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Preface

Biosensing technologies combining the high selectivity of biomolecular recognition and the
sensitivity of modern signal detection platforms are a prospective option for automated
analyses. They allow rapid detection of single molecules as well as cellular substances. Nov-
el semisynthetic biorecognition agents along with smart materials, modern electronics and
information technology are paving a way to the next generation of analytical equipment,
which is miniature, robust, cheap and applicable for automatic operation.

Pathogens are infectious biological agents like viruses, fungi, or different microorganisms.
We are living in a world of bacteria, which form a biomass exceeding that of all plants and
animals. Although we are constantly exposed to different pathogens, a vast majority of them
are eliminated by our immune system. Still, in many cases, a treatment is necessary to fight
various infections.

Effective treatment of infections requires precise detection of the causative agent. However,
the detection of pathogens can be time-consuming. For example, bacteria are currently iden-
tified mostly by microbiological culturing methods that take several days. Faster alternatives
for microbiology are polymerase chain reaction and enzyme-linked immunoanalyses allow-
ing to obtain results in several hours. However, they are still not suitable for on-line analysis
due to relatively long detection time and complex procedures.

A prospective option for the detection of pathogens in a time frame of minutes is biosensors.
Thanks to the fast development of technology, numerous novel biosensor solutions offering
real-time, on-site multiplex detection of a large variety of infectious agents have been pro-
posed. The present book, including 12 chapters from 50 authors, introduces the principles of
identification of specific pathogen biomarkers along with different biosensor-based technol-
ogies applied for pathogen detection. I would like to express my appreciation to all authors
for their contribution and cooperation and wish them success in their forthcoming activities.
My special thanks go to InTech team, particularly the publishing process manager Maja Bo-
zicevic for her professional commitment and dedication.

Toonika Rinken and Kairi Kivirand
University of Tartu, Estonia
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Introductory Chapter: Why Do We Need Rapid
Detection of Pathogens?
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1. Importance of pathogens

A pathogen is defined as an infectious biological agent, which can be a virus, bacterium, fun-
gus, or other microorganism being the first link in the chain of infections and diseases. We are
all exposed to pathogens in our everyday life, but normally they cause no harm as the body’s
immune system eliminates them. In order to survive and multiply, pathogens must be able to
colonize the host, replicate, and spread to a new host.

Pathogens can be divided into human, animal, and environmental pathogens [1, 2]. The two
major subdivisions of environmental pathogens are foodborne and waterborne pathogens [3].
The key difference between environmental pathogens and human along with animal patho-
gens is their ability to survive and thrive outside the host [3].

Environmental pathogens are defined as microorganisms that normally spend a substantial
part of their lifecycle outside hosts. They are born in the water, soil, air, food, and other ele-
ments of our surroundings, and influence individual organism [3]. Foodborne diseases are
caused by the consumption of food or water contaminated with pathogens or their toxins.
The common foodborne pathogens, which are responsible for most of the foodborne disease
outbreaks, are Listeria monocytogenes, Escherichia coli O157:H7, Staphylococcus aureus, Salmonella
enterica, Bacillus cereus, Vibrio spp., Campylobacter jejuni, and Clostridium perfringens [2].

The increasing demand for street food and for minimally processed ready-to-eat products
has increased concerns about food safety [2]. We should carefully control the production pro-
cesses in the food and agricultural sectors to assure high standards for food quality and safety.
Most waterborne pathogens (Salmonella typhimurium, Vibrio cholerae, Legionella, Escherichia coli
0157:H7, and Campylobacter jejuni) do not grow in water, and are introduced into drinking-
water supplies with human or animal feces. These pathogens can initiate infections in the

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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gastrointestinal tract following ingestion [1]. It has been calculated that diseases caused by
waterborne pathogens have an annual economic cost around 1 billion dollars in the US and
nearly 12 billon USD worldwide [1]. Based on this threat, infections caused by contami-
nated water have a considerable impact and testing of the safety of drinking-water should be
improved.

Treating infections with broad-spectrum antibiotics in cases where timely treatment is unavoid-
able, but the causative agent has not yet properly identified is a common practice. This can cause
major damage to the normal microbiota of host organism and pose a global threat of spreading
drug-resistant bacteria [4]. Decades of research into antibiotic development has produced highly
effective and safe antibiotics, giving excellent tools for prevention and focused fight with bacte-
rial infections [4]. However, release of each new drug has been inevitably followed by a rapid
propagation of resistant pathogens. This issue has become a serious threat, causing annually at
least 23,000 deaths in the United States [4] and about 25,000 deaths in the European Union [5].

In US, it is suggested that around 80% of the nation’s annual antimicrobial consumption is
used in food animals for medical procedures, disease prevention, and growth promotion [6].
So, the misuse of antibiotics due to insufficient identification of infection-causing pathogens
in veterinary has even a bigger impact on the spread of drug-resistant bacteria.

The availability of modern detection methods plays a key role in the speed and quality of
monitoring, surveillance, and quantitative microbial risk assessment, and has a major influ-
ence on implementing the best practices to prevent threats [1].

2. Current methods for pathogen detection

How to detect small numbers of pathogens in large numbers of harmless microflora in a
large and complex sample matrix? How to make sure that the strains recovered are indeed
pathogenic?

The gold standards for pathogen detection are culture-based methods [7, 8]. The culture-
based methods or count methods of culturing and colony — detecting of microorganisms—are
based on the integration of the sample into a nutrient medium in which the microorganisms
can multiply, thus providing visual confirmation of their growth [9]. Although these methods
are simple, easily adaptable, and generally inexpensive, they are laborious, limited by low
sensitivity (false negative results), and require relatively long time to perform as they depend
on the ability of the microorganisms to grow in different culture media [9]. It commonly takes
2-3 days to get initial results, and up to 1 week to get final information about the specific
pathogen causing the infection or disease with culture method [9].

In recent decades, many new methods have emerged for the rapid diagnostics of bacterial
infections. Microbiological analysis are based on the detection of microorganisms by visual,
immunological, or genetic means, either before (enumerative methods) or after enrichment
of samples [9].
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The most widespread methods for pathogen detection are polymerase chain reaction (PCR)
and enzyme-linked immunosorbent assay (ELISA). PCR method is very specific and can be
used to identify microorganisms that cannot be readily cultured. However, the PCR method
which requires amplification, isolation, and quantification of DNA is a complex technique
to use and requires costly instruments and trained personnel [10]. In comparison with PCR
analysis, ELISA is less complicated and less expensive, but real-time detection is not possible
due to the need of incubation of samples for 2-3 h [10]. Therefore, neither PCR nor ELISA
techniques meet the criteria of carrying out on-site rapid analysis of pathogens, therefore
alternative methods are in urgent need. The main advantages of rapid detection techniques
are the possibility of earlier interference and faster focused action to potential problems, but
also improved throughput of analysis.

Novel technologies for the detection of pathogens are of critical importance, and extensive
research and development activities are going on with the aim to reduce assay time and
reduce the amount of manual labor by automating methods whenever possible [8, 9]. The
sensitivity of assessment is another major parameter in cases when potential risk of infections
is caused by low number or a single pathogen.

Modern biotechnologies are important in many fields: agriculture, medicine, environmen-
tal monitoring, and in food industry as they are improving the ability to detect pathogens
quickly and effectively. Nevertheless, the development of new methods has many chal-
lenges. These methods should be capable of concentrating pathogens and removing matrix-
associated inhibitors, should be simple, rapid, and inexpensive; they should be able to
eliminate or reduce the need for culture enrichments and minimize the chance for false-
positive results [8].

In recent years, there has been a constant growth in the field of pathogen biosensing due to
modern developments of novel electronic devices. Biosensor-based technologies commonly
rely on the specific recognition of antigen epitopes of pathogen targets by a recognition agent-
like antibodies or aptamers. These immunosensing technologies offer prospective features
like real-time, on-site, simultaneous multiplex detection of different pathogenic agents inte-
grating the selectivity of biomolecules and the processing power of modern nanoelectronics
[11]. One must also remember that even having established a rapid and reliable method for
the detection of pathogens, we should remember that detection technology is not the only
aspect to consider and we still have to follow strict sampling procedures to avoid contamina-
tion. Otherwise, the results can be meaningless or even worse —misleading.
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Abstract

Foodborne diseases, caused by pathogenic bacteria, have become an important social
issue in the field of food safety. It presents a widespread and growing threat to human
health in both developed and developing countries. As such, techniques for the detection
of foodborne pathogens and waterborne pathogens are urgently needed to prevent the
occurrence of human foodborne infections. Although traditional culture-based bacterial
isolation and identification are the “gold standard” methods with high preciseness, their
drawbacks in time-consuming are inadequate for rapid detection of pathogen to reduce
foodborne disease occurrence. Fortunately, with the development of biotechnologies and
nanotechnologies, various kinds of new technologies for rapid detection of pathogens
have been developed so far, such as nucleic acid-based methods, antibody-based
methods, and aptamer-based assays. In this chapter, we summarized the principles and
the application of some recent rapid detection technologies for pathogenic bacteria. More-
over, the advantages and disadvantages of the established and emerging rapid detection
methods are addressed here.

Keywords: pathogen, rapid detection, nucleic acid, antibody, aptamer

1. Introduction

Foodborne pathogens, which are widely responsible for many foodborne diseases, constitute a
serious threat to human health. In recent years, foodborne and waterborne pathogenic micro-
organisms have caused numerous epidemic diseases in the world [1]. Salmonella, Shiga bacillus,
Escherichia coli O157:H7, Bacillus cereus, Staphylococcus aureus, and Listeria monocytogenes are the
primary pathogens that are responsible for most foodborne disease [2-6]. Centers for Disease
Control and Prevention (CDC) reported that approximately 73,000 cases of foodborne disease

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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occur annually. In 2013, a total of 19,056 are infected with foodborne pathogen, of which 4200
are hospitalizations, and 80 are deaths in the United States [7]. The foodborne diseases are
even high prevalence in many developing countries. Worldwide, there are 600 million
foodborne illnesses with 420,000 deaths in 2010, which is estimated by the World Health
Organization (WHO) Foodborne Disease Burden Epidemiology Reference Group (FERG). A
great proportion of these cases are due to the contamination of raw or undercooked foods and
drinking water [4, 6, 8, 9]. Hence, it is urgent to detect foodborne pathogens in order to control
foodborne pathogen spread and reduce foodborne disease occurrence.

Currently, culture-based bacterial isolation and identification are the “gold standard” methods
for laboratory detection of foodborne pathogens [10]. However, they suffer from time consump-
tion, which requires 2-3 days for initial culture and enrichment, and more than 1 week for
confirming the target pathogenic bacteria [11, 12]. Moreover, it requires expensive instruments
and professional technicians and remains problematic due to the lack of phenotypic characteristics

Method Advantages Disadvantages Sensitivity Ref.
Real-time PCR" — Amplification can be monitored —Difficulty in multiplex assay 10 [25]
at real time —Need skilled person and CFU/mL
—Confirmation of specific support
amplification by melting curve —False-positive results

— Accurate quantification

Multiplex PCR* —Highly efficient (detection of —Difficulty in distinguishing 1 CFU/mL  [26]
several pathogens at a time) live and dead cells
—Systematic (suitable for detection =~ —Requires post-PCR
of groups of pathogens) processing of products
(electrophoresis)
—Need skilled person and
support
—Costs more than culture-
based methods and ELISA
Antibody-based method —More rapid than culture-based — Difficulty to differentiate 60 [35]
(ELISA? and LFIA®) methods (1~2 h vs. 5~7 d) damaged or stressed cells CFU/mL
—Can be automated to reduce assay ~—Need for pre-enrichment
time and manual labor input —High cross-reactivity with
—Able to handle large numbers of close antigens in bacteria
samples

—Convenient and suitable for the on-
site testing

Aptamer-based method —Inexpensive, stable, and can be —High false positive 1.5 [78]
(optical and electrochemical ~chemically synthesized than —Difficulty in detecting CFU/mL
methods) antibody damaged or stressed cells

—Time-saving (2 h vs. 5~7 d of —Need for pre-enrichment

culture-based methods) —Possibility of cross

— Automated to reduce manual contamination

labor input

—High throughput

—Multiplex assays

?PCR, polymerase chain reaction; Y ELISA, enzyme-linked immunosorbent assay;  LFIA, lateral flow immunoassays.

Table 1. Advantages and disadvantages of detection methods.
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to distinguish between generic pathogens, which may largely restrict its application. It is
evident that culture and colony-counting methods are inadequate for rapid detection of
foodborne pathogens, especially for reduce foodborne disease occurrence. The frequent out-
break of foodborne diseases and the economic and social implications indicate that analytical
methodologies that can rapidly detect and identify pathogens are urgently needed. As such,
many researchers devote themselves to developing more advanced detection methods that can
identify pathogens accurately and rapidly in a timely manner in the food industry [13-20].

In this chapter, we summarize the recent trends, developments, advantages, and disadvan-
tages (listed in Table 1) about rapid detection of pathogens based on nucleic acid, antibodies,
and aptamers and then give a perspective on the future directions of rapid analysis of
pathogens.

2. Methodologies for pathogen detection

2.1. Nucleic acid-based assays

Culture- and colony-based methods are the standard methods for the detection of pathogens.
They rely on the ability of microorganisms to multiply to visible colonies [21]. The major
drawbacks of these microbiological methods are their labor intensiveness and time consump-
tion as it usually takes 2-3 days for initial results and up to 7-10 days for confirmation. In
comparison, nucleic acid-based assays can greatly shorten the testing time.

2.1.1. Real-time PCR

Real-time PCR technology is a reliable method in identification and quantitative detection of
bacteria due to its accuracy, rapidity, specificity, and low detection limit. In addition, it is a
promising alternative approach to estimating the number of bacteria [22, 23]. For example,
Gyawali et al. [22] presented a specific and sensitive real-time PCR method to detect
Ancylostoma caninum ova in wastewater matrices. This method exhibited high sensitivity with
the ability to detect Ancylostoma caninum DNA up to dilution of 10™* (equivalent to 500 fg)
consistently. Moreover, the precise copy number of a specific nucleic acid sequence can be
quantified with the real-time PCR technique based on a calibration curve created with known
concentrations of DNA [24, 25]. Gokduman et al. [25] established a recombinant plasmid-
based quantitative real-time PCR assay for Salmonella enterica serotypes with the detection
limit of 10 CFU/mL. Obviously, the real-time quantitative PCR has already been a promising
quantitative method for the quantitative detection of bacteria, due to its lower cost than that of
culture-based method.

2.1.2. Multiplex PCR

Multiplex PCR, also known as multiple primer PCR, which is a PCR reaction system with two
or more primers, can amplify a plurality of nucleic acid fragments in a system. Compared to
other methods, multiplex PCR is very useful as it allows the simultaneous detection of several
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pathogenic bacteria by introducing different primers to amplify DNA regions coding for
specific genes of each bacterial strain targeted [26]. Methods for multiplexing PCR have
considerably improved over the last years, thereby decreasing genotyping costs and increasing
throughput. Examples of multiplex PCR technique for the simultaneous detection pathogens
include multiplex PCR assay for rapid and simultaneous detection of Escherichia coli O157:H7,
Salmonella, Staphylococcus aureus, Listeria monocytogenes, and Vibrio parahaemolyticus [27]; simul-
taneous detection of bacteria of the genus Listeria, Listeria monocytogenes, and major serotypes
and epidemic clones of Listeria monocytogenes [28]; and simultaneous detection of Escherichia
coli O157:H7 and Listeria monocytogenes [29]. Multiplex real-time PCR-based assay can rapidly
detect 25 clinically important pathogens directly from whole blood in <6 h [30].

2.2. Antibody-based assays

Antibodies are a unique natural family of immune system-related glycoproteins known as
immunoglobulins, produced by differentiated B cells in response to the attendant of an immu-
nogen during an immune response. Because of the specific interactions and the extremely high
equilibrium association constants (10'°/M and greater) attainable between an antibody and its
corresponding antigen, antibodies are employed as an excellent biorecognition element for the
highly sensitive and selective immunoassays [31]. Their utilization in biosensors brings new
tools for analysis in the biochemical, clinical, and environmental fields. Without exception,
antibody-based assays such as enzyme-linked immunosorbent assay (ELISA), lateral flow
immunoassay (LFIA), and so on are very popular for the detection of pathogens.

2.2.1. Enzyme-linked immunosorbent assay (ELISA)

ELISA-based approaches are the most prevalent antibody-based assay for pathogen detection
[32]. Compared with the culture-based methods, this immunological approach has been used
to detect pathogens in poultry production (poultry feed, feces, litter, carcass rinsing, and water
samples) and has provided a better sensitivity and shorter time frame [33]. Recently, improve-
ments by combination with other advanced nanomaterials such as novel enzyme-based signal
probes have been made in the basic ELISA method for pathogen detection. For example, by
using silica nanoparticles (NPs) carrying poly(acrylic acid) brushes as a “catalase (CAT) con-
tainer” to increase enzyme loading, Chen et al. [34] presented an improved plasmonic ELISA
(pELISA) method for detection of Listeria monocytogenes at ultralow concentrations with the
sandwich format. The limit of detection (LOD) obtained by this method (80 CFU/mL) was two
and five orders of magnitude lower than that of conventional CAT-based pELISA and horse-
radish peroxidase (HRP)-based conventional ELISA, respectively. To further simplify the prep-
aration of enzyme-labeled antibody, Lin’s group innovatively prepared an all-in-one organic—
inorganic nanoflower, which integrated biorecognition unit (concanavalin A or antibody),
signal amplification unit (glucose oxidase or HRP), and carrier unit within a one-pot reaction.
And then, it was used for a portable sensitive ELISA detection of Escherichia coli O157:H7.
Under the optimal conditions, the detection sensitivity can reach as low as 10 CFU/mL for the
case of concanavalin A-glucose oxidase [17] and 60 CFU/mL for the case of antibody-HRP [35].
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2.2.2. Lateral flow immunoassay (LFIA)

LFIA-based methods are a form of immunoassay, which emerge for the first time at the end of
the 1960s and consist of a chromatographic system and immunochemical reaction [36-38]. The
principle of LFIA is based on antibody—antigen specific interaction. After the sample is applied
to the sample pad, it migrates along the test strip via capillary action, and a signal response is
obtained about 5-10 min later [39, 40]. Due to its simplicity, rapidity, low cost, portability, and
facile interpretation without external reagent or external instrumentation, LFIA has held great
potential for foodborne pathogen detection [15, 16, 41]. In addition, the LFIA can realize visual
detection and quantitative detection by employing different labels, such as colloid gold, fluo-
rescent materials, and magnetic beads [40, 42, 43]. Descriptions on some of the labels that are
applied for pathogenic bacteria detection are presented in the following sections.

