PERCENTAGE
TYPES OF FOOD | Approximate Loss and Waste | Approximate Loss and Waste
(kCal) (Weight)

Cereals 53% 19%
Roots and Tubers 19% 15%
Fruits and Vegetables 14% 44%
Oilseed and Pulses 10% 04%
Meat 10% 06%
Milk 11% 10%
Fish and Sea food 2% 4%

350 B Consumer

300 [ Production to retailing

250

200 . -
[

150
]
100
50
0- T T T T T T
Europe North Industrialized Sub-Saharan North Africa, Southand Latin America
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Figure 1. Per capita food losses and waste (kg/year) (Reprinted with permission from FAO, 2011 [3]).

Table 2. Comparative analysis of total food loss and waste (2009) in various stages in the
value chain (100% = 1.5 quadrillion kcal)

Approximate loss Approximate loss
Stages in which food is lost of food in Developing of food in Developed
Countries(%) countries(%o)

Production 14 10
Handling and Storage 15 11
Processing and Packaging 1 3
Distribution and Market 9 4
Consumption 7 28

Total loss of food 46% 56%

Food spoilage is a change in food, making it unsafe, less acceptable or unacceptable to
the consumer for its original purpose. Thus, food may be spoiled by being contaminated with
disease-causing microorganisms, or by the growth of microorganisms that may become
manifest in a variety of ways [4]. In contrast, Food-borne infection or disease is defined as
any illness resulting from ingestion of contaminated food [5]. Pathogenic bacteria, fungi,
parasites, viruses, marine phytoplankton, and cyanobacteria cause microbial food-borne
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diseases. Food-borne illnesses are among the most widespread diseases of the contemporary
world. In most cases, severity of these diseases ranges from infections without apparent
clinical manifestations, to mild illness, to severe illness, to death.

According to food safety experts and enforcement agencies, microbiological spoilage and
contamination of food with pathogens represent the most severe and costly health hazards in
connection with food. Microbial pathogens in food are responsible for an estimated 6.5-33
million cases of human illness and considerable degree of mortality every year. Over 40
different food-borne microbial pathogens, including fungi, viruses, parasites, and bacteria are
believed to cause human illnesses. Effective preventive measures by enforcing hygiene along
the whole food chain must be implemented in the most rigorous manner [6]. Factors involved
in food-borne diseases represent four main groups of contributing points, related to
contamination, survival of microorganisms, microbial growth that can contribute to outbreaks
and other factors, mostly of unknown sources (Figure 2).

Food-borne diseases can be classified as infections, toxicoinfections, or intoxications.
The characteristics of these three classes are now briefly described [5] (Figure 3).

A food-borne infection occurs when pathogenic microorganisms in ingested food
establish themselves in the human host's body. They are able to grow or colonize the
intestines, often invading the mucosa or other tissues and thereby causing invasive infections.
All classes of food-borne pathogens (viruses, bacteria, parasitic protozoa, and other parasites)
include infectious agents. Pathogenic bacteria that are not obligate intracellular parasites, e.g.
Salmonella spp. and Shigella spp., invade intestinal cells and multiply, thereby causing
salmonellosis and shigellosis respectively.

Food-borne toxicoinfections result when a microorganism from contaminated ingested
food grows in the intestinal tract and produces a toxin or toxins that damage the tissues or
interfere with normal organ or tissue function. Examples of toxicoinfective bacteria include
Vibrio cholera, Bacillus cereus, Clostridium perfringens, C. botulinum, (infant botulism), and
enterotoxigenic Escherichia coli. The onset times for toxicoinfections are frequently, but not
necessarily, longer than those for intoxications but shorter than those for infections.
The predominant clinical manifestation of food-borne toxicoinfections is diarrhea.

Food-borne intoxications, the most common cause of food poisoning outbreaks, occur
when during their growth, specific pathogenic bacteria release toxins into food that is
subsequently consumed. The time in which symptoms develop after consumption of foods
containing microbial toxins often is useful in differentiating intoxications from infections.
Generally, intoxications are manifested more rapidly after consumption of contaminated food
than are infections because time for growth and invasion or elaboration of the toxin in vivo is
not required [7-8]. Bacteria capable of causing food-borne intoxications include
Staphylococcus aureus, Bacillus cereus, and Clostridium botulinum.

Progression of human civilization has been catalyzed by the cultural and social evolution
of mankind and the need to solve specific societal issues. One such issue is the necessity to
free people from foraging for food, and the need for adequate nutrition via consistent food
supply round the year. This has led to development of the food industry, which has
contributed immensely to the basis for a healthy human civilization and helped society
prosper and flourish [9]. Historical records revealed that there was clear understanding and
recognition for the need to control food quality to protect consumers. Early Chinese and
Hindu literature and the laws of ancient Egypt, Greece and Rome had described protective
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measures principally related to fraudulent trade practices, many of which did have an impact
on food quality, particularly those measures governing food adulteration and cleanliness [10].

CONMTRIBUTING FACTORS (36 ) FOR FOOD BORME DISEASES

0,

4% B CONTAMINATION
GROWYTH OF
MICROORGANISMS

B SURVIVAL OF

MICROORGANISMS
B OTHER FACTORS

28%

Figure 2. Contributing factors for food borne disease.

HEALTH PROBLEMS FROM INFECTED FOOD (MICROBIAL DISEASES)
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Figure 3. Health problems from infected food (microbial disease).

It has been estimated that around 30% of world population suffers from food borne
disease. Under these circumstances, governments recognize a responsibility to establish an
effective national food control system. This usually involves the integration of a mandatory
regulatory approach with preventive and educational strategies that ensures food safety from
farm to table. Effective national food control systems are not only necessary to maintain the
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safety of food so as to protect domestic consumers, but also to ensure the safety and quality of
exported and imported food. Food safety in Asia-Pacific region is a matter of grave concern.
Factors affecting food safety are improper use of chemicals such as pesticides, hormones,
additives, and preservatives in food production and processing and improper handling of food
during storage and consumption, especially amongst poor households living in unhygienic
environments. Food safety related hazards severely affects population in countries of Asia
pacific region. Reports of more than one million food contamination reports in Bangladesh
alone in the year 1998 with 2064 related deaths depicts the severity of situation. Food safety
related hazards has also been reported in India (> 1000 fatalities), Thailand (~1,20,000 food
intoxication annually), China and Korea [11].

In a survey carried out, diarrheal disease was found to be the primary cause of mortality
in South East Asiatic regions, (2008) (Table 3).

Table 3. Mortality (%) due to major diseases in relation to diarrhoea in S. E. Asia (2008)

Major diseases other than Percentage of deaths due to
diarrhoea afflicting diarrhoea in relation to other
populations in S.E. Asia major diseases
Tuberculosis 244
HIV/AIDS 491
Childhood Cluster diseases 490
Malaria 2352

In India, food-borne diseases are not categorized separately in the Health Information of
India. In 2004, 9575112 cases of acute diarrheal diseases including gastroenteritis with 2855
deaths have been recorded, necessitating implication of rigorous food borne disease
surveillance for estimating the burden of food borne diseases and monitoring trends,
identifying priorities, and setting policy in the control and prevention of food borne diseases
and their outbreaks, detection, and evaluation of control strategies.

To carry out food borne disease investigation epidemiological, environmental and
laboratory components should integrate closely at the beginning, during the course, and at the
end of an investigation. This type of investigation system is lacking in India [12]. Various
initiatives with respect to toxicological and microbiological aspects of food safety have been
taken to improve product safety during commercial food production. “Microbiologically safe
food” is ensured by control measures based on processes that Kill pathogenic organisms and
the utilization of intrinsic factors to stabilize microbial populations or even kill organisms
present in the food. Standards are used to guide the food industry in controlling food hazards
and preventing food borne illnesses. These standards also assist food safety professionals in
determining whether or not food products are deemed "safe." Food safety standards vary in
degree of complexity and enforceability, from federal regulations that mandate specific
standards for a particular food product to general advice for the consumer on safe food
handling practices at home. Over the past several decades, greater emphasis has been placed
on the use of scientific and factual information in the prioritization and setting of food safety
standards. The preferred approach of incorporating scientific information into setting food
safety standards is called risk analysis [13]. Approaches such as the Hazard Analysis Critical
Control Point (HACCP) system have been developed and elements of these approaches are
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increasingly being applied to both toxicological and microbiological food safety [14]. Good
manufacturing practices with strict attention to sanitation and hygiene can prevent
colonization by many, but not all, microbes and are the most important first step in delaying
the spoilage process [15].

Along with the curse of the intoxication of food by microorganisms, contamination by
metals and metalloids are becoming source of increasing menace. Metals such as arsenic,
manganese etc., which are present in groundwater in high concentrations find their way into
crops by means of irrigation water. These crops are causing mass poisoning by heavy metals.
The modus operandi by which these metals act in environment is that they have several
properties, physical and chemical which reveal periodicity for eg. conductivity (electrical and
thermal), density, atomic and ionic radii, electronegativity and oxidation number. These
properties are important for studying them in the environment. Importantly the abundance of
these metals in the lithosphere usually decreases with increasing atomic mass barring Ti and
Mn (0.1%) where tail enders (trace elements) lack in the natural occurrence (<0.1%). Metal
densities are usually higher than non-metals and when they exceed 5 gm/cm’the metal is
designated as heavy metals. Metals readily liberate electrons unlike non metals and they tend
to form positive ions (electrpositivity) in contrast to non-mettallic behaviour
(electronegativity). This characteristic of the metals are important to bind the metals to
various entities. Oxidation number of the metals are important in most environmental
research because individual metal impact particularly trace metal is largely dependent on their
combined capacity.

1. SPOILAGE AND INTOXICATION OF FOOD BY GENUS PSEUDOMONAS

1.1. Pseudomonas: An Ubiquitously Opportunistic Pathogen

The genus Pseudomonas encompasses arguably the most diverse and ecologically
significant group of bacteria on the planet. Members of the genus are found in large numbers
in all of the major natural environments (terrestrial, freshwater and marine) and also form
intimate associations with plants and animals. They are capable of utilizing a wide range of
organic and inorganic compounds and of living under diverse environmental conditions,
making them ubiquitous in soil and water ecosystems and are important as plant, animal and
human pathogens [16]. The bacterial genus Pseudomonas comprises a group of gram-
negative and non-spore-forming rods, which are mostly aerobic and motile by polar flagella.
They have simple nutritional requirement and can utilize a wide array of C sources, thus
making Pseudomonas truly ubiquitous. Any habitat with pH 4-8, temperature 4-42°C and
containing simple or complex organic compounds can be used by Pseudomonas. They are
parasitic or saprophytic microbes. Pseudomonas are also obligate aerobeic, neutrophilic
microbes inhabiting mesophilic terrestrial and aquatic habitats.

Though most Pseudomonas spp. are obligate aerobes, they are capable of growing in the
absence of oxygen provided that NO; is available as a respiratory electron acceptor in the
environment. Pseudomonas spp. produce acid from glucose or other carbohydrates only in the
presence of oxygen. They are usually catalase and oxidase positive, but lactose negative on
MacConkey agar. Another unique feature of Pseudomonas spp is its ability to form biofilms.
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Model study system for biofilm production is P. putida, which have a remarkable ability to
secrete exopolysaccharides [17]. They carry out cell to cell communication by a subtle
strategy called quorum sensing via the production of small molecules called acyl homoserine
lactones. This mechanism is believed to play a vital role in the biofilm development, and is
being investigated further as a therapeutic target for control of chronic infections by
Pseudomonas. Biofilm facilitates the bacterium to survive through adverse environmental
changes. The glycocalyx biofilm formation by P. pseudomallei and transformation into
several phenotypic variants protect the bacterium from the hostile environment and aid in its
survival. They also have the unique ability to produce certain diffusible pigments. Many
Pseudomonas species secrete a fluorescent yellow-green siderophore called pyoverdine
(fluorescein) under conditions of iron limitation. Pseudomonas aeruginosa is capable of
producing a blue phenazine pigment pyocyanin, a reddish brown pigment pyorubin, and a
brown to black pigment pyomelanin which help to differentiate this species from others of the
genus. Pseudomonas fluorescens also has been reported to synthesize a secondary
siderophore quinolobactin, which results due to the hydrolysis of the unstable molecule 8-
hydroxy-4-methoxy-2-quinoline thiocarboxylic acid (thioquinolobactin) and is yellow, dark
green in the presence of iron [17].

Extensive metabolic diversity and genetic plasticity of the genus Pseudomonas enables
them to grow rapidly and metabolize substrates, including toxic organic chemicals, such as
aliphatic and aromatic hydrocarbons. Strains of Pseudomonas species are often resistant to
antibiotics, disinfectants, detergents, heavy metals, and organic solvents. Some strains have
been confirmed to produce metabolites, that stimulate plant growth or inhibit plant pests. All
these properties make them ecologically significant. The heterogenous collection of large
number of species in the genus Pseudomonas dated way back, when Stanier [18] surveyed
267 strains of aerobic pseudomonads, which revealed the extensive catabolic and
phylogenetic diversity of the species. However, systemic reorganization of bacteria in general
and Pseudomonas in particular, based on their natural relationship lead to the development of
a new genera. Phylogenetic heterogeneity of Pseudomonas has initiated re-evaluations of the
phenotypic characteristics, metabolic activities, genetics, ecology and other characteristics, in
light of the inter- and intrageneric phylogenetic relationships. Recent advances in molecular
characterization based on genome sequencing, genomics and proteomics have presented
researchers, a wealth of data to understand all facets of these bacteria [19].

Members of the genus Pseudomonas was differentiated from the phenotypically similar
bacteria and the distinct intergenic groupings among the genus Pseudomonas was established
by DNA-rRNA hybridization [20-21], which are based on the DNA-rRNA homology study.
This resulted in the inclusion of Pseudomonas in Gammaproteobacteria [22]. In Bergeys
Manual of Determinative Bacteriology, 29 well characterized species of Pseudomonas was
listed. This was based on their G+C content of genomic DNA along with another 206 less
well-described species included as addenda [23]. Later, development of polymerase chain
reaction [24], combined with advances in DNA sequencing [25], of 16S rRNA gene [26
Jresulted in enrichment of Pseudomonas genomic sequences in public databases.
Taxonomically, the genus Pseudomonas comprises Genus | of the family Pseudomonaceae,
which also included Azotobacter, Azomonas, Azorhizophilus and Cellvibrio. All members of
the family Pseudomonaceae have certain common physiological properties, such as they are
aerobic, chemoorganotrophic metabolism, absence of fermentation capacity and absence of
photosynthetic capacity to grow by metabolizing a large variety of organic substrates [27].
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Pseudomonadaceae have come to be regarded as “"pseudomonads” and, by association, related
to Pseudomonas. However, it is to be clarified that “"Pseudomonas™ (capitalized and written in
italics) is the validly published (i.e. with homenclature standing) name of a bacterial genus
comprising species of defined collective phenotypic characteristics. On the other hand,
"pseudomonad” (not capitalized and not italicized) is a descriptive term (i.e., Pseudomonas
like) with no formal nomenclatural status, accorded to a nonexclusive collection of bacteria
exhibiting various levels of similarity to species of the genus Pseudomonas [19].

1.2. Food Spoilage by Members of the Genera Pseudomonas

Pseudomonas mediated food spoilage is associated with both stored food as well as fresh
produce. However, the former is of immense importance keeping in mind post production
process and its economy required in keeping off such spoilage.

Pseudomonas fluorescens represents a very large and heterogeneous group, comprised of
5 Biovars, each associated with various fresh produce (Table 1.1)

Three major species of Pseudomonas (P. fragi, P. fluorescens and P. lundensis) has been
reported to be associated with animal food products (Table 1.2).

Table 1.1. Members of genera Pseudomonas affecting fresh produce [28-41]

Fresh Produce Pseudomonas Biovars associated Reference
Spinach Pseudomonas fluorescens Biovar Il | Medina et al., 2012 [28]
Lettuce Pseudomonas fluorescence Takeuchi, 2000 [29]
Cabbage Pseudomonas cichorii Lazzaroni et al., 2003 [30]
Potato Unclassified Pseudomonas spp. Masum et al., 2013 [31]
Tomatoes Pseudomonas stutzer Mbajiuka et al., 2014 [32]
Salad vegetables | Pseudomonas cichorii Marchetti et al., 1992 [33]
Baby carrot Pseudomonas marginalis Liao, 2007 [34]

Table 1.2. Members of genera Pseudomonas affecting animal food products

Food Product Members of genus Reference
Pseudomonas associated
Raw & P. aeruginosa, P. jessenii BCCDC [35]; Franzetti and
pasteurized milk Scarpelini, 2007[36]
Fish Pseudomonas fragi Garcia-Lopez et al.,2004 [37]
Sea bream fish Pseudomonas lundensis Tryfinopoulou et al., 2002 [38]
Beef, pork, lamb | P. fragi, P. fluorescens, P. putida Shaw & Latty (1984) [39]
Meat P. fragi, P. fluorescens, P. aureofaciens | Molin & Ternstrom (1982)
P. putida [40]

Poultry products | P. fragi, P. fluorescens, P. lundensis Russell et al. (1995) [41]

Pseudomonas fluorescens, P. viridiflava, P. fragi and P. lundensis, are four species
mainly responsible for a large portion of the food spoilage. Soft rot of fresh fruits and
vegetables are caused by pectolytic strains of P. fluorescens and P. Viridiflava. Proteolytic
and lipolytic P. fluorescens, P. fragi, P. lundensis and S. putrefaciens are responsible for
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spoilage of animal-derived foods including meat, poultry, milk and fish. Spoilage by these
bacteria results in a slimy or mushy appearance along with the production of mal-odours, and
partial or complete degradation of plant or animal tissues [42].

A major causative agent of soft rot in fresh produce is Pseudomonas marginalis, a Biovar
of Pseudomonas fluorescence [43]. Over 40% of post-harvest rot of fresh produce is caused
by oxidase-negative P. viridiflava and by at least three P. fluorescens biovars (I, Il and V)
[44]. Part from the pectinolytic activity of spoilage bacteria, outbreak of onion bulbs P.
aeruginosa [45], mushroom blight by P. tolaasii [46] and spoilage in specific types of
produce such as lettuce by P. cichorii [47], has been reported.

A major type of spoilage of food material is often associated with storage at low
temperature by psychrotrophic bacteria that grows at (0-7)°C, but their temperature optimum
is in the range 20-40°C [48]. Several studies have been concerned with effects of temperature
and other environmental conditions on growth of psychrotrophic or psychrophilic
Pseudomonas species characteristic of spoilage of meats and other foods [49]. Earlier study
by Duncan and Nickerson, 1963 [50], revealed increase in growth rate of Pseudomonas fragi
with an increase in incubation temperature of the culture from 0 to 20°C, without any effect
of physiological age and incubation temperature of the culture. Study on the effect of
temperature cycling on Pseudomonas fluorescence [51] revealed their versatility for growth at
either low or moderate temperatures.

Pseudomonas aeruginosa and Pseudomonas fluorescence are included among the major
psychrotrophic food spoilage bacteria [52]. P. fluorescens, P. fragi and P. lundensis, cause
spoilage of animal-derived foods (meat, fish, milk) by secreting lipases and proteases that
cause formation of sulfides and trimethylamine (off-odors) and by forming biofilms (slime)
on surfaces [53-54]. Different Pseudomonas spp. are responsible for limiting the shelf life of
processed fluid milk at 4°C [55]. Detailed study to assess the genetic diversity of
Pseudomonas spp. in milk and dairy processing environments and determine the association
between genetic types (ribotypes) of Pseudomonas spp. and their potentials to cause spoilage
(i.e., production of proteolytic and lipolytic enzymes), was carried out by Dogan and Boor,
2003 [56]. They identified majority of the ribotypes as Pseudomonas fluorescence, while the
remaining were Pseudomonas putida. Of them, 69% of the P. fluorescens strains were
positive for protease, lecithinase and lipase, while 87% of the Pseudomonas putida strains
were negative for all enzyme activities, which revealed the dominance of the former group as
the major mediators of spoilage in dairy industry.

Members of the genus Pseudomonas has been reported to be one of the major mediators
of spoilage of fish and fish products [57]. Pseudomonas putrifaciens, a group IV
pseudomonads [58] have been identified to cause spoilage of fish, stored under aerobic
condition [59-60]. Pseudomonas fragi, another common fish spoilage bacterium [61], has
been reported to be the spoilage mediators of high salt surimi, a finfish based seafood [62].
‘Sweet’ and ‘fruity’ off-odors that frequently develop during the early stages in spoilage of
refrigeratedfillets, is due to the non proteolytic Pseudomonas fragi which has been
characterized as producing a "sweet, ester-like odor resembling that of the flower of the May
apple". Isolates of P. fragi from seafood are characterized as being nonfluorescent, non
proteolytic, do not produce TMA, or H,S, but are capable of producing ammonia from amino
acids, are lipolytic and are isolated from both fresh and spoiled fillets [63].
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Pseudomonas bacteria are responsible for more than 80% of the egg spoilage [64]. Green
fluorescent rots produced by Pseudomonas fluorescens are the most common as an early type
of spoilage. Green fluorescent rots may be detected by the "black light" (long-wave
ultraviolet) candler when populations of the pseudomonads have reached large numbers.
Fluorescent pigment-producing strains of P. fluorescens are motile, and the pyoverdine that
they produce binds metals in competition with conalbumin. They also are not susceptible to
the antimicrobial factors in the egg white. P. fluorescens can grow and produce pyoverdine in
ovalbumin substrates that have only trace amounts of essential ions [49].

One of the unique features of Pseudomonas mediated food spoilage is formation of slimy
biofilm on the food surface. Highly chemi-synthetic and frequently psychrotrophic nature of
these organisms, makes them ubiquitously responsible for spoilage of proteinaceous foods
stored aerobically at chilled temperatures [65]. Spoilage in foods of animal origin by these
organisms occurs first by utilization of the non-protein nitrogen fraction, followed by the
production of lipases and proteases which liberate fatty and amino acid from the substrate
commonly causing off-odors, off-flavors and rancidity [66]. Advanced stages of food
spoilage by pseudomonads are characterized by pigmentation and the production of extra-
cellular slime [67].