2.2.2.1. Colloid gold as label

Colloid gold is the most widely used label of LFIA due to its intense color and direct visuali-
zation [44], and it has been widely used for the detection of foodborne pathogens [45-48]. Jung
et al. [45] used a colloid gold-based LFIA to detect Escherichia coli O157:H7 in enriched
samples, and the LOD was 1.8 x 10° CFU/mL without enrichment and 1.8 CFU/mL after
enrichment. Preechakasedkit et al. [49] also developed a colloid gold immunochromatographic
strip for the detection of Salmonella typhimurium with a minimum detection limit of
1.14 x 10° CFU/mL. Park et al. [15] presented a detection method of Escherichia coli O157:H7
and Salmonella typhimurium with a pressed paper-based dipstick by employing colloid gold as
labels. The detection limit of Escherichia coli O157:H7 was around 10° CFU/mL, while that of
Salmonella typhimurium was around 10° CFU/mL. In the case of the work of Song et al. [41],
Shigella boydii, and Escherichia coli O157:H7 can be detected simultaneously in bread, milk, and
jelly samples using colloid gold-based LFIA, and the detection limit of 10° CFU/mL for both
Shigella boydii and Escherichia coli O157:H7 was achieved.

2.2.2.2. Quantum dots as label

As the low sensitivity of colloid gold, fluorescent materials have gained more and more
interest due to their higher sensitivity than colloid gold in the field of lateral flow assay [50].
Furthermore, the fluorescent materials enable lateral flow assay to detect the target quantita-
tively. Compared with colloid gold, which can only provide qualitative or semiquantitative
results, quantitative detection can offer more information [42, 51, 52]. In particular, quantum
dots show unique fluorescence properties, such as high and stable fluorescence signal [53-55].
During the last decade, quantum dot-based lateral flow assays have been applied to the
detection of foodborne pathogen [56-58]. Bruno [56] utilized quantum dot-conjugated anti-
body as the signal reporter of the lateral flow assay to detect Escherichia coli O157:H7. With the
assay, the detection limit of Escherichia coli O157:H7 is calculated to be 600 cells per test, while
that of colloid gold-based lateral flow assay is 6000 cells per test, indicating the higher sensi-
tivity of quantum dots than colloid gold as labels of lateral flow assay. Chen et al. [58] also
developed a competitive format lateral flow assay with quantum dots for the detection of
Staphylococcus aureus in food. The detection limit is 3 CFU/mL.

9
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2.2.2.3. Magnetic beads as label

Magnetic beads are another type of label, which can realize quantitative detection of targets by
measuring the magnetic signal [40, 57, 59]. Due to the fact that they are strongly colored and
can enrich and separate targets from complex matrix, magnetic beads are new attractive
materials to construct a lateral flow assay, which will probably replace traditional labels.
Especially, magnetic beads can simultaneously provide visual signal and magnetic signal.
Several researches have recently focused on the use of magnetic bead-based lateral flow assay
to detect pathogenic bacteria [60-62]. Wang et al. [60] employed antibody-coated magnetic
beads with the diameter of 300 nm as signal reporter of lateral flow assay for Bacillus anthracis
spore detection. A detection limit of 6 x 10* spores/g of milk powder, 2 x 10° spores/g of
starch, and 5 x 10° spores/g of baking soda was obtained, respectively. Suaifan et al. [63]
described a magnetic bead-based lateral flow assay, which can specifically and simultaneously
detect Escherichia coli O157:H7 proteases in complex food matrices. The limits of detection were
12 CFU/mL in broth and 30-300 CFU/mL in food matrices. Xia et al. [64] developed a gold
magnetic bifunctional nanobead-based lateral flow assay for the detection of Salmonella
choleraesuis. Results indicated that the assay was specific and rapid with the detection limit of
5 x 10° CFU/mL, which was much more sensitive than that of colloid gold-based LFIA
(5 x 10° CFU/mL), suggesting that magnetic beads were indeed superior to colloid gold.

2.3. Aptamer-based assays

Besides antibodies, other biomolecules have been investigated to selectively capture and enrich
pathogens from cultures, among which aptamer is the most prevalent one [65]. Aptamers, as
short single-stranded nucleic acids (DNA or RNA), can bind with high affinity and specificity
to a wide range of target molecules, such as ions, small organic molecules, and proteins [66-
68]. The affinities of aptamers for their targets are comparable to, or even higher than most
monoclonal antibodies. More importantly, compared with antibodies, they also exhibit a num-
ber of advantages. First of all, aptamers can be routinely produced by chemical synthesis,
avoiding the use of animals required for antibody production. Furthermore, they are generally
more chemically stable, and their binding properties are easier to manipulate. To this end, a
number of aptasensors based on optics and electrochemistry have been recently reported for
pathogenic microorganism typing and detection.

2.3.1. Optical strategies

Surface-enhanced Raman scattering (SERS) possesses several attractive properties, such as
ultrahigh sensitivity, high speed, comparatively low cost, and multiplexing ability and porta-
bility [69-71], which enable SERS to be widely used for sensitive detection of chemical and
biological agents [72, 73]. Since Holt and Cotton first reported the SERS spectrum of bacteria,
the identification and detection of microorganism by SERS have attracted high interest recently
due to the spectroscopic fingerprint and nondestructive data acquisition in aqueous environ-
ment [74]. To date, there have been many SERS biosensors developed, especially based on a
“magnetic separation” approach, which focus on bacterial pathogen detection. Wang et al. [75]
reported a magnetically assisted SERS biosensor for single-cell detection of Staphylococcus
aureus on the basis of aptamer recognition. The biosensor consists of two basic elements
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including a SERS substrate (Ag-coated magnetic nanoparticles) and a novel SERS tag (Au
nanorod-5,5-dithiobis-(2-nitrobenzoic acid) (AuNR-DTNB)@Ag-DTNB core-shell plasmonic
NPs or DTNB-labeled inside-and-outside plasmonic NPs (DioPNPs)). Based on these, the
LOD of 10 cells/mL can be achieved for Staphylococcus aureus detection. Similarly, through
combined gold NPs (GNPs) modified with Raman molecules and Fe;O, magnetic GNPs
immobilized with aptamer, Zhang et al. [76] successfully fabricated GNP-enhanced SERS
aptasensor for the simultaneous detection of Salmonella typhimurium and Staphylococcus aureus.
In comparison with these label-based SERS methods, label-free methods do not require a
secondary label dye and can directly obtain the intrinsic fingerprint of bacteria, which relies
on the mutual interaction of bacteria cell with the SERS substrate [77]. With this regard, a lot of
label-free methods have been developed for the detection of pathogens. For example, Gao’s
group [78] successfully achieved intuitive label-free SERS detection of bacteria using aptamer-
based in situ Ag NP synthesis. The biosensor as prepared can recognize bacteria quickly and
directly by SERS with the formation of well-defined bacteria-aptamer@Ag NPs. The detection
limit is down to 1.5 CFU/mL.

As another typical spectroscopic method, fluorescence resonance energy transfer (FRET, a
homogeneous signal transduction technique), has been gradually employed for the determi-
nation of pathogenic bacteria. Yu et al. [79] presented a universal and facile one-step strategy
for sensitive and selective detection of pathogenic bacteria using a dual-molecular affinity-
based FRET platform based on the recognition of bacterial cell walls by antibiotic and aptamer
molecules, respectively. Within 30 min, the FRET signal shows a linear variation with the
concentration of Staphylococcus aureus in the range from 20 to 10° CFU/mL with a detection
limit of 10 CFU/mL. Moreover, Duan’s group [80] further achieved simultaneous detection of
Vibrio parahaemolyticus, Staphylococcus aureus, and Salmonella typhimurium through using
multicolor dyes as donors and carbon NPs as a sole acceptor in FRET.

2.3.2. Electrochemical strategies

Compared with optical-based biosensors, electrochemical methods, in general, show the
potential for construction of fast, simple, low-cost, sensitive, and high-throughput biosensors
that can be miniaturized [81-84]. To date, electrochemical aptasensors are widely used for
identification and quantification of pathogens. For example, Labib et al. [85] developed an
impedimetric sensor via assembling their selected highly specific DNA aptamers onto a gold
NP-modified screen-printed carbon electrode for the highly sensitive detection of live Salmo-
nella typhimurium. This aptasensor is very simple and highly selective. It can successfully detect
Salmonella typhimurium down to 600 CFU/mL (equivalent to 18 live cells in 30 uL of assay
volume). Moreover, to further improve the sensitivity, Abbaspour et al. [86] innovatively
combined the magnetic beads’ fast separation with the Ag NPs’ signal amplification. They
successfully fabricated an electrochemical dual-aptamer-based sandwich detection method for
Staphylococcus aureus. The aptasensor as prepared shows an extended dynamic range from 10
to 1 x 10° CFU/mL with a low detection limit of 1.0 CFU/mL (S/N = 3). Despite much progress
has been made, these methods always require probe labeling and aptamer immobilization,
which may affect the binding affinities between bacteria and their aptamers. With this respect,
Ding’s group [87] constructed a label-free potentiometric aptasensor for rapid, sensitive, and
selective detection of Listeria monocytogenes. In this strategy, the target-binding event prevents
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the aptamer from electrostatically interacting with protamine, which can be sensitively
detected using a polycation-sensitive membrane electrode.

2.4. Conclusion

Culture-based foodborne pathogen detection methods, although sensitive enough, are often
too time-consuming to reduce foodborne disease occurrence. Therefore, a large number of
innovative methods have been developed to overcome this performance limitation. These
rapid detection methods can be classified into nucleic acid-based methods, antibody-based
methods, and aptamer-based methods. All these rapid methods for foodborne pathogen detec-
tion are superior to culture-based methods. However, some of them still require improvement
in sensitivity, selectivity, simplicity, or accuracy to be of any practical use. Nucleic acid-based
methods, as a replacement method for culture-based methods, have high sensitivity and
require a shorter time than conventional culture-based techniques for foodborne pathogen
detection. Most of them still require highly trained personnel and expensive instruments,
which limit their use in a practical environment. The development of antibody-based methods
helped improve the time required to yield results. The specific binding of antibody to its
antigen results in its high specificity and sensitivity of antibody-based methods, and they work
well in food matrices without being interfered by other DNAs, proteins, or nontarget cells.
Aptamer-based methods are similar to antibody-based methods, which also exhibit high
sensitivity and selectivity. However, they still need to be improved for food matrix detection.
Increasing detection accuracy and decreasing detection time are the eternal themes in rapid
detection. In the future, new nanomaterials and rational biosensing strategies would be devel-
oped to approach the goal.
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Abstract

Volatile organic compound (VOC)-based diagnostics have great potential to be the next
generation of screening tools for pathogen identification and infectious disease manage-
ment. VOCs are low molecular weight metabolic compounds that have high vapor pres-
sures and low boiling points, both of which facilitate evaporation at ambient temperatures.
There is increasing evidence that particular VOCs, or profiles of VOCs, are unique to vari-
ous disease states. Different pathogenic species have been found to produce characteristic
profiles of VOCs by virtue of their distinct metabolisms. The detection of these metabo-
lite profiles from patient samples could provide an effective means of rapid, non-invasive
pathogen identification, thus enabling early diagnosis and treatment. In this review, we will
discuss the potential of VOC profiles to be utilized as biomarkers of pathogenic infection,
with a focus on bacterial pathogens. Herein we describe the common methods for clinical
VOC sample collection, provide an overview of the various instruments and techniques
used for VOC detection and analysis, and summarize the key findings of recent studies that
have investigated VOC biomarkers in various infectious diseases. We will also discuss the
challenges associated with translating VOC analysis into a clinical diagnostic tool.

Keywords: volatile organic compounds, VOCs, metabolites, signatures, biomarkers,
profiles, pathogen identification, infectious diseases, clinical diagnostics, non-invasive
tools, antibiotic resistance

1. Introduction

Although VOC identification has only been enabled by the development of sophisticated ana-
lytical techniques in the last two decades, the premise that VOC profiles can be used as bio-
markers for disease can be traced back to ancient times, when physicians diagnosed diseases
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based on their senses. The ancient Greek physician Hippocrates (460-370 BC) is said to have
poured human sputum over hot coals to liberate the distinct odors indicative of tuberculosis
infection. In the early 20th century, it was postulated that bad breath in many mammalian
species may be sexually unattractive precisely because it is indicative of disease [1]. Currently,
there is a great public health need to develop rapid, non-invasive methods of identifying
pathogens and determining their antibiotic resistance or susceptibility status in order to effec-
tively treat infectious diseases. Conventional diagnostic methods offer limited sensitivity and
specificity, and can be expensive, invasive for patients, and time-consuming, often requiring
several days for cell culture and low-throughput microscopy assays. Delays and limitations in
diagnostic results often lead to the initiation of untargeted therapies, such as treatment with
broad-spectrum antibiotics, which contribute to the evolution of antibiotic-resistant pathogens.

VOCs represent a diverse group of carbon-based molecules, including alcohols, ketones,
aldehydes, hydrocarbons, isocyanates, amines, terpenes and sulfides [2]. VOCs are generally
short-lived and become rapidly diluted in microenvironments. Altering growth conditions
can modulate VOC profiles, reflecting the unique metabolic state of an organism in specific
environments. Many animals, plants, and microbes have evolved chemical sensing mecha-
nisms that can detect minute quantities of VOCs released during growth to protect against
antagonists and to act as signaling molecules for intercellular communication. For example,
plants use volatiles to communicate with pollinators and to coordinate growth with their own
kind to out-compete foreign species.

As a result of normal metabolic functions, the healthy human body produces a vast number
of VOCs that are liberated in exhaled breath, skin secretions, saliva, blood, urine and feces.
Many of these VOCs likely derive from commensal microbes in the body and are often detect-
able by odor [3]. Pathogenic infection in humans alters both the quantity and composition
of VOCs produced. As a result of their distinct metabolisms, different pathogens produce
characteristic VOC profiles, which can often be detected in the headspace of cultures grown
in vitro [4, 5]. Upon pathogen infection, VOCs released by both the pathogen and infected host
can potentially be used as a diagnostic signature of the infection state. Analysis of the VOC
profiles released from clinical samples have yielded VOC biomarkers indicative of specific
diseases and infections [6-8]. Exhaled breath tests in particular have already proven useful in
the diagnosis of a broad range of pathologies, including lung disorders, diabetes, gastrointes-
tinal and liver disease, cancer, and pathogen infection [9-11].

VOC signatures uniquely associated with specific pathogens can be clinically relevant for
diagnosing various infectious diseases, elucidating antibiotic resistance versus susceptibility,
designing treatment regimens, and monitoring disease progression. The ability to reliably
distinguish between different pathogenic species, based on their VOC signatures, will facili-
tate the development of rapid, highly-sensitive, and non-invasive diagnostic methods and
tools, ultimately leading to improved patient outcomes.

2. Overview of clinical sample collection for VOC analysis

There are potential advantages to employing VOC signatures for disease diagnostics, such
as ease of collection from all patients, including the critically ill, children, and the elderly.
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Furthermore, longitudinal samples from patients could be more easily obtained to track dis-
ease progression and monitor therapeutic interventions during follow-up studies. The fol-
lowing section describes VOC collection and detection from various types of clinical samples.

2.1. Breath

The vast majority of studies on VOC biomarkers have been conducted using exhaled breath
samples, as they are the most easily obtained [12]. VOC analysis from breath samples has
proven useful for diagnosing a wide range of diseases and various infections [11, 13]. Exhaled
breath contains hundreds of VOCs that can be attributed to either exogenous or endogenous
sources. Exogenous volatiles include compounds inhaled from the external environment, such
as the ingestion of food or smoking cigarettes. Endogenous volatiles consist of compounds
derived from the body. These may include compounds produced by the human body’s
assortment of commensal bacteria, or in the case of infectious disease, compounds released
by pathogenic microbes. Endogenous volatiles are transported from different organs via the
bloodstream to the lungs, excreted via diffusion across the pulmonary alveolar membrane, and
subsequently exhaled via breath. Distinguishing exogenously derived VOCs from the endog-
enous compounds in a breath sample is a significant challenge in elucidating VOC signatures
related to disease. The detection of exogenous VOCs in a breath sample may suggest exposure
to a drug or environmental toxin, which can confound the search for disease biomarkers [14].

VOCs contained in clinical breath samples and bacterial culture headspace samples are pres-
ent at very low levels. To concentrate and analyze breath VOCs, several methods have been
developed, such as chemical trapping, sorbent trapping, cold trapping, or condensate trap-
ping, followed by thermal desorption to analyze the VOC content [15]. Pre-concentration of
breath VOCs can further be achieved by solid-phase micro-extraction (SPME), in which dif-
ferent VOCs in a sample are adsorbed by a coated microfiber. These VOCs are then delivered
directly into the mass spectrometer or other instrument for analysis. A more recently devel-
oped method is membrane extraction with a sorbent interface, which combines sampling and
pre-concentration in a single step [16]. Exhaled breath condensate (EBC) is another new tech-
nique in which aerosolized micro-droplets from the lower respiratory tract are captured by
directing the exhaled air through a cooling device, resulting in the accumulation of EBC in
the collection chamber. In general, EBC collection is an inefficient VOC capture method, due
to the abundance of non-volatile components in the micro-droplets [11].

2.2. Saliva

Human saliva from healthy subjects is a complex secretion containing peptides, proteins and
metabolites. Saliva is not a homogenous fluid, but a mixture of different fluids made from
three distinct salivary glands (the parotid, the submandibular, and the sublingual glands).
The protein composition of these fluids varies significantly depending on the gland sampled.
A small amount of saliva is also secreted through hundreds of minor glands located within
the mouth. As such, when sampling saliva, it is essential to characterize the sample in terms of
its location. Most studies utilizing saliva samples collect the whole saliva mixture comprised
of all the various glandular saliva types produced in the mouth [17]. While the protein com-
position arising from each salivary gland is well characterized, the metabolite composition is
not well understood. However, it has been determined that saliva contains numerous VOCs
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including alcohols, aldehydes, ketones, carboxylic acids, esters, amines, amides, lactones and
hydrocarbons [18]. The various bacterial species found in the oral cavity also contribute to
the chemical composition of saliva through secretion of their metabolic by-products. Analysis
of sulfur-containing volatile compounds in exhaled breath has linked malodorous breath to
anaerobic bacterial activity in the oral cavity [19]. Furthermore, exogenous VOCs inhaled
through the lungs or absorbed through the skin can be excreted into saliva. Other consider-
ations for saliva sampling include time since brushing teeth, time since ingesting sugary or
acidic foods, evidence of oral injury, and the presence of contaminating fluids such as blood
[20]. The endogenous VOC profile of human saliva is of particular interest in medical foren-
sics, where oral fluids are routinely analyzed for the presence of drugs or toxins.

2.3. Skin

VOCs emitted from the skin surface are mainly derived from a combination of sweat secreted by
the sweat glands and sebum, an oily substance secreted by the sebaceous glands. Although some
of these VOCs result from internal hormonal or metabolic changes, many VOCs appear to be
derived from commensal skin bacteria that metabolize compounds secreted in sweat and sebum.
Samples are easily obtained by wiping the patient’s skin with an organic solvent (e.g. acetone), or
by collecting the VOCs directly from the affected skin onto an absorbent SPME fiber. However,
care must be taken to avoid contaminating the sample with cosmetics, perfumes, or compounds
present in the ambient air. This may be especially difficult given that even trace VOCs associated
with the preservatives found in skin creams and gels are detectable in skin swab samples [21].

2.4. Blood

Blood directly reflects the internal environment of the body, including nutritional, metabolic,
and immune status. Given that most endogenous VOCs are secreted from cells directly into the
bloodstream, as the main conduit of communication between different parts of the body, the
analysis of plasma-derived VOCs has garnered much interest from researchers and clinicians
alike. Recent work has focused on building up a compendium of blood-borne VOCs in healthy
human subjects to compare these profiles with patient samples, and thereby identify VOC bio-
markers unique to disease states [22]. However, acquiring blood samples is more invasive than
either breath or skin, and the requisite pre-treatment of blood to remove red and white blood cells
has the disadvantage of being very time-consuming. The SPME method has been shown to detect
arange of volatiles at very low concentrations in human blood, including hydrocarbons (pentane
and isoprene), ketones (acetone), halogenated compounds (isoflurane), and thioethers (dimethyl
sulfide). Since blood-borne VOCs can also be liberated in exhaled breath, a greater understand-
ing of blood VOCs will also contribute to the diagnostic potential of breath analysis [23].

2.5. Urine

Given that urine samples are routinely used for diagnosis of disease, urine components and
urine profiles have been well characterized [24]. The compounds predominantly found in urine
are intermediate products or end-products of many metabolic pathways. These substances
contain a variety of chemical motifs, such as ketone, alcohol, furan, pyrrole and sulfide, which
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often generate specific odors. Since there are many components present in urine samples, VOC
patterns will only be evident after statistical analysis of many patient samples. In addition, con-
siderable variation among individuals has been found in profiles of urine-derived VOCs [7].
Importantly, urine components are affected not only by the metabolic status of the body, but
also significantly by ingested foods and drinks. Therefore, caution must be taken when deter-
mining whether or not any particular VOC biomarker is the result of disease-related changes
in metabolism or an exogenous cause.

2.6. Feces

Fecal samples contain dietary end-products resulting from intestinal bacterial metabolism and
digestive and excretory processes. The composition of a patient’s gut microbiota is reflected
in their fecal sample [25]. As such, fecal VOCs may provide the best non-invasive means of
diagnosing gastrointestinal and liver diseases. Although many volatile compounds might be
easily detected in fecal samples, they are still influenced by a range of confounding factors,
such as diet, gender, age, smoking and certain medications. Also, a large number of VOCs in
healthy patients is derived from the breakdown of food by intestinal normal flora, and is not
indicative of any disease. Nevertheless, distinct patterns of VOCs have been discovered in the
fecal samples of patients with certain bacterial infections, including V. cholerae, C. jejuni and
C. difficile infections [8, 26].

3. Overview of VOC detection methods and analytical instruments

Over the last two decades, significant advances in analytical chemical techniques and instru-
ments have facilitated the identification of VOCs with improved sensitivity and accuracy.
Here we summarize the various methods used for VOC detection. The advantages and limi-
tations associated with these techniques and instruments are summarized in Table 1, and
reviewed in detail elsewhere (see [17, 21, 27, 28]).

Gas chromatography-mass spectrometry (GC-MS) is currently considered the gold standard
for separation, detection, identification and quantification of VOCs. Samples for GC-MS must
be in the gaseous phase such that a pure inert carrier gas can transport the sample through the
chromatographic column. Depending on the VOC concentration, sample pre-concentration
may be required [21]. Compound resolution improves as the length of the chromatographic
column increases. Each unique compound is eluted from the column at a different time
(termed the retention time) and detected by the mass spectrometer via compound ionization
and measurement of the mass to charge ratio of each ion, thereby generating a unique mass
spectrum for each compound. The class of volatile that can be detected by GC depends on the
type of detector used. Examples include time of flight (TOF), plasma ionization, photoioniza-
tion and electron capture detectors [17].

There are also several analytical methods that can be coupled with GC to achieve different
outputs. As mentioned earlier, SPME followed by GC-MS can provide a solvent-free and eas-
ily automated system for quantifying trace amounts of VOCs [29]. However, it is important
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Technique  Description Advantages Limitations
GC-MS GC-MS combines separation, GC * Good sensitivity (ppm-ppb) ® Often requires sample
and MS. Separation is typically o Separates, identifies and pre-concentration
petilfiormed by a:jce;:’pi.llary COIHTI;’ quantifies VOCs allinone ~ ® Lengthy processing and
with compounds being separate . . lvsis ti
by their boiling point and polarity. * High chromatographic anatysis fmes
As compounds are eluted, they are resolution achievable * Unsuitable for screening
detected by the mass spectrometer * Highly reproducible results unknown compounds
as:t fug.cftfion otf l\t/l;smcrl r?asts to charge *  Can analyze VOCs from . Req?ires a supply of pure
ratio. Differen etectors are : inert carrier gas
complex mixtures &
available, with Time Of Flight (TOF) P . . .
and tandem quadrupoles (MS-MS) * Can tentatively identify
being the most common. unknown compounds
based on comparison to
known mass spectra
GC-IMS GC-IMS combines separation, GCand ¢ High sensitivity (ppb-ppt)  ® Detection is compound-
IMS. Separation may be performed * Rapid results specific and depends on
using standard GC capillary columns Best for identifvine dif. the ion’s mass and charge
or multi-capillary columns. Dual ¢ Bestfor identitying differ- s :
separation zccur}s] first through the ences between non-identi- ~* ?lmmd ?anamlc range
or quantitation
column and then in the detector cal samples q ) )
according to the compound’s gas- * Simple to use on site * Unsuitable for screening
phase ion mobility. lonized molecules , (411 use ambient air as the unknown compounds
are accelerated by an electric field carrier gas * Confusing mass spectra
towards a Faraday plate, where the can arise when high lev-
impact of single ions is detected. els of solvents are present
Direct These methods include SIFT-MS, * High sensitivity (sub-ppb) ¢ Very expensive
detection gﬁf};ﬁig:ﬁ;ﬁ%}ng;fngfyp;lilslar * Rapid results * Unsuitable for screening
times, and ability tc’) extract target * Absolute quantification unknown compounds
compounds from samples with little ¢ Can detect trace com- * PTR-MS only suitable for
or no pre-separation. pounds in mixtures compounds with higher
proton affinity than water
E-nose A variety of E-nose detectors exist * Best for identifying the e Cannot quantify VOCs

today. They generally consist of a
micro-array of sensors which differ
from each other in polarity. The
sample passes through the array, and
compounds adsorb to varying degrees
on the different sensors depending
on their composition. Compound
adsorption on sensors changes the
mass or resistance of each sensor, and
this change is detected to provide
different outputs.

differences between non-
identical samples

Rapid results

Does not require
sample separation or
pre-concentration.

Relatively small, portable,
and simple to use on site

e Can only identify known
patterns of VOCs stored
in its database

¢ Unsuitable for screening
unknown compounds

* Sensitive to high ambi-
ent temperature and
humidity

Table 1. Summary of most common VOC analytical techniques and their advantages and limitations.

to note that SPMEs are coated with different materials for selective compound adsorption.
Therefore, individual SPMEs may not trap all VOCs present in a sample. GC ion mobility
spectrometry (GC-IMS), based on separation of ions relative to their gas phase mobility, is
highly sensitive and enables rapid quantification of separated VOCs, but is not suitable for
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identifying unknown compounds. The advantage of GC-IMS over GC-MS stems from its
ability to use ambient air as the carrier gas, which negates the need for a pure inert gas supply
and allows GC-IMS devices to be portable and particularly useful for breath sample analysis
[30]. GC flame ionization detection (GC-FID), which is also widely used for breath analysis,
detects VOCs with high sensitivity and low background noise.

Optical spectroscopic methods, such as laser absorption spectrometry, are also useful for the
detection and quantification of specific VOCs in a mixture. These methods are highly selec-
tive and sensitive, and can be connected to different types of spectroscopic sensors, such as
conductive polymer sensors and acoustic wave sensors, to detect the specific VOCs of inter-
est [31]. Non-optical direct-injection methods for VOC measurement include Ion Molecule
Reaction mass spectrometry (IMR-MS), Selected Ion Flow Tube mass spectrometry (SIFT-MS)
and Proton Transfer Reaction mass spectrometry (PTR-MS). These methods do not require
pre-concentration and little or no pre-separation. However, unknown compound identifi-
cation is not possible. SIFT-MS provides real-time absolute quantification of several VOCs
simultaneously, and therefore is well suited for analyzing clinical samples. A small SIFT-MS-
based analytical instrument has been developed for routine use in a clinical setting [32]. Both
GC and PTR ionization technology can be coupled to a Time Of Flight mass spectrometer
(GC-TOE-MS, PTR-TOE-MS), thereby making real-time VOC analysis possible [33, 34].

Finally, devices that electronically mimic the human olfactory system, termed electronic noses
or ‘e-noses’, have been developed and improved upon since the 1980s [28]. E-noses employ
several gas sensors combined with pattern recognition software to detect overall odor finger-
prints rather than specific compounds. This may be considered a limitation of the technology,
as it cannot identify individual biomarkers. On the other hand, unlike GC-MS, e-noses have the
advantage of being able to differentiate between non-identical samples without the need to sep-
arate the mixture into its individual components, a process which can be highly variable based
on the technique(s) used. E-noses provide rapid results, but are limited by the VOC patterns
they are programmed to detect, and thus cannot be used for screening unknown compounds.
Before e-noses can be used routinely for practical diagnosis, it will be necessary to improve
their accuracy and sensitivity to enable reliable recognition of a large number of VOC profiles.

While the informatics approaches used in conjunction with the aforementioned instruments can
vary, three main methods are typically used, alone or concurrently, to confirm VOC identifica-
tion: (1) comparing mass spectra data obtained to those in reference libraries and databases, (2)
comparing mass spectra and peak retention times to those obtained from pure standard com-
pounds, and (3) comparing mass spectra data obtained to those characterized in the literature.

4. VOC analysis for detecting infectious diseases

A growing number of studies clearly demonstrate the efficacy of VOC analysis in identify-
ing a wide range of non-infectious diseases, including inflammatory disease [35], diabetes
[36], lung cancer [37], and even Alzheimer’s disease [38]. In the context of infectious diseases,
VOC detection has clinical value in three aspects of diagnostics: (1) identifying the absence
of pathogens (i.e. no antibiotic treatment), (2) identifying the presence of a specific pathogen
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(i.e. start appropriate antibiotic treatment), and (3) distinguishing between pathogenic spe-
cies (i.e. determine antibiotic resistance versus sensitivity for the pathogen to guide treatment
regimens). Examples of candidate VOCs identified as being associated with specific patho-
gens are summarized in Table 2. It should be noted here that many researchers emphasize
the importance of considering the entire VOC profile of a pathogen and how it differs from
another pathogen, rather than relying on any single VOC biomarker to reveal an association.

4.1. Respiratory infections

Although pathogens are capable of producing a large variety of VOCs, very few metabolites
are produced exclusively by only one bacterial species. Particularly in cases of polymicrobial
pulmonary infections, such as cystic fibrosis (CF), identification of the specific bacterial species
responsible for the pathology is critical for correct diagnosis and treatment. Since patient progno-
ses can decline rapidly following these types of opportunistic infections, particularly in children,
early detection is vital for the timely initiation of appropriate therapies [48]. GC-TOF-MS analysis
of breath samples from CF patients has demonstrated that a distinctive VOC profile consist-
ing of 22 compounds can discriminate CF patients from healthy controls with 100% accuracy.
Furthermore, within the CF patients analyzed, a profile of 14 VOCs was able to correctly discrim-
inate between patients with Pseudomonas aeruginosa positive cultures compared to those with
negative cultures [49]. Interestingly, genotypically diverse strains of P. aeruginosa under the same
culture conditions have been shown to exhibit a high degree of variability in detectable VOCs
[50], indicating that additional CF patients need to be studied to determine which VOCs are truly
discriminatory. In another study, distinct VOCs were characterized in the culture headspaces
of four different opportunistic pathogens (P. aeruginosa, Staphylococcus aureus, Stenotrophomonas
maltophilia and the Burkholderia cepacia complex) that cause lung and airway infection in CF
patients, providing additional VOC signatures to test in infected host systems [51].

Pathogen Infectious disease(s) =~ VOC candidates for disease biomarkers Reference(s)
M. tuberculosis Active pulmonary 1-methyl-naphthalene, methyl nicotinate, [13, 39, 40]
tuberculosis 1,4-dimethyl-cyclohexane
C. jejuni Ulcerative colitis, Butanoic acid, 1-octen-3-ol, 1-butoxy-2-propanol [8]
diarrhea
C. difficile Ulcerative colitis, Ethanol, Butanol, Isopropanol [8]
diarrhea
V. cholera Cholera Dimethyl disulfide, p-menth-1-en-8-ol [9, 26]
H. pylori Peptic ulcers Hydrogen cyanide [41]
S. aureus Sinusitis, pneumonia acetoin, hydroxyacetone, acetic acid, isovaleric acid, [42, 43]
acetaldehyde, 2-propanol, 3-methyl-1-butanol
P. aeruginosa Sinusitis, pneumonia  2-aminoacetophenone, pyrrole, 1-vinylaziridine, [43-46]
3-methylpyrrole, 1-undecene, 2-nonanone, methyl
thiocyanate
K. pneumoniae Bronchitis, pneumonia butyraldehyde, octyl acetate, tridecanol, dodecenal, [47]

butanoic acid

Table 2. Examples of VOCs associated with specific pathogens and infectious diseases.
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Mycobacterium tuberculosis infection is another respiratory disease that has been the focus
of much VOC research. GC-MS analysis of urine sample headspaces was used to identify
and distinguish VOC profiles from tuberculosis (IB) patients and healthy controls. Five bio-
marker compounds were able to discriminate between these two groups with 98.8% accuracy:
alpha-xylene, isopropyl acetate, 3-pentanol, dimethylstyrene, and cymol. These compounds
also served to discriminate TB patients from patients with lung cancer and COPD [52]. In
another study using GC-MS analysis of exhaled breath, active pulmonary TB could be dis-
tinguished from non-active TB with 85% accuracy. 1,3,5-Trimethylbenzene was identified
in active pulmonary TB, whereas 1,2,3,4-tetramethylbenzene was a biomarker for the non-
active state. Exhaled breath samples from all the TB patients contained the M. tuberculosis-
associated biomarkers 1-methyl-naphthalene and 1,4-dimethyl-cyclohexane, which were also
observed in in vitro cultures [39]. Other studies focusing on headspace VOCs from in vitro
cultured Mycobacterium species have revealed several metabolites of nicotinic acid, four of
which are considered specific for M. tuberculosis and M. bovis strains: methyl phenylacetate,
methyl p-anisate, methyl nicotinate, and o-phenylanisole [53]. Methyl nicotinate has also been
detected at high levels in the exhaled breath of smear-positive TB patients [40]. VOCs derived
from in vitro M. tuberculosis cultures are distinct from those VOCs produced by an infected
host, as a result of oxidative stress. Volatiles related to oxidative stress include alkanes and
methylated alkane derivatives, whereas in vitro-defined VOCs of M. tuberculosis origin include
cyclohexane, benzene, decane, and heptane derivatives [13].