1.3. Food Borne Infection and Intoxication by the Genera Pseudomonas

IlIness caused by the consumption of contaminated foods has a wide economic and public
health impact worldwide [68]. Members of the genus Pseudomonas have been reported as one
of the major causal agents of foodborne diseases [69]. Several members of the genus
Pseudomonas are related to different gastrointestinal and associated disease (Table 1.3)

Table 1.3. Food bourn infection by genera Pseudomonas

Name of the disease Causative agent Reference

Necrotizing enterocolitis

Perirectal infection

Pediatric diarrhea

Typical gastroenteritis

Necrotizing enterocolitis

Shanghai fever

Pseudomonas aeruginosa

Motarjemi, 2013 [17]

Agger and Mardan, 1995 [70]

Amisano et al., 2011 [71]

Lawley et al., 2012 [72]

Doyle, 1989 [73]

O'Connor, 2005 [74]

Gastroenteritis

Pseudomonas aeruginosa

Cliver and Riemann, 2002 [75]

Gastroenteritis

Pseudomonas michiganii

Doyle, 1989 [73]

Melioidosis

Pseudomonas mallei and
Pseudomonas pseudomallei

CSFPH,2007 [76]

Pseudomonas aeruginosa, an emerging opportunistic pathogen of clinical relevance
worldwide, is the causative agent of Pseudomonal infection, which generally accounts for
gastroenteritis [75]. P. aeruginosa may spread among particularly immunocompromised
individuals by direct contact with or by the ingestion of contaminated foods and water.
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Reports suggest that Pseudomonas is associated with typhlitis (also termed as neutropenic
enterocolitis) in neutropenic patients, who suffer a sudden onset of fever, abdominal
distension and worsening abdominal pain as a result of this disease [77].

Reports regarding epidemic diarrhea by Pseudomonas, accounts way back to 1947, in the
new-born nursery St. Rose Hospital at Great Bend, Kans. 24 new-born were found to be
affected of which there were 9 deaths. Investigations revealed that the infecting organism was
Pseudomonas aeruginosa which gained entrance to the milk supply accidentally through
contaminated water. Pseudomonas aeruginosa was isolated from both stool and autopsy
materials of infected patients [78]. In 1974 an outbreak of P. aeruginosa food-borne illness
was reported in a school. The probable source of infection was a kitchen worker who was an
asymptomatic carrier of the same P. aeruginosa serotype isolated from the patients. Only 41
(7.75%) of 529 persons who ate a common lunch of fish developed symptoms, which
included weakness, dizziness, and painful joints (arthralgia), but without diarrhea [79].
Pseudomonas has been identified as one of the several communicable agents of diarrheal
disease epidemic [80]. While some infecting strains of Pseudomonas aeruginosa appear to be
endemic within the hospital environment, others are traced to a common source associated
with a specific outbreak or epidemic [74].

Community-acquired P aeruginosa sepsis infection can trigger a diarrheal disease known
as ‘Shanghai fever’, which involves high fever, prostration, headache, and diarrhea, and is
associated with high mortality primarily in Taiwan, Hong Kong and China [74,81].
P. aeruginosa is pathogenic only when introduced into areas lacking normal defenses, such as
tissue damage of mucous membranes and skin, severe burns, and intravenous or urinary
catheters. Also, this bacterium can potentially cause bacteremia or septicemia by the invasion
of Gl tissues leading to its lethal entry into the bloodstream. In a study carried out on twenty-
seven consecutive children who met criteria for Shanghai fever in Chang Gung Children’s
Hospital in Taiwan from July 2003 to June 2012 were evaluated [81]. Based on the
observations of Chuang et al., 2014 [81], the proportion of different clinical manifestations
has been depicted in Figure 1.1.

Twenty-three patients had severe necrotizing enteritis and nine had bowel perforation
requiring immediate surgical intervention. Intraoperative findings showed widespread patchy
necrosis with fibrin coating of the small intestine or colon. Of patients with ecthyma
gangrenosum, 10 had multiple sites affected.

Pseudomonas michiganii (later reclassified and named as Pleisomonas shigelloides) [73],
a representative pseudomonads, that is responsible for gastroenteric [82] and extraintestinal
disease in human. Outbreaks of P. michiganii associated gastroenteritis have been attributed
to contaminated oysters and also to fish (salt mackerel and cuttlefish salad), crab, shrimp,
scallops, and sushi consumption (Kirov, 1997). In the USA, infection with P. shigelloides has
been strongly associated with eating raw or undercooked shellfish, usually raw oysters, and
with travelling to high-risk areas (i.e., Mexico or Southeast Asia). The high incidence in
Japan has been linked with dietary habits and also with trips to other Asian countries [83-84].
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Clinical features of patients with Shanghai fever
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Figure 1.1. Shanghai fever symptoms.

Three major clinical presentations of P. michiganii associated gastroenteritis have been
reported. A secretory (watery) type of diarrhea, a more invasive disease resembling
shigellosis and a subacute or chronic disease lasting between 2 weeks and 2—-3 months [85]. It
is often secretory in nature [85], but the dysenteric form (enteroinvasiveness) of diarrhea is
the most common presentation of this gastroenteritis [86]. The infective dose is unknown but
is presumed to be very high. On average, symptoms may begin between 24 and 50 h after
consumption of contaminated food or water although shorter incubation times of 1-1.5 h have
been also reported. Diarrhea is the predominant symptom occurring in 94% of cases.
Accompanying symptoms vary, but severe abdominal pain or cramping, nausea and/or
vomiting and low grade fever, are most common. Less frequent symptoms include chills,
headache, and some degree of dehydration [87].

Reported epidemic cases of P. michiganii associated gastroenteritis is by ingestion of
contaminated water and raw or undercooked fish and shellfish, the risk of infection can be
reduced by avoiding the use of untreated water for drinking and food preparation, by
maintaining appropriate heating temperatures for fishery products and by avoiding
contamination of cooked or processed foods. Appropriate chill storage, salting conditions and
CO, will prevent growth of the organism [87]. Treatment of P. michiganii associated
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diarrhea, involves use of tetracycline or trimethoprim-sulfamethoxazole. It should be noted
that P. michiganii strains exhibits natural resistance to penicillin, roxithromycin,
clarithromycin, lincosamides, streptogramins, glycopeptides, and fusidic acid [88].

Pseudomonas mallei and P. pseudomallei, the causative agents of Melioidosis are animal
pathogens that can cause zoonoses. Humans are highly susceptible to this disease. Zoonotic
transmission, often occur after contamination of skin lesions by exposure to infected animals,
tissues including meat, or milk. Infection by ingestion has been noted in several occasions in
humans, with an Australian having microabscesses of the gastric wall with seeding of the
peritoneum from a ruptured gastric ulcer [89]. Melioidosis is endemic in Southeast Asia,
China, the Indian subcontinent and parts of Australia. It has also been reported from the
Caribbean, the Middle East, South America, Singapore and Taiwan. However, the bacterium
is not associated with any gastrointestinal disease. [76]. Pulmonary disease either as a primary
syndrome or as a component of septicemia is the most common form of melioidosis. The
symptoms usually include fever, coughing, pleuritic chest pain and, in some cases,
hemoptysis. Ulcerative lesions and nodules are sometimes found in the nose, and the septum
may perforate. Severe weight loss may be seen. Pulmonary signs can develop suddenly, or
may occur gradually after a prodromal syndrome characterized by headache, anorexia and
generalized myalgia. In some patients septicemia may develop more gradually, with a
fluctuating fever often associated with severe weight loss. Pulmonary signs including dyspnea
are common, and arthritis or meningitis may be seen. Some patients have a disseminated
pustular rash with regional lymphadenopathy, cellulitis or lymphangitis. Septic shock is
common, and it is usually fatal once it develops. Chronic Melioidosis is characterized by
abscesses and supportive lesions in liver, spleen, skeletal muscle and prostate gland in
majority of the cases. Rarely, Melioidosis can result in brain abscesses, encephalomyelitis
(often accompanied by flaccid paralysis) or meningitis. Fever may or may not be present in
chronic Melioidosis [76].

Several prospective randomized comparisons of antimicrobial therapy for Melioidosis
have been undertaken over the past 20 years, resulting in a good evidence base for treatment.
The standard approach to chemotherapy of severe disease is to use at least 2 weeks of
parenteral treatment initially, followed by 12-20 weeks of oral ‘eradication’ therapy to reduce
the risk of relapse. The former involves combinatorial therapy with Imipenem or meropenem
and Ceftazidime for 2 weeks, while the later uses a combination of Co-trimoxazole +
Doxycycline and Amoxicillin-clavulanate. Mild cases may be treated with oral drugs alone.
Co-amoxiclav and cefoperazone-sulbactam have also been used for parenteral treatment, but
experience is more limited [90].

1.4. Food Borne Intoxication by the Genera Pseudomonas

Bacterial food intoxication refers to food-borne illness caused by the ingestion of food
containing preformed bacterial toxins [91]. Majority of Pseudomonas infections are both
invasive and toxicogenic. They invades tissues by the production and subsequent release of
extracellular enzymes and toxins that break down physical barriers and damage host cells.
Different Pseudomonas associated toxins and their producer strains are listed here in
(Table 1.4).
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Pseudomonas has been reported to produce three soluble proteins that have implications
in invasion: a pore-forming cytotoxin and two hemolysins. Pseudomonas endotoxin
lipopolysaccharide (LPS) may contribute to resistance to phagocytosis and the serum
bactericidal response. The lipid A moiety of LPS mediates typical pathogenesis of Gram-
negative septicemia. Pseudomonas aeruginosa have been reported to produce a pore-forming
protein cytotoxin [96]. Isolated from bacterial autolysates, the cytotoxin has been
characterized as a protein of 25,000 to 29,000 Mr which acts primarily on the plasma
membranes of mammalian cells by binding to high affinity binding sites [98]. As a
consequence, pores of about 2 nm diameter are formed resulting in a breakdown of the
cellular gradient for low molecular substances [99]. Orlik et al., 1990 [100], studied the
toxicity effect and binding property of the cytotoxin to plasma membrane preparations from
Ehrlich ascites cells. The cytotoxin gene was pinned down and was cloned in E. coli. It was
observed that, trypsin treated (removes short peptide sequence thereby activating the
cytotoxin) cytotoxin exhibited rapid increase in cytotoxicity than non-processed toxin, as
evident from granulocyte lysis assay.

Binding studies of the in vitro synthesized cytotoxin derivative and iodinated cytotoxin as
derived from Pseudomonas aeruginosa autolysates to membrane preparations from Ehrlich
ascites cells was assessed by co-sedimentation of the radiolabeled cytotoxin with the
membranes through a sucrose cushion of neutral pH. No difference was detected in the
binding properties of in vitro synthesized full-size cytotoxin and the processed cytotoxin. In
both instances binding was reversible by the addition of a 100-fold excess of unlabeled
cytotoxin. They inferred that binding to peripheral acceptor sites on membrane does not
require proteolytic processing and also does not involve the N-terminal sequences [100]. The
toxin was opined to be a phage encoded 31.7-kDa procytotoxin, which is processed by
removal of the C terminus during bacterial autolysis. This water soluble, acidic 29-kDa
protein attacks plasma membranes of a great variety of eukaryotic cells resulting in a channel
of ~1-2 nm in diameter [101]and forms ion channels in planar lipid bilayers [102]. In a study,
regarding oligomerization process of the toxin during maturity, the secondary structure
composition, the changes in cytotoxin tertiary structure during the intoxication process
justifies the classification of cytotoxin as a member of the bacterial pore-forming toxins that
contain a high percentage of B-sheet structure and must oligomerize in order to insert into
target cell. However, in comparison to other cytotoxins, the P. aeruginosa cytotoxin forms
functional pentamers instead of heptamers [103].

Pseudomonas aeruginosa exotoxin A (PA toxin) is considered the most toxic substance
produced by this organism and as such may have a significant role in its pathogenicity [97].
P. aeruginosa is a highly potent protein synthesis inhibitor [104] and thus acts as a cytotoxic
agent on a whole range of mammalian cells, including cells of the immune system. P.
aeruginosa toxin inhibits mammalian protein synthesis by the same mechanism as diphtherial
toxin. Both toxins catalyze the transfer of the adenosine 5'-diphosphate-ribosyl moiety of
nicotinamide adenine dinucleotide onto the same amino acid of elongation factor 2 in a
stereochemically identical fashion [105]. This AB type toxin [106] could be related to death
due to Pseudomonas bacteremia [107].
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Table 1.4. Food contaminating toxins produced by members of the genera Pseudomonas

Name of toxin | Producer Pseudomonas species Reference
Enterotoxin Pseudomonas aeruginosa Kubota and Liu, 1971 [92]

Pseudomonas enteritis (Takigawa) | Aiso and Matsuno, 1961 [93]
Bongkrek Acid | Pseudomonas cocovenenans Jiao et al., 2003 [94]
Toxoflavin Pseudomonas cocovenenans Cliver et al., 2011 [95]
Tetrodotoxin Pseudomonas putida Motarjemi, 2013 [17]
Cytotoxin Pseudomonas aeruginosa Kluftinger et al., 1989 [96]
PA toxin Pseudomonas aeruginosa Liu, 1974 [97]

In 1971 the production of an enterotoxin by P. aeruginosa was demonstrated by its
capacity to cause fluid accumulation in rabbit ileal loops following the injection of live
organisms [92]. The amount of fluid accumulated was less than observed with Vibrio
cholerae, heat-sensitive and could be destroyed by the action of trypsin [92]. It appears to be
distinct from any of the other toxic materials produced by Pseudomonas such as exotoxin A,
haemolysin, or phospholipase [108]. In a laboratory culture base study, it was found that
Pseudomonas aeruginosa produces maximum amount of enterotoxin at pH 7.0 and an
incubation temperature of 37°C, optimally in Brain-Heart infusion and Trypticase Soy Broth.
The enterotoxin could be detected after 6h of growth, but maximum amount was produced
around 28h. Extended incubation, however, decreased the amount of enterotoxin and at 96h it
was only 30 per cent of the maximum amount [109]. Pseudomonas aeruginosa has been
shown to be capable of producing enterotoxins and has infrequently been linked with food
poisoning [110].

In 1982 and 1985, Zhao and co-workers [111-112] studied 17 strains of the bacteria
isolated in Heilongjiang Province, that were found to be similar to the genus Pseudomonas,
and named them “Pseudomonas farinofermentans”. Later, “P. farinofermentans” was found
to be responsible for cases of food poisoning caused by consumption of deteriorated Tremella
fuciformis (white fungus) in Shandong, Hopei, and Honan Provinces. They produce two
toxins, bongkrekic acid (Figure 1.2A) and toxoflavin (Figure 1.2B), which were similar to the
toxins of Pseudomonas cocovenenans [113].

Pseudomonas cocovenenans is a typical Pseudomonas in terms of morphology and
biochemical characteristics. The word ‘cocovenenans’ came from Cocos, the genus hame for
coconut, and veneno, which means poison. Thus, cocovenenans means coconut poisoning. P.
cocovenenans produces a yellow, poisonous compound “toxoflavin” [95]. Toxoflavin
functions under aerobic conditions as an active electron carrier between reduced
nicotinamide-adenine dinucleotide (NADH) and oxygen, leading to production of hydrogen
peroxide and bypass of the cytochrome system. This is the basis of the strong poisoning
properties associated with the toxin [114].

In Indonesia, bongkrek and tempeh bongkrek is made by fermenting a mixture of
soybeans, peanut and coconut with Rhizopus. In unusual conditions the mold may grow
abnormally slowly, and P. cocovenenans, and yeast may overgrow and spoil the product by
producing toxoflavin and bongkrekic acid [94]. Bongkrekic acid is the major toxin. It is a
substituted heat stable glutaconic acid derivative of aconitic acid with a molecular weight of
486. The production of bongkrekic acid appears to be specific to coconut pressed cake, and is
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produced only in the presence of fatty acids. The simple lowering of pH during fermentation
to below pH 5.5 can prevent toxin production. Below this pH, the toxigenic bacteria do not
grow; however, the growth of the mold in bongkrek is in fact stimulated at these lower pH
values [115]. Bongkrekic acid is the more toxic of the two. The main symptoms of poisoning
include an initial hyperglycemia quickly followed by a marked hypoglycemia, which exhausts
the glycogen reserves in many tissues, particularly the liver and heart. The acid interferes with
mitochondrial oxidative phosphorylation, as well as with the citric acid cycle in heart muscle
[116]. It reacts with ADP and ATP in the mitochondria and inhibits the enzyme adenine
nucleotide translocase [117]. Bongkrekic acid is very toxic, and can result in spasms,
hypoglycemia and the death of patients. Consumption of toxic tempe bongkrek has led to
numerous human fatalities. The onset of symptoms occurs within a few hours of ingestion of
contaminated food. The patient complains of malaise, abdominal pains, dizziness, extensive
sweating, fatigue, and eventually, coma. Death can occur within 20 hrs of the onset of
symptoms. Both bongkrekic acid and toxoflavin may play a role in poisonings. However,
bongkrekic acid is likely to be the more important toxin. In addition to being more toxic, the
concentration of bongkrekic acid is typically ten times higher than toxoflavin [118-119].

Pseudomonas enteritis (Takigawa) was reported to be associated with several outbreaks
of enteritis-type food poisoning along the Pacific Ocean and the Sea of Japan. Inshore
cuttlefish from Sea of Japan were considered to be the causes of these diseases. The
microorganism was found to be resistant against 0.1% bile and grow at 37°C. Primary
manifestations includes violent epigastric pain, which was accompanied by nausea, vomiting
and diarrhea. Diarrhea was evident in all cases taken ill, and the stools were watery; however,
no tenesmus followed. In several cases, mucus and blood could be observed in the feces.
Fever occurred in 60 to 70 per cent of all patients, and temperatures were recorded up to 37.5-
38.5°C. Headache and chills in few cases, but no nervous symptoms such as paralysis and
excitement were observed [94].

Certain Pseudomonas spp. are capable of producing a lethal toxin called tetrodotoxin
(TTX) harbored by a variety of marine animals. P. putida are capable of producing a potent
neurotoxin called tetrodotoxin (TTX) primarily found in marine puffer fish. The toxin is
believed to potentially exist in the gonads, liver, intestine, and skin of these fish at levels
sufficient to cause rapid and violent death. Bioaccumulation of the toxin is thought to
contribute to its high concentrations in the food-chain. Mortality due to consumption of
infected puffer fish is often reported [17]. TTX is a sodium channel blocker that causes nerve
conduction failure which manifests as paralysis. TTX poisoning manifests itself as a
sensorimotor neuropathy which may be associated with mild gastrointestinal effects.
Poisoning develops over hours and more rapidly with severe cases. Neurological effects
include perioral paresthesia and numbness, ataxia, progressive distal to proximal muscle
weakness. Severe poisoning is characterized by respiratory muscle paralysis and rarely
cardiovascular toxicity (bradycardia, arrhythmias and hypotension) [120].
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Figure 1.2. Structures of (A) bongkrekic acid and (B) toxoflavin.

1.5. Detection and Enumeration of PseudomonasContamination in Food

Current Food Safety Inspection Service (FSIS) regulations for the food-processing
industry include mandatory testing programs Salmonella, Listeria monocytogenes,
Campylobacter, and Escherichia coli O157:H7 while low attention is paid for P. aeruginosa.
Pathogen-specific tests can be divided into the categories of metabolic-based and genome-
based methods [87]

Principal metabolic based technique involves extensive use of agarized selective media
for detection and enumeration of Pseudomonas spp. As per Liao et al., 2006 [42], several
selective agents are used in each of these media. This involves use of antibiotics (nalidixic
acid, fucidin, erythromycin, cephaloridine, nitrofluration, novobiocin, penicillin, ampicillin
and chloramphenicol), dyes (crystal violet, phenol red and fuschin) and other chemical
additives (cetrimide, cycloheximide, Irgasan and triphenyl tetrazolium chloride). In some
instances, several physiological groups among the genus Pseudomonas can also be selected
out. For example King A, King B and Cetrimide Agar media are used to promote growth of
non-fluorescent, fluorescent Pseudomonas and P aeruginosa respectively. The selective
agents inhibit the growth of non-Pseudomonas flora while antimicrobials are usually added at
a concentration just sufficient to suppress the growth of non-Pseudomonas flora [42].

Presence of Pseudomonas is diagonosed by its ability to produce fluorescent and non-
fluorescent pigments (fluorescin, pyocyanin and pyomelanin) on King’s medium B and
medium A [120]. Pseudomonas CFC agar [121] prevents the growth of the vast majority of
non-Pseudomonas flora, including Enterobacteriaceae and Gram-positive Bacillus and
Lactobacillus spp., and shows minimal effect on the growth of spoilage related
pseudomonads, including P. fluorescens, P. fragi, P. lundensis, P. aerugionos, and P. putida.
Liao, 2006 [42] opined that King’s media B and A and other Pseudomonas base media
(Oxoid) can be supplemented with cetrimide, Irgasanor nalidixic acid to improve the
detection of P. fluorescens, P. aeruginosa and other pseudomonads in water, soil, foods and
clinical specimens. Identification and enumeration of Pseudomonas spp. in dairy products
were obtained by plating onto Pseudomonas selective media, e.g., cetrimide, fucidin,
cephaloridine (CFC) agar, followed by confirmation of well-isolated colonies by biochemical
methods. [122]. However, culture and identification assay require time to produce results, and
underestimation of bacterial numbers sometimes occurs because the conventional techniques
could not recover sublethally injured cells that may occur in heat-treated products such as
pasteurized milk [123].
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Amendment of cetrimide and nalidixic acid to Pseudomonas agar base favoured selective
isolation of Pseudomonas aeruginosa [124]. Based on this fact, Corry et al., 2012 [125],
reported use of cetrimide and nalidixic acid amended Pseudomonas agar base for selective
isolation as confirmed by enhanced pigment production of Pseudomonas aeruginosa.
Pseudomonas aeruginosa WDCM 00114 and Pseudomonas putida WDCM 00117 was used
as productivity test strains, while Escherichia coli WDCM 00090 and Staphylococcus aureus
WDCM 00033 was used as selectivity test strain. Pseudomonas aeruginosa exhibited round
colonies 2-3 mm in diameter with the presence of blue-green or brown pigmentation. The
medium also got pigmented. Pseudomonas putida has similar sized colonies but does not
produce any pigment, while Staphylococcus aureus and Escherichia coli were inhibited. The
time required for the detection of P. aeruginosa by direct enumeration of bacteria is ~20 hrs
but is not expansive and does not require any specific equipment. Another media dependent
metabolic based technique involves rapid detection of metabolic end-products of bacteria
grown on specific media, generally referred to as direct impedance measurement [126]. Rapid
detection of Pseudomonas within 2—6 to 11-14 hrs was carried out in specific highly selective
media named as Z-broth. The test relies on the ability of P. aeruginosa to grow on ammonia
and acetate as the sole sources of nitrogen and carbon. Acetamide, a compound containing
ammonia and acetate in an amide linkage, has been included as the main component of Z-
broth that is dissociated by P. aeruginosa leading to the change in the impedance [127].

More sensitive metabolic based technigues involves magnetoelastic immunosensor based
direct, real-time quantification of P. aeruginosa in growth media [128], fourier transform
infrared spectroscopy (FT-IR) based identification of P. aeruginosa in bottled drinking water
[129] and electroimmunoassay technology available [87]. Genome-based culture independent
methods were much more sensitive and involves the identification conserved regions of
bacterial genomes use more stable genotypic characteristics of the microorganism [130].
Direct hybridization assay involves hybridization of species-specific oligonucleotides
immobilized on a nylon membrane to PCR amplicons of 165-23S rDNA intergenic regions
obtained by amplification using universal primers [131]. This technique has been efficiently
used for the direct detection of organisms including P. aeruginosa in food samples [132].
PCR  screening  using  primers 5’-ATGGATGAGCGCTTCCGTG-3’and  5°-
TCATCCTTCGCCTCCCTG-3’ is highly reliable, giving PCR products of the expected size
for all P. aeruginosa strains tested and not amplifying DNA from any of the other
Pseudomonas species tested [133]. In advanced fluorescent in situ hybridization (FISH)
technique, standard linear oligonucleotide probes has been replaced by molecular beacons.
DNA molecular beacons for flow cytometric detection of P. putida have doubled signal-to-
noise ratio demonstrated improved detection [134]. Using TagMan real-time quantitative
PCR, P. aeruginosa has been successfully detected in municipal and wastewater treatment
together with another 13 foodborne pathogens [135].

Metagenomic approach to detect spoilage bacteria in food by directly detecting species-
specific sequences using next-generation sequencing (NGS) technologies has been developed
and validated for meat samples [136]. Heterogeneous mixture of amplicons bearing sequences
specific to Pseudomonas spp. in meat samples have been validated by bacterial 16S tag-
encoded FLX Titanium amplicon pyrosequencing (bTEFAP), and the possibility of bar-
coding samples by most NGS platforms revealed that amplicons generated from several food
samples could by analyzed in a single run [137]. Matsuda et al., 2007 [138] used total RNA
based reverse-transcriptase quantitative PGR (RT-gPCR) using primers specific to P.
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aeruginosa 16S rRNA to quantify microbial count of P. aeruginosa. Standard real-time
quantitative PCR to determine copy number, and thus it can infer equivalent cfug™ in the
sample.

1.6. Management of Food Contamination and Food Borne Disease by Genus
Pseudomonas

Several physical, chemical and biological treatment processes are adopted or practiced to
control spoilage of food by Pseudomonas. Though they are effective, yet they don’t ensure
complete elimination, without affecting the physical appearance of the food. In addition, the
bacteria itself got resistant to disinfectants like quaternary ammonium compounds following
prolong treatment [139] or it had adapted several escape strategies like formation of biofilm
[140] and strategically positioning itself in remote pockets in food to avoid exposure to
disinfectants [29]. Both chemical and physical treatment of food has been adapted to prevent
Pseudomonas mediated spoilage.

Treatment of food materials with ozonated water has been found to be effective against
P. aeruginosa [141] and P. fluorescens [142]. Pseudomonas spp. were also reported to be
sensitive to ClO, treatment [143], that efficiently reduced the microbial count on fresh
produce of fruits and vegetables [144]. Application of H,O, has been has been shown to
reduce the number of fluorescent Pseudomonas on the surfaces of fruits by 90% [145]. The
inhibitory effects of potassium sorbate and sodium benzoate against food spoilage bacteria
Pseudomonas fragi has been established [146]. Pulsed electric fields (PEF) either alone or in
combination with acetic or propionic acid has been reported to reduce counts of Pseudomonas
fluorescens in skim milk [147]. In a recent study, mixture of organic acids, commercially
available by the name Citrosteril (citric acid 21%, lactic acid 2%, malic acid 2%) and Rena X
(citric acid 22%, lactic acid 3%, malic acid 2%) has been proved to be efficient disinfectant
against Pseudomonas aeruginosa [148].

“Modified atmosphere” (MA) storage, i. €., storage of food in atmospheres containing
increased amounts of CO, has been proved throughout the world to be an efficient technology
of preventing food spoilage. The principle of MA storage is to replace the air surrounding the
foodstuff with a mixture of CO,, O, and N,. CO; is used to inhibit the growth of aerobic
bacteria and molds and N, used to inhibit the oxidation of fats [42]. Tudela et al., 2013 [149],
studied the effect of 3 different MA conditions, low O, + CO,, low O, and moderate O, +
CO; and subsequently observed that the first treatment condition maximally reduced
Pseudomonas population of baby spinach. Irradiation by ionizing radiation (*°Co or **’Cs) has
also been proved to be an effective means of reducing the load of Pseudomonas fluorescens
on beef steaks [150]. Other non-thermal treatment methods like pulsed electric field (PEF) of
milk [151], and synergestic application of high-pressure and the lactoperoxidase system has
been proved to be efficient in preventing spoilage of dairy products [152]. Due to its
ubiquitous nature, infection with Pseudomonas aeruginosa is difficult to control. Hence,
immuno-compromised patients must be more precautious about any possible incidence
caused by this pathogen. Hence, patients particularly with neutropenia should not consume
foods like raw fruits and vegetables (surface principally harboured by Pseudomonas) because
of the risk of subsequent GI colonization and bacteremia. Appropriate heat sterilization of the
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milk should be applied before consumption considering the potential for pathogenicity of this
bacterium [17].

2. METALS AND ADVERSE HEALTH EFFECTS
2.1. Metal’s Behavior

Metals can accept a pair of electrons (Lewis acids) from an electron donor (Lewis base)
that may be generalized as follows:

A+:B—A:B (AB) (egn.2.1)

The resulting pair may be termed as ion pair, a metal complex, a co-ordination compound
or a donor- acceptor complex depending upon the donor-acceptor response. The stability of
the resulting species (AB) can be classified with respect to hard, intermediate and soft
acceptor as well as donor concept because hard acceptors prefer to bind hard donors.
Similarly soft acceptors prefer to bind to soft donors. These hard to hard and soft to soft
binding happens to form stable compounds (Table 2.1). In the abiotic and biotic systems, the
chemistry of metals often play an important role in the chemical stability processes viz.
electron mobility, electronegetivity, charge density, oxidation numbers etc. For example, hard
acceptors are more likely to have low electron mobility, electronegetivity and ionic radii
along with high oxidation numbers and the reverse is true for soft acceptors. The hard donors
also have similar/dissimilar chemical properties such as low electron mobility with high
electronegetivity, high negative charge density and the converse holds good for a soft donor.
This suggests that the hard acid soft base and the reverse combination do not form strong
bonds and their chemical products are easily leachable in the various environmental
compartments.

As a result, several metals, notably heavy metals, are widely and dynamically distributed
in the environment and the striking example is the heavy metals that pollute the waters which
subsequently the living organisms uptake in their systems. These metals are often natural
and/or anthropogenic. Major sources are rocks, soils and minerals and their anthropogenic
uses such as industries, municipal wastes, transportation etc.

Table 2.1. Donor-acceptor concept and response

ACCEPTORS

HARD SOFT MIDDLE
Na', K*, Mg®*, Ca**,Be*", Mn*, Au*, Ag*, Cu*, Hg®*, Cd**, | Ni%*,Co®, Fe*", Zn?,
cr¥, AP, Co*, Fe*t, As** Pd*, CHsHg" Cu?*, Pb**
DONORS

HARD SOFT MIDDLE
OH’, CI', F, SO,%, CO5*,PO,*, 0% | S, RS, SH’, CN", SCN, NO,, Br, SO~

RSH, CO
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Metals in the environment occur in different forms (both chemical and physical). It could
be in various physical forms such as suspended, non-suspended (even as colloids) and
dissolved. In environment, metals can be in various chemical forms such as hydroxides,
carbonates, silicates, sulphides and even bind to organic matter and the options are different
such as adsorbent, ion-exchanger and complex/chelate. Soluble metal species can be single or
complex and/or unionized organo-metallic compounds. Metal species and their various
chemical forms often change from one form to the other by physical, chemical or biological
interplays or interactions.

2.2. Speciation of Metals

The metal speciation generally relates to the particular chemical and physical forms that
element occurs in. It is important to note that the importance of metals in environment,
notably heavy metals, is often based on measurement of concentration (Total). It has now
become evident that the environmental impact and bioavailability of metals, significantly
heavy metals, are greatly influenced by their species than their usual total concentration
[153]. The distribution, mobility, toxicity, bioaccumulation and biodegradability of heavy
metals depend largely on the concentration of their species in the natural environment. This is
important both in terms of inorganic and organic substances bearing soluble heavy metal
species for their long term environmental occurrence.

Table 2.2. Physico-chemical forms of metal in air, water, soil/sediment systems

Physico-chemical form

Potential examples

Abiotic /Biotic Compartments

1)Gaseous emission

Hg®, zn°

Air [ Atmosphere

2)Dissolved

a)Free acquired ions

Fe(Hzo)s 3+,C0(H20)52+

Water /Hydrosphere, Soil/Sediment
systems/lithosphere,Meteorological
water

b)Inorganic Cu(OH)5, Fe(OH)," Do
complexes
c)Organic complexes | HgR;, Copper fulvate Do
d)Colloidal Do
i)Metals sorbed Clays, Amorphous water/soil/sediment
substances (e.g
FeOOH), Organics etc.
3)Solid

a)Precipitated

CdS, ZnSiO,

Soil/sediment, water, air borne
particulates, biologicalmaterials

b)Organics

Metals in algae, fish andMammals

Metals, mostly heavy metals, occur in different physico-chemical forms which varies in
different environmental abiotic compartments e.g air, water, soil/sediment (Table 2.2).
Several heavy metals (Hg, Pb, As, Se) have major gaseous forms and are also soluble in water
/biological fluids even in various form e.g particulates, colloidal, colloid-adsorbed and
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dissolved. Soluble species are often in hydrated ions, inorganic and organic complexes and
their stability depend on physico-chemical affinity of the metal species. NO;, Cl, CO®, OH,
SO* and even occasionally F and PO, are common inorganic ligands present to hold the
metals in environment. Organic ligands are numerous depending on their structure/functional
sites (electron releasing strength), molecular weight, concentration, thermodynamic stability
and kinetic lability.

Metals (mostly trace elements) are present in different types of chemical forms in living
systems (Table 2.3) and often strongly/weekly bound to biological molecules. Notably, they
can form essential biological compounds (metalloenzymes) within the human body and take
part in large number of chemical interactions even in the cellular levels. Important redox
species are many such as As(V)/(I11), Se(IV)/(V1), Cr(lID/(VI), Fe(ID)/(I1), Cu(h/(11),
Mn(11)/(1V), Mo(V)/(VI) amongst which some are toxic and others are non-toxic but
essential. However, some of these are again toxic when concentration levels exceed over
required levels (over supply). Nevertheless, metals can be potentially hazardous to living
organisms at large and at prolonged exposure levels. The metal ions required for biological
systems should be readily available (soluble species notably in aqueous environment) and
abundant (commonly restricted to At. no. <40 as well as their solubility). The toxicity and
availability play an important role in controlling metal toxicity and bioavailability and
speciation influences not only toxicity and but also bioavailability, mobility, eutrophication,
flocculation and adsorbabiliy notably in aqueous environment [154].

lonic strength, pH and electron activity are the central environmental factors that can
regulate the metal speciation as well as availability and toxicity. Transport, biogeochemical
cycling and biological impact of metals are also dependent on several physico—chemical
factors such as interaction of dissolved/ suspended metal species with solid/colloids particles,
particulate size, oxidation status, electronic configuration and nature of coordination etc.
Metal species, notably heavy metals, play an important role in controlling toxicity and
bioavailability of living systems. For example, As and Cr are much more toxic in their
different oxidation state, As (l11) has greater reactivity and toxicity than As (V) whereas Cr
(V1) has been classified in Group 1 for human carcinogen. Additionally, Mn and Fe are more
toxic in reduced form whereas Hg is significantly more toxic in methyl form and often heavy
metals (hydrated metal ions) are toxic in free ionic form to fish and other aquatic life [155].

2.3. Toxic Heavy Metals

Environmental exposure of heavy metals is now a key issue both in terms of toxicity
(poisonous) to humans and widespread distribution /availability. Occurrence of heavy metals
is now omnipresent in groundwater, air, soil, food, biological fluids even in umbilical cord
(contamination of stem cell). The impact of heavy metals and their geological factors on
human health has now emerged as a new branch of science “Medical Geology” and recently
is receiving increased attention by the researchers due to the knowledge gap for the protection
of human health from adverse consequences related to exposure to heavy metals [156].

Inorganic heavy metals are a group of metals because their densities (273K,1. atm
pressure, kg/m°) are higher than common metals. Few of them are amongst the greatest
environmental hazards and are poisonous to humans such as Cadmium (Cd, density- 8650),
Arsenic (As, density — 5727), Chromium (Cr, density-7200), Lead (Pb, density -11340) and
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Mercury —(Hg, density- 13546) etc. Each one of these have widespread occurrence in several
parts of the world both in terms of geographical area coverage and human exposure [157].
Among these toxic heavy metals, As is a metalloid and historically employed as common
poison, notably in several parts of S.E. Asia, as well as its compounds have also been used
therapeutically for more than 2000 years [158]. The weird property of the king of poison is
that it is harmful yet useful. This uncommon chemical property of As in abiotic and biotic
systems has helped it in creating a niche with a class of its own. This has provided the
inspiration for us to choose As among all the toxic heavy metals.

2.4. As in Environment

The environmental human exposure of As has been recognized in several parts of the
world and is now a global public health issue. Elevated levels of As is found in anthropogenic
as well as natural geogenic sources. Nevertheless, the prolonged elevated levels of As from
several sources (groundwater and food, notably rice) is commonly recognized as the primary
route of iAs exposure to human health [159]. It has also been reported that groundwater
samples often exceed WHO guideline values (> 10 ppb) from natural useable aquifers of
more than 40 countries of both developed and developing nations. Nearly 100 million people,
worldwide, are now exposed to geogenic As and mortality rate from As —bearing diseases are
relatively high in As “Hot Spots™areas. [160].

Avrsenic is a natural component of the earth’s crust (2-3 mg As/kg) and often found in all
the abiotic components of the earth (where it is also found in nearly 200 mineral forms).
Bedrock iAs enter into the environment, potentially in soil, depending on parent material
characteristics and human interaction and activities. Chemical form of As, climate and redox
condition are important factors towards contribution of As in soil/sediment. The interactions
among various compartment (sediment-soil-water) and environmental accumulation have
trigged recycling of the metal in the biosphere.

Table 2.3. Elements availability and toxicity as well as biological impacts

Relatively non-toxic Toxic and insoluble Toxic and soluble

Readily not available in Poor availability Readily available
elemental form but
available as compound
H, Li,C,N,O,F,Na,Mg, Al Ti, Zr, Nb, Mo, Ru, Rh, Ba, Be, Co, Ni, Cu, Zn, As, Se, Pd,
Si,P,S, Cl, K, Ca, Fe, Br, La-Lu (series), Hf, Ta, W, Ag, Cd, Sn, Sh, Te, Pt, Au, Hg,
Rb, Sr. Re, Os, Ir, Ac-Lr (series) TI, Pb, Bi,

Mn, V, Cr, U (relatively
less available)




Pseudomonas and Arsenic Mediated Endemic Outbreaks of Food and Water 175

2.5. As Exposure

2.5.1. Air

Mean concentration of airborne inorganic arsenic varies largely depending on location
(urban upto 100ng/m®and remote areas - upto 3 ng/m®) and sources (both natural and
anthropogenic). Major natural sources are air blown dust, volcanic ashes, forest fires, sea salt
spray. Smelting, fossil fuel burning and combustion, use of arsenical plant protecting agents
are principal anthropogenic sources of airborne As. Inhaled As undergoes deposition mostly
in the upper respiratory tract depending upon solubility and chemical form of iAs. Deposition
in the nasopharyngeal region followed by muco —clearance may be swallowed (upto 60 — 70
%) and the rest is absorbed in the gastrointestinal tract. However, absorption may be lower if
the inhaled As is in highly insoluble form [161].

2.5.2. Water

Drinking water, notably groundwater of potential aquifers is a major source of natural iAs
contamination for millions of people. iAs presence in groundwater has been reported from
almost the entire globe, notably Asia, Europe, Africa, North America, South America and
Australia. WHO designated the unprecedented high levels of iAs in groundwater as the
“largest mass poisoning of population in the history" [162]. The scale of the problem is of
utmost severity in the countries of South and Southeast Asia, predominantly in Bangladesh
and adjoining part of West Bengal where hundreds of thousands are suffering from
Arsenicosis and millions more are at risk. The region (~20x10° km?) is the most densely
populated (~ 2% of the total population of world) areas where millions of drinking water
wells are contaminated (> 10 ppb) with natural iAs. The area, Bengal Delta Plains, (BDP also
called Bengal Basin), is the 4™ largest riverine drainage (River Ganges, Brahmaputra and
Meghna) of the world. These regional rivers headsinto the Bay of Bengal where the world’s
largest delta has developed. These low land delta plains are often contaminated with As. The
hydrostratigraphic framework and hydrogeochemical factors under local redox condition of
the deltaic plains are the key players in the spatial distribution of several redox elements (As,
Fe and Mn) in groundwater of shallow aquifers of BDP. The low redox condition in the BDP
aquifer is delineated to be metal oxyhydroxides reducing conditions, thereby helping in As
mobilization in groundwater. The enrichments of NH,", PO43', Fe and As in groundwater
along with high reducing conditions of BDP aquifer reflect reductive dissolution of Fe
oxyhydroxides where the oxidation of organic matter is important to maintain the prevailing
redox process causing high As mobilization into groundwater. The sediment geochemistry
indicates that As is mainly bound to the amorphous Fe oxyhydroxides in the aquifer sediment
and readily exchangeable with PO,*. The determination of isotopic composition of °H and
8'%0 in groundwater of two sites indicate the recharge of evaporative surface water to the As
rich aquifer. It is revealed that the vertical distribution of As and other aqueous redox
parameters is related to the redox zonation within aquifer. Hand operated tube well platform
colors can be used as a rapid screening tool for As and Mn in drinking water wells to
prioritize As mitigation management [163]. The current situation reveals newer As hotspots,
along with increasing iAs concentration in deeper aquifers which are emerging, thusshifting
our attention to the question that maybe anthropogenic factors are aiding the geogenic factors.
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This concept has necessitated research to determine the degree of importance of the loop
between the anthropogenic and geogenic factors.

2.5.3. Food Chain

Use of iAs rich groundwater for irrigation and agriculture is another important issue both
in terms of contamination in food chain and livelihood security due to prolonged exposure.
The scale of the problem is much serious and wide distribution of contaminated food articles
also causes exposure to virgin areas. The complexity of the food exposure and their
uncontrolled tradeoff practice are multi-dimensional and needs intensive attention and debate
than drinking water iAs exposure. Among the diet, rice (staple food, ~ 2/3" world’s supply
from Asia and SE Asia, production rate ~4T/hec.) has been often identified to be
contaminated with iAs. Self-sufficiency (Green Revolution) in rice production in As “Hot
Spot “areas of SE Asia have resulted in rice production to become solely dependent on iAs
rich groundwater irrigation. Studies on sustainable agricultural production with iAs rich
groundwater and the impacts on food security at the regional and global levels should be
intensified to regulate further policies to protect human health from iAs exposure. The most
important message is that only the supply of As free drinking water is not sufficient to protect
populations afflicted with groundwater As contamination.

2.6. Metabolism

Ingested As is readily absorbed (~ 70- 95%) by the gastrointestinal tract. Absorbed As,
irrespective of forms, is widely distributed in the body. Clearance of iAs, mainly As (lI),
from skin, gastrointestinal tract, skeleton, thyroid gland and soft tissues are relatively slow
than other organs. The highest level of iAs is deposited in the root of hair (20-200 pg/kg),
nails (30-500 pg/kg) and skin (upto 600ug/kg) due to high bound capacity of SH groups. The
main route of excretion is completed by the Kkidneys in the methylated forms [164].
Methylation acts in the usual detoxification process to protect biotransformation of iAs. Once
ingested in drinking water as oxyanion (iAs Il1/V, ratio), iAs is metabolized along several
pathways in several methylated species. Among the metabolites, the Aslll (both inorganic and
organic forms) often show more cytoxicity and acts as a potent inhibitor of several enzymes
and as a powerful promoter of oxidative DNA damage. When conjugated with SH
(glutathione forms) the divalent As may act as a potential metabolite in the blood [165].

The major route of excretion of As metabolites is via the kidneys. Methylation efficiency
varies on relative amounts of different metabolites in urine. A considerable variation has been
observed for iAs as well as between the species. It has also been found that patients with skin
lesions notably in the acute stages (skin cancer) have large variations in the methylation
processes and are often susceptible to higher iAs than organic Arsenic.

2.7. Health Effects

As, mostly as As (I11) induces identifiable skin manifestations (pigmentation, keratosis,
leukodermal hyperkeratosis) that are common in the different As-affected countries where the
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As levels are elevated (> 50 ppb) in the drinking water. These skin lesions often lead to the
development of skin cancer and Bowen’s disease where the magnitude of the iAs dose and
the time frame of exposure are relatively high and prolonged. The possible manifestations of
chronic As toxicity(arsenicosis) are many such as respiratory problems, gastrointestinal
disorders, liver disease, peripheral vascular and neuropathy disturbances and hematological
changes including internal cancers (lungs, bladder, kidney and liver).