4.2, Gastrointestinal infections

Fecal samples taken from patients suffering from various forms of infectious diarrhea have
revealed characteristic VOC profiles depending on the causative pathogen. For example, the
absence of hydrocarbons and terpenes indicated a Campylobacter infection, whereas the absence
of furans and indoles indicated a Clostridium difficile infection [54]. Another study focusing on
ulcerative colitis, a disease marked by inflammation of the colonic mucosa, found that while
hundreds of volatiles were detectable in donor fecal samples, distinct VOC patterns could
discriminate between healthy controls and patients infected with C. jejuni and C. difficile [8].
Typhoid fever is caused by Salmonella typhi infection and is spread by consuming contaminated
water or food. VOC metabolite profiles specific to S. typhi can be detected by GC-MS from the
blood samples of typhoid patients. Importantly, such metabolite profiles can also differentiate
between Salmonella typhi and Salmonella paratyphi A infections, enabling targeted therapies [55].

4.3. Urinary tract infections

In cases of urinary tract infection (UTI), appropriate and effective therapy is heavily dependent on
early diagnosis. UTIs are most frequently caused by Escherichia coli and other enteric pathogens
such as Enterococci, Klebsiella, Staphylococci, and Proteus species, and also fungal pathogens such
as Candida albicans [56]. Volatile metabolites released by these pathogens are detectable in the
headspace of urine samples [56-58]. E-noses have proven particularly useful in recognizing the
VOC patterns of healthy versus infected urine samples, though sample pre-concentration is often
required. The relative efficacies of the various types of e-noses currently in use were compared in a
recent review [57]. Since urine contains a complex mixture of VOCs that is relatively well-defined
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[24], significant changes to the VOC profile of patients with UTIs may serve as diagnostic bio-
markers of infection. To this end, more sensitive methodologies that do not require sample pre-
incubation are needed to enable the efficient routine diagnosis of UTIs using VOC profiling.

4.4. Blood infections

A review of multiple studies revealed that distinct VOC signatures are produced by each of
the six most abundant and pathogenic bacteria in sepsis (Staphylococcus aureus, Streptococcus
pneumoniae, Enterococcus faecalis, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia
coli). While all six species produced isopentanol, formaldehyde, methyl mercaptan, and trimeth-
ylamine, each species also produced unique key compounds that can be used as specific VOC
signatures [59]. Another blood-borne disease, malaria, is transmitted by mosquitoes that intro-
duce the Plasmodium falciparum parasite into the blood of the host. Breath-based VOC analysis
offers a rapid and non-invasive alternative to the current approach of visualizing P. falciparum
on stained blood films. A recent study identified nine malaria-associated VOCs: carbon dioxide,
isoprene, acetone, benzene, cyclohexanone, and four types of thioethers. The concentrations of
these compounds varied significantly as the disease progressed. Following antimalarial drug
treatment, parasite clearance correlated strongly with a decline in VOC levels [60]. Notably,
another recent study found that blood cultures of E. coli and S. aureus yielded different VOC
profiles before and after exposure to gentamicin or flucloxacillin, demonstrating that antibiotic
susceptibility status can also be rapidly evaluated by VOC analysis [61].

5. Challenges in the clinical application of VOC analysis

There remain both logistical and technical challenges to the translation of VOC analysis from
the research laboratory to the clinical setting. On the logistical side, the analytical instruments
required for VOC detection are very expensive and require a large footprint and specialized
training to operate and analyze the data. Furthermore, the methods are time-consuming and
not readily scalable for high-throughput sample processing. There remains a lack of stan-
dardization for procedures in sample collection, pre-concentration, and storage, which are
essential for effective clinical implementation.

From a technical standpoint, it is important to emphasize that the presence of a unique pattern
of VOCs (constituting a complete VOC signature), rather than a single VOC biomarker, will
be necessary for bacterial species identification [34]. Diagnostic tests based on a single VOC
biomarker do not appear possible, given the fact that all pathogens produce a wide range of
overlapping volatile metabolites. It should also be noted that the conspicuous absence of certain
volatile compounds from a culture or sample actually forms part of the distinct VOC signature
for a particular pathogen [36]. Furthermore, the specific profile of VOCs detectable in vitro is
largely dependent on the bacterial growth state and density (e.g. logarithmic versus stationary
phase), sample storage conditions (e.g. short-term versus long-term), and the type of culture
media used [34, 62, 63]. To confound analysis further, patient samples are far less well-defined
than laboratory cultures of reference strains, and therefore vary greatly in terms of growth phase,
host response, viscosity, confounding co-morbidities, and medications (including antibiotics)
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[43, 61, 64]. Therefore, reproducibility of VOC signatures, even in patients infected with the
same pathogen, remains a challenge given the variability between individual patient samples.

If VOCs from primary patient samples are to be used effectively for clinical diagnostic pur-
poses, we must recognize the confounding factors associated with VOC analysis. Firstly, the
environment of the human body is entirely different from in vitro growth media for pathogen
and human cell culture, thereby resulting in a completely different set of metabolic by-prod-
ucts [43]. Secondly, genotypic variability between different strains of a pathogen can strongly
influence the types and concentrations of volatile metabolites detected [50]. Thirdly, the
human body mounts an inflammatory response against pathogen infection, potentially lead-
ing to a change in bacterial and host metabolism. Future studies should address the metabolic
differences between infectious and non-infectious inflammatory responses [65]. Fourthly,
VOCs derived from exogenous sources, such as the host environment and diet, can easily
contaminate a sample [66]. Before diagnostic tests based on endogenously produced VOCs
can be routinely used on patient samples, it is necessary to definitively separate true biomark-
ers from contaminating components. Lastly, the human body plays host to an entire micro-
biome unique to each individual. It may be that these commensal bacteria produce many
metabolites that are indistinguishable from those generated by disease-causing pathogens,
and therefore may interfere with a VOC-based diagnostic test [67].

6. Conclusions and future perspectives

In the last two decades, diverse studies have used emerging and established technologies
to assess the applicability of the VOC profiling approach to the diagnosis and treatment of
pathogenic infections. At present, numerous studies have identified VOC profiles and can-
didate biomarkers for certain infectious diseases, which allow researchers to discriminate
between different pathogenic species and between healthy and diseased individuals. VOC
analysis continues to be a rapidly expanding field of inquiry. However, as outlined in the pre-
vious section, VOC-based diagnostics will require further development and vetting of repro-
ducibility before transition from the laboratory to the clinic.

Existing VOC profiles and candidate biomarkers must still be corroborated across several coor-
dinated studies before there can be sufficient confidence in their diagnostic efficacy. For example,
independent in vitro studies that investigate the same organism, but subjected to different sam-
pling methods and analytical techniques, have led to identification of different VOC patterns.
Similarly, direct comparisons of independent clinical studies are difficult, given that experimen-
tal design and parameters differ between studies. In addition, very few studies to date have
compared individuals with active disease to individuals at other disease stages (e.g. comparison
of active TB and latent TB). Likewise, little data exists on the effect that comorbidities or co-
infections (e.g. TB co-infection with HIV) may have on the range and type of detectable VOCs.
Targeted studies are still required to fully characterize VOC disease signatures and to further
evaluate the diagnostic accuracy of these biomarkers in patient samples. It is clear that before
this approach can become integrated into routine clinical practice, it must first be validated by
clinical trials using sufficiently large numbers of test subjects across a range of infections.
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Despite the challenges, it is foreseeable that continued research in this area may pave the way
for the design of unique diagnostic tools, such as disease-specific sensor arrays and targeted
metabolite breathalyzers, that could also have potential applications in forensics, pharmaco-
kinetics, and toxicology. Furthermore, the development of portable, sensor-based devices for
the personalized monitoring of disease states and therapy progress would represent a clear
advancement beyond the current state-of-the-art in clinical practice. In the long term, such
tools could enable a more selective approach to antimicrobial drug use, while also opening up
the possibility of individually tailored treatments.
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Abstract

Agriculture and food have a greater role to play in order to achieve sustainable develop-
ment goals. Therefore, there is a need to put an end to the effect of pathogens on food
quality and safety. Pathogens have been recognized as one of the major factors causing
a reduction in profitable food production. The conventional methods of detecting patho-
gens are time-consuming and expensive for the farmers in rural areas. In view of this, this
chapter reviews the biosensors that have been developed for the detection of biological
hazards in food and agricultural sectors. This chapter also lays emphasis on the impact of
nanotechnology on building a fast, reliable, more sensitive, accessible, user-friendly and
easily adaptable technology for illiterate farmers in the rural communities. On the whole,
we have addressed the past and most recent biosensors that could ensure the quick deliv-
ery of vision 2030 which aims to end hunger and poverty.

Keywords: agriculture, food safety, pathogen, biosensor, nanotechnology

1. Introduction

Biosensor could be defined as an analytical device that produces a quantifiable signal propor-
tional to the concentration of an analyte (i.e., pathogen or its cellular component or toxin mol-
ecule). The device comprises a transducer and biologically active elements or materials such as
nucleic acids, enzyme, and an antibody that allows detection of an analyte by specific interactions
[1]. Biosensors symbolize the end product of a quickly growing field, integrating fundamental
and engineering and computer sciences to meet the urgent demands in various areas where its
application is required [2—4]. There are different types of biosensors: acoustic, amperometric,
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electrochemical, optoelectric, calorimetric, potentiometric, immuno and piezoelectric. In this
chapter, we report the earlier and recent trends in the usage of biosensors in the identification of
pathogens that are responsible for biological hazards in food and agricultural sectors.

2. Traditional methods for pathogen detection in food and
agricultural sectors

2.1. Polymerase chain reaction

The discovery and the development of polymerase chain reaction (PCR) have been a boon in
the identification and characterization of pathogens [5-7] . PCR employs the following steps:
isolation and purification of genomic DNA from plants or food-based pathogens, amplifica-
tion of the target sequences followed by application of agarose gel electrophoresis for resolv-
ing the amplified products, and approximation of their fragment size by comparing with a
standard DNA molecular mass marker [8].

The PCR is a nucleic-acid-based detection method. It is preferable than the other culture
dependent techniques in the determination of microbial pathogens. The reasons being rapid-
ity, accuracy, specificity, sensitivity, and the ability to identify small quantities of target
nucleic acid in a given sample. It can also detect different pathogens in a single multiplex
reaction. In addition, the detection of pathogens is not limited to the laboratory alone. Some
portable PCR machines have been made available. The Smart Cycler is an example of por-
table PCR. It was developed to perform PCR for field identification of Phytophthora ramorum
[9, 10]. Another example is the detection of Sharka virus in crude plant extracts of stone fruit
trees, such as apricot, peach, and plum [11]. The International Plant Protection Convention
has adapted this technique for the early detection of this devastating and destructive virus
[12-14]. RT-PCR-based method has also been utilized to manage the emergence or presence of
Citrus tristeza virus (a harmful virus causing tristeza syndrome in citrus) without any neces-
sity for preparation of plant extracts or purifying nucleic acids [14-16]. This technique allows
large-scale diagnoses thereby reducing the time and cost of analyses [12, 14].

Random amplified polymorphic DNA (RAPD) assays have been carried out on different iso-
lates of Fusarium poae so as to discover the strain responsible for the head blight disease [17]. This
method enabled them to identify markers common to all isolates. Turner et al. also performed
RAPD profiling to screen and differentiate two different isolates of Fusarium tricinctum [18].
In another discovery, Schilling et al. utilized polymerase chain reaction to amplify, sequence
and identify fungal pathogens F. culmorum, F. graminearum, and F. avenaceum [19]. Fraaije et al.
invented a multiplex PCR assay that can sense and quantify pathogenic fungi, S. tritici causing
leaf blotch; and S. nodorum causing leaf and glume blot, in wheat [20]. A TagMan real-time PCR
method has also been used to evaluate different species of Fusarium in wheat kernels [21, 22].

2.2. Culture and colony counting

The culture methods of identifying pathogens from food and agricultural based products
involve the morphological and biochemical identification by staining and studying the
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metabolic profile of the pathogens. These methods require determination of the most suit-
able media that would favor their growth at different conditions. This may involve pre-
enrichment, selective enrichment, biochemical screening, and serological confirmation. The
major problems associated with using cultures for identifying pathogens are the high cost of
media and the laborious and time-consuming techniques. In addition, they are not feasible
for on the spot and real-time or rapid sensoring/identification of threat agents [23].

2.3. Immunology-based method

The immunological approaches for the detection of pathogens work on the principle of specific
affinity between microbial antigens and monoclonal or polyclonal antibodies. They are used
for rapid detection and identification of pathogens, including bacteria, viruses, fungus as well
as their toxins. This method is very sensitive, rapid, selective and cost-effective. Latex agglu-
tination and enzyme-linked immunosorbent assay (ELISA) are the techniques majorly used
in food industry for identification of food pathogens like Listeria monocytogenes, Salmonella,
Campylobacter, Escherichia coli O157: H7, Listeria and Shigella, Staphylococcus aureus [24].

2.4. Hand-held immunochromatographic assays (HHIA)

The hand-held immunochromatographic assays (test strips) are normally used for tentative or
preliminary identification, both on-site and in laboratories. The test strips consist of nitrocel-
lulose membrane immobilized with specific antibodies followed by a second antibody that is
coupled to the colored particle. The liquid sample containing the analyte is then allowed to
mix with the antibody-coupled colored particle. The analyte binds to the antibody-coupled
particle and this complex migrate by capillary action along the nitrocellulose strip until it
meets the immobilized antibody. The interaction produces a visible colored line indicating
a positive result and vice versa. This type of assay takes only about 15 min to perform and
the result can be read visually without any instruments. Therefore this detection technique
is especially suitable for on-site identification. However, HHIA have two major limitations;
limitation in the number of biological hazards that can be detected per strip and display of
varying sensitivity levels with their respective target agents [25].

3. Biosensors used for pathogen detection in food and agricultural
sector

3.1. Detection of food pathogens

Liébana et al. have developed a quick and simple biosensor based on electrochemical magnet
immunosensing with magnetic graphite-epoxy composite (m-GEC) electrodes for the recogni-
tion of Salmonella in milk. The graphite-epoxy composite maintains a unique hybridization
property that allows immediate immobilization of the DNA of the pathogens. This technique
has a greater advantage over the cultural and biochemical/serological methods of detecting
pathogens, as they do not require reagents and offers quick detection [26-30]. Based on this
principle, Pividori and Alegret have also invented a biosensor that can detect the presence of
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b-lactamase resistance in Staphylococcus aureus [31]. Oliveira Marques et al. invented a gold
nanoparticle-based biosensor with graphite-epoxy composite electrodes for the identifica-
tion of Salmonella 15200 [32]. A double-tagged PCR strategy had been used for the detection
of pathogenic bacteria, enterohemorrhagic E. coli O157: H7. The biosensor works on elec-
trochemical magnet genosensing and allows electrochemical real-time quantification of an
amplicon [33]. Ricci et al. have developed an electrochemical biosensor that can detect patho-
gens such as Escherichia coli, Salmonella typhimurium, and Listeria monocytogenes in milk [34].

Majumdar et al. developed an amperometric biosensor which was able to detect Staphylococcus
aureus in food samples such as milk, cheese, and meat [35]. Banada et al. utilized light scattering
sensors for the detection of microorganisms in vegetable and meat samples [36]. Shriver-Lake
et al. also used an optical (fluorescence)-based portable Naval Research Laboratory (NRL) array
biosensor that can sense the presence of Salmonella typhimurium in milk and apple juice within
45 min [37]. Karsunke et al. invented a multiplexing optical (luminescence) biosensor which can
sense the presence of E. coli O157: H7, S. typhimurium and Legionella pneumophila in any sample
in a disposable microarray format. In their discovery, immunospecific antibodies were immo-
bilized in a microarray format [38]. Several authors have described many multiplexing biosen-
sors that make use of polymerase chain reaction. Koets et al. in their study developed the use of
magnetoresistance biosensor that can sense the presence of E. coli and four different antibiotic-
resistant genes in Salmonella spp. along with a double-tagged PCR amplification step [39]. Bai
et al. used a biosensor that has a microarray approach with biospecific DNA probes immobi-
lized on a sensor surface for the sensing of 11 food-borne pathogens present in beef and pork
meat [40]. Schiitz et al. developed a biosensor that can detect the volatile compounds emitted
by the pathogenic fungus Phytophthora infestans that is responsible for spoilage in potatoes [41].

3.2. Detection of animal, poultry, and dairy pathogens

Ellis et al. were able to develop a sensor that could detect breath-derived 500 volatile organic
compounds. The analysis helped in identifying Bovine tuberculosis (M. bovis) in affected cat-
tles [42]. Tarasov et al. developed a direct potentiometric biosensor that could detect Bovine
Herpes Virus-1 viral protein. The biosensor is sensitive and selective to anti-IgE present in
commercially available anti-Bovine Herpes Virus-1 antiserum as well as in real serum samples
from cattle. The biosensor can also be easily used with point-of-care devices and ELISA [43].
ELISA and PCR-based methods have been utilized for quick detection of bovine viral diarrhea
virus, especially for the onsite monitoring and early diagnosis of the bovine viral diarrhea
virus infection in animals [44, 45]. In addition, Luo et al. have established an electrospun bio-
sensor which works on the principle of capillary separation and conductometric immunoassay
for the early sensing of bovine viral antibodies where the sensing time takes 8 minutes [46].
Microparticle immunoagglutination assay on a microfluidic chip using forward light scattering
measurements have also been developed to sense the presence of bovine virus particles [47].
A new biosensor with a miniaturized gold electrode which works on impedance spectroscopy
that can detect the presence of H7N1 has also been developed [48, 49]. Xu et al. have developed
an interferometric biosensor immunoassay which can sense different avian influenza strains,
especially H7 and H8 [50]. Bai et al. also developed a simple and portable biosensor with DNA
aptamers as recognition elements in portable surface plasmon resonance (SPR) which can sense



Biosensors: A Fast-Growing Technology for Pathogen Detection in Agriculture and Food Sector
http://dx.doi.org/ 10.5772/intechopen.74668

the presence of H5N1 available in poultry swab samples [51]. Ye et al. have also developed a
biosensor that is based on the principle of Luminescence 645 resonance energy transfer for the
quick detection of H7 strain [52], while Guo et al. developed a biosensor which consists of an
indium-tin-oxide thin-film transistors built on a glass substrate for immune detection of H5N1
antibodies [53]. Lum et al. developed a nano-based biosensor that works on the principles of
immune magnetic nanoparticles for the detection of H5 subtype virus [54].