2.8. Mitigation

Supply of As safe water is the most important step to rescue As-affected community and
patients. Treatment of contaminated groundwater is done by using filters and devices. A
variety of technologies are practiced such as oxidation, co-precipitation, adsorption, ion-
exchange and membrane process. The efficiency, applicability and field application of the As
removal technologies are usuallyfound to beconflicting. This is because there is low success
in these operations under field conditions. The basic problem is the management of toxic
sludge, construction of unit and management to overcome regular O & M difficulties. Their
sustainability (economic viability and social acceptability) needs to be proven under field
conditions in several parts of the globe. Presently, exploitation of deeper aquifers is the
feasible alternative and should be under skillful management.

Research will be useful for the development of affordable and user friendly technologies
to alleviate the problems of the As contaminated drinking water mostly afflicting the poor in
the villages and in remote areas. The need of the day is a sustainable technology to be whole
heartedly welcomed by those affected by this menace and mostly inhabiting areas of
tremendous poverty.
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ABSTRACT

Recently, one of the most important and complex problems facing our global society
is treating or preventing infectious diseases caused by multi drug resistant bacteria
(MDRB) which have developed from overuse of existing antibiotics. The increase in the
presence of MDRB in food supplies has created an urgent need for new approaches to
early stage detection of MDRB and highly specific destruction of MDRB which do not
rely on traditional regimes. Driven by this need, we explore herein, the development of a
multifunctional popcorn shape iron magnetic core- gold plasmonic shell nanotechnology-
driven approach for targeted magnetic separation & enrichment, label free surface
enhanced Raman spectroscopy (SERS) detection, and selective photothermal destruction
of MDR Salmonella DT104. The experimental data shows that M308 antibody-
conjugated popcorn shape magnetic core — plasmonic shell nanoparticles can be used for
targeted separation & SERS imaging of MDR Salmonella DT104. A targeted
photothermal lysis experiment, using 670-nm light at 1.5 W/cm? for 10 minutes, resulted
in selective irreparable cellular damage to most of MDR Salmonella. We discuss the
possible mechanisms and operating principle for the targeted separation, imaging, and
photothermal destruction of MDRB using popcorn shape magnetic/plasmonic
nanotechnology and expound upon the implications to such technology in the food safety
industry.

* Corresponding author: e-mail: bribriwork@gmail.com.
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INTRODUCTION

Infectious disease outbreaks due to multidrug-resistant bacteria (MDRB) infections are
one of the leading causes of death worldwide totaling to about one-third of global mortality.
[1-5]Due to the biological diversity of the deadly bacteria and quite low infectious dose, there
is an urgent need for reliable, quick approaches to identify harmful bacterium with sufficient
specificity and sensitivity. [5-9] Since the development of penicillin in 1940, antibiotics have
become economic powerhouses for our society and are the most life saving drugs in modern
medical procedures. [1-4] Annually in the USA, antibiotics generate sales of about 42 billion
USD per year and account for between 15-30% of total drug expenditures for therapeutic
drugs. [5-9]However, due to the heavy use of antibiotics worldwide, deadly human pathogens
such as Tuberculosis, Staphylococcus, and Salmonella bacteria have developed a resistance to
many antibiotics. [1-4] Due to the presence of multiple antimicrobial-resistance genes, such
as 1) pse for ampicillin resistance, 2) rpoB for rifampicin resistance, 3) floR for
chloramphenicol resistance, 4) str for streptomycin resistance, 5) catG for isoniazid
resistance, 6) sull for sulfonamide resistance, and 7) tetR or tetG for tetracycline resistance,
several strains of deadly bacteria are now highly resistant to many commonly used antibiotics.
[1-4, 10]According to the World Health Organization (WHO), [6] within 10 — 20 years, the
currently available antibiotics will fail to cure infectious diseases caused by MDRB. There are
numerous pathways through which MDRB can enter the body and cause serious infection.
Some of the most common areas of exposure to MDRB include public transit, contaminated
water supplies, contaminated hospital and medical equipment, and contaminated food
supplies and preparation areas. In particular, MDRB infection is extremely dangerous for
those with a suppressed or compromised immune system such as burn patients, patients on
immunosuppressive medication, patients with autoimmune diseases, and the elderly. In the
case of burn patients, there is an extreme danger of MDRB colonization and infection of the
open would area which can lead to MDRB directly getting into the bloodstream and causing
sepsis. [11] Sterilization of catheters and other medical equipment including surgical and
implanted devices is another major concern with MDRB as these all provide a direct way of
the invading bacteria to bypass the body’s first line of defense, the skin. Furthermore, there
has been a major increase in MDRB within hospital care and recovery facilities themselves
causing illness and even death in many patients through secondary infections during recovery.
[12-15] In the food industry, it is possible for MDRB to contaminate products along the entire
product processing line. From contamination in fields, as was seen recently in spinach [16]
and peanuts [17], or from slaughterhouses to packaging plants, factory conveyor belts, and
even food preparation stations, our food is constantly at risk of contamination, and with
bacteria developing resistance to current antibiotics, it is crucial to develop new strategies for
maintaining food safety standards. [18-21] This potential crisis demands the development of a
new approach for the treatment of infectious bacterial pathogens which does not rely on the
traditional therapeutic action. Driven by this need, we have developed a hybrid plasmonic
shell-magnetic core multifunctional nanotechnology-driven approach for the targeted
separation, label-free surface-enhanced Raman spectroscopy (SERS) detection, and selective
photothermal destruction of MDR Salmonella DT104.
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While there are many research efforts towards preventing MDRB contamination
including new antimicrobial materials which incorporate silver (Ag) nanoparticles [22-24],
oxide nanoparticles [25-27], or metallopolymers [28], they each have their own drawbacks.
For instance, silver nanoparticles which have already been incorporated into commercially
available antimicrobial clothing, food packaging, and kitchenware, are known to be very
effective at passively preventing bacterial colonization and growth on surfaces. [29-34]
However, these nanoparticles are known to be quite toxic to certain types of cells within the
body and are known to break down by releasing Ag ions which can cause DNA damage. [35-
38] Therefore, although they are already used in commercial products, they can pose a risk to
consumers mainly through the non-specificity and passive nature of their antimicrobial
properties. Once MDRB have either infected a person or colonized a food surface or liquid,
the options for treatment are limited. Current therapeutic and bactericidal avenues include
combinatorial therapy with antibiotic cocktails [39-41], utilizing “old” antibiotics such as
fosfomyacin with known but acceptably low toxic effects to the patient [42-45], targeted Ag
nanoparticles [22-24], photodynamic inactivation of MDRB through photoactivation of
compounds such as porphyrins [46, 47], and using bacterial viruses [48]. Of these approaches,
all except the photodynamic inactivation would affect a patient or consumer systemically,
further reducing the colonies of “good bacteria” which can aid in preventing MDRB from
spreading. While the photodynamic inactivation has been shown to effectively sterilize
hospital water supplies [46], this is done under UV or visible excitation which is not ideal for
any internal therapeutic procedure. Our own approach addresses many of the shortcomings of
other proposed solutions to the MDRB problem since the hybrid plasmonic shell-magnetic
core nanoparticles do not involve Ag with its known ion leaching and toxicity issues, would
not Kill or prohibit growth of beneficial bacteria since it is targeted to specific bacteria and
activated by NIR illumination, and should be safe to use on foods or in water supplies since
they would not affect a patient or consumer systemically the way that traditional
antibiotics do.

Our approach to solving the complex MDRB infection problem is to develop new
materials with multifunctional capabilities that satisfy the critical needs of early-stage
detection and therapeutic action. [49-54] As reported by the authors as well as other groups in
the last decade, plasmonic gold nanoparticles with optical properties that are tunable in the
near-infrared (NIR) region are very useful for biological imaging due to their high
transmission rate of NIR photons through biological tissues. [54-59] In addition, the exhibited
biocompatibility, lack of toxicity, and their ability to generate high temperatures at a desired
site make plasmonic gold nanotechnology a promising solution to the greatest health safety
challenges of society, selective destruction of MDRB infection. [60-75] On the other hand,
iron-based magnetic nanoparticles have been shown to be a very attractive material for use as
contrast agents in magnetic resonance imaging (MRI) and biological separation. [76-88]
Building off of our previous work, we have developed core-shell popcorn-shaped
nanoparticles and demonstrate herein their capability for magnetic separation and SERS
imaging of MDRB. Very high sensitivity, along with the highly informative spectra
characteristics of Raman spectroscopy, [89-98] enables us to use the SERS- based method as
a fingerprint for the label-free detection of MDRB. In the case of nano-popcorn, the central
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sphere acts as an electron reservoir while the tips are capable of focusing the field at their
apexes. As a result, the characteristic sharp tips provide a huge field enhancement of the
SERS-scattering signal. We also report that the same core—shell popcorn- shaped nanoparticle
can be used as “light-directed nanoheaters” for the hyperthermic destruction of MDRB under
NIR light exposure. This will be extremely useful for killing MDRB in cases of patient
infection as well as in cases of food or food packaging contamination. In these popcorn-
shaped hybrid nanoparticles, the plasmonic gold coating also serves to stabilize the high-
magnetic-moment nanoparticles and protect the core from corrosive biological conditions.
The gold coating also help to eliminate the known toxicity of iron nanoparticles since it will
allow easy bio-conjugation through the well-understood chemistry of Au—S. Finally, the
plasmonic shell can also be used as photothermal material for the hyperthermic destruction of
MDRB by using NIR light. As such, our hybrid nanoparticles are unique in providing a
single, multifunctional platform for detection, separation, destruction of MDRB.

MATERIALS AND METHODS

Nanoparticles with a popcorn-shaped plasmonic gold shell and an iron magnetic core
were synthesized through a two-step process, using seed-mediated growth, as shown in Figure
1 A. In the first step, very small spherical iron nanoparticles were synthesized by using
trisodium citrate as a stabilizer and sodium borohydride as a strong reducing agent. Hydrogen
tetrachloroaurate (HAuCl,-3 H,0), NaBH, sodium citrate, and iron chloride, were purchased
from Sigma—Aldrich and used without further purification. For this purpose, an agueous
solution of NaBH, (2.5m) was added drop-wise into FeCl; deionized (DI) water. Next, an
aqueous solution of trisodium citrate (TSC, 0.25 mm) was added at room temperature with
vigorous stirring. TSC helps the formation of iron nanocrystals through the nucleation-growth
pathway, and a black powder was produced immediately. After stirring for one hour, the iron
nanoparticles were separated by magnet and washed with DI water and ethanol. After that, the
black powder was dried in an N, atmosphere at room temperature. Figure 1 B show the JEM-
2100F transmission electron microscope (TEM) image of the iron nanoparticle with a size of
about 20 nm. Figure 1 D shows the absorption spectra of ferric chloride and the iron
nanoparticle.

In the second step, the popcorn-shaped magnetic gold shell was synthesized by using the
seed-mediated growth procedure in the presence of CTAB. The above prepared Fe
nanoparticle (10 mg) was suspended in CTAB (10 mg) in DI water (50 mL). HAuCl, (2 mL
10 m) was added into the solution and stirred for 1 min. After that, CTAB acts as a shape-
templating surfactant so that the seeds can grow into the larger particles with the particular
morphology we desired. After continued stirring for 24 h, the hybrid magnetic nanoparticles
were separated by using a magnet and washed with DI water and ethanol. A TEM and Hitachi
5500 Ultra-high resolution SEM microscope and UV-visible absorption spectrum were used
to characterize the core—shell nanoparticles (as shown in Figure 2 A-C). A plasmon band
around 580 nm, as shown in Figure 1 D, clearly shows the formation of gold shell. The TEM
and SEM images show clear spikes, which indicate the formation of popcorn-shaped
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nanoparticle. As shown in Figure 2 C-D, energy dispersion X-ray (EDX) spectra and mapping
also indicate the presence of both iron and gold. The observed Cu and Al peak in the EDX
data originate from the support grid and holder, respectively.

For selective sensing and killing of MDR DT104, we modified the surface of the
popcorn-shaped magnetic core—gold shell nanoparticle by using the monoclonal M3038
antibody, [99]as shown in Figure 3. As was previously mentioned, the popcorn-shaped
magnetic core—gold shell nanoparticles were synthesized by using seed-mediated growth
procedure in the presence of CTAB. As a result, the as-synthesized core—shell nanoparticles
have a CTAB coating. However, CTAB is known to be cytotoxic, and as a result, is not ideal
for in vivo applications. Furthermore, CTAB is positively charged at physiological pH, and
therefore it will be able to attract negatively charged bacteria easily to its surface. [50-54] At
this point, the CTAB-coated popcorn-shaped magnetic core—gold shell nanoparticles will face
severe non-specific binding problems. To overcome this problem, we modified the surface of
the gold-shell nanoparticle with amine groups (as shown in Figure 3). For this purpose, we
added cystamine dihydrochloride (30 mm) to the popcorn-shaped magnetic core—gold shell
nanoparticles (50 mL) and the solution was kept at 50°C for several hours under constant
sonication. After that, the excess cystamine dihydrochloride was removed by centrifugation at
4000 rpm for several minutes. For covalent immobilization of the monoclonal M3038
antibody onto the now-amine-coated popcorn- shaped magnetic core—gold shell nanoparticle,
the highly established glutaraldehyde-spacer method was used. [55, 58-60]To remove the
excess antibody afterwards, the antibody-conjugated popcorn-shaped magnetic core—gold
shell nanoparticles were washed several times with PBS. The number of M3038 antibody
molecules in each core—shell nanoparticle was measured by performing a KCN dissolution
procedure, as reported previously. [80, 89]In this case, we used an Rh-6G-modified antibody.
We estimated that there were about 100-120 Rh-6G-modified M3038 antibodies per popcorn-
shaped magnetic core—gold shell nanoparticle. This experiment has been performed 5 to 6
times, and the average values are reported in this manuscript. During immobilization of the
antibody, we did not note any aggregation of popcorn-shaped magnetic core—gold shell
nanoparticle as examined by TEM or UV-visible absorption spectroscopy.

For the SERS experiment, we designed and used a SERS probe, which we have reported
recently. [85] In short, a continuous wavelength DPSS laser from laser glow technology
(LUD-670) operating at 670 nm is used as an excitation light source. For excitation and data
collection, an InPhotonics 670 nm Raman fiber optic probe was used which has a
combination of 90 um excitation fiber and 200 um collection fiber with filtering and steering
micro-optics. For Raman signal collection, a miniaturized QE65000 Scientific-grade
Spectrometer from Ocean Optics was used as a Raman detector. The spectral response range
of this mini Raman spectrometer is 220-3600 cm™. It is equipped with a TE cooled 2048
pixel CCD and interfaced to computer through a USB port. The Hamamatsu FFT-CCD
detector used in the QE65000 provides 90% quantum efficiency with high signal-to-noise and
rapid signal processing speed as well as remarkable sensitivity for low-light level
applications. The Raman spectrum was collected with Ocean Optics data acquisition
SpectraSuite spectroscopy software.
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Figure 1. A) A schematic representation of the synthetic procedure of multifunctional magnetic core—
gold shell popcorn-shaped nanoparticles. B) TEM image of freshly prepared iron nanoparticle; scale
bar, 50 nm. C) TEM image of freshly prepared magnetic core-gold shell popcorn-shaped nanoparticle;
scale bar, 50 nm. D) Absorption spectra of ferric chloride, iron nanoparticle, magnetic core—gold shell
popcorn-shaped nanoparticle. The strong, long wavelength band in the visible region (I,g = 580 nm) is
due to the oscillation of the conduction band electrons of gold.
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Figure 2. A - B) SEM images of freshly prepared magnetic core—gold shell popcorn-shaped
nanoparticles. The SEM image clearly demonstrates that the synthesized nanoparticles are popcorn-
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shaped. C) EDX elemental mapping overlayed on SEM image of nanoparticles. D) EDX data of freshly
prepared magnetic core-gold shell popcorn-shaped nanoparticles. The Cu and Al peak in the EDX data
originate from the support grid.
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Figure 3. A schematic representation showing the synthetic protocol of monoclonal antibody and A9
conjugated popcorn shape magnetic core— gold shell nanoparticle for the selective sensing and killing
of Salmonella DT104.

B C

Figure 4. A) A schematic representation showing the separation procedure for Salmonella DT104 by
using M3038 antibody-conjugated core- shell nanoparticles. B) The separation of Salmonella DT104-
attached magnetic/plasmonic nanoparticles by using a magnet. Salmonella DT104-attached core—shell
nanoparticle in the absence of a bar magnet and C) Salmonella DT104-attached core—shell nanoparticle
in the presence of bar magnet.
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Figure 5. A) A schematic representation showing the selective SERS imaging and targeted
photothermal destruction of Salmonella DT104 after magnetic separation. B) Colonies of MDR
Salmonella DT104 shows absence of bacteria in the supernatant solution after magnetic capture and C)
Colonies of MDR Salmonella DT104 show the presence of bacteria in the suspension of
magnetic/plasmonic nanoparticle-conjugated-MDR Salmonella DT104 after magnetic capture and
resuspension in PBS. The initial number of MDR was 1.2 x 10°CFU mL™. D) TEM image
demonstrating the aggregation of antibody-conjugated nanoparticles after the addition of 1.2 x 10° CFU
mL* MDR Salmonella DT104 bacteria. The TEM image also shows the formation of bigger microbial
clusters in presence of 6.2 x 10° CFU mL™ MDR Salmonella DT104 bacteria; scale bar, 1 pm.

Salmonella typhimurium DT104, which is resistant to five different antibiotics including
Ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline, was purchased
from the ATCC (ATCC 700408) and then cultured in our laboratory. The MDR bacteria were
cultured by following the ATCC protocol as instructed. Initially, the supplied pellet of DT104
was rehydrated on bactotryptic soy broth (BD; 5 to 6 mL) and incubated at 37°C for 24 h.
Next, from the growth culture, a loop of bacteria were streaked on tryptic agar plate and
incubated for 24 h at 37°C, as instructed by ATCC. A tryptic agar plate was made with
Difcotryptic soy agar (BD). A single colony from tryptic agar plate was inoculated into the
tryptic soy broth (TSB; 10 mL) and incubated (37°C for 16 h) in a shaker at 150 rpm, which
have an inoculum of 10°CFU mL™. We then diluted the stock bacteria several times to vary
the concentration of Salmonella DT104 from 10-10’CFUmL™. All the growth medium and
Agar were autoclaved at 121°C for 15 min at high pressure (0.1 MPa) before the experiment.
Different amounts of bacteria were then immersed into the antibody-conjugated magnetic
core—plasmonic shell popcorn-shaped nanoparticle solution at room temperature before
performing the magnetic separation experiment. After magnetic separation, we performed
TEM and colony counting (Figure 4). The absorption data show that Salmonella DT104
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bound to the magnetic/plasmonic pop- corn-shaped nanoparticles have quite broad absorption
(Figure 6 A); this may be due to the aggregation of nanoparticles on Salmonella DT104
bacteria surfaces as shown in the TEM picture in Figure 5.

To induce photothermal lysis, a portable continuous wavelength OEM laser operating at
670 nm, with a power of 1 W cm™was used as an excitation light source for 10-20 min. After
that, the bacteria were transferred to tryptic agar plate, which was incubated for 24h at 37°C,
and colony number for each plate was counted with a colony counter.
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Figure 6. A) Absorption profile variation of antibody-conjugated nanoparticles due to the addition of
1.2 x 10° CFU mL™ MDR Salmonella DT104 bacteria. B) Plot shows SERS intensity from a bacteria-
conjugated nanoparticle after magnetic separation and resuspension with PBS. All observed Raman
signal is directly from Salmonella DT104. No SERS signal has been observed from supernatant that is
mainly PBS. C) The plot shows the variation in the SERS intensity from different concentrations of
MDR Salmonella DT104. All the reported concentrations are before magnetic separation.
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RESULTS AND DISCUSSIONS

To demonstrate the ability to separate MDR Salmonella DT104 from a sample, M3038
antibody-conjugated popcorn-shaped hybrid nanoparticles (100 pL) were incubated with a
MDR Salmonella DT104 suspension (2 mL) containing 1.2 x10° colony forming units (CFU)
mL™. After 20 min of incubation at room temperature under gentle shaking, the suspension
was washed three times to remove un-conjugated nanoparticles. Next, a bar magnet was used
to separate and enrich the MDR Salmonella DT104-attached nanoparticles (Figure 4 B-C).
During the 10 min magnetic-separation process, the nanoparticle-MDR bacteria conjugates
were confined, and as a result, the MDRB concentration was enriched. In the next step, the
supernatant was carefully removed with a pipette. Then, the nanoparticle-MDR bacteria
conjugates were re-suspended with autoclaved PBS to 100 mL; since we started with a
volume of 2 mL and the final volume was100 mL, the concentration was enriched 20 times
during the magnetic separation. Next, suspensions of the nanoparticle-MDR bacteria
conjugates and supernatants were characterized by using bacteria colony counting, TEM and
SERS techniques, as shown in Figure 5. In Figure 5 B, it is clear that no bacteria are visible in
the supernatant which clearly indicates that most of the bacteria are conjugated withM3038
antibody-conjugated popcorn-shaped plasmonic gold shell-iron magnetic core nanoparticles.
To ensure that most of the bacteria were attached to the hybrid nanoparticles, we counted the
amount of bacteria from the suspension and compared this value with the original
concentration of bacteria. The amount of bacteria in the suspension was 1.15 x10°, whereas
the initial concentration of the bacteria was 1.2 x 10° which indicates that the capture
efficiency is about 96 %. As shown in Figure 5 D, in the presence of MDR Salmonella
DT104 bacteria, several M3038 antibody-conjugated popcorn-shaped core-shell
nanoparticles conjugate with one MDR bacteria, thereby producing nanoparticle aggregates.
Since the MDR Salmonella DT104 bacteria is more than an order of magnitude larger in size
(1-2 wm) than the antibody-conjugated core—shell nanoparticles, in the presence of MDR
Salmonella bacteria, several nanoparticles conjugate with one Salmonella bacteria through an
antigen—antibody interaction. As a result, the absorption maximum for the plasmon
absorption band of the popcorn-shaped core-shell gold nanoparticles at 580nm was red
shifted to about 650nm and became much broader (Figure 6 A). This red shift might be due to
two factors: one is the change in the local refractive index on the nanoparticle surface caused
by the specific binding of the antibody-conjugated core—shell nanoparticles on the MDR
bacterium cell surface; the other is the interparticle interaction resulting from the assembly of
nanoparticles on the cell surface. [64-68]As shown in Figure 6 A, our experimental results
also show the formation of MDR microbial clusters in the presence of the M3038 antibody-
conjugated nanoparticles. MDR microbial clusters form because the M3038 antibody-
conjugated popcorn-shaped core— shell nanoparticles act as binding agents between the cells
to give a sort of extracellular network. There are multiple antibodies present on the surface of
each nanoparticle; therefore, when an M3038 antibody from one side of the core-shell
nanoparticle binds to a specific binding-site on the surface of the target MDR Salmonella
DT104 bacterium, there are other M3038 antibodies on the other side of nanoparticle that
could be unoccupied, which enables each nanoparticle to bind to more than one MDR
Salmonella bacteria cell. As a result, the distance between the nanoparticles in such a cellular
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network is expected to be much smaller than the distance between nanoparticles that are not
conjugated with bacteria, and an intense red shift in the absorption spectra is observed.

The optical properties of the multifunctional popcorn-shaped magnetic—plasmonic gold
nanoparticles also depend on the refractive index near the nanoparticle surface. As the
refractive index near the nanoparticle surface increases, the nanoparticle extinction spectrum
shifts to longer wavelengths. [90-97, 100, 101] The refractive index near surface of the
nanostructure is readily influenced by analyte binding. It is known that the plasmonic
properties of a metal nanostructure functionalized with a chemical receptor change when a
molecule binds to the receptor and significantly alters the refractive index of the medium
directly surrounding the metal nanostructure. [90-97, 100, 101] In our case, when the
antibody-attached nanoparticles conjugate with one Salmonella bacteria through an antigen—
antibody interaction, the local refractive index on the nanoparticle surface is expected to
increase as a result of a red shift in the plasmon mode.

As we have discussed before, the high sensitivity afforded by the SERS detection enables
the detection of bacteria by using SERS without the use of a tagged dye. Also, as reported
before by several groups, the largest Raman scattering enhancements are observed when
molecules are residing in the fractal space between aggregated colloidal nanoparticles. [90-
94] As shown in Figure 5 D, it is evident that the MDR Salmonella DT104 help to generate
“hot spots” by aggregation of the multifunctional M3038-antibody nanoparticles through an
antigen—antibody interaction. These are the perfect conditions in which to use the SERS
spectra as “fingerprint” for the whole MDR organism. Figure 6 B shows the SERS spectra
from the suspensions of the nanoparticle-Salmonella conjugates after magnetic separation.
Since the bacterial cell wall consists of proteins, lipids, and carbohydrates, one can expect to
see the SERS spectra from the vibrational mode of the above compositions. Table 1 shows the
vibrational assignments of the observed SERS peak as shown in Figure 6 B. Our observed
SERS bands are in good agreement with the Raman bands reported for different
microorganisms in the literature. [81-83]

The Raman enhancement, G, was measured experimentally by direct comparison with
normal and SERS spectra as shown in Equation (1):[90-93]

G= [|SERS]/[|Raman] x [Mbulk]/[MadS]

in which ISERS is the intensity of a 1460 cm™ vibrational mode in the surface-enhanced
spectrum in the presence of Salmonella DT104, and IRaman is the intensity of the same mode
in the bulk Raman spectrum from only bacteria. Mbulk is the number of bacteria used in the
bulk, Mads is the number of bacteria adsorbed and sampled on the SERS- active substrate.
Mbulk was calculated by counting colonies. For the Mads calculation, we also counted the
colonies after magnetic separation. All spectra were normalized for the integration time. The
resultant enhancement factor estimated from the SERS signal and normal Raman signal ratio
for 1460 cm™ band is approximately 8.5 x 10”. No significant changes in Raman frequencies
were observed by comparison to the corresponding SERS and Raman bands. To evaluate the
sensitivity of our SERS probe, different concentrations of MDR Salmonella DT104 from one
stock-solution were evaluated. As shown in Figure 6 C, the SERS intensity is quite sensitive
to the concentration of MDR Salmonella DT104. The MDR concentration mentioned in
Figure 4 C is the concentration before separation and enrichment. Our experimental results
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clearly demonstrate that the sensitivity of our popcorn- shaped magnetic—plasmonic
nanoparticle-based label-free SERS probe is as low as 100 CFU mL™ for MDR bacteria.

To understand whether our antibody-conjugated nanoparticle-based assay is highly
selective for magnetic separation and Raman imaging, we also investigated how our assay
responds to the addition of E. coli bacteria to the M3038 antibody-conjugated popcorn-shaped
magnetic core—plasmonic shell gold nanoparticles. For this experiment, M3038 antibody-
conjugated nanoparticles (100 pL) were incubated with an E. coli suspension (2 mL)
containing 1.2 x 105 CFU mL™. After incubating for 20 min at room temperature with gentle
shaking, a bar magnet was used to separate and enrich the sample. As shown in Figure 7, no
E. coli bacteria were captured by the magnetic nanoparticles. As shown in Figure 7 C, our
colony-counting results indicate that the bacteria-capture efficiency for E. coli was less than
1%; on the other hand, the bacteria-capture efficiency was 96% for MDR Salmonella DT104.
This result clearly shows that our bio-conjugated popcorn-shaped magnetic core—plasmonic
shell nanoparticle can be used for selective separation, enrichment and imaging of the MDR
bacteria. The novelty of our approach is the simplicity of the methodology used to capture,
separate, and enrich the MDR Salmonella DT104 bacterium by using a bio-conjugated
popcorn-shaped magnetic core—plasmonic shell nanoparticle.

Table 1. Analysis for the observed SERS vibrational modes from Salmonetta DT104

Vibration mode Raman peak position [cm™]
v(COO") anti-symmetric 1585
0(CH,) saturated lipids 1460
v(COO™) symmetric 1380
v(NH,) Stretch for adenine and guanine 1340
v(CC) ring stretch, n-alkanes 1150
0(CCH), aliphatic 830
p(CH,) 720
0(CCC) ring deformation 590
TeP, e ®
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Figure 7. A) TEM image showing lack of the presence of E. coli bacteria in the part captured by the
magnetic field when 6 x 10° E. Coli bacteria were initially incubated with M308 antibody conjugated
nanoparticles. B) TEM image showing an extensive amount of bacteria present in the supernatant
solution after the magnetic capture, when 1.2 x 10°E. coli were incubated with M3038 antibody
conjugated magnetic core-plasmonic shell popcorn-shaped gold nanoparticles ; scale bar, 2 um. B)
Colonies of E. coli bacteria. C) Colonies showing a huge amount of bacteria presence in the supernatant
solution after magnetic capture and D) Colonies show no bacteria in the suspension in the presence of
the magnetic/plasmonic nanoparticle after magnetic separation and resuspension in PBS. The initial
number of E. coli was 1.2 x 10°CFU mL™.
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After successful targeted magnetic separation and imaging, we performed NIR irradiation
experiments to determine whether the popcorn-shaped core—shell magnetic/plasmonic
nanoparticles can also be used for selective photothermal destruction of MDRB through
heating the gold shell. Gold nanoparticles are known to be capable of converting NIR light to
vibrational energy and can generate sufficient heat to kill microorganisms and cancer cells.
[54-56, 58, 59, 64, 66] For the photothermal destruction of MDR bacteria, the samples were
exposed to red light (670 nm OEM laser at 1-2 W cm™) for 10 min. When the MDR
Salmonella DT104-conjugated with M3038 antibody-attached nanoparticles are excited with
670 nm light, photoexcitation of the electron gas of the gold shell occurs and results in rapid
non-equilibrium heating, which is due to the strong absorption at this wavelength seen in
Figure 6 A. As reported by several articles, [64-66, 89]the initial electronic excitation
followed by relaxation will give rise to a rapid increase in the surface temperature of the
metal. This initial rapid-heating will be cooled to equilibrium by energy exchange between
the electrons and the lattice. Finally, the lattice will cool through phonons, resulting in local
heating of the surrounding the nanostructure. [54, 56, 64, 65] This local temperature increase
produces sufficient heat for the destruction of MDRB which could therefore be the perfect
solution to kill MDR bacteria without the use of antibiotics. Following photothermal lysis, the
amount of MDR Salmonella DT104 bacteria that was destroyed was confirmed by colony
plating. Figure 8 C-D shows the number of colonies after 10 min exposure to 670 nm light for
MDR Salmonella DT104 with and without magnetic/plasmonic nanoconjugation. As shown
in Figure 8, our experimental results clearly demonstrate that the localized heating that occurs
during NIR irradiation is able to perform irreparable cellular damage. Therefore, our study
demonstrates that bioconjugated core—shell magnetic/plasmonic nanoparticles could be the
next avenue for exploration to selectively target and destroy MDR microbial cells.

Since SERS is capable of determining the fine structures of the bacterial cell wall, we
wanted to understand whether SERS could be used to monitor any change in the cell wall
during the photothermal destruction of bacteria. For this purpose, SERS spectra were also
collected after the photothermal lysis experiment. As can be seen in Figure 8 A, there was no
appreciable change in the SERS vibrational modes even after 20 min of laser exposure (670
nm). This may indicate that during the photothermal destruction of bacteria, there may not be
any occurrence of significant changes in the MDR cell wall. The mechanism of MDR
Salmonella DT104 death could be due to numerous factors including thermal stresses, shock
waves, bubble formation and nanoparticle explosion. [54-56, 58-60]Next, to understand
whether the antibody- conjugated hybrid nanoparticle-based magnetic separation and
photothermal destruction is highly selective, the same experiment was performed with E. coli
colonies. For this purpose, we incubated M3038 antibody-conjugated hybrid nanoparticles
(100 pL) with of E. coli suspension (2 mL) containing 1.2 X 10° CFU mL™. After 20 min of
incubation at room temperature with gentle shaking, a bar magnet was used to separate and
enrich the sample. As we have discussed before, because almost all the E. coli remained in
the supernatant solution; therefore, after separation we treated the supernatant with light (670
nm at 1.5 W cm™®) for 10 min. As shown in Figure 8 B, during photothermal lysis, the time-
interval live-bacteria test indicated that within 10 min, all the MDR Salmonella DT104 were
killed when exposed to light (670 nm at a power of 1.5Wcm-2); however, almost 97% of the
E.coli bacteria were still alive even after 20 min of treatment with the same exposure
conditions. These results clearly demonstrate that the conjugation of nanoparticles with
bacteria is necessary for photothermal destruction by using light (670 nm). As was seen in
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Figure 7, the M3038 antibody-conjugated nanoparticles do not bind with E. coli, so the
bacteria in the supernatant do not have significant absorption at 670 nm. Therefore, during
exposure under 670 nm light, the effective temperature increase in bacteria will be very little
and will be insufficient to Kill these cells. Next, to understand how the temperature increases
during photothermal destruction, thermal imaging was performed at one-minute intervals
during the therapy process by using a MikroShot Camera. We found that the temperature
increased to about 48°C when nanoparticle-conjugated MDR Salmonella DT104 were
exposed to a 670 nm laser at 1.5 W cm™ power for 10 min. Conversely, under the same
conditions, the temperature increased to only 30°C for E. coli bacteria without any
nanoparticles.

DISCUSSION

Herein, we have demonstrated that our hybrid nanoparticles can be used as a
multifunctional platform for separation and enrichment, SERS imaging, and photothermal
destruction of MDR Salmonella DT104. This satisfies the critical need in areas such as the
food and medical industries for early detection, specificity, and non-traditional antimicrobial
action to combat MDRB contamination and prevent infections. As MDRB are expected to
become more common and new resistances are continually developing in microbes, it is now
more important than ever to develop new strategies towards maintaining safety standard since
a wide range of applications including hospital and medical equipment [11-15], food
processing [18-21], and food packaging and kitchenware [29-34]. As was previously
mentioned, there have been other proposals for either preventing MDRB contamination or for
killing MDRB including antibiotic cocktails [39-41], older antibiotics with known harmful
side-effects [42-44], bacterial viruses [48], photodynamic inactivation [46, 47],
metallopolymers [28], and Ag or oxide nanoparticles [22-27]. Using conventional or older
known antibiotics have a major drawback since they will also affect beneficial bacteria and
can lead to further mutations and resistances in organisms which are already difficult to kill.
Furthermore, when these approaches are used in the instances of medical or food safety, they
can also affect a patient or someone who consumes a food with antibiotics on or in it
systemically. Undue exposure to these harsh antibiotics could throw off the balance of their
own microbiome and suppress their immune system as well as cause toxicity in the liver or
kidneys. Likewise, engineering bacterial viruses to be more effective could have unintended
consequences in consumers and patients, and there are still many questions which need to be
addressed for this approach to be seen as a viable option to dealing with MDRB. As we
discussed earlier, Ag nanoparticles, while a very effective bactericidal agent can also be quite
toxic and are known to leach Ag ions which can cause further damage. [35-38] Since all of
these proposed approaches to killing MDRB are passive by nature, it is much more difficult to
target them to specific organisms. Through requiring activation of our hybrid nanoparticles
with NIR light combined with the specific binding of the M3038 antibody, we have shown
that the killing of MDR Salmonella is highly selective and site specific. Finally, our
multifunctional platform also allows for sensing and confirmation of MDRB presence
through the large SERS enhancement. This will allow for serial detection and destruction of
MDRB in field environments such as food packaging and processing plants. In fact, with such
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a large SERS signal from our hybrid nanoparticles, it would be possible to image and map out
areas of infection with a handheld Raman spectrometer.
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Figure 8. A) Plot shows SERS intensity variation from MDR Salmonella DT104, before and after
photothermal lysis. We did not observe any significance change. B) Plot demonstrating the percent- age
of live bacteria during the time-dependent photothermal lysis by using 670 nm light at a power of 1.5
W cm™. An amount of 1.2 x10° CFU mL " bacteria was used for each case. C) Colonies of MDR
Salmonella DT104 bacteria (1.2x10° CFUmML™) demonstrating the amount of live bacteria after
exposure to 670 nm light for 10 min without NPs. D) Colonies of MDR Salmonella DT104 bacteria
(1.2 x 10° CFU mL™") demonstrating the amount of live bacteria after exposure to 670 nm light for 10
min in the presence of M3038 antibody-conjugated magnetic core—plasmonic shell popcorn- shaped

gold nanoparticles.
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CONCLUSION

We have reported the synthesis and characterization of a multifunctional popcorn-shaped
iron magnetic core-shell gold nanoparticle and demonstrated the use of M3038 anti-body-
conjugated popcorn-shaped core—shell nanoparticles for the targeted magnetic separation and
enrichment, SERS imaging, and the photothermal destruction of MDR Salmonella DT104.
Our experimental results show that the M3038 antibody-conjugated hybrid nanoparticles are
capable of selective label-free SERS detection of MDR Salmonella DT104 with an excellent
detection limit (102 CFUmL™). Our experimental results shown that when the antibody-
conjugated core—shell nanoparticles are attached to MDR Salmonella DT104 bacterial cells,
the localized heating that occurs during 670 nm light irradiation is able to cause irreparable
cellular-damage and kill approximately 100% of MDR Salmonella bacteria within 10 min of
exposure even at a power of 1.5 Wem™. The reported bioassay by using the popcorn-shaped
magnetic core—plasmonic shell nanoparticles is rapid, takes about 30 min from bacterium
binding to separation and enrichment, selective detection, and photo- thermal cell death. With
the prevalence of multidrug-resistant bacteria is on the rise, our results demonstrated that the
bioconjugated multifunctional hybrid-nanoparticle approach to selectively target and destroy
MDRB is an extremely promising and important avenue for exploration. Even though our
experimental observation have demonstrated promising results for MDRB separation and
enrichment, followed by SERS imaging and therapy, it is fair to admit that we are still at a
relatively early stage of developing this technology. After the optimization of different
parameters, we believe that this multifunctional popcorn-shaped hybrid nanotechnology-
driven assay could have enormous potential for applications in the rapid detection and
photothermal destruction of MDRB in the food supply chain and the medical supply and
device chain.
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ABSTRACT

Contamination of food such as lettuce, eggs, peanut butter by pathogenic bacteria has
lead to food safety becoming one of the biggest consumer issues in recent years. A
number of organisms such as Salmonella DT104, E. coli 0157, Cryptosporidium, and
Listeria have recently caused significant outbreaks of food poisoning in the USA. [1]
This has led to an upsurge of “superbugs” that are insusceptible to even the most
powerful antibiotics and has emerged as one of the biggest modern threats to public
health. In this regard, efforts aimed at modernizing public health microbiology and
bioinformatics capacities to speed microbial detection, eradication and monitoring are
very urgently needed. This book chapter will summarize the work of our research group
on the antibody-conjugated SWCNT hybrid nanostructures used for the detection and
photo thermal destruction of foodborne pathogens. The book chapter will also present a
summary of the development of plasmonic nanotechnology-based bioassays used for
detection and photothermal destruction of foodborne pathogens. The fundamental
concepts and novel properties of the nanomaterials that are useful for the detection and
killing of the pathogens will also be discussed.
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1. INTRODUCTION

Foodborne pathogenic bacteria have always been a major threat to human health.
Contamination of food by pathogenic bacteria such as Salmonella and E. coli has been a
threat to human health throughout human history. [2-4] This problem was temporary solved
in the 1940’s through the discovery and use of penicillin. Since then, antibiotics have been
utilized as the most effective antibacterial drugs for modern medical procedures. [5-8]
However, due to the world wide abuse of antibiotics within last 50 years, bacterial pathogens
are becoming drug resistant. [9,10] Recently, these multiple drug resistant bacteria (MDRB)
present an even greater challenge to today’s public health care. [11] A recent Centers for
Disease Control and Prevention (CDC) report shows that an estimated 48 million illnesses,
128,000 hospitalizations, and 3,000 deaths of Americans occur each year caused by
pathogens in contaminated food. [12] Every year, Salmonella is estimated to cause about 1.2
million illnesses in the United States, with about 23,000 hospitalizations and 450 deaths. [13]
Furthermore, Escherichia coli (E. coli) are members of a large group of bacterial germs that
inhabit the intestinal tract of humans and other warm blooded animals, and as few as 10 cells
can cause serious human illness and even death. [14] The presence of E. coli in foodstuffs and
drinking water is a chronic worldwide problem. [15] The worldwide food production industry
is worth about 578 billion US dollars and food recalls due to the presence of pathogenic
bacteria contamination are becoming an economical challenge for the food industry. [16]
Traditional detection methods such as plating and culture usually involve time-consuming
steps such as pre-concentration. Conventional techniques such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction are limited with regards to cost
and versatility. [17-19] In this regard, the CDC/FDA (Food and Drug Administration) is
encouraging efforts aimed at modernizing public health microbiology and bioinformatics
capabilities to quicken microbial detection and response.

To help protect consumers by reducing or preventing illnesses and deaths related to food
borne pathogens, and to minimize market disruptions and economic losses inflicted by food
recalls, illness outbreaks and significant contamination incidents, highly sensitive, rapid,
onsite, and low cost molecular detection and monitoring techniques are much needed. Various
technologies have been developed for MDRB detection using optical, electrochemical,
biochemical, and physical properties of microorganisms. [20,21] Although these methods are
selective and sensitive, they still rely on a series of enrichment steps, which are so time-
consuming and labor intensive that require days to week for completion. [22-24] As a result,
scientists have been searching for alternative methods for decades, and nanotechnology based
biosensors are emerging as such devices capable of overcoming the limitations of
conventional techniques for bacterial detection. [11,14,25-34] Recently, several groups,
including us, have reported the development of gold and SWCNT-gold hybrid nanomaterials
as highly sensitive assays for the detection of a variety of pathogens. [14,30,35-37] Due to the
presence of their large surface area, the surface of gold nanoparticles (GNPs) can attach to a
large number of target-specific recognition elements such as antibodies, aptamers, and
peptides, which allows selective and sensitive sensing of different pathogens. [38] Since
GNPs possess unique shape and size-dependent optical properties, gold nanotechnology has
become very attractive in their incorporation as diagnostic tools. [39,40] Also, GNPs have
been of great interest for sensing and imaging due to lack of toxicity. [41] Furthermore, the
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SWCNT-GNP hybrids even display some unique properties, [42,43] and as a result, bio-
conjugated GNPs or SWCNT-GNPs can be used for selective detection of several pathogens
simultaneously even at the single bacterium level. [11,44]

As for the destruction of MDRB, although human pathogens are becoming resistant to
many available antibiotics, antibiotics are still the most efficient method currently. However,
according to the World Health Organization (WHO), there may be only another 1-2 decades
left for people to use the existing antibiotics. [16,45] Thus, new approaches for the treatment
of infectious bacterial pathogens that do not rely on traditional antibiotics, is very urgent for
our society’s health care. Recently, several groups, including us, have reported that GNPs of
different sizes and shapes with tunable optical properties in the near-infrared (NIR) region
can be exploited for the hyperthermic destruction of bacteria, and because of their unique
structure SWCNTSs have the potential to be used as a photothermal therapy treatment option.
[31,35,46-48] When irradiated at the proper laser power and wavelength, GNPs and SWCNTs
have the ability to generate high temperatures at the desired site for the photothermal
destruction of MDRB. [35,49] Through using hybrid nanomaterials, higher temperatures
should be generated, and the photothermal process should be faster and more effective.
[49,50] In this chapter, we will provide an overview of recently promising reports, suggest
future strategies to apply SWCNT and gold nanotechnology to detect and destroy MDRB for
food safety.