Neitzel et al. have developed a biosensor that can detect the presence of mastitis in any milk
product [55]. Duarte et al. had also developed a biosensor that couples immune assay with
magnetic nanoparticles [56]. Fiit6 et al. developed selective amperometric methods that could
sense the presence of spoilt and affected milk [57]. The spore-based biosensor is another novel
strategy that has been developed to detect the presence of contaminants, including aflatoxins,
antibiotics and microbial pathogens in milk. Balhara et al. developed a biosensor that can
detect the presence of L. monocytogenes and Listeria spp. in milk products. This sensor employs
the enzyme-substrate reaction that produces a color change and can be easily visualized [58].
Kumar et al. had also developed a biosensor that utilized two-stage enzyme assay for the
detection of Enterococci spp. in milk [59].

3.3. Detection of pathogens in plants

A high-density microelectrode array biosensor was developed by Radke and Alocilja [60].
The biosensor can detect E. coli O157: H7 bacteria in food materials. They discovered that
change in impedance of the biosensor is directly proportional to the number of bacteria on
the biosensor surface. They detected up to 10 cells of E. coli O157: H7 by testing the biosen-
sor in different concentrations of bacteria in lettuce. The advantage of this sensor is that it is
field-deployable, easy to use, portable, and reagent-less and provides result in minutes com-
pared to hours or days in conventional methods. Kim and Park developed a flow-type anti-
body sensor using quartz crystal microbalance chip as biological component and transducer
to detect E. coli in drinking water, beef, pork, and dumpling. The developed sensor measures
frequency changes due to mass deposits which are produced by antigen-antibody interaction
[61]. Mendes et al. developed a biosensor that can detect the pathogenic fungus Phakopsora
pachyrhizi that had been reported to cause Soybean rust [62]. Papadakis et al. also had devel-
oped an acoustic-based biosensor (the Quartz Crystal Microbalance) that could sense three
out of the most reported plant pathogens, i.e., Ralstonia solanacearum, Pseudomonas syringae pv
tomato and Xanthomonas campestris pv. Vesicatoria [63].

3.4. Detection of mycotoxins

Carlson et al. developed a fluorometric biosensor to detect and quantify aflatoxins. These
toxins are produced by a family of fungi and are commonly found in a variety of agricultural
products. The device developed by Carlson et al. operates on the principle of immunoaffin-
ity for specificity and fluorescence for a quantitative assay [64]. Pohanka et al. and Ben Rejeb
et al. used Electrochemical (amperometric) antibody-based biosensor to detect the presence
of Aflatoxin B1 in spices and olive oil respectively [65, 66]. Wang et al. used an electrochemi-
cal (amperometric) antibody/enzyme biosensor to detect Aflatoxin M1 in milk [67]. Asuncion
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Alonso-Lomillo et al. used an electrochemiluminescent aptamer biosensor to detect the
presence of Ochratoxin A in beer and coffee samples [68]. Panini et al. used electrochemical
(amperometric) antibody biosensor to detect the presence of zearalenone in corn silage [69].
The presence of deoxynivalenol, T-2, and HT-2 toxins was also detected in cereals and baby
food with the help of optical (SPR) antibody biosensor [70, 71].

4. Application of nanotechnology-based sensors in agriculture and
food sectors

4.1. Nanomaterial-based sensors for food industry

The food industry as mentioned earlier is continuously challenged by the occurrences of
foodborne diseases. WHO in its report for the year (2015) estimated 420,000 deaths occurring
every year due to consumption of contaminated food, of which 125,000 deaths are of children
under the age of 5, bearing a 40% burden of foodborne diseases [72]. Foodborne disease can be
defined as “any disease usually either infectious or toxic in nature, caused by agents that enter
the body through ingestion of food.” The causal agents are bacteria, viruses, and protozoa, fun-
gal or bacterial toxins, metal ions, and pesticides. Some of the important pathogenic organisms
categorized are Staphylococcus aureus, Bacillus cereus, Campylobacter jejuni, Clostridium botulinum,
Clostridium perfringens, Escherichia coli, Brucella, Listeria monocytogenes, Salmonella typhi and para-
typhi, Shigella spp., Vibrio cholerae, Vibrio parahaemolyticus [73]. In spite of the advances in health-
care, food-borne diseases are likely to remain a global phenomenon even in the next decade.
The contributing factors are urbanization and changes in consumer habits, increased demand
for food varieties resulting in a global food cuisine trade, changes in agricultural practices and
food processing methods and climate change. The WHO has thus placed food safety as one
of its top 11 priorities [74]. In order to manage and contain foodborne diseases, it is important
to develop low cost ready to use tests for immediate detection of pathogenic contamination
or presence of toxins that would replace the conventional methods. Some of the conventional
methods that are routinely used are PCR based methods and immunoassay-based techniques.

These methods are robust and sensitive as they allow the detection of pathogens by targeting
specific nucleic acids or proteins. However, the requirement of an expensive instrument and
chemical reagents, experienced personnel, large sample preparation and slow generation time
prevent the immediate detection of pathogens thus delaying preventive treatment in patients
[75, 76]. Thus, the shift has been to the development of easy to use, rapid and sensitive on the
site detection and also stable and portable detecting kits. Nanotechnology has paved way for
such developments in the last decade. The versatility of nanomaterials has made possible the
development of sensors in the food industry for monitoring the environment and food quality
[77]. Some of the advancements in the design and development of nanoparticle-based sensors
for food safety are discussed below.

4.1.1. Gold nanoparticle (AuNP)-based sensors

E. coli O157: H7 is the serotype among E. coli strains associated with foodborne diseases. A
circulating flow piezoelectric biosensor (PEB) was developed to detect E. coli O157: H7. The
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PEB has E. coli O157: H7 eaeA gene specific AuNP-conjugated thiolated probe that acts as
mass enhancer and sequence verifier. The detection limit obtained in PEB is 1.2 x 10> CFU/
mL in the linear working range of 10>-10° CFU/mL [78]. The AuNP conjugated with E. coli
0157: H7 antibodies were also developed for detecting E. coli O157: H7 in milk. Screen printed
carbon electrodes (SPCE) having 13 nm AuNP were fabricated with E. coli O157: H7 specific
antibodies conjugated with horseradish. Hydrogen peroxide and ferrocene dicarboxylic acid
(FeDC) were used as substrates. AuNP and FeDC enhance the detection limit to 10>-10” CFU/
mL [79]. The AuNP based electrochemical immunoassay was also developed for detecting
S. typhimurium [80]. Polystyrene immobilized with S. typhimurium specific monoclonal anti-
bodies that were further layered with AuNP-conjugated polyclonal antibodies were used as
the probe. In the presence of copper enhancer solution and ascorbic acid, the bacteria bind
to the AuNP-conjugated polyclonal antibodies. The copper released upon reduction, bind
to the AuNP thus allowing direct detection of S. typhimurium by anodic stripping voltam-
metry. The detection limit for this AuNP based immunoassay is 98.9 CFU/mL. Colorimetric
based AuNP-conjugated with anti-Salmonella antibody has also been developed for detecting
and selectively targeting S. typhimurium [81]. The AuNP based sensors were also developed
for detecting mycotoxins in food products. AuNP-aptasensor for detecting aflatoxinB1 was
developed by Hosseini et al. [82]. The presence of aflatoxin destabilizes the AuNP-aptamer
and causes aggregation of AuNP. The color change from yellow to purple allows the detection
of the presence of the toxins. Similar AuNP-aptasensor for detecting Aflatoxin B2 was devel-
oped by Luan et al. The detection here was also based on colorimetric method [83].

4.1.2. Magnetic nanoparticle (MNP)-based sensors

Magnetic nanoparticle-derived sensors are one of the widely used sensors for detecting and
removing food contaminants. The large surface area of MNPs makes them one of the best
supports for immobilization of functionalized surface groups thereby improving the loading
control and immobilization efficiency [84]. p-mannose functionalized MNPs were used for
detecting E. coli cells at 10* cells/mL. These modified MNPs when incubated with fluores-
cently labeled concanavalin allowed the magnetic separation and visualization of the cells
[85]. Antibody conjugated MNPs were developed to detect Salmonella in milk. The immobi-
lized antibodies allowed the capturing of the bacteria that are further separated by applica-
tion of magnetic field. The separated cells are then exposed to antibody immobilized TiO,
nanocrystals. Thus, the antibody-MNP-TiO, nanocrystals are magnetically separated and the
unbound TiO, nanocrystals are determined using the UV-visible spectrophotometer. A detec-
tion limit of 100 CFU/mL was obtained from milk samples [86]. Amine functionalized MNPs
were also developed for rapid detection and capturing of both gram-positive and gram-negative
bacteria from water and food matrices. Organisms that showed high adsorption affinity are
Sarcina lutea, S. aureus, E. coli, B. cereus, B. subtilis, Salmonella, P. vulgaris, and P. aeruginosa. It
was shown that the amount of amine functionalized MNPs and the ionic strength of the buffer
was crucial for mediating fast and effective interaction [87].

4.1.3. Quantum dots (QD)-based sensors

Semiconductor QDs show size-dependent optical and electronic properties making them most
suitable for fluorometric-based sensors [88]. The most commonly used are the CdSe quantum
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dots [89]. The QD-derived fluorescent biosensor was developed for detecting S. typhimurium in
chicken carcass wash water. Magnetic beads coated with anti-Salmonella antibody was used
for capturing the bacteria that was further made to react with a biotin-labeled anti-Salmonella
antibody. This facilitated the reaction of biotin to the streptavidin-coated QDs. The fluorescence
intensity is a direct measure of the cell number in the sample. The detection limit obtained was
about 10° CFU/mL [90]. The CdSe QDs derived sensors were also developed for detection of
Cholera, Shiga toxin and Staphylococcal enterotoxin A.

4.2. Nanomaterial-based biosensors for agriculture

The use of nanobiosensors has been regarded as the more advantageous approach for detect-
ing pathogens in healthcare and food industry as mentioned above. Their rapid and high
sensitivity further extends their application in agriculture for disease assessment. Fluorescent
silica nanoparticles (FSNP) conjugated with antibodies were successfully used for detecting
plant pathogens such as Xanthomonas axonopodis pv. vesicatoria which causes bacterial spot dis-
ease in tomatoes and peppers [91]. Copper oxide (CuO) nanoparticles have been used in the
detection of the A. niger fungi [92]. In addition, silver-based nanoparticles, AgNPs are com-
monly used for detecting contaminants and microbial pathogens in the soil and water bodies.
Thus the use of nanosensors has allowed plant disease forecasting and disease management
in agriculture to an admissible level [93].

5. Recommendations and future trends

There is a need to develop biosensors that would be effective and reliable for the routine
utilization especially in the area of food and agriculture. Therefore, there is a need to develop
biosensor that has the following characteristics in one device: hand-held, and portable, viable
cell countability, single button device, easy utilization, accurate strain and species determina-
tion, selectivity and short detection time. And most importantly, the biosensor must be inex-
pensive with simple configuration for access to the illiterate farmers in developing countries.

6. Conclusions

Because of the useful features of biosensors, their utilization in the bio-monitoring of bio-
logical hazards, commonly recorded in agriculture and food sectors has been necessitated.
The constant application of pesticides in controlling pathogens has led not only to pathogen
resistance but also, bioaccumulation and biomagnification of the chemicals with subsequent
health hazards and environmental pollution. Therefore, the demand for biosensors in the
market has increased tremendously. Biosensors should be within the reach of food handlers
and agro-allied industries to enable them to monitor and determine the presence of pathogens
in their food and agricultural products.
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Abstract

According to Health Canada, foodborne disease is responsible of more than 4 million cases
per year. In United States, more than 48 million people get sick, 128,000 are hospitalized
and 3000 die every year in United States due to foodborne diseases according to the Center
for Disease Control and Prevention. Cross-contamination from the raw materials, during
the process or on working surface has to be rapidly detected. Good manufacturing prac-
tices (GMP) and hazard analysis critical control point (HACCP) can help to reduce the
incidence of contamination. However, the development of sensitive and rapid methods of
detection is still an important need. Standard culture-based methods request the consump-
tion of large amounts of media, are time-consuming and interferences can occur when
samplings are done in complex food matrices. The polymerase chain reaction (PCR)-based
methods are new technologies. These methods show high level of specificity and sensitiv-
ity because they can detect nucleic acid sequences of target bacteria. However, they require
an expensive instrumentation and trained scientific technicians. This review is focusing on
the development of new simple, sensitive, specific, and time-saving technologies in order
to detect quickly foodborne pathogens for application in food industries.

Keywords: foodborne pathogens, rapid technologies, food industries, food safety

1. Introduction

Large-scale of foodborne outbreaks is still an ever-present threat to public health, particularly,
for very young and elderly people as well as pregnant women, and people susceptible to a
weakened immune system [1]. The global incidence of foodborne disease is difficult to estimate,
but it has been reported that every year, foodborne pathogens cause millions of infections and
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intoxications as well as thousands of deceases. Moreover, outbreaks generate billions of dollars
in worth of damage, public health problems, and agricultural product losses [2].

The etiology was determined in the United States in the period from 1993 to 1997 and reported
outbreaks showing that bacteria caused 75% of outbreaks and 86% of cases [3]. Furthermore,
among the 31 pathogens identified as causing foodborne illnesses, Salmonella, Campylobacter,
Staphylococcus aureus, Listeria monocytogenes, Clostridium perfringens, and Escherichia coli O157:H7
have been incriminated for the large majority of illnesses, hospitalizations, and deaths [4].
Indeed, Salmonella spp., L. monocytogenes, E. coli O157:H7, and S. aureus are on the top of list for
the largest number of outbreaks, cases, and deaths [5, 6].

The frequent occurrence of foodborne diseases in previous years is mainly based on five fac-
tors, inter-related, and difficult to control to a large degree involving environmental condi-
tions, health system including infrastructure social situation, behavior and lifestyles, health and
demographic situation, and food supply system [7]. Although pathogen detection is a growing
concern for three main application areas including water, environment quality control [8, 9], and
clinical diagnosis, food industry still remains the major area concerned with 38% of the relative
number of works appeared in the literature about the detection of pathogenic bacteria [10].

In industrialized countries, the public health authorities set up strict measures and regula-
tions for food control systems such as hazard analysis critical control point system (HACCP)
and good manufacturing practice (GMP) in order to overpower the spread of these diseases
at the level of the food processing and the food supply system. HACCP is a method of food
safety assurance based on the application of good hygiene practices. The HACCP system
identifies any additional or more specific control measures necessary in food operations,
places an additional emphasis on those points of good hygienic practices, foresees corrective
measures if monitoring results indicate a loss of control, and finally provides more training
and responsibility to operators [7]. Thus, the detection of foodborne pathogenic bacteria is an
important key to the prevention and the control of some hazardous points in food processing
or supply systems. Traditional detection methods may take up to a week to yield a confirmed
result, challenging many researchers to gear their efforts toward the development of rapid
methods for obtaining analytical results in the shortest time. The present chapter attempts
to compare the different methods of pathogens detection currently used in food industry as
measures of prevention from foodborne diseases. Certainly, it is essential to be well informed
about the different methods of pathogens detection but this is as much interesting to find out
the possible sources of contamination.

2. Sources of contamination

Foodborne diseases are induced by the consumption of foods or water contaminated by
pathogens [11]. Figure 1 shows most of the pathways leading to the presence of foodborne
pathogens in daily food products for nowadays consumers. These food products include
fresh produce such as fruits, vegetables, herbs, seeds and nuts, milk and dairy products, meat
products as well as poultry and eggs. From the preharvest phase, most of these products go
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Figure 1. Potential flow of food contamination (adapted from [61]).

through either a local distribution directly from the farmer to the consumer, or a wider dis-
tribution to the industry. In industrialized countries, consumers get these raw materials for
home use through the supermarkets. In all cases, food is an excellent source of energy and
nutrition, not only for human and animals but also for the proliferation of microorganisms.

The contamination by the fresh produce has been well discussed by [2]. Food manufactur-
ing mostly relies on fresh produce, as raw materials that offer to consumers a wide range of
benefits such as nutrients, vitamins, and fibers. From farm to fork, the contamination of fresh
produce by pathogens may occur at any stage during transformation process from the prehar-
vest to the postharvest phase. In the field, contamination can occur through some elements of
nature (water, soil, seeds, insects, dust, etc.) whereas the central part of contamination during
the postharvest phase is related to handlers and equipment during processing, transportation,
and preparation [12]. The risk for this kind of products is that they are usually consumed in
raw state or not heat-treated, avoiding the elimination of pathogens before consumption [13].
Salmonella spp., pathogenic E. coli, L. monocytogenes, S. aureus, Shigella spp., Yersinia spp., and
Clostridium spp. are the main pathogens contaminating fresh produce.

In another side, as described by [14], healthy cattle may hideaway in their liver, kidneys, lymph
nodes, and spleen human pathogenic microorganisms. From slaughtering, the first step in
meat processing, carcasses are exposed to microorganisms present in animal intestinal tracts
and consequently contaminate other cut surfaces and carcasses. Thus, carcass contact surfaces,
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water, air, and staff during processing and distribution channels are potential sources of con-
tamination in meat and meat products. Concerning poultry products, critical steps that may
lead to contamination are defeathering and evisceration with higher probability in case of con-
taminated hands and toll workers. The pathogens that threaten these products are Salmonella
and Campylobacter. L. monocytogenes is the most incriminated pathogen in the contamination
of dairy products, which are vulnerable to the risks from udders of cows and milk equipment.

It is obvious that the high volume of food production may lead to a greater likelihood of
a cross-contamination as previously described and consequently a high spread of the dis-
ease. This finding was also supported by [15] mentioning that in industrialized countries, the
amounts of outside food consumption including international travels as well as the increasing
demand for minimally processed ready-to-eat (RTE) products increase the risk of foodborne
diseases. In a large case-control, 20% of infections with E. coli O157:H7 was associated to eat-
ing at a table-service restaurant, 35% of infections with S. enteritidis with egg consumption in
a restaurant, and 35% were attributed to eating chicken prepared out of home.

Although fresh produce, red meat, poultry and milk are the raw materials not only for food
industry and restaurants, but also for supermarkets. However, supermarket RTE food prod-
ucts themselves are the raw materials for consumers’ homemade meals [16]. To avoid cross-
contamination from raw materials, it is essential to wash hands, tools, and prepare surfaces
before and after processing. Also, food products that are already prepared/cooked have to
be refrigerated at 4°C. However, hot foods should be kept above 60°C. Besides, it is recom-
mended to split large volumes of food into small portions for rapid cooling in the refrigerator
as well as heating whole canned foods before tasting. Otherwise, there is a high increase in
the consumption of street food and consequently in the need of more food service establish-
ments [7].

The large number of interconnected factors increases the risks of cross-contaminations. To
control the spread of these pathogens, first there is a need for monitoring the contamination
of raw materials from suspected sources to the end of the supply chain by applying hygiene
and sanitation practices and also the advent of new rapid technologies of detection.

3. Conventional methods

According to [17], conventional microbiological methods are usually performed for the isola-
tion and enumeration of pathogens in food samples. Nowadays, these standard culture meth-
ods are still considered as the “gold standard” as they are sensitive, inexpensive, and give
both qualitative and quantitative information on the number and the nature of microorgan-
isms present in food samples.

On the other side, conventional methods are time-consuming considering all basic pre-
enrichment, enrichment, and plating steps needed. They mainly rely on specific media to
enumerate and isolate viable bacterial cells in food. The pre-enrichment of the food samples,
in a non-selective or selective broth culture, can be used to increase the number of injured
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but viable bacteria that can be a potential threat to human health, to a detectable level [18].
Pre-enrichment recover a larger proportion of bacteria from food matrices and is usually
followed by sublethal stressors such as heating, cooling, acids, or osmotic shocks [19]. In
addition to that, the occurrence of toxin production in food requires that the cell pathogen
concentration reaches a specific level as much as 5 log CFU/g of Staphylococcus aureus and
Bacillus cereus, 3 log CFU/g of Clostridium botulinum (CFU referring to colony-forming unit).
Thus, all existing detection technologies have to be preceded by an enrichment step [20].

Enrichment steps (selective enrichment and selective plating) may require an additional period
of 8-24 h before the enumeration or the detection can be completed and mostly they will be
followed by biochemical screening and serological confirmation [21]. A variety of chromo-
genic and fluorogenic culture media are available for selective isolation and differentiation of
food-associated spoilage bacteria by incorporation of enzyme substrates. As no single micro-
biological test, among these standard culture methods, provides a confirmed identification
of any unknown microorganism, there is a need for several additional series of analysis [22].

Conventional methods can be laborious too as they usually require the preparation of cul-
ture media and colony counting with the most probable number (MPN) method [23]. The
duration of these methods depends on the ability of the microorganisms to grow in pre-
enrichment, selective enrichment, and selective plating media. This process is often slow and
takes 48-72 hours for preliminary identification and more than a week for the confirmation
of the pathogen species [4].

Qualitative culture methods are only used to determine the absence or presence of microor-
ganisms in food samples. However, the quantitative ones are preferred for enumeration. The
limit of detection (LOD) or sensitivity, the minimum amount of detectable cells, is defined
by the presence of microorganisms in 25 g of food examined for qualitative methods and a
concentration of <10-100 MPN of bacteria per gram or >10-100 viable counts for quantitative
methods [24] considering that the LOD for plating methods is 1 CFU/g.

Regarding the high spread of foodborne pathogens illness, the inspection regulations are very
strict with the requirements for process control. The LOD for food pathogens is restricted to 1
cell per unit of food sample [25]. Depending on the target pathogen and the food sample, the
analytical unit may be considered from 25 to 325 g.

These methods are recognized for their low cost and ease of use that are relatively interesting
compared to alternative methods [21]. Despite these traditional methods are still used due to
their high selectivity [10], they are laborious, time-consuming, and may be limited by their low
sensitivity [26] compared to other rapid methods. In addition, there is a probability that false
negative results may occur due to viable but nonculturable (VBNC) cells.

The challenge of pathogen detection in food matrix, as reported by [23, 17], resides in the pres-
ence of pathogens in low numbers and uniformly distributed in a food heterogenic matrix
with the presence of non-pathogenic microorganisms that may interfere with the identifica-
tion step. Food matrices can be found in different physical states (powder, liquid, gel, or semi-
solid) and contain a wide range of ingredients that may interfere with the detection.
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4. Alternative methods for the detection of foodborne pathogens

To overcome the limitations of conventional methods, various rapid methods have been
developed and are commercially available to meet the needs of food industry. Considering
that commercialized rapid detection methods should be validated from a recognized organi-
zation such as the Association Francaise de Normalisation (AFNOR) in the European Union
or the Association of Analytical Communities (AOAC International) in the United States,
most kits of detection are validated according to their the sensitivity and specificity [27].
Ideally for industrial applications, rapid methods should be characterized by their specificity,
high sensitivity, and fast performance. Nowadays, current rapid methods are able to detect
pathogens in raw and processed foods in low numbers to avoid the risk of infection, which
are more time-efficient, labor-saving, and prevent human errors [28]. Currently, the range of
detection time for available rapid methods is estimated from a few minutes to a few hours.
Nevertheless, the sensitivity and specificity still have to be improved for testing foods sam-
ples without the needs to be pre-enriched before analysis [29]. Indeed, the enrichment step is
considered as the main limitation in most of the methods but remains essential for the revival
of stressed or injured cells, the differentiation of viable from nonculturable cells and the dilu-
tion of inhibitors present in the food sample [30].

Rapid detection methods can be categorized into biosensors, immunological methods, and
nucleic acid-based methods (Figure 2). Simple polymerase chain reaction (PCR), multiplex PCR,
real-time PCR, nucleic acid sequence-based amplification (NASBA), loop-mediated isothermal
amplification (LAMP), and oligonucleotide DNA microarray are classified as nucleic-based
methods. Biosensors-based methods include optical, electrochemical, and mass-based biosen-
sors. Finally, enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoassay are
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Figure 2. Mapping of rapid detection technologies for foodborne pathogens [32].
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recognized as immunology-based methods [31]. Several publications have already detailed the
principle of each of these methods [4, 28, 31-33]. However, the aim of this work is to focus on the
advantages and limitations of these methods for application in food industry. With the develop-
ment of new methods, immunology-based methods and PCR become categorized as conven-
tional techniques for the detection of pathogens [34].

4.1. Nucleic acid-based methods

Nucleic acid-based methods prevent ambiguous or wrongly interpreted results. They operate
by detecting specific deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequences in the
target pathogen and hybridizing the target nucleic acid sequence to a synthetic oligonucle-
otide, which is complementary to the target sequence [4]. Invented 20 years ago, simple PCR
[35] is widely used for the detection of L. monocytogenes [36], E. coli O157:H7 [37], S. aureus [38],
Campylobacter jejuni [39], Salmonella spp. [40], and Shigella spp. [41]. The presence of sufficient
numbers of target molecules, the purity of the target template, the complexity of food matrices
containing potential inhibitory compounds may affect the reliability of PCR amplification [42].

Through the years, PCR techniques have undergone significant improvements for faster
detection with the development of real-time PCR for monitoring PCR amplification products,
in addition to the methods of simultaneous detection such as multiplex PCR and oligonucle-
otide DNA microarray that can detect up to five or more pathogens simultaneously [43] such
as Salmonella enteritidis, S. aureus, Shigella flexneri, L. monocytogenes, and E. coli O157:H7 [44].

Presently, as shown in Table 1, there is an important selection of commercially available kits
based on nucleic acid methods for the detection of foodborne pathogens. However, although
these techniques are automated for reliable results and characterized with high sensitivity and
specificity, they induce some disadvantages such as difficulties to differentiate viable from non-
culturable cells and the design of the primers. In some case, they require trained staff in order
to minimize the occurrence of cross-contamination. According to [45], the isothermal amplifi-
cation method for nucleic acids, NASBA, and an amplification system for RNA analytes (e.g.,
viral genomic RNA, mRNA, or rRNA) could be extended from viral diagnostics to the gene
expression and cell viability. Despite, the low cost of these methods and the non-requirement
of thermal cycling system, post-NASBA product detection is still considered labor-intensive.

Otherwise, the LAMP method, can provide a large amount, usually 10° higher to simple PCR,
of DNA with rapidity under isothermal conditions [4], lower detection limits compared to con-
ventional PCR [46, 47] and higher specificity due to the use of four primers targeting six specific
regions [48].

4.2. Immunology-based methods

The most successful and popular technology in the field of the detection of bacterial cells,
spores, viruses, and toxins is represented by immunological methods. This technology is faster,
more robust, and has the ability to detect contaminating organisms as well as their biotox-
ins. However, they are less specific and less sensitive than nucleic acid-based detection [49].
Compared to traditional counting methods, antibody-based methods generate less assay time

59



60 Biosensing Technologies for the Detection of Pathogens - A Prospective Way for Rapid Analysis

JUDUIDLIUD sauadojfidouous
VNHIDAH sad 4y pooy jo Ayarrep LSTO00TIA  1oye “TW/NAD 01 10§ Aessy YDJ wIshs @X VI MDd  sauaSo3fivouous vLia3sy]
S[EJUSWIUOIIAUD ‘Sa[qe3adoa JUDUIYDLIUD v1421S1'T SNUAL) 10§ Aessy Aesse
VNHIOAH ‘poojeas “eaw 1ea-03-Apear ‘Aireq CITICISIA  I93e “TW/NdD,01 YDd dwll-[eay waisks @Xvd ADd dwun-Tesy] sowads 1403517
S[EJUSUIUOIIAUD JUDUIYDLIUD ¥ V142317 SNUID) (mhe1d 1
VNHAIDAH ‘sa[qe3odan ‘ysy ‘yeaw ‘Aire( GEI809€TA  Toye “TW/NAD 0T 10§ Aessy YD Woishs @X VI MDA 1deoxe) dds viiasi]
JUSUWIDLIUD
VNAIDAH S[RJUSWIUOIIAUS pue POO] /%100011A T8y “Tw/NAD 01 dds 1103517 wimysAs @xvd ADd “dds vriagsry
JUDUIYOLIUD LH:ZSTO 1102 7 10§ Aessy Aesse
VNHIDAH sonpoid ‘wiy 3939 ‘Jeaq punoid mey 8F9€0CPIA  I9ye “TW/NID 01 YDd dWlL-[eay waisks @Xvd ADd dwn-[eay] LH/STO Moo °q
JUSWILPLIUD Aesse SPTO
VNAIDOAH aonpoid ‘wiy 3239 ‘§a3q punoid mey £86TP9¥1A Ty “Tw/NAD 01 ADd dwn-[eay] ‘€010 ‘GvO 1100 '3
JUSWILPLIUD Aesse - 1210
VNHAIDAH aonpoid ‘wiLy 3939 ‘§a3q punoid mey 046Tv9¥1A  T833e "TW/NAD +01 ADd dWn-[eay] ‘TITIO 920 102 '3
JUDWIYOLIUD Kessy DAIS Kesse Gurueadg DAIS
VNHIDAH sonpoud ‘il 323q ‘§aaq punoid mey P96CPIFIA  1oWe “TW/NAD 0T YD SWIL-[edy Wweishs @Xvd ADd duWn-[eay] — s3ua3 aea pue x3s
1S9}
uonezIpLIqAy
NADOIN sojdwres [ejuaWIUOIIAUS pUR POO] - 0029 S6z/NID G-I  pijauowps 10§ @DUSINTUID) vNd pjjaUoUIYS
jusUIYDLIUD dIN LH:ZSTO 1100 T
VNHIDAH sonpoid ‘wiy 3939 ‘Jeaq punoid mey €06V0FZ1IA  193e “TW/NdD,01 10§ Aesse YO waisks @Xvd ADd xardnmn LH/STO M09 °q
S[EJUSUILOIIAUD
pue pooy 3ad ‘syonpoid A1axeq JUDUWIYDLIUD vjjououys 10y Kesse
VNHIDAH  ‘s3[qeedaa ‘syny ‘Airep ‘Annod 4esy 0F090€FIA  1oye “TW/NdD ;01  ¥Dd dwh-[eay WasAS @Xvd  YDd dWIL-[edy -dds vpjauouijvg
S[EJUSWILIOIIAUD pue pooy 3ad ‘spnpoxd 10S89€H1A JUSWILPLIUD pjjauouvs 10§ sKesse
VNAIDAH Aro3eq ‘sajqe3adoa ‘symay ‘Arrep ‘Anmog ~€€TI000TTA  1oWe TW/NAD 0T  YDd PIEPUEIS WRISAS @XVE AD dds vyauomvg
ayefost urajoxd Los JUDUIOLIUD Aesse
VNHIDAH ‘j93q punoIg ‘e[nuLIOy JUBJUI PAIBPMOJ 68929/71A 19 “TW/NID 01  MDJ dwn-[eay waisks @Xvd ADd snao0soyfiydp)s
pqunu
Aueduwro) xrjew dfdureg Soreyed AJIAIISUSG  SID] d[qe[IeAE A[[eIDIdUWIUIO)) POUIPIA uaSoyreg




61

Foodborne Pathogens Detection: Persevering Worldwide Challenge

http://dx.doi.org/10.5772/intechopen.74421

“([z€] woxg paydepe) suadoed suroqpooy Jo UOTIO39P AU} I0] SPOYIAW Paseq-Pe JIDONU d[qe[leAe AJ[eIsuIWo)) T d[qe],

1593
sauadohoouous uoneZIpLIqAy

NIDOIN sa[dwres [ejuaWIUOIIAUS PUR POO] 6029 89z/NID S-1 ] 10§ @IDUINIDUID) VNQA  Saua8ojAisouou v1iagsi]
159}
uonezIpLqAy

NIDOIN sardures [ejusWIUOIIAUS PUE POO] 8029 Scz/NID S-1 1491517 10J @IDUINIAUID) vNd “dds vriags17
S[EIUSWIUOIIAUD ‘Sa[qe3adan JUDUIOLIUD sauagojfoouout T 10§ Aessy Aesse

VNHIDAH ‘poojeas ‘Jeaw 1ea-03-Apear ‘Aireq €0EPEISIA  1oNe “TW/NID ;0T YD SWLL-[ey WaASAS @X VI MDJ dwm-[edy  sauaofisouout vriaisr]

S[EJUSUILIOITAUD JUSWILPLIUD q¥g sauadoyhioouous
VNEIDAH ‘saqeadan sy yeaut ‘Aireq STIS09EIA  oye “TW/NAD ;01 10§ Aessy YD WasAs @X Ve ADd  sauadoydouous viaisy]
pPqunu
Aueduwro) xujew dpdureg Soreyed AJIAISUSG  SID] d[qe[IeAE A[[eIDIdUIUIO)) PouIPIA uaSoyreg




62

Biosensing Technologies for the Detection of Pathogens - A Prospective Way for Rapid Analysis

but present a lack of ability to detect microorganisms in “real-time” mode if the quantity of
pathogens is not high enough to provide real-time information. As reported by [50], problems
that may emerge are the low sensitivity of the assays, low affinity of the antibody to the patho-
gen or other analytes being measured, and potential interference from contaminants.

Among other immunological methods, both of ELISA and lateral flow immunoassay are
mainly used for the detection of foodborne pathogens. ELISA is specific and labor-saving as
it allows the detection of bacterial toxins and can handle large number of samples. However,
this technology presents several disadvantages such as the need of trained staff and the pos-
sibility of false negative results due to the cross-reactivity with closely related antigens. As
immunoassays rely on the specific binding of an antibody to an antigen, the response of the
test depends on the amount of the antigen in the sample and the availability of the binding
sites. Thus, the low sensitivity of this technology, in the field of the detection of foodborne
pathogens, requires a pre-enrichment step to reach a detectable level of antigen in the sample
as well as a labeling of antigens and antibodies [51, 52]. On the other hand, lateral flow assay
is low cost, reliable, easy-to-operate, sensitive, specific, and allows the detection of bacterial
toxins but still requires labeling of antigens and antibodies [4]. Commercialized kits of these
two techniques are summarized in Table 2. Toward the progress of rapid methods, new anti-
body-based methods have been coupled with other methods for pathogen detection, such as
immunomagnetic separation on magnetic beads coupled with matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF) for detection of staphylococ-
cal enterotoxin B [53] and combination of immunomagnetic separation with flow cytometry
for the detection of L. monocytogenes [54].

4.3. Biosensors

Nowadays, the use of biosensors is increasing in the field of food pathogen detection using
nucleic acid- and immunology-based methods considered as conventional ones. In recent
years, there has been much research activity in the area of biosensors development for detect-
ing pathogenic microorganisms. Compared to standard methods, biosensors are more favor-
able for checking food safety, throughout the production process, due to their real-time
response [55]. Biosensors are powerful analysis tools covering a wide range of applications
particularly food quality monitoring, disease detection, toxins of defense interest, environ-
mental monitoring, soil quality monitoring, drug discovery, and prosthetic devices [56].