2. A CURRENT SWCNT AND GOLD NANOTECHNOLOGY
2.1. SWCNT

Due to the presence of strong Van der Waals interactions that tightly hold them together,
SWCNTs are insoluble in a variety of solvents. [51,52] However, once the sidewall
functionalization has been accomplished, the solubility of sidewall functionalized SWCNTSs
in organic solvents or water is usually improved because the functionalization breaks the
nanotube bundles, [53] which is essential for solubility. Furthermore, new optical properties
will be introduced. The carbon atoms on the sidewalls of SWCNTSs that react with functional
groups are converted from sp?into sp* hybridized carbons, and the functionalization of the p-
network leads to a significant change in the electronic band structure of SWCNTSs, which can
be monitored by optical spectroscopy. Also, the presence of sp*-hybridized carbon atoms in
the SWCNT framework can be detected by Raman spectroscopy and is reflected by an
increase in the relative intensity of the disorder mode of the SWCNTs after sidewall
functionalization. Current chemical methods of SWCNT modification (Figure 1) include
carboxylation, acid oxidation, halogenation, cycloadditions, radical additions, electrophilic
additions, nucleophilic additions, ozonolysis, etc. [54] The reaction conditions may also
include conventional or microwave assisted heating. These reactions may roughly be divided
into two categories: a direct attachment of functional groups to the graphitic surface and the
use of the SWCNT-bound carboxylic acids [53].
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Figure 1. (A) Surface functionalization of carbon nanotubes. (B) Functionalization of carbon nanotubes
by cycloaddition reactions.(Reprinted with permission from Ref. (54), Copyright 2010, Royal Society of
Chemistry.)
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2.2. GNP

GNPs have attracted considerable attention recently because of their many interesting
properties and potential technological applications. Due to the presence of strong localized
surface plasmon resonance (LSPR), GNP based colorimetric sensors can be used for the
detection of several bacteria. Since GNPs have strong interactions with visible light through
the resonant excitations of the collective oscillations of the conduction electrons within the
particles, GNPs are widely used as a SERS based assay for the detection of a variety of
analytes. When molecules are adsorbed onto roughened surfaces of GNPs, the Raman signal
can be enhanced by several orders of magnitude. [49,55] Also, by photo exciting conduction
electrons which oscillate at the surfaces of gold plasmons, highly efficient local heating can
be achieved by non-radiative relaxation through electron—phonon and subsequent phonon-
phonon coupling processes, [55] which makes GNPs suitable for the photothermal destruction
of MDRB. Based on their shape and size-dependent optical properties, the potential uses of
GNPs have been published using a variety of noble metal nanostructures, including gold
nanoball, [35] gold nanoshells, [56] gold nanorods, [57,58] gold nanopopcorn [25,31] and
gold nanocages etc. [50]

3. MDRB TARGET DETECTION

Considering the low infectious dose and high health risks of many bacterial pathogens
(e.g., infective dosage for Salmonella and E.coli O157:H7 are as low as 10 cells), [13] a
convenient, rapid, sensitive, and reliable detection method is essential for minimizing or
eliminating potential infections. However, conventional methods, such as culture-based
techniques and enzyme-linked immunosorbent assays (ELISA), suffer from the disadvantages
of being time-consuming, having low sensitivity, being a laborious process, [59,60] and
polymerase chain reaction (PCR) analyses often require intensive and careful sample pre-
purification and skilled technical staff. [61]

Since the discovery of SWCNTSs in 1991, their unique physical and chemical properties
make them very promising materials for their use in nanotechnology. [62,63] SWCNTSs have
a tubular structure composed by monomers of graphene that can be disposed in either a single
sheet or in multiple sheets of graphene concentrically grown, [64] which typically possess a
diameter of a few nanometers, displaying a one dimension structure with a high surface area-
to-volume ratio and providing an enhanced signal-to-noise ratio than the planar structures.
Theoretically, this property is translated into a lower number of target molecules that are
necessary to elicit a response to be detected by the biosensor. Based on this theory, as shown
in Figure 2, Cristina Garcia-Aljaro et al. have developed a simple chemistry resistive based
sensing platform for the detection of E. coli bacteria, based on a network of parallel aligned
SWCNTSs bridging two gold electrodes acting as a source and drain as the transducer element.
[36] A significant increase in the resistance of the device was observed when the biosensor
was exposed to target bacteria with a limit of detection of 10° CFU/mL.

Although the chemistry resistive based sensing platform reported by Cristina Garcia-
Aljaro et al. has greatly improved the detection efficiency, this technique still relies on skilled
technical staff. Recently, many research groups including us have reported newer MDRB
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detection methods based on SWCNT & gold technology, such as label-free colorimetric
sensing, [25,65] SERS, [66-68] and ICP-MS [69] etc.
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Figure 2. Schematic representation of the CNT-biosensor used for E. coli detection (A) and typical
current changes observed after each functionalization step (B). A decrease in the current was observed
after fuctionalization of the CNTs with (a) PBASE (1-pyrene butanoic acid succinimidyl ester)
followed by (b) coupling of antibody (Ab) to PBASE. Blocking of the biosensor with ethanolamine (c)
was used to prevent unspecific binding onto the CNTs causing a slight decrease in the current. In the
example capture of E.coli 0157 is shown (d). (Reprinted with permission from Ref. (36), Copyright
2010, ScienceDirect)

3.1. SERS

Surface enhanced Raman scattering (SERS) has overcome the problem of conventional
detection methods. SERS is a surface sensitive technique that enhances Raman scattering by
molecules adsorbed on rough metal surfaces. It is known that metal nanoparticles, especially
gold and silver nanoparticles, exhibit great SERS properties, which make them very attractive
for the development of biosensors and biocatalysts. [70]

Table 1. Analysis for the observed SERS vibrational modes from Salmonella DT104 [46]

Vibration mode Raman peak position (cm™)
v(COQ) anti-symmetric 1585
d(CH,)saturated lipids 1460
7(COO-) symmetric 1380
T(NH,) stretch for adenine and guanine 1340
7(CC) ring stretch, n-alkanes 1150
O(CCH) aliphatic 830
P(CH,) 720
O(CCC) ring deformation 590

(Reprinted with permission from Ref. (46), Copyright 2013, Wiley-VCH.)
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3.1.1. Label-Free SERS-Based Biosensors

In the intrinsic (label-free) detection, the analyte is identified directly using its inherent
fingerprint spectrum peaks. The analyte is immobilized directly onto the nanostructured
surfaces, and the inherent Raman spectrum of the biomolecule directly measured to identify
the specimen. To facilitate capture, and to aid specificity of detection, antibodies, enzymes or
aptamers are conjugated onto nanostructured surfaces and the Raman spectral differences
before and after capture of the analyte can be used to identify the species. [71]

Ray et al. have reported the development of iron core-gold shell popcorn shaped
nanoparticles and showed their capability for magnetic separation, followed by the SERS
imaging of MDRB. [46] In the magnetic core-gold shell nanoparticles, the central sphere will
act as an electron reservoir, whereas the tips are capable of focusing the field at their apexes.
As a result, the sharp tips will provide a huge field enhancement of the SERS scattering
signal. [46] This very high sensitivity, along with the highly informative spectral
characteristics of Raman spectroscopy, will enable scientists to use the SERS based method
as a fingerprint for the label-free detection of MDRB. Since the bacteria cell wall consists of
proteins, lipids, and carbohydrates, one can expect to see the SERS spectra from the
vibrational mode of the aforementioned compositions. Vibrational assignments of the
observed SERS peak are shown in Table 1.

3.1.2. Raman tagged SERS-based biosensors

In extrinsic detection strategy, a Raman reporter molecule (referred to as Raman tag) is
used to generate a known SERS spectrum which is indirectly used to detect the pathogen. The
strongly Raman scattering molecules are rationally attached on or near the surface of the
plasmonic noble metal nanostructures. The biosensor specificity is integrated through the use
of recognition biomolecules such as antibodies, aptamers, enzymes, or bacteriophages which
will target specific epitopes on the exterior of the pathogens.

Different sizes [72] and shapes of noble metal nanostructures [73-75] can amplify the
Raman signals with different enhancement factors. Sharp tip and edge metal nanostructures
give better enhancement due to ‘lightning rod effect’. [76,77] For stronger enhancement to
take place, the Raman reporter molecules should be attached on or near (less than 15 nm) the
metal nanostructure to generate SERS fingerprint signatures. The interparticle distance
between the metal nanostructures should also be kept at a minimum. [78,79]

However, for the physically adsorbed Raman reporter molecules, the Raman signal from
these Raman tagged metal nanostructures may lack stability due to possible leaching effects,
and/or the signal may be easily disturbed by non-specific adsorption of surrounding
interfering molecules. Hence it is important to use an appropriate encapsulating material that
will enhance the signal stability and biocompatibility of the Raman tagged nanostructures.
[80] Therefore, a careful choice of the noble substrate nanostructures, control over
interparticle distances, Raman reporter molecule attachment, and appropriate coating
materials are essential to yield strong stable enhancements.

Ray et al. recently reported applications of a Raman tagged SERS-based assay to detect
low levels of bacteria, as well as to discriminate between types and strains of pathogens. They
demonstrated selective detection of Salmonella typhimurium DT104 by using Rh-6G
modified monoclonal M3038 antibody-conjugated popcorn-shaped gold tags, and achieved an
impressive limit of detection (LOD) of 10 CFU mL™". [25] (See Figure 4 below).
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Figure 3. (I) A schematic representation showing the synthetic protocol of monoclonal antibody and A9
conjugated popcorn shape magnetic core—gold shell nanoparticle for the selective sensing and killing of
Salmonella DT104.

(1) A) A schematic representation showing the separation procedure for Salmonella DT104 by using
M3038 antibody-conjugated core-shell nanoparticles. B) The separation of Salmonella DT104-attached
magnetic/plasmonic nanoparticles by using a magnet. B) 1) Salmonella DT104-attached core—shell
nanoparticle in the absence of a bar magnet and 2) Salmonella DT104-attached core—shell nanoparticle
in the presence of bar magnet. C) A schematic representation showing the selective SERS imaging and
targeted photothermal destruction of Salmonella DT104 after magnetic separation. D) Colonies of
MDR Salmonella DT104: 1) Colonies shows absence of bacteria in the supernatant solution after
magnetic capture and 2) colonies show the presence of bacteria in the suspension of
magnetic/plasmonic nanoparticle-conjugated-MDR Salmonella DT104 after magnetic capture and re-
suspension in PBS. The initial number of MDR was 1.2x10° CFUmL™. E) TEM image demonstrating
the aggregation of antibody-conjugated nanoparticles after the addition of 1.2x10° CFUmL™ MDR
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Salmonella DT104 bacteria. The TEM image also shows the formation of bigger microbial clusters in
presence of 6.2x10% CFUML™ MDR Salmonella DT104 bacteria; scale bar, 1 pm.

(1) A) Absorption profile variation of antibody-conjugated nanoparticles due to the addition of
1.2x10° CFUmL™ MDR Salmonella DT104 bacteria. B) Plot shows SERS intensity from a bacteria-
conjugated nanoparticle after magnetic separation and re-suspension with PBS. All observed Raman
signal is directly from Salmonella DT104. No SERS signal has been observed from supernatant that is
mainly PBS. C) The plot shows the variation in the SERS intensity from different concentrations of
MDR Salmonella DT104. All the reported concentrations are before magnetic separation. (Reprinted
with permission from Ref. (46), Copyright 2013, Wiley-VCH.)
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Figure 4. (1) Schematic representation showing monoclonal M3038 antibody conjugated popcorn-shape
gold nanotechnology-driven approach to selectively detect MDRB Salmonella. (B) Photograph
showing colorimetric change from purple to gray, upon the addition of different bacteria on antibody-
conjugated gold nanoparticle, (B1) 10° CFU/mL MDRB Salmonella (B2) 10° CFU/mL Salmonella ser.
Agona bacteria. (B3) 10° CFU/g E. coli bacteria, (B4) 10° CFU/mL MDRB Salmonella and (B5) 10*
CFU/mL MDRB Salmonella.(I1) TEM image showing (A) monoclonal M3038 antibody-conjugated
popcorn-shape gold nanoparticles before the addition of MDRB. (B) Aggregation of gold nanoparticles
as well as formation of microbial clusters in presence of 10° CFU/mL MDRB Salmonella. (C) Very
little binding in the presence of 10° CFU/mL Salmonella ser. Agona bacteria. (D) Plot demonstrating
absorption spectral change in the presence of 10° CFU/mL MDRB Salmonella DT104. (111) Schematic
representation showing the gold nanotechnology-driven colorimetric approach for rapid selective
screening of MDRB Salmonella bacteria from infected lettuce, (B) Photograph showing colorimetric
change from purple to gray, upon the addition of infected lettuce on antibody-conjugated gold
nanoparticles. Lettuce was infected by (B1) 10> CFU/g MDRB Salmonella, (B2) 10° CFU/g Salmonella
ser. Agona bacteria. (B3) 10° CFU/g E. coli bacteria, (B4) mixture of 10° CFU/g Salmonella ser. Agona
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and 10° CFU/g E. coli, (B5) mixture of 10° CFU/g Salmonella ser. Agona and 10> CFU/g MDRB
Salmonella, (B6) mixture of 10° CFU/g Salmonella ser. Agona and 10° CFU/g MDRB Salmonella, (B7)
10° CFU/g MDRB Salmonella. (IV) Plot demonstrating SERS enhancement (SERS intensity change
before and after addition of bacteria) due to the addition of different kinds of bacteria to monoclonal
M3038 antibody-conjugated popcorn-shape gold nanoparticle. (Reprinted with permission from Ref.
(25), Copyright 2011, Royal Society of Chemistry.)

Selectivity was achieved through covalent conjugation of monoclonal M3038 antibody
which is highly selective for Salmonella typhimurium DT104. This assay was highly specific
for MDRB Salmonella typhimurium DT104, and could distinguish between different
Salmonella strains and other bacteria. Their results show that antibodies or related capture
moieties can be used to provide selectivity to SERS biosensing. Their bioassay was rapid,
taking less than 5 min from bacteria binding to detection and analysis. To improve the
sensitivity of the popcorn-shape gold nanoparticle assay, they have employed Rh-6G
modified monoclonal M3038 antibody-conjugated popcorn-shaped gold nanoparticle-based
SERS platform. Their result shows that SERS tag-based strategy could readily be used to
rapidly and selectively detect foodborne pathogens.
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Figure 5. SERS enhancement (SERS intensity change before and after addition of bacteria) due to the
addition of Salmonella to monoclonal AC04 antibody-conjugated, GNPs-decorated SWCNTSs.
(Reprinted with permission from Ref. (35), Copyright 2014, Royal Society of Chemistry.)

Gu, R.A. et al. used Ag core-Au shell nanoparticles labeled with monoclonal antibodies
and SERS probes for the selective detection of pathogens. [81] In the proposed system,
antibodies immobilized on a solid substrate can interact with the corresponding antigens to
form a composite substrate, which can capture reporter-labeled Ag core-Au shell
nanoparticles modified with the same antibodies. The immuno-reaction between the
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antibodies and antigens was demonstrated by the detection of characteristic Raman bands of
the probe molecules. Ag core-Au-shell bimetallic nanoparticles, as a new SERS active and
biocompatible substrate, will be expected to improve the detection sensitivity of
immunoassay because of the better SERS properties of the Ag core. [81]

Table 2. Summary of the different nanoparticles used for
ultrasensitive diagnosis of pathogens

Bacteria Nanomaterial Method D%e;t&o:]:_'_r?lt Ref
E. coli O157:H7 GNP SERS 10 14
QDs Fluorescence | 10° 84
Dye with magnetic NPs | Luminescence | 20 85
Dye with silica NPs Fluorescence 16 86
Salmonella GNP SERS 10 25
QDs Fluorescence | 10° 87
Dye with magnetic NPs | IR 10* 88
CNT Potentiometric | 10* 89
S. aureus GNP SPR 10* 90
QDs Fluorescence | 10° 91
Magnetic MALDI-MS 10° 92
Listeria TiO2 nanowire Impedance 10° 93
Magnetic PCR 500 94
M. tuberculosis Dye-doped silica NPs Fluorescence 95

(Adapted with permission from Ref. (11), Copyright 2012, Royal Society of Chemistry.)

Recently, we also report a highly sensitive detection of MDR Salmonella DT104 through
SWCNTs-GNPs bioconjugated nanohybrids, which offers an even stronger Raman
enhancement due to the addition of SWCNTSs. Since the antibody conjugated SWCNTs-GNPs
aggregate in the presence of MDR Salmonella, as shown in Figure 5, the nanohybrid forms
several hot spots and provided a significant enhancement of Raman signal intensity by several
orders of magnitude from the Rh-6G. [35]

3.2. ICP-MS

Protection of food safety against bacterial contamination requires assays for fast and
precise quantification detection of bacterial pathogens. Lan et al. have reported an localized
surface plasmon resonance (LSPR) biosensor that can detect Salmonella typhimurium in
chicken carcasses. [82] Their result shows that the detection limit of their LSPR biosensor is
1x10° CFU mL™. Wang et al. have improved the detection limit. They have reported amine-
modified gold nanorods with different aspect ratios, for simultaneous detection of Salmonella
and E. coli pathogens, [30] at concentrations less than 10> CFU mL™. Waswa et al. reported
an LSPR biosensor for the detection of Salmonella and E.coli in spiked skim milk using
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specific antibodies. [83] In their report, they have shown that the LSPR sensor registers
changes in the refractive index during binding of the bacteria to the antibody, which was
immobilized on the gold-coated sensor chip surface. They have shown that the LSPR sensor
is highly specific, and the limits of detection of the assay were found to be 23 CFU/mL for
Salmonella and 25 CFU/mL for E. coli. Ray et al. [11] (and the references cited therein)
[14,25,84-95] have summarized the detection limit of different pathogenic bacteria sensing
techniques using different nanomaterials (Table 2).

However, conventional methods mentioned above cannot detect the concentration of
bacteria precisely. In 2010, Feng Li et al. have reported a rapid and sensitive assay for the E.
coli O157:H7 bacteria by using antibody affinity binding, GNP labeling, and inductively
coupled plasma mass spectrometry (ICP-MS) detection, as shown in Figure 6. [69] Taking
advantage of the signal amplification property of GNPs and the high sensitivity of ICP-MS,
the assay was able to detect as few as 500 CFU/mL E.coli O157:H7 and can precisely detect
up to 5x10° CFU/mL. Their assay showed high specificity of the assay for E. coli 0157:H7
due to the antibody-antigen interaction.

4. PHOTOTHERMAL DESTRUCTION OF MDRB

Photothermal therapy is a minimally invasive treatment method in which photon energy
is converted to thermal energy sufficient to induce cellular hyperthermia. Selectivity is
achieved by focused directional control or invasive positioning of the incident radiation, often
pulsed or continuous wave laser, and is typically accompanied by preferential administration
of photoactive molecules or nanoscale particles. [96]
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Figure 6. Schematic diagram showing the principle of the assay. The E. coli O157:H7 cell was
incubated with antibody-conjugated GNPs. The unbound GNPs were separated from the cell complex
by centrifugation. The cell pellets containing GNPs were digested with 1% nitric acid after washing,
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and the solution was analyzed by ICP-MS. The intensity of the ICP-MS measurement of Au at m/z 197
corresponds to the concentration of E. coli O157:H7 cells in the original sample. (Reprinted with
permission from Ref. (69), Copyright 2010, American Chemical Society.)
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Figure 7. Viable spore numbers after being treated with SWCNTSs at various concentrations and coupled
with or without 20-min NIR radiation. (Reprinted with permission from Ref. (99), Copyright 2013,
BioMed Central journals.)

SWCNTSs are not only strong antimicrobial agents, but are also efficient photothermal
agents. Kang et al. reported the first direct evidence of SWCNTSs’ strong antimicrobial
activity based upon the following related influence factors, including CNT diameter, length,
aggregation, concentration, CNT surface groups, buffer solution, bacterial species, contact
time, and intensity. [97] Dong et al. reported that SWCNTs might be an effective alternative
to antibiotics in dealing with drug-resistant and multidrug-resistant bacterial strains because
of the physical mode of bactericidal action that SWCNTSs display. [98] The mechanisms of
SWCNT’s antimicrobial activity to bacterial cells depended essentially on the direct contact
resulting in cell membrane damage, but also included oxidative stresses due to direct
oxidation of cellular components, and secondary oxidation of cellular lipid bilayer by reactive
oxygen species. Under the treatment of NIR, SWCNTSs show an even stronger antimicrobial
activity. Recently, Dong et al. [99] has reported that the treatment of 10 pg/mL SWCNTs
coupled with 20 min NIR significantly improved the antimicrobial effect by doubling the
viable spore number reduction percentage when compared with SWCNTs without NIR
irradiation (88% vs. 42%), as shown in Figure 7.

GNPs of different sizes and shapes with optical properties tunable in the visible to NIR
region can be used for the photothermal destruction of MDRB by using NIR light. When the
light of the appropriate wavelength is absorbed by bacteria conjugated GNPs, absorbed light
will be converted into heat by rapid electron-phonon relaxation followed by phonon-phonon
relaxation. This highly localized heat generated by the GNPs can be used to destroy MDRB
selectively by disrupting the cell membrane. If the incident laser frequency overlapped with
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the plasmon absorption maximum of the GNPs conjugated pathogens, the selective heating
and destruction of MDRB can be achieved at a much lower laser power than that required to
destroy healthy bacteria to which bio-conjugated nanoparticles do not bind specifically. The
photothermal destruction process normally destroys MDRB via cell damage through thermal
effects, such as denaturation of proteins/enzymes, induction of heat-shock proteins, metabolic
signaling disruption, endothelial swelling, micro thrombosis, and other pathways. [16]
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Figure 8. (A) Schematic representation showing the monoclonal M3038 antibody conjugated popcorn
shaped gold nanotechnology-driven approach to selective photo thermal killing of MDRB Salmonella.
(B) Colonies of MDRB Salmonella DT104 (B1) before and (B2) after exposing to 670 nm light with
200 mW/cm? power for 20 minutesin the presence of monoclonal M3038 antibody-conjugated popcorn
shaped gold nanoparticles. (C) Plot showing time dependent effect of photothermal lysis when antibody
attached popcorn shaped gold nanoparticle conjugated Salmonella DT104, Salmonella Agonabacteria
were treated using 200 mW/cm? 670 nm light. (Reprinted with permission from Ref. (31). Copyright
2011, Royal Society of Chemistry.)
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Table 3. Laser irradiation time to kill 1009 MDRB in lettuce samples

Concentration of MDRB in lettuce | Laser irradiation time to Kill
samples/CFU g* 100% bacteria/min
10° 6
10° 9
10* 14
10° 20
10° 25
10’ 30

(Adapted with permission from Ref. (31). Copyright 2011, Royal Society of Chemistry.)

Zharov et al. reported localized killing of Staphylococcus aureus in vitro by combining
laser and photothermal techniques. [100] Later, Norman et al. reported photothermal Killing
using gold nanorods that have been covalently linked with antibodies to selectively destroy
Pseudomonas aeruginosa, [101] which was obtained from the upper respiratory tract of
sinusitis patients. However, both of the studies did not demonstrate the selectivity of their
assay with respect to other pathogens, which is very important before this technique can be
used for food and real life samples.

For the selectively killing of pathogens, Sadia et al. has report bio-conjugated popcorn
shaped GNPs for targeted photothermal killing of MDR Salmonella DT104, [31] as shown in
Figure 8. They showed a monoclonal antibody-conjugated popcorn shaped GNP driven
approach to selectively destroy ampicillin, chloramphenicol, streptomycin, sulfonamides, and
tetracycline drug resistant Salmonella DT104 bacteria from MDRB infected romaine lettuce.
Their selectivity is based on the fact that monoclonal M3038 antibody-conjugated popcorn
shaped GNPs can readily and specifically bind with Salmonella DT104 bacterium O-antigen,
through antibody—antigen recognition. They demonstrated that when antibody modified
popcorn shaped GNP conjugated bacteria sample was exposed to 670 nm laser radiation,
almost 100% of drug resistant bacteria were killed due to photothermal lysis. They
demonstrated that the gold nanotechnology based assay is capable of destroying MDRB in
food samples. Figure 8C shows the time dependent photo thermal killing of MDRB
Salmonella DT104, which clearly shows that 100% of bacteria can be killed within 20
minutes of exposure to 670 nm light. Table 3 shows that 100% of bacteria can be destroyed
from MDRB infected lettuce sample by 6 to 30 minutes of laser irradiation treatment, [31]
depending on the MDRB concentration (10°-10° CFU g™).

For selectively detecting and killing MDRB in lower concentration, in 2013, Fan et al.
reported a popcorn-shaped magnetic core-plasmonic shell multifunctional GNPs for the
targeted magnetic separation and enrichment, label-free SERS imaging, and photothermal
destruction of multidrug-resistant bacteria, [46] as shown in Figure 9. According to them, the
iron core is responsible for selective magnetic separation of MDRB, while the gold coating
can be used as “light-directed nanoheaters” for the hyperthermic destruction of MDRB by
using NIR light. Also, the plasmonic gold coating will be very useful for stabilizing the high-
magnetic-moment nanoparticles in corrosive biological conditions, which also eliminates the
possible toxicity of iron nanoparticles and aid in easy bioconjugation through the well-
understood chemistry of Au-S. A targeted photothermal-lysis experiment, by using 670 nm
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light at 1.5 Wem™ for 10 min, will result in selective and irreparable cellular-damage to MDR
Salmonella, while almost no E. coli was killed in the same situation.
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Figure 9. (A) Schematic representation showing the separation procedure for Salmonella DT104 using-
M3038 antibody conjugated popcorn shape plasmonic gold shell iron magnetic core nanoparticles. (B)
Schematic representation showing the selective SERS imaging and targeted photothermal destruction of
Salmonella DT104 after magnetic separartion. (C) Colonies of bacteria demonstrating the selectivity of
our photothermal lysis process. C1) 10%/ml E.coli bacteria in the presence of anti-Salmonella antibody
coated GNP. C2) 10%ml Salmonella bacteria in the presence of anti-Salmonella antibody coated GNP.
(Reprinted with permission from Ref. (46), Copyright 2013, Wiley-VCH.)
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Figure 10. Schematic representation shows the synthetic protocol for the functionalization of SWCNTSs,
the formation of GNP attached SWCNTSs, and SWCNTs-GNPs-antibody-Salmonella. (Reprinted with
permission from Ref. (35), Copyright 2014, Royal Society of Chemistry.)

Huang et al. have reported that multifunctional Van-Fe;O,@Au nanoeggs are effective
photothermal agents for the selective killing of MDRB bacteria under irradiation with 808 nm
light. [102] They have shown that Van-Fe;O,@Au nanoeggs can be used for photo thermal
killing of A. baumannii, E. coli O157:H7, S. pyogenes, S. saprophyticus and other bacteria,
using 808 nm light. They have also shown that the photothermal approach can be used for
effectively inhibiting the cell growth of nosocomial and antibiotic-resistant bacterial strains.
Their results show that more bacteria were killed when aggregated under the magnetic field.
[11]

By using certain hybrid nanomaterials, higher temperatures and a faster more effective
photothermal process is expected. Also, SWCNT-GNP hybrids are expected to have good
biocompatibility and low toxicity. [49] As a result, SWCNT-GNP hybrids may have greater
promise for society for the therapeutic challenges of MDRB. Recently, we have reported a
targeted highly sensitive detection/eradication of multi-drug resistant Salmonella DT104
through SWCNT-GNP bioconjugated nanohybrids, [35] as shown in Figure 10. In our report,
we combined monoclonal antibody-conjugated sphere-shaped GNPs with SWCNTS to create
a nanohybrid system to selectively detect and eradicate MDR Salmonella typhimurium DT104
bacteria. The localized heating that occurs during a targeted photothermolysis experiment
using 670 nm light at 2W cm-2 for 15 min of light exposure, resulted in selective and
irreparable damage to more than 99% Salmonella DT104 at the concentration of 10° CFU mL’
' In comparison to solely SWCNTs or GNPs, our SWCNT-GNPs nanohybrids have shown
better photo thermal efficiency.

To verify the role of the laser and the hybrid SWCNTs-GNPs toward killing Salmonella,
we performed 5 comparative photo thermal experiments. Based on the results shown in
Figure 11A, after laser irradiation (2 W cm™ power of 670 nm light, 15 min exposure) of the
MDR Salmonella in the presence of the AC04 Salmonella antibody hybrid nanomaterial,
more than 99% of the MDR Salmonella at the concentration of 10° CFU mL™ were
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eradicated, while the hybrid nanomaterial without laser irradiation (Figure 11D) and MDR
Salmonella with laser irradiation (no hybrid nanomaterial, Figure 10E) killed a negligible
amount of MDR Salmonella. This data confirmed that both hybrid SWCNTs-GNPs and laser
irradiation play a vital role in the photo thermal destruction of Salmonella DT104, which
validates the mechanism whereby laser irradiated hybrid nanomaterials composed of
SWCNTs-GNPs produce enough heat to destroy the MDRS. [35]

To understand the advantages of using hybrid SWCNTs—GNPs instead of only GNPs or
only SWCNTs, we have also performed photothermal experiments using antibody-conjugated
GNPs and antibody conjugated SWCNTs separately. As shown in Figure 11 B and C, at the
same power and exposure time, in the case of only GNPs or SWCNTSs, they kill 10 to 40
percent less of MDRS than using hybrid SWCNTs—-GNPs. On the other hand, the laser power
had to be doubled (4 W cm™) and 20 minutes were required to eradicate the same amount of
MDRS when SWCNTs and GNPs were used separately. Our experimental results depicted
that the photo thermal effect with the SWCNTs-GNPs hybrid is much more than either
SWCNTs or GNPs alone. This effect is mainly because of two reasons: (1) in the case of the
hybrid SWCNTs-GNPs, both SWCNTs and GNPs can generate heat when exposed to laser
irradiation, and the amount of heat generated is expected to be higher than only SWCNTSs or
GNPs alone, and (2) after the attachment of SWCNTs-GNPs hybrids with Salmonella, the
hybrids have a very strong absorption peak at around 590 nm, near to the 670 nm laser source
compared with GNPs attached MDRS and SWCNTSs attached MDRS, as shown in Figure 12.

Figure 11. Photothermal killing of Salmonella. (A) SWCNTs-GNPs-antibody-Salmonella under laser
irradiation for 15 min. (B) GNPs-antibody-Salmonella under laser irradiation for 15 min. (C) SWCNTSs-
antibody-Salmonella under laser irradiation for 15 min. (D) SWCNTs—-GNPs-antibody-Salmonella
before laser irradiation. (E) Only Salmonella under laser irradiation for 15 min. (Reprinted with
permission from Ref. (35), Copyright 2014, Royal Society of Chemistry.)
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Figure 12. UV Absorption spectra for only SWCNTSs, 0.3 nM GNPs, 0.3 nM GNPs attached SWCNTSs,

and SWCNTs-GNPs-Salmonella. (Reprinted with permission from Ref. (35), Copyright 2014, Royal
Society of Chemistry.)

CONCLUSION AND OUTLOOKS

In this chapter, we have discussed the great potential of bio-conjugated GNPs and
SWCNTs-GNPs hybrids for the possible application of MDRB diagnostics from food
samples and photothermal destruction of MDRB. We have summarized a review that after
conjugation of bacteria with specific antibodies, several shapes of GNPs and SWCNTs-GNPs
hybrids are useful for bacteria detection with highly selective label-free colorimetric sensing,
SERS, and several other methods, due to their size-dependent physical properties. Through
ICP-MS, the concentration of MDRB can be precisely detected under a wide range of
concentrations. We have also discussed that these SWCNT & gold based nanotechnologies
can serve as “nanoscopic heaters” in the presence of a suitable wavelength light, which can be
very useful for the selective photothermal destruction of MDRB without antibiotics.
Even though this technology is only at the beginning stages, this technology has shown highly
promising applications for MDRB detection and destruction from food samples.

Compared to current methods of MDRB detection and destruction from food samples, the
aforementioned SWCNT and gold based assays have several advantages. However, a number
of opportunities and challenges still exist. For example, to synthesize SERS-based biosensors
with higher sensitivity and reproducibility, researchers must be able to assemble highly stable
SERS-based substrates, precisely control the size and shape of the noble metal nanoparticle,
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control the interparticle placement onto the supporting templates, and generate highly stable
Raman tagged SERS substrates for molecular detection and monitoring. Many researchers
have demonstrated exceptional sensitivity, selectivity, and rapidity of SERS-based biosensors
as novel optical biosensors for detection and photothermal destruction of microorganisms.
However, future efforts toward integrating the advantages of the conventional methods with
those of SERS techniques are warranted. Furthermore, toxicity and side effects need to be
addressed in a meticulous and systematic way as a function of nanoparticle size, shape, and
surface coating. As a result, an understanding of biological response and environmental
remediation is necessary before the aforesaid assays can be fully utilized in food processing
technology. We believe that with properly chosen combinations of plasmonic and shape of
GNPs, these SWCNT & gold based technology will enable us to develop multifunctional
nanomedical platforms for multimodal diagnosis and therapy.
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Chapter 9

DETECTION OF MELAMINE FROM FOOD IN PARTS
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ABSTRACT

Excellent SERS platform has the ability for ultra-sensitive chemical toxin sensing
and providing its fingerprint. Melamine can form insoluble crystals in the kidney, which
may cause renal failure and even death of the child. As a result, it is very important to
develop a reliable and highly sensitive sensor that can provide on-site and real-time
detection of melamine. Driven by the need, in the current chapter we report the
chemically stable highly efficient SERS platform using functionalized graphene oxide-
plasmonic gold nanoparticle hybrid. Experimental data with melamine show that the
SERS enhancement factor for the hybrid platform is about two orders of magnitude
higher than only nanoparticle. Our results demonstrate that in hybrid SERS platform,
graphene oxide will enhance the SERS signal via chemical enhancement and the nano-
popcorn will enhance the SERS signal via electromagnetic enhancement. We show that
hybrid SERS platform can be used for highly selective and ultra-sensitive detection of
melamine in parts per quadrillion level. Our reported results provide a good approach for
developing ultra-sensitive SERS platform for toxin chemical detection and analysis.
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1. INTRODUCTION

Graphene oxide (GO) is chemically treated graphene, which has emerged as a potential
alternative to grapheme for sensing applications [1-6]. Functional groups such as —OH,
—COOH, and epoxide along with structural defects serve as anchoring points for developing
hybrid GO with selective functionality [7-16]. GO can be further modified with plasmonic
metal nanoparticles to form hybrid graphene oxide for sensing applications [17-22]. Recently
it has been reported that graphene can provide a surface-enhanced Raman spectroscopy
(SERS) platform for studying the chemical enhancement [23-35]. SERS has the ability to
detect single molecule and can be used as chemical fingerprint [36-50]. It is commonly
believed that two primary mechanisms which are long-range electromagnetic (EM)
enhancement and short-range chemical (CM) enhancement are very important for the SERS
enhancement [14-16,45-51]. Since the surface plasmon on graphene is in the range of
terahertz rather than in the visible range, scientists believe that graphene or graphene oxide
does not support electromagnetic enhancement for SERS [26-41]. On the other hand,
graphene has the ability to undergo m—m stacking with aromatic molecules due to the
interconnected sp® network [5-10]. As a result, graphene oxide can be used as an excellent
substrate for the SERS chemical enhancement. As we and other groups have reported that the
main contribution of SERS enhancement is the electromagnetic enhancement, excellent SERS
platform should possess strong EM and CE enhancement capability for providing enough
sensitivity [14-23]. In this book chapter we report functionalized graphene oxide-gold
nanoparticle hybrid SERS plastform, as shown in Scheme 1, with ultar-sensitive melamine
sensing capability. In our design, due to the presence of large surface area and very high
aspect ratio, graphene oxide will be useful as a flat SERS substrate. It will enhance the Raman
signal via CE mechanism. On the other hand, nanoparticle provides several orders of
magnitude enhancement of the electromagnetic field via electromagnetic enhancement [44-
49]. Also, metal nanoparticles are in close contact on graphene oxide surafec, which generates
“hot” sites to enhance the local E-fields. Nanoparticle also has capability to be used as
reactive sites for the binding with cysteamine for selective detection of melamine.

670 nm Laser

EM enhancement CM enhancement

Scheme 1. The schematic representation shows plasmonic grapheme oxide based SERS platform for
tuning electromagnetic and chemical enhancement simultaneously.
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1,3,5-triazine-2,4,6-triamine, known as melamine, can facilitate polymerization through
reaction with formaldehyde to form a heat-tolerant, fire-resistant resin [52-57]. As a result,
melamine has been used extensively for the manufacturing of tableware, kitchen utensils,
flame retardants and laminated surfaces. Due to its very high proportion of nitrogen, since last
few years, unfortunately, melamine has been illegally used in milk, infant formulas, frozen
yogurt and animal foods to increase the measured protein content [52-57]. Since melamine
can form insoluble crystals in the kidney, which may cause renal failure and even death of the
child, recently Food and Drug Administration (FDA) implement that baby foods should not
contain any dose of melamine [55-57]. Driven by the need, here we report for the first time
hybrid graphene oxide based SERS platform for the detection of melamine in parts per
quadrillion (PPQ) level. As per our knowledge, our assay represents the most sensitive
reported assay for melamine detection. To demonstrate that plasmonic graphene oxide based
SERS assay developed by us can be used for the detection of melamine from food sample, we
have tested melamine contaminated milk and baby formula.

Scheme 2. Schematic representation showing our synthesis procedure to develop functionalized
graphene oxide-gold nanoparticle hybrid SERS platform.
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2. MATERIALS AND EXPERIMENTS

Hydrogen tetrachloroaurate (HAuCI4-3H,0), NaBH,;, sodium citrate, cystamine
dihydrochloride, melamine, graphite, and cetyl trimethylammonium bromide (CTAB) were
purchased from Sigma-Aldrich and used without further purification.

2.1. Synthesis and Characterization of the Hybrid SERS Platform

Graphene oxide attached gold nanoparticle was synthesized via a four-step process, as
shown in Scheme 2. In the first step, we have used graphite exfoliation by strong oxidizing
agents to yield graphene oxide. For this purpose, we have used modified Hummers reported
the method [14-16]. In brief, 1g of graphite powder was added to 1g of NaNOs in 45 mL of
H,SO, and was stirred in an ice bath. Then 3g of KMnO, was added very carefully, without
changing the temperature. Then we have kept the reaction mixture container in a water bath,
which is at 35 °C and then it was stirred for 30 minutes. A thick paste was obtained. After
that, we have added 45 mL of water very carefully, drop by drop. During addition of water,
the temperature increased to around 95 to 98 ° C. We have added another 140 mL of water.
Then we waited for 30 more minutes. Then we filtered and re-dispersed the obtained
graphene oxide in 100 mL of water. At the end, we have done sonication for 1 hr for
exfoliation.
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Figure 1. A) TEM picture shows the morphology of hybride graphene oxide, where graphene oxide has
been attached with nanopoparticle. B) FTIR spectra of cysteamine modified grapheme oxide. Our FTIR
spectra verifies the existence of epoxy groups, -OH and —COOH group. It also verifies the existence of
—SH, -CS, -CN and —NH, group due to the formation of the bond between graphene oxide and
cysteamine. C) Extinction spectra of gold nanoparticle, graphene oxide and hybrid graphene oxide. D)
SERS spectra showing graphene oxide D-band at ~1350 cm* and G-band at ~1598 cm™ in the
presence of nanoparticle.

Then we have performed FTIR experiment to characterize grapheme oxide. Our FT-IR
data, as shown in the Figure 1, verified the existence of epoxy groups in grapheme oxide at
1040 cm™ for vco and 1250 cm™ for vo.c.o. The FT-IR spectra also demonstrates the
formation of ~OH and —~COOH group and as a result, we observed clear peak at 1380 cm™
which can be assigned to C-OH vibrational mode, the next peak at 1680 cm™ corresponds to
the vibrational mode of the ketone (-C=0) group. Next, we have attached spherical gold
nanoparticle with graphene oxide. For this purpose, at first we have synthesized gold
nanoparticles of 30 nm in size were by using HAuCI4, 3H20 and ascorbic acid as we have
reported before [14-16]. In the next step, graphene oxide was attached with gold nanoparticle
via p-amino thiophenol. For this purpose, acid chloride functionalized graphene oxide were
prepared by treating —COOH functionalized graphene oxide with thionyl chloride in the
presence of DMF catalyst under an argon medium. And then, the acid chloride group was
used as a chemical anchor for further derivatization with cysteamine. As shown in the Figure
1B, the FTIR spectra of cysteamine modified graphene oxide shows the clear characteristic
peaks for aminothiophenol and these are -SH and -CS stretching vibrations at 2524 cm ™ and
1088 cm* respectively. The absorption peak at 1306 cm™ is a -CN stretching vibration. The
3448 cm™ peak is an -NH asymmetrical stretching vibration and the one at 3359 cm™ is the
symmetrical stretching vibration of -NH. Since free thiol group is available for linkage with
gold nanoparticle though Au-S bond, at the end, gold nanoparticles were attached to graphene
oxide via —SH linkage. Transmission electron microscopy (TEM, JEM-2100F instrument),
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UV-visible absorption spectroscopy and SERS spectroscopy were used to characterize the
hybrid graphene oxide.

Figure 1A shows the TEM picture of gold nanoparticle conjugated graphene oxide. Our
data show that the gold nanoparticles are nicely decorated on graphene oxide sheet. Figure 1C
shows the absorption spectra of only graphene oxide, only gold nanoparticle and
nanoparticles attached graphene oxide. Broad and structureless absorption spectrum for
graphene oxide from near-infrared and visible region from 420 to 750 nm is mainly due to the
E1; and E,, transition [1-8]. As shown in Figure 1C, gold nanoparticle exhibits a strong long
wavelength plasmon band around 520 nm and it is due to the oscillation of the conduction
band electrons [10-16]. When we attached the gold nanoparticle with graphene oxide, the
absorption spectrum seems like from the mixture of both, as shown in Figure 1C. As shown
in the Figure 1D, there was no significant structural change of the carbon framework during
the chemical processing from grapheme oxide to gold nanoparticle attached grapheme oxide.
The Ramalm spectrum of graphene oxide displays a D-band at ~1350 cm* and a G-band at ~
1598 cm ™.

2.2. SERS Measurement

For the SERS experiment, we have portable SERS probe, as we have reported recently
[36-38]. In brief, we have used a continuous wavelength DPSS laser from laser glow
technology (LUD-670) operating at 670 nm, as an excitation light source. InPhotonics 670
nm Raman fiber optic probe was used for excitation and data collection. It is a combination of
90 um excitation fiber and 200 um collection fiber with filtering and steering micro-optics.
To collect SERS data, we have used miniaturized QE65000 scientific-grade spectrometer
from Ocean Optics and Ocean Optics data acquisition Spectra Suite spectroscopy software.
For the SERS measurement, at first, different concentrations of analyte were added to hybrid
gaphene oxide solution and then it was transferred into a small eppendorf cap. After that, the
sample inside the eppendorf cap was exposed to the 670 nm laser light and the scattering
signal was collected with 10 sec acquisition time and 5 scan averaging. Laser power was kept
at 2 mw for the entire experiment.

3. RESULTS AND DISCUSSION

For the selective detection of melamine we have modified the nanoparticle attached
graphene oxide with cysteamine. It is well known that melamine forms molecular self-
assembly using strong hydrogen bonding with cysteamine via —NH, groups. As a result, in
the presence of melamine, cysteamine modified gold nanoparticle attached graphene oxide
will form self assembly with melamine. As shown in Figure 1, our experimental data clearly
show strong melamine SERS peak even at 300 parts per quadrillion (ppg) melamine level. All
the observed melamine SERS peaks can be characterized using reported Raman data [55-57].
The most intense peak in our SERS spectrum is observed at 725 cm™' and it can be assigned
to the in-plane ring breathing Il mode. The peak around 1040 cm™ can be attributed due to the
enhanced ring breathing mode of the pyridinium head group. The second SERS peak is at
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1626 cm™ and is identified with the ring stretching vibration. The CH, twisting vibration at
1338 cm™ has combined with 1349 cm™ D band of grapheme oxide. Our SERS spectra also
show strong CH,-scissoring vibration at 1450 cm™. We have also observed ring stretching
band at 1620 cm™, which has also combines with 1603 cm™ G band of grapheme oxide. The
Raman enhancement, G, is measured experimentally by direct comparison as shown below
[26-40].