As defined by [35], biosensor devices are constituted with two main parts: the bioreceptor (bio-
logical material recognizing the analyte) and the transducer (converting the bio-recognition
energy into optical or electrical signals). A bioreceptor can be a microorganism, cell, enzyme,
antibody, nucleic acid, aptamers, or biomimic. However, the transduction may be optical, elec-
trochemical, thermometric, piezoelectric, magnetic and micromechanical, or combinations of
the above techniques.

The classification of the several types of biosensors is based on their bioreceptors or transduc-
ers, as described by [35]. Electrochemical, mass-based, and optical biosensors are the mainly
used biosensors for the detection of foodborne pathogens [51], especially surface plasmon
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resonance (SPR) biosensors due to their high sensitivity [35]. Few commercial biosensors for
the detection of foodborne pathogens are nowadays available. Table 3 presents the rare com-
mercially available devices of biosensors for food analysis [57]. Unlike nucleic-acid based
methods and immunological methods, biosensors are easy-to-operate and they do not require
any pre-enrichment step [58].

Optical biosensors are very suitable for the detection of pathogens substances in the food as they
detect analytes with no need of special sample treatment even in complex matrices, in addition
to the less interference and the low loss of signal. As described by [59], optical biosensors are
based on the measurement of the change in amplitude, phase, frequency, or polarization of
light. Also, optical devices are more specific and more sensitive than the other biosensors, with
a compact design minimally invasive. However, the enhancement of stability of immobilized
biocomponents is still a challenge. The main inconvenient of these biosensors is that their com-
mercialization is slower than other rapid methods due to several factors such as their high cost
in quality assurance, stability, sensitivity issues, and instrumentation design [60].

Electrochemical biosensors, the second type of biosensors, can handle large numbers of
samples and are label-free detection devices but they are low sensitive, and analysis may be
interfered by food matrices in addition to many required washing steps, which is not suitable
for analyzing samples containing low amount of microorganisms. Finally, mass-based bio-
sensors are cost-effective, easy-to-operate, label-free, and real-time detection devices but low
specific and low sensitive with long incubation time of bacteria and many required washing/
drying steps, in addition to the regeneration of crystal surface that may be problematic [22].

5. Conclusion

The first step to ensure food safety resides in the prevention by raising industry and con-
sumer awareness. Few primary daily actions can prevent food diseases. Despite conventional
methods are often regarded as the “Gold standard” for their specificity and reliability, in
addition to their low cost and simplicity, they remain time-consuming and laborious. Over
the years, many rapid methods for the detection and identification of foodborne pathogens
have been developed to overcome the limitations of their conventional counterparts. Several
different types of nucleic-based methods, immunology-based methods and biosensors have
been developed and discussed in a large number of publications. Each one offers advantages
depending on the target pathogen and the food sample. But also, several disadvantages have
to be solved for practical applications in the food industry.

Compared to conventional microbiological methods, rapid commercially available technolo-
gies are sensitive enough to detect pathogens, which are expected to be more time-efficient,
labor-saving, and able to reduce human errors significantly. Although they are expensive and
require a trained technical staff, they are not practical for daily industrial uses.

Nowadays, novel detection methods are released regularly but their acceptance by the industry
depends not only on speed but also on initial investment, cost, technical support, and usability.

67
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Indeed, advanced researches have converged to rise to the challenge of developing new simple,
sensitive, specific, and time-saving technologies of foodborne pathogens detection that could
be mostly practical in food industry.
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Abstract

Nowadays, lifestyles and climate change lead people to spend long periods in indoors
spaces, where reduced ventilation and artificial light favor the concentration and spread
of airborne pathogenic microorganisms. Current procedures for microbiological air
evaluation are based on air sampling coupled to traditional microbiological culture-
dependent methods such as biochemical tests and molecular rDNA 16S sequencing.
These techniques generate an important delay in the application of prevention and con-
trol measures. This chapter presents whole cell-based biosensors that are able to detect
quorum sensing signaling molecules produced by airborne pathogenic bacteria as a tool
for indoor air monitoring. Furthermore, a general biosensor model is proposed. In this
model, in vivo biosensors technology can be connected to online applications (Apps),
being part of intelligent buildings, in order to reduce airborne pathogenic bacteria con-
centration and dissemination.

Keywords: air microbiology, quorum sensing, biosensors, airborne pathogens,
hyperconnectivity, pathogen control, intelligent buildings

1. Introduction

Legionnaire’s disease outbreak (1976) is a masterpiece that allows us to understand how
the interaction between environment, pathogen and host can be influenced by lifestyle and

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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technology [1]. Nowadays, because human population continues to grow and people spend
their time in confined and shared spaces, concentration and spread of microorganisms must
be controlled to avoid infectious outbreaks produced by airborne pathogens.

In indoor spaces, airborne pathogens can be part of aerosols that are produced and dis-
seminated by heating, ventilation, air conditioning or humidifier systems (HVAC) [2]. These
systems can be found in several buildings, including shopping centers, hospitals, hotels, cin-
emas, supermarkets, educational centers, restaurants, houses, airports, cars, trains and bus-
ses. Based on the above building design, HVAC equipment and population density are factors
that must be considered to avoid the spread of airborne pathogenic microorganisms. In addi-
tion, appropriate air microbial quality controls are necessary to reduce biological risks.

Current procedures for microbiological air quality evaluation (ISO 14698-1:2003) are based on
passive or active air sampling methods [3]. Passive methods involve the exposition of a petri
dish (containing a selected solid culture media) to the environment during an established
period, while active methods consist of automatic air samplers with a culture medium that is
exposed to a forced airflow. In both methods, samples are incubated in favorable conditions
for microorganism (bacteria, yeasts or molds), during 24-72 h. These methods are suitable
for the risk assessment through microbial quantification in air [colony forming units (CFU)
count]; however, they are not adequate for pathogen identification, for which biochemical
characterization, immunoassays and 165 rDNA amplification and sequencing are more accu-
rate and adequate. Nevertheless, these time-consuming procedures generate a delay in the
surveillance of microbial air quality. For this reason, it is necessary to consider other methods
that are able to detect and identify pathogenic microorganisms in a more efficient and rapid
manner. In this context, biosensors able to detect specific molecules produced by pathogenic
microorganisms are a more precise and faster method for the detection of airborne pathogens.

In this chapter, we describe different biosensors (based on whole cell sensing-reporter systems)
that are able to detect bacterial signaling molecules produced in a concentration-dependent man-
ner by the quorum sensing (QS) cell-to-cell communication system. These signaling molecules
called autoinducers (Al) are present inside bacterial cells as well as in the environment and can
be specific according to producer strain. Since QS is present in different pathogenic bacteria like
Acinetobacter baumannii, Klebsiella pneumoniae, Legionella pneumophila, Pseudomonas aeruginosa and
Streptococcus pyogenes, it is proposed that biosensors can be applied to develop new technologies
for the detection of airborne pathogenic bacteria in indoor spaces. Furthermore, a general model
for biosensor technology focused on the development of intelligent buildings is presented. The
aim of this model is to reduce airborne pathogenic bacteria concentration and dissemination, in
association with online applications (Apps).

2. Airborne pathogens and quorum sensing

2.1. Airborne pathogens and indoor spaces

In confined and shared spaces, the host-environment-pathogen equilibrium can be altered
due to inadequate building design that leads to a reduced air renewal, limitation of natural
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light and favors overcrowding, increasing microbial concentration and dissemination of air-
borne pathogenic bacteria. Figure 1 shows four different models of pathogen-environment-
host interaction. When environment-host-pathogen interplay is at equilibrium, pathogenic
microorganisms exist at low concentration in the environment due to physical-chemical or
biological factors such as temperature, ultraviolet light, pH and water activity (A ) (a). In
certain conditions, in which biological risks should be reduced at minimum or eliminated,
pathogens should get excluded from the host’s environment (b). This includes research facili-
ties with biosafety level 3 or 4, and pharmaceutical facilities for production of vaccines, medi-
cal devices or parenteral nutrition. On the other hand, in confined or overcrowded spaces, a
major biological risk is expected due to impact of the environment on pathogen-host interac-
tion (c). In this condition, different strategies to reduce microbial concentrations and dissemi-
nations should be considered. These strategies include ventilation, heating, air conditioning
and humidifiers systems, as well as high efficiency particulate air (HEPA) and ultra-low par-
ticulate air (ULPA) filters, UV lamps and sanitizers (aerosol). On the other hand, when all
measures for air quality control fail, the loss of host-environment-pathogen equilibrium gen-
erates an infectious outbreak (d).

(a) (b)

Intensive Critical Units
Pharmaceuticals
Aerospace

Class 4 biosafety level

(d)

Indoor controlled Indoor uncontrolled

Figure 1. Host (H)-environment (E)-pathogen (P) interplay in different conditions. The schemes show four different
interaction conditions between the host and the pathogen. In an ideal condition (a), pathogens have a low interaction
with the environment and the host, even though it is circulating in the population and the environment. In (b), there
is a restrictive condition in which for biosafety reasons, the pathogen must be excluded from the environment and the
host. In (c) and (d), a model is shown for host-environment-pathogen interaction in indoor at low and high biological
risk, respectively.
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2.2. Quorum sensing and chemical signals

Quorum sensing is a cell-to-cell communication system that allows bacteria to act in a coordi-
nate manner. This mechanism is based on the synthesis, release and detection of signal mol-
ecules, called autoinducers (Al), whose increase is in a cell-density dependent mode. When Al
reaches a threshold concentration due to an increase in bacterial population, the autoinducer
activates a transcriptional regulator that controls gene expression of genetic elements under
QS regulation. The first report of QS was in 1979, when Nelson and Hasting described this
communication system as a regulatory mechanism of bioluminescence in Vibrio harveyi [4].
Nowadays, three parallel quorum sensing mechanisms have been identified in V. harveyi as
regulators of gene expression [5].

In Gram-negative bacteria, QS consists typically of an autoinducer synthase and transcrip-
tional regulator protein that binds to the Al and regulates gene expression of target genes. The
chemical structure of the Al can vary between microorganisms; nevertheless, the main Als in
Gram-negative bacteria are N-acyl homoserine lactones (AHL). Other autoinducers identified
in Gram-negative bacteria include: autoinducer-2 (Al-2); cholera autoinducer CAI-1, diffus-
ible signal factor (DSF), Legionella autoinducer (LAI-1), among others (for review, see Ref. [6]).
In Gram-positive bacteria, two types of QS systems have been identified: a one-component
system and a two-component QS system. In both systems, the autoinducers correspond to
oligopeptides called autoinducer peptide (AIP) that are synthetized and secreted to the envi-
ronment, where they suffer structural modifications. In the one-component QS system, extra-
cellular AIPs are transported back into the cell through permeases and are recognized by a
specific receptor in the cytoplasm that acts as a transcriptional regulator. The two-component
system consists of a membrane-bound protein kinase that recognized AIP and activates the
transcriptional regulator in the cytoplasm through its phosphorylation (for review, see Ref. [7]).

2.3. Quorum sensing in airborne bacterial pathogens and their autoinducers

Quorum sensing (QS) communication system is present in a diverse group of microorganisms
from environmental to human pathogenic bacteria. In pathogenic bacteria, QS regulates the
expression of virulence factors such as biofilm formation, enzyme production and secretion
and antibiotic resistance [8, 9]. Regarding airborne pathogens, QS communication system is
present in several airborne bacteria (Table 1), playing a role in virulence and pathogenesis.

Pseudomonas aeruginosa is a Gram-negative opportunistic bacterium that causes healthcare-
associated infections, including respiratory infections in immunodeficient patients. These
infections are of major concern in patients with cystic fibrosis and severe burn injuries [10,
11]. The Centre for Disease Control and Prevention (CDC) estimated that P. aeruginosa causes
51,000 healthcare-associated infections per year in the United States. Due to antibiotic resis-
tance that reaches 13% in the USA, these infections can become chronic and are associated
with high mortality rates. In this pathogen, several virulence factors are under QS control:
biofilm formation, pyoverdine synthesis and hemolysin production, among others [12, 13].
The major autoinducer molecules identified in P. aeruginosa QS are N-butyryl-L-homoserine
lactone and N-(3-oxododecanoyl)-L-homoserine lactone [14, 15].
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Airborne pathogen Pathology Main autoinducer(s) type Refs.

Pseudomonas aeruginosa Opportunistic infections AHL' [14, 15]
3-oxo-AHL'

Klebsiella pneumoniae Pneumonia, bronchitis AI-2" [19]

Acinetobacter baumannii Opportunistic infections 3-hydroxy-AHL" [18]

Streptococcus pyogenes Pharyngitis, cellulitis Al-2" [22]

Legionella pneumophila Legionnaire’s disease LAI-1™ (3-hydroxypentadecane-4-one) [20]

"AHL: acyl homoserine lactone.
"Al-2: autoinducer-2.

"LAI-1: Legionella autoinducer.

Table 1. Selected airborne pathogens with quorum sensing communication system.

Acinetobacter baumannii is a Gram-negative pathogen associated with hospital-acquired infec-
tions. The ability of this pathogen to develop antibiotic resistance is a public health issue
worldwide. Its main QS signaling molecule has been identified as N-3-hydroxy-dodecanoyl-
homoserine lactone, and in this pathogen, QS regulates biofilm formation and the expression
of drug-resistance genes [16-18].

Klebsiella pneumoniae is also a Gram-negative bacterium that causes nosocomial infections.
This pathogen presents type 2 QS system and uses AI-2 (furanosyl borate diester) as autoin-
ducer, and this system is involved in biofilm formation [19].

Legionella pneumophila is a Gram-negative opportunistic pathogen that, through inhalation,
can cause Legionnaires” disease, which is a severe type of pneumonia. This pathogen uses
LAI-1 (3-hydroxypentadecane-4-one) as autoinducers for Legionella quorum sensing (Lgs)
system [20]. In L. pneumophila, QS system regulates biofilm formation, and LAI-1 has been
described to be involved in inter-kingdom communication with eukaryotic cells [21].

Streptococcus pyogenes is a Gram-positive microorganism that causes pharyngitis and other
respiratory tract infections. In this pathogen, QS has been related to protease production,
among other phonotypical characteristics. Despite S. pyogenes is a Gram-positive bacterium,
recent studies have identified that it uses AI-2 as a signaling molecule in QS [22].

3. Biosensors for detections of quorum sensing signals molecules

Due to quorum sensing (QS), communication system allows bacteria to act in a coordinate
manner, to coordinate gene expression and to have a greater impact on their host, and this
system has become a new target for the development of antimicrobial therapies as well as
for bacterial diagnosis and therapeutic purposes [23, 24]. In this context, a diverse number of
biosensors have been designed and developed to identify QS communication signals called
autoinducers (Als).
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3.1. Diversity of quorum sensing biosensors: accuracy, precision and sensibility for
autoinducers detection

Biosensors are analytical bio-physicochemical-electronic devices that are able to detect and
quantify analytes from a sample (for review, see Ref. [25]). The physical-chemical-electronic
component of a biosensor is a detector and transducer able to capture a specific signal gener-
ated by the biological component when it is associated with its cognate analyte. The biological
component of a biosensor can be whole cells (genetically modified microorganisms contain-
ing a genic construct based on a sensing-reporter system); proteins (enzymes, antibodies and
antigens) or nucleic acids. To enhance the interaction with the analyte and detector-transducer
unit, the biosensor can be encapsulated or adsorbed on inert supports. This chapter focuses on
whole cell genetically modified microorganisms designed to detect chemical analytes that are
produced by specific bacteria, specifically to detect chemical signals called autoinducers (Als)
produced by the cell-to-cell QS communication system.

3.1.1. Accuracy, precision and sensibility of quorum sensing whole cell biosensors

Accuracy of QS biosensors for pathogen detection depends on the specificity of each molecu-
lar sensor (regulatory protein) in response to its autoinducer (Al). In this context, there exist
QS whole cell detection systems for acylated homoserine lactones (AHL) and their 3-oxo-
AHL and 3-hydroxy-AHL derivatives that are able to differentiate between the length of the
acyl chain. For example, Chromobacterium violaceum CV026 and pSB536 can detect short-chain
AHL, while pSB1075 detects long-chain AHL. On the other hand, other biosensors detect
furanosyl borate diester (Al-2) using genetically modified Vibrio harveyi strains that do not
produce this autoinducer and do not present receptors for other QS systems. From this point
of view, QS biosensors can be considered an accurate method; however, it should be noted
that it is an indirect detection method for pathogens.

Regarding QS biosensor precision and sensibility, whole cell biosensors can be classified
according to their reporter system, which are activated by the transcriptional regulator asso-
ciated to the Al Table 2 shows different biosensors, their phenotypes and detection meth-
ods. From these detection systems, luminescence (fluorescence or chemiluminescence) is
considered a precise and highly sensitive method [26]. Both, signal and detection methods
(luminometer or spectrofluorimeter), allow to detect low concentrations of its Al, which is
of special interest due to Al and can activate QS system at low concentrations. For example,
threshold concentration of 3-oxo-N-acyl homoserine lactone for the activation of QS system in
P. aeruginosa is 10 nM [27]; therefore, it is of extreme importance that biosensors can detect Al
concentrations of this order of magnitude. In this context, QS biosensor can detect QS signal-
ing molecules at concentrations ranging from pM to pM [28].

Table 2 shows different types of biosensors for the detection of quorum sensing signaling
molecules and the reporter systems used in each case.

As previously described, Als can diffuse outside the cell into culture medium (environment)
and be sensed by other microorganisms. Figure 2 shows C. violaceum CV026 (A) exposed to AHL
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Biosensor Host

Detected
signaling
molecule

Reporter system

Genotype

Phenotype

Detection
method

Refs.

Chromobacterium
violaceum CV026

pSB401 Escherichia coli

JM109

pSB536 Escherichia coli

TM109

pSB1075 Escherichia coli

TM109

PZLR4 Agrobacterium

tumefaciens NT1

pAS-C8 Broad host

range

Vibrio harveyi
JMH597

C4-AHL
C6-AHL*
C6-3-ox0-
AHL
C8-AHL
C8-3-oxo-
AHL

C6-AHL
C6-3-oxo-
AHL*
C8-AHL
C8-3-oxo-
AHL

C4-AHL*

C10-3-ox0-
AHL
C12-3-ox0-
AHL*
C12-AHL

C8-3-oxo0-
AHL*

All
3-oxo-AHL
C6-AHL
C8-AHL
C10-AHL
C12-AHL
C14-AHL
C6-3-
hydroxy-
AHL
C8-3-
hydroxy-
AHL
C10-3-
hydroxy-
AHL

C8-AHL
C10-AHL

Al-2

vioABCD

luxCDABE

luxCDABE

luxCDABE

lacZ

&fp

luxCDABE

Violacein
synthesis, Color

Luciferase
synthesis,
Luminiscence

Luciferase
synthesis,
Luminiscence

Luciferase
synthesis,
Luminiscence

[B-galactosidase
activity, Color

GFP synthesis,
Fluorescence

Luciferase,
Luminiscence

Colorimetric

Luminiscence

Luminiscence

Luminiscence

Colorimetric

Fluorescence

Luminiscence

[29]

[30]

[31]

[30]

[32]

[33]

[5]

‘Major sensibility to this signaling molecule.

Table 2. Biosensor for quorum sensing signaling molecules.
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Figure 2. Bacterial biosensors for AHL detection. Chromobacterium violaceum CV026 (A) exposed to diffusible AHLs
produced by C. violaceum wild type (B). Agrobacterium tumefaciens NT1 pZLR4 supplemented with X-gal (C) and A.
tumefaciens NT1 pZLR4 supplemented with X-gal and C6-AHL (D).

produced by C. violaceum wild type (B), inducing violacein synthesis in strain CV026 as a positive
reaction for the detection of AHL. On the other hand, A. tumefaciens NT1 pZLR4 supplemented
with X-gal shows no {3-galactosidase activity (colorless) in the absence of AHL (A), while bacte-
rial culture shows a chromogenic reaction when it is exposed to AHL due to this enzyme activity.

4. Choosing the appropriate biosensor phenotype for an indoor
detection system

4.1. Quorum sensing microbial-based biosensors

Classically, quorum sensing (QS) has been studied to find new strategies to fight bacterial
infections [34]; nevertheless, this system has also been proposed as a biomarker system [35].
Due to QS, autoinducers (Als) are chemically diverse and are biomolecules produced under
conditions by specific bacteria, and detection of Al allows an indirect identification of bacte-
rial pathogens [36, 37]. Because Al concentration increases in a cell-density dependent man-
ner, their detection and quantification also permit to determine the state of infection [38].
Several analytical methods have been used to identify these molecules, like ultra-performance
liquid chromatography (UPLC), high-performance liquid chromatography (HPLC) and high-
resolution mass spectrometry; nevertheless, these chemical analyses require high-tech equip-
ment as well as sample preparation, extraction and purification [39]. Therefore, it has been
proposed that QS microbial biosensors are a potent tool for environmental and healthcare
monitoring [40]. Unlike biosensors for inorganic bacterial compounds like ATP [41], biosen-
sors based on QS show higher specificity and consist of viable microbial cells.

4.2. Choosing the adequate quorum sensing biosensor

In order to detect airborne bacterial pathogens in indoor spaces in a more efficient manner,
whole cell and cell-free biosensors are able to detect QS signaling molecules, which are of great
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interest. These sensors are suitable for in vitro and in situ measurements [42]. As described ear-
lier, reporter methods include luminescent, fluorescent and colorimetric signals (Table 2), which
required widely available equipment for laboratory usage as well as for in situ measurements
[43]. Additionally, QS biosensors can detect QS signaling molecules at low concentrations,
ranging from pM to uM [28]. Figure 3 shows a biosensor model for autoinducer detection. This
biosensor is composed of four essential genetic elements: promoter R1, gene encoding QS tran-
scriptional regulator, promoter R2 and a reporter system. R1 is a promoter region that regulates
gene expression of the transcriptional regulator of QS system. This promoter can be designed in
order to respond to different stimuli and induce gene expression of the transcriptional regula-
tor. This transcriptional regulator binds the autoinducer and regulates gene expression of the
reporter system by binding promoter region R2, which is a QS promoter region.

The main issues regarding detection of airborne pathogens are related to low bacterial concen-
tration in air samples and interference of other particulate materials in the analyses, requir-
ing appropriate sampling methods and equipment. In this context, QS biosensor technology
should contain three essential units: (i) air sampler, (ii) cassette containing active bacterial
cells used as biosensor and (iii) a signal processing module that allows data analysis and
report generation. There are two main strategies to obtain air samples: (1) to use air samples
and (2) harvest particulate matter from air conditioning equipment [44]. Air samples can be

(a) 3-hydroxy-AHL

(b) Al-2
Regulator 2 (c) LAl-1
(d) AHL
(e) 3-oxo-AHL
[dl

q e Fluorimeter
. Microscopy

Promoter R1 Promoter R2 - Colour Spectrophotometer

Visual

lacZ

Figure 3. Biosensors for detection of autoinducers (AI) molecules from quorum sensing (QS). Promoter R1 regulates
gene expression of the quorum sensing transcriptional regulation (TR) that binds autoinducer (AI) molecules. The
TR-AI complex induces gene expression of the reporter system by binding promoter region R2, which is a canonical QS
promoter region.
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directly coupled to culture medium or inorganic supports containing the biosensor, which
will be activated in the presence of QS signaling molecules [45].

The selection of the appropriated biosensor will depend on equipment availability. Colorimetric
biosensors do not need a specialized instrument for qualitative analysis due to their visual
signal. In case of a quantitative evaluation, a spectrophotometer equipped with specific filters
is needed. On the other hand, luminescent and fluorescent biosensors require luminometer
and a fluorimeter, respectively, for qualitative and quantitative measurements. Excitation and
emission wavelength will depend on the fluorescent protein, which is used as a reporter.

5. A model for future developments: integrating biosensors to
global connectivity era and intelligent building to reduce indoor
microbiological risks

From a positive and holistic point of view, the vertiginous advances in connectivity, robotics,
automation, electronics, computer science, synthetic biology and artificial intelligence allow
us to understand that these disciplines will improve our living conditions. In this context,
it is easy to imagine the positive impact of automated bioelectronic systems integrated into
architecture design and newly build techniques on life quality and health. However, the most
revolutionary aspect will be incorporation of intelligent automation devices in cars, houses,
hospitals, classrooms or institutional buildings, and how these systems will intelligently gen-
erate favorable healthy conditions for the people, cities and their environments [46].

On the other hand, considering climate change and the increase in antibiotic resistance, com-
plex solutions should be developed to avoid health problems associated with indoor spaces
such as the sick building syndrome (SBS) [47, 48]. In this context, the integration of biosensors
for the detection and surveillance of pathogenic microorganisms and quality control indoor
spaces is an appropriate challenge [49-52].

Synthetic biology is an interdisciplinary tool based on biology, engineering and bioinformat-
ics that appears appropriate to generate a bridge to connect bio-based solutions with indoor
microbial air quality systems in intelligent buildings. For example, with this tool, it is pos-
sible to develop genetic circuits and new bioelectronic devices for the detection of pathogens
[40, 53]. As previously discussed, biosensors (cell-based or cell-independent sensors) are a
suitable tool for the detection of molecules related to environmental quality problems or health
risks. In this sense, the development of new bioelectronic devices that consider a sampler unit,
a biosensor unit and a receptor unit, remotely connected through online systems represents
an advance that allows us to efficiently act against pathogens in indoor environments. In this
context, it is important to highlight that the main advantage of smart buildings for human
health is related to their ability to couple air quality sensors with automatic control systems.

According to the abovementioned factors, Figure 4 shows an integrative model of biosensors
coupled to an air sampler, equipped with units that allow (i) capturing microorganisms and
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Figure 4. Sensors for detecting and monitoring pathogens in indoor spaces in the era of connectivity, intelligent buildings
and automation. Figure shows the integration of a quorum sensing autoinducer biosensor to an intelligent air sampling
system, connected to an intelligent control and surveillance system.

their molecules, (ii) exposing them to biosensors, (iii) capturing the signals emitted by the bio-
sensor and (iv) analyzing them and sending a report through web applications to the users.
Likewise, the proposed model integrates this technology into intelligent buildings or indoor
spaces in general to remotely activate automated systems that reduce the microbial load or
informs the health authority in the event of an infectious outbreak occurs.
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Abstract

Progress in the field of pathogen detection relies on at least one of the following three
qualities: selectivity, speed, and cost-effectiveness. Here, we demonstrate a proof of
concept for an optical biosensing system for the detection of the opportunistic human
pathogen Pseudomonas aeruginosa while addressing the abovementioned traits through a
modular design. The biosensor detects pathogen-specific quorum sensing molecules and
generates a fluorescence signal via an intracellular amplifier. Using a tailored measure-
ment device built from low-cost components, the image analysis software detected the
presence of P. aeruginosa in 42 min of incubation. Due to its modular design, individual
components can be optimized or modified to specifically detect a variety of different
pathogens. This biosensor system represents a successful integration of synthetic biology
with software and hardware engineering.

Keywords: quorum sensing, FRET, signal amplification, whole-cell biosensor,
customized hardware, online image analysis, point of contact, synthetic biology, iGEM,
Pseudomonas aeruginosa

1. Introduction

A prerequisite for countermeasures against opportunistic pathogens is their rapid detection
[1, 2]. In contrast, conventional diagnostic methods often utilize time-consuming techniques
such as microscopy and cultivation in different media [3] and bear the risk of false-positive
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or false-negative results [4]. Traditionally, microbiological tests have hence been performed
by trained personnel in stationary laboratories, because the complex instrumentation hinders
transportation [5].

Established methods for detection and identification of pathogenic bacteria most commonly
rely on PCR, culture, and counting or immunological techniques such as ELISA. PCR-based
methods are extremely sensitive but require purified samples and hours of processing as well
as staff trained in molecular biology. Immunological methods are similarly sensitive but often
require costly analytes (e.g., labeled antibodies). For detailed information, such as sensitivity,
please refer to the “Discussion and outlook” section. Another commercially available tech-
nique for pathogen detection is flow cytometry, which offers rapid, quantitative measure-
ments of multiple parameters of individual cells. However, it is expensive and requires stable
growth conditions for the organisms to allow reproducible results [6]. Considering these limi-
tations, the need for rapid, specific, and inexpensive point-of-contact tests becomes apparent.
Furthermore, these tests should be intuitive to conduct while providing the same or a higher
sensitivity than traditional detection methods [1, 7].

Biosensors represent a promising approach for pathogen detection and have the potential
to fulfill the aforementioned demands [7]. For example, biosensors offer advantages such as
high specificity and sensitivity [6]. Increasing effort has been spent on the development of
biosensors that allow for portable microbiological tests since the 1990s [6, 8].

A biosensor can be defined as an analytical device in which a biologically active component
(e.g., an enzyme, antibody, whole cell) is immobilized onto the surface of a transducing ele-
ment (electronic, optic, or optoelectronic), allowing the detection of target analytes in complex
mixtures [9]. A typical biosensor comprises three main parts: the bio-recognition component,
the interface, and the transducing element [10]. The biological component specifically recog-
nizes the analyte, and the biochemical interaction is then converted into a quantifiable signal
via the transducer [9]. The choice of the interface and immobilization technique depends on
the selected biological element and transducer [10]. Based on the method utilized for signal
transduction, biosensors can be roughly classified into four basic groups, namely, optical,
mass, electrochemical, and thermal sensors [6].

Optical biosensors are particularly interesting for detection of pathogens because of their higher
sensitivity than electrochemical biosensors. For example, optical biosensors based on surface
plasmon resonance (SPR) are already commercially available in a portable format (Spreeta
System, Texas Instruments). Drawbacks of this technique are comparably high costs and com-
plexity requiring trained staff for operation [5].

2. The five key elements of the proposed biosensor

The present work provides proof of concept for a novel approach toward a cost-efficient, opti-
cal biosensor, which enables safe and simple detection of pathogens and does not require
highly trained staff for operation. The detection system was designed for investigation of solid
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surfaces, for example, to assess cleaning success in a hospital environment, which is receiv-
ing increasing interest [10]. This project was performed and has successfully competed in the
International Genetically Engineered Machine (iGEM) competition 2014 [11].

The potential of the proposed system lies within the combination of biology and engineering
as the development of biosensors is highly interdisciplinary [7]. Five key components, namely,
biomolecular detection (I) with intracellular signal amplification (II) embedded into a two-
dimensional sensor chip (III), a custom incubation device (IV), and automated image analysis
(V), constitute the functional biosensor as displayed in Figure 1. In terms of the biological com-
ponent, the present project comprised the genetic engineering of sensor cells (introduction of
the amplifying reporter circuit in Escherichia coli) as well as the optimization of the interface and
immobilization of the resulting sensor cells. The transduction element (hardware), a custom-
ized detection unit, and image analysis software for automated evaluation were developed.

As amodel organism for demonstrating the biosensor’s functionality, the well-studied oppor-
tunistic pathogen Pseudomonas aeruginosa [12] was chosen as it has become a major cause of
nosocomial infections; about 10% of nosocomial infections in most European Union hospitals
are currently caused by P. aeruginosa alone [13]. Additionally, this bacterium often acquires
multiple drug resistances and is a threat to patients suffering from cystic fibrosis, severe
burns, or immunodeficiency [14].

2.1. Quorum sensing in Pseudomonas aeruginosa

Bacteria have evolved complex systems to sense their environment. Quorum sensing (QS)
networks present a way to synchronize behavior, such as bioluminescence, biofilm formation,
sporulation, and the secretion of virulence factors, on a population-wide scale [15].

In QS systems of bacteria, an autoinducer (Al) is produced by one or more synthases and is
secreted from the cell. The cell can in turn detect the autoinducers through receptors in the

Feed-

Sample
- back

Figure 1. The five key elements of the proposed sensor system. A biomolecular signal originating from pathogens in the
sample is recognized (I), converted, and amplified (II) by sensor cells embedded in a two-dimensional sensor chip (III).
The chip is incorporated in a detection device capable of real-time monitoring (IV) and equipped with software for an
automated image analysis (V). In combination, the setup gives feedback to the user if pathogens were detected.
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cytosol (single-step response regulation in Gram-negative bacteria) or in the membrane (two-
step response regulation in Gram-positive bacteria). Once a minimal threshold concentration
is reached at higher cell densities, the activated Al receptors can induce or repress specific
gene expression programs. The induction of the QS regulon leads to the expression of more Al
synthase, amplifying the QS signaling [16]. However, most often the QS systems of one bacte-
rial species extend beyond the basic circuit described above. Such configurations can include a
multitude of circuits in parallel or series as well as competitive setups and on-off switches [17].

P. aeruginosa is commonly found in soil and is of particular interest due to its role in nosoco-
mial infections. QS is essential for the persistence and disease progression, because it governs
cell adhesion, biofilm formation, and virulence factor secretion [14]. The bacterium has three
interconnected QS circuits: LasIR and RhlIR, two LuxIR-type circuits, and the Pseudomonas
quinolone signal (PQS) system. In LaslR, the Al synthase Lasl synthesizes the Al 3-oxo-
C,,-homoserine lactone (30C,,-HSL). LasR is a cytosolic receptor for 30C -HSL that acts as an
inducer on the lasI promoter once bound to the Al LasR is only stable in the complex with its
matching Al, in this case 30C ,-HSL. However, LasR not only activates the expression of the
Las regulon; it also acts as an inducer for the transcription of rhIR and rhil, the receptor and Al
synthetase, respectively, in the second LuxIR-type QS system of P. aeruginosa. The interaction
between the LasIR and RhlIR systems is illustrated in Figure 2. The details of P. aeruginosa QS
have been described in literature [17, 18].

The implementation of the P. aeruginosa QS systemin E. coli is already a well-established example
for the use of such components in synthetic biology. Here, the LasIR circuit is used as a reporter
system in E. coli to detect P. aeruginosa. The engineered E. coli cells constitutively express the pro-
tein LasR. Once 30C,,-HSL is secreted by P. aeruginosa cells, it diffuses into the E. coli cells and

D CcDS

T Terminator

9 Al synthetase

L‘t . ’ ‘_) "> Al molecules

v a0

Figure 2. The LuxIR-type QS systems in P. aeruginosa and its translation into a biosensor. The Al synthase Lasl (horizontal
stripes) produces 30C,,-HSL (filled triangles) which bind to the transcription factor LasR (vertical stripes). The LasR-
30C,,-HSL complex induces the expression of the Las regulon as well as rhil and rhlR. RhlI (light shade) synthesizes the
AI C-HSL (open triangles) which in turn binds to RhIR (dark shade) and activates the expression of the Rhl regulon as
well as the PQS system (not shown). RBS, ribosome binding site; CDS, coding sequence.
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binds to LasR. The LasR-30C,,-HSL complex then activates the reporter system, resulting in a
fluorescent signal that can be read out by the detection device. However, the working principle
of the biosensor is not limited to the detection of P. aeruginosa. Ultimately, the sensing E. coli cells
can be engineered to include reporter circuits based on QS systems of other bacteria.

2.2. Molecular signal amplification

The biological component of the proposed biosensor was embodied by genetically modi-
fied E. coli, which were engineered to generate a fluorescence signal upon the presence of
QS