G=[lsers)/[Iraman]*[Mbun]/[Mags] Q)

Where lsgrs is the intensity of a 725 cm™ vibrational mode in the surface-enhanced
spectrum in the presence of hybrid graphene oxide, and Iraman iS the intensity of the same
mode in the bulk Raman spectrum from only melamine. My, is the number of molecules
used in the bulk, M,gs is the number of molecules adsorbed and sampled on the SERS-active
substrate. All spectra were normalized for the integration time. An enhancement factor
estimated from the SERS signal and normal Raman signal ratio for 725 cm™ band is
approximately 4.8 x 10 in case of hybrid material and 2.3 x 10® for gold nanoparticle. We
have not observed any melamine Raman spectra in the presence of graphene oxide. Figure 2A
clearly shows that hybrid graphene oxide based SERS platform is about two orders of
magnitude more sensitive than only gold nanoparticle. This extremely high sensitivity is due
to the fact that, in our hybrid SERS platform, graphene oxide enhances the SERS signal via
chemical enhancement and the gold nanoparticles enhance the SERS signal via
electromagnetic enhancement.
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Figure 2. A) Plot showing SERS enhancement of the Raman signal at 670 nm excitation from
melamine at different concentrations, in the presence of hybrid graphene oxide based SERS platform.
Our SERS spectra show that one can detect melamine even at 300 ppq level. B) Plot showing SERS
enhancement of the Raman signal from melamine, in the presence of graphene oxide, gold nanoparticle
and hybrid graphene oxide.

Also, in hybrid graphene oxide metal nanoparticles are in close contact as shown in
Figure 1A, which generates “hot” sites to enhance the local E-fields tremendously. When two
nanoparticles are in close to each other, the polarization direction of the E-field is along the
axis of the two particles. As a result, the local E-field in the gap can be further enhanced
under the resonance condition. As we all know, reproducibility and stability of SERS signals
from a SERS-active probe are highly important properties for sensor application. To monitor
reproducibility, we have performed SERS spectra from melamine with hybrid SERS probe
made in different batches. Figure 3A clearly shows that SERS reproducibility using our probe
is excellent.

To evaluate the sensitivity of our plasmonic graphene oxide SERS substrate based assay,
different concentrations of melamine from one stock solution were evaluated. As shown in
Figure 2A, our experimental data indicate that plasmonic graphene oxide based SERS assay is
highly sensitive for the detection of melamine and the sensitivity can be as low as 300 ppq
melamine, which is the most sensitive reported SERS assay for the label-free detection of
melamine.

Next, to determine whether our SERS assay can be used for the detection of melamine
from real life sample, we have performed melamine detection from melamine contaminated
milk and infant formula powder. Before testing the milk powder, we have tested the presence
of possible interference such as Ca?*, K*, Na*, Mg?*, methionine, serine, vitamins B and C.
For this purpose, we have performed the SERS experiment in the presence 1 ppb of each
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interference together. As shown in the Figure 2B, SERS signal change is very little (<5%) in
the presence of interferences. For the detection of melamine from melamine contaminated
infant formula, at first 1% trichloroacetic acid and 10 mL of acetonitrile were added to
melamine contaminated milk to precipitate proteins. After that we have performed 15 min of
sonication and then heated at 100 °C by a water bath to promote the coagulation of proteins.
Then we have filtered using PTFE membrane. At the end, the residue was dissolved and the
SERS experiment was performed. As shown in Figure 3C, our results clearly show that one
can detect melamine from melamine contaminated milk product even at the concentration of
50 ppt. We have also tested the detection limit and our experimental data indicate that the
detection limit can be as low as 800 ppq from the milk product.
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Figure 3. A) SERS spectra from melamine on hybrid graphene oxide based SERS platform made in
different batches. SERS spectra show excellent reproducibility. B) Plot shows how SERS intensity
varies in the presence of interferences. C) Melamine SERS signal from melamine contaminated infant
formula.

CONCLUSION

In conclusion, in this manuscript, we have reported hybrid garphene oxide based SERS
platform for the ultra-sensitive detection of melamine and the sensitivity of the assay can be
as low as 300 ppg. In the reported SERS platform, graphene oxide enhances the SERS signal
via chemical enhancement and the gold nanoparticles enhance via electromagnetic
enhancement, by forming ‘hot sites”. Our result using melamine demonstrated that the SERS
enhancement factor for hybrid graphene oxide is about two orders of magnitude higher than
only nanoparticle. We have also shown that it can be used as an excellent SERS substrate for
the ultra-sensitive melamine detection from melamine contaminated milk product. We believe
that, ultimately this plasmonic graphene based assay could have enormous potential
applications in rapid on-site screening of melamine in food samples.
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ABSTRACT

Mothballs are used globally to stop moth-larvae from damaging stored clothing and
valuable furs.. Mothballs can be made of different insecticides, but the main one used is
naphthalene. Naphthalene is a bicyclic aromatic compound used ubiquitously in industry
agriculture and commerce. It is used for making other chemicals and exploited as an
insecticide, soil fumigant or deodorant. Exposure occurs through chronic inhalation, skin
contact or consumption in the food chain. The lungs and eyes are susceptible to toxic
effects as are the kidney, brain and liver. Lens opacification and pulmonary histological
changes are noted with poisoning. Naphthalene depletes glutathione, inhibits lipid
peroxidation, increases DNA fragmentation and produces oxidative stress through
production of superoxide anion and hydroxyl radicals. The ability to protect against toxic
effects of naphthalene by using various anti-oxidants and free radical scavengers is
known. Many households commonly use insecticides and pesticides domestically to
control unwanted household infestations. Weather extremes demand that seasonal
clothing be stored through changing cycles, to allow more than one seasons use.
Naphthalene is a volatile substance which at room temperature releases a characteristic
odoriferous gas which is toxic to moths. Unfortunately naphthalene vapours are also toxic
to human cells and tissues. Various signs and symptoms described below derive from
acute or chronic naphthalene poisoning. Frequently among the symptoms are haemolytic
anaemia, ocular changes and pulmonary fibrosis. Methods of avoidance and palliative
care of poisoning are discussed, and preventive and sociological strategies suggested for
people to minimize risks from mothball poisoning.

BACKGROUND AND INTRODUCTION

Naphtha is a collective term for volatile liquid hydrocarbon mixtures that are
inflammable. About 1820 coal-tar naphtha was distilled, (boiled with emanating vapours
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cooled and collected) and the resultant substance formed was called naphthalene. Its pungent
odour encouraged people to use it for many purposes including medicinal and biological
applications. Since then many synonyms for naphthalene evolved into common use: Tar
Camphor; White Tar; Moth Flakes; Albocarbon; Dezorator; Moth Balls; Mighty 150; Mighty
RD1; Naphthene and Naphthalene under a variety of different phonetic spellings area used.
For safety, health, disaster (fire and temperature changes) and economic purposes, it is
important to know the chemistry and properties of naphthalene from the effects of handling,
use, storage and transport.

Chemistry Formula, Structure and Properties

Chemically, naphthalene is classified as a polycyclic aromatic hydrocarbon (PAH) with a
di-benzenoid structure. The positions on the molecule 1,4,5 and 8 are termed alpha positions,
and 2,3,6 and 7 are termed beta positions. The electro-dynamic charges between the
numbered atoms are in constant flux, and the carbon-carbon bonds in naphthalene are not of
the same length. Accordingly, like benzene, naphthalene can undergo electrophilic aromatic
substitution, which allows naphthalene to have more vigorous chemical reactions than
benzene. Naphthalene can bond to other chemicals without accelerating catalysts to form new
compounds. For example naphthalene binds to chlorine to form 1-chloronaphthalene without
a catalyst. The alpha sites react more easily than the beta sites, and various combinations of
add-on chemical produce isomer compounds with unique properties for each. Hydrogenation
at raised temperatures yields other substance like tetralin and decalin, while oxidation with
catalysts yields phthalic acid.

Properties: Molar mass=128.17052g/mol; Naphthalene is a white solid crystalline flake,
easily compressed into a solid. Its density is 1.14g/cm?, will melt 80.26°C, boils at 218°C and
30mg will dissolve in water at 25°C. Its flash point is 79-87°C and auto-ignition temperature
is 525°C. These properties relate to temperature at 25°C and atmospheric pressure
of 100kPa. [1, 2]
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Figure 1. Chemical Structure. Naphthalene is composed of 2 joined benzene-like rings, fused together
by sharing common central atoms. The molecular formula is CyoHsg.

Aim

This article appraises naphthalene properties, critiques its patho-biological effects
deriving from accidental/abusive ingestion/incorporation into the human body, and suggests
behavioural modification to minimize hazardous reactions, maximize benefits of use with
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correct handling, and suggests possible mechanisms to optimise therapy from naphthalene
intoxication. Focus is targeted to human reactions from chronic naphthalene poisoning.

Naphthalene in Biology, Nature and the Universe

Universally naphthalene is acknowledged as having strong reactive biological properties.
It occurs naturally in small amounts in magnolias and in specific types of deer. Some wood
termites (like those found in Formosa) produce it and some claim naphthalene acts against
other ants, invading fungi and nematode worms. Not only do plants and arthropods produce
naphthalene, but also varieties of fungi like Muscodor albus, and Muscodor vitigenus.
Naphthalene exists in outer space between Cernis 52 and the constellation Perseus, and traces
of it have been extracted from interstellar meteorites landing on earth. [1, 2]

Common Uses of Naphthalene

1,4dichlorobenzene is universally used in homes and storages as an insecticide. When
enclosed the solid vaporizes rapidly to toxic lethal levels for adult moths and their larvae after
hatching from eggs. It is not uncommon for people to store clothes in enclosing linen bags
which allows diffusion of the naphthalene. Often it’s placed as mothballs into closed domestic
spaces like cupboards and chests and drawers, but it also escapes and pollutes household
atmospheres.

Naphthalene is used in agriculture as a fumigant pesticide, and in/for other storage spaces
like attics, storage depositories, costume wardrobes, museum cupboards and box-shelves to
protect their specimen contents from attack by undesirable insect infestations. It has been
used to kill nematodes (parasitic worms) in livestock. Naphthalene burns with thick black
smoke and this is used in pyrotechnical (fireworks) displays and when making movies... It
also slows rust formation; consequently bags of it are often kept in toolboxes. Also its strong
odour is used in urinals toilets to mask ammoniacal smells. [1, 2]

Other Uses

Because it is solid at low industrial temperatures, it is used to create porosity in grinding
wheels which are fired way above its melting, flash, and ignition point.

Naphthalene is also used in the chemical engineering field as a tool on the way to
producing a variety of insecticides and synthetic dyes. Alkyl naphthalene sulfonates are used
to disperse colloidal systems in aqueous media to make granular agricultural formulations,
and processing textiles in fabric industries. It is used widely in processes for bleaching and
dyeing cloth, making pigments, pesticides, rubber processing, and miscellaneous chemicals
and pharmaceuticals. It is used as a plasticiser (dispersant) to make concrete and plaster
board (wallboard and drywall); for synthetic rubbers, tanning agents, and in making lead-acid
battery plates. [1, 2]
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MEDICAL PROBLEMS AND CHALLENGES

Naphthalene is easily absorbed into the body. Rare cases have been reported through oral
ingestion of the solid. More frequently poisoning occurs from vapours being absorbed
through inhalation, [3, and 4] or dermal through skin by prolonged contact from handling. [4,
5,6, 7]

Ocular contact with naphthalene will cause eye problems, [4] and exposed pregnant
women put their foetuses at risk as naphthalene will cross the placental barrier. [8]
Naphthalene affects pulmonary cells and induces chronic inflammation that results in
pulmonary fibrosis. [9]

Red blood cells are particularly susceptible to naphthalene poisoning and anaemia results,
with increased fragility of erythrocytes. [10] Haemoglobin is released in the serum after
release from the imploding erythrocytes. Kidney, [11, 12] liver, [13] heart [14] and brain
tissues react to naphthalene poisoning. Exposure has been associated with laryngeal and
intestinal carcinoma. [15, 16].

It has a characteristic camphor-like smell of tar derived from coals. It is a volatile
flammable solid that vaporizes at room temperature, and is detectable by the human nose
(organoleptically, that is subjectively) at concentrations of 0.08ppm. [17] Workplace
standards of air pollution with naphthalene have been put at a threshold time weighted
valuelOppm. [18]

Mechanisms and Pathophysiology

Understanding and controlling the molecule is essential to sustain health. Naphthalene
poisoning promotes oxidative stress in all tissues. [19] It totally inactivates enzymes like
glucose-6 dehydrogenase (G6PDH), and those with inherited deficiency of G6PDH are
particularly susceptible to naphthalene poisoning and develop haemolytic anaemia.
Glutathione is a strong anti-oxidant, and because of hereditary erythrocyte instability of
glutathione, naphthalene poisoning with glutathione forms an epoxide metabolite (alpha
naphthol) that mediates erythrocyte haemolysis. [9, 10, 20] Oxidative stress and lipid
peroxidation with sulfur-groups in proteins leads to hepatic necrosis and ocular toxicity. [12]
New borns are susceptible because they cannot conjugate both naphthalene and bilirubin,
leading to neo-natal kernicterus (jaundice). The lens develops cataracts (precipitated protein).
Depletion of glutathione also causes dose-dependant bronchiolar epithelial necrosis,
inflammation and subsequent pulmonary fibrosis with breathing problems. [9]

Clinical Features

Toxic effects vary widely among patients [4, 21] Naphthalene is not a mammalian
molecule and is incompatible with health.

Ingestion: When introduced into the body it acts as a disruptive poison. 2 grams ingestion
over 2 days will be lethal to a 6 year old child. [3, 22, 23] The lethal dose for adults is
between 5 and 15 grams depending on the weight of the subject [4].
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Signs and Symptoms

Presentation: Unexplained headache, abdominal pain, nausea, vomiting, diarrhoea, fever,
and profuse sweating are early features of naphthalene poisoning. Patients may develop optic
neuritis, haemolytic anaemia, jaundice, pallor and hepatic necrosis.

Those with inherited G6DPD deficiency or sickle cell trait are more susceptible to
haemolysis and methmaemoglobinaemia. [22]

Inhalation: Toxicity may be noted and is often encountered after a prolonged period of
exposure. A wide variety of signs and/or symptoms may manifest from chronic exposure to
naphthalene vapours, such as, headaches, bouts of mental confusion, and visual disturbances
[22] chronic inhalation may produce varying degrees of nausea, loss of appetite, vomiting or
disorientation. Delayed intra-vascular haemolysis may occur [4], and respiratory failure,
pulmonary oedema, bouts of pneumonia and dyspnoea, respiratory distress and respiratory
failure may present as a result. [13]

Local Effects
Eye, Ear, Nose and Throat : Corneal ulceration and cataracts may develop after exposure
to naphthalene vapour or dust. Nasal and pharyngeal irritation with catarrh developing is
noted with chronic exposure. Allergies to naphthalene are also reported but are rare. [4, 25]
Skin exposure: Continuous handling of naphthalene may produce a dermatitis
characterised by itching, redness, scaling, weeping and crusting of the skin. [22]

Systemic Effects

Heart: The cardiac effects may show tachycardia and arrhythmias with hyperkalaemia
and possible circulatory failure. [13, 24].

Blood analysis often includes a rapid fall of the RBC’s count, the haemoglobin, and
haematocrit, and a temporary increase in reticulocytes and normoblasts in the peripheral
blood. Erythrocytes may contain Heinz bodies and show anisocytosis (variation in size) and
poikilocytosis (irregular shapes). Deficiency of G6PDH can be demonstrated with a specific
test (25).

Serum bilirubin is elevated. Consequently urine may vary in colour from reddish brown
to dark brown bark black, and the metabolite alpha naphthol will be found in it. [11].

Pregnancy: a peculiarity of ‘pica’ (eating unusual abnormal substances as food) may
occur during pregnancy. Pica-sucking of naphthalene in the third trimester has been reported
with toxic haemolytic effects of the mother and baby. Withdrawal allowed for full recovery of
mother and child. [8, 4]

Brain: Many types of insecticides interfere with neuro-transmission and ion channels.
Naphthalene affects the brain and cognitive, pyramidal and extra-pyramidal, cerebellar
functions may be compromised. Mild CNS effects are reversible. [26] Accommodation to the
naphthalene fragrance also happens and consequent inhalation of vapors is unwittingly
sustained. This may lead to any of the pathological reaction described.

Therapy and Treatment Strategies

Lens opacification and/or pulmonary histological changes are noted with poisoning, and
naphthalene also depletes glutathione, inhibits lipid peroxidation, and increases DNA
fragmentation. Naphthalene toxicity produces cellular oxidative stress through production of
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superoxide anion and hydroxyl radicals. The ability to protect against toxic effects of
naphthalene by using various anti-oxidants and free radical scavengers has been shown. [19].
Vit E, VitE-succinate, melatonin, curcumin, various L-cysteine pro-drugs, some aldose
reductase inhibitors and spin-trapping agents, will counter to some extent the
toxic effects. [19]

Resveretrol is an anti-oxidant found in red wines, grapes and many vegetables.
Resveretrol treatment reverses most biochemical aberrations and histological damages
induced by naphthalene toxicity. Resveretrol inhibits neutrophil infiltration, balance oxidant-
antioxidant status, regulates generation of inflammatory mediators, and ameliorates oxidative
organ injury due to naphthalene toxicity. [27]

Skin and eye exposure: Flush the affected area with lukewarm running water for at least
20 minutes. When handling the material, wearing impervious gloves is essential. [4]

Inhalation: Remove source and separate victim from the source. A thorough assessment
of the respiratory airways, breathing and circulation is demanded. Administer oxygen if
cyanosed and support ventilation. Cardio-pulmonary resuscitation may be indicated. With
chronic poisoning frequent assessments of cardiopulmonary health is demanded with
appropriate support to stabilize breathing and cardiac function. [11] A course of cortisone
helps relieve symptoms. [25]

Ingestion: If more than 2 hours has passed gastric lavage is not effective [12]. Activated
charcoal in slurry of water at 1 gram/kg up to 50 grams could prove useful. Fatty foods and
dairy products should be avoided as they promote absorption [4, 12].

Prevention and Removal

The source of the vapours must be removed including all clothes or foodstuff that may
have been exposed to the vapours. Relocating the victim and aerating their dwelling until no
trace of the naphthalene is detected by smell; this is indicated to ensure cessatio of the
offensive fumes.

Severe anaemia, kernicterus, convulsions, and renal dysfunction demand professional
medical handling, and hospitalization with intense observation and symptomatic treatments
are indicated.

DISCUSSION

All substances may be poison; it all depends on the dosage, frequency of exposure and
quanta received.

The weight of victims, the form in which poisons are administered, and the time over
which a poison is exposed, all impact on the body effects.

SOCIOLOGY AND IMPLICATIONS

From the wide range of industrial uses outlined above, it is easily possible for many
people to be exposed to naphthalene and its deleterious effects. Children may play with it, and
the ignorant may actually eat it. But by far the most prevalent domestic use is for protecting
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clothes, woolen haberdashery (like blankets) and preserving other garments or furs against
household moths. Naphthalene is manufactured into spheres (mainly) or other shapes of
various sizes, and freely marketed to the public for household use. In spite of warnings on the
packets, most people liberally use the products without appreciation for its potential harmful
effects. For mothballs as naphthalene to be an effective fumigant, clothes should be enclosed
in air-tight plastic bags. This ensures the vapours reach lethal levels for the moths and their
larvae. Once removed, treated garments should be removed from their bags and aired out in
fresh breeze until no camphorous odour can be detected.

People spending prolonged times in confined spaces with high concentrations of
naphthalene vapours are prone to become mysteriously ill. This frequently affects seniors who
hibernate in winter in small apartments, and have laced their accumulated expensive
garments with naphthalene. Often the garment retainers are not air-tight and after a short
period, the human nose accommodates to the naphthalene smell, and is tolerated or ignored.

Consequently complex symptoms arise and a medical diagnosis is obfuscated by many
confounding variables and many a physician is flummoxed at the complexity of clinical
findings. [11] Often the diagnosis of chronic naphthalene poisoning is arrived at too late to be
able to implement effective curative therapy, and palliative therapy is all that is available.
This is a challenge for both patient and treating physician.

Chronic naphthalene poisoning through inhalation may produce a sequence of minor but
persistent signs and symptoms. Late onset anaemia, mild jaundice, urinary color changes, loss
of mental acuity and heart problems may all manifest in mild or severe forms. Chronic
poisoning may produce mild signs and symptoms, until threshold levels are reached, and
positive therapeutic interference is indicated. This may demand cardiac, haematological or
ocular therapies depending on which organ is in crisis.

Often the clues from toxicity are vague and obfuscated, but may be picked up in the
presenting anamnesis (Medical History). A patient may report feeling much better after taking
a boat cruise or other outdoor holidays. Others may claim they cannot stand the winters any
more. Some say they breathe more comfortably outdoors but are limited because of the cold
exposure. Friends may note the smell of naphthalene on victims’ clothes, to which the victim
may be oblivious. Affected foodstuffs may taste of naphthalene. If naphthalene poisoning is
suspected a urinary test may vary in colour, and finding the metabolite alpha naphthol in it
confirms toxic exposure. [11].

Courtesy, respect, possible ignorance of the deleterious effect and political correctness
prevent friends from reporting or complaining about the offensive odour. Full medical
workups may not be diagnostic or conclusive, and chronic naphthalene poisoning as a
diagnosis may not initially be realized. Patients may develop a cardiac arrhythmia, anaemia
and/or chronic pulmonary fibrosis as a result, and the best chances for preventive therapy may
be missed. Only after symptomatic therapy and relocation to new lodgings will improvement
be noted and a cohesive explanation for the symptoms realized.

CONCLUSION

People, especially seniors, who have used naphthalene, should be more aware of the
possible dangers deriving from its toxic fumes. Everyone should be made aware of the
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naphthalene dangers staying in an enclosed space without proper ventilation. Proper use and
washout aeration of clothes moth protected by naphthalene are indicated. Mothballs are not so
innocent; they may be a serious danger and a silent killer.
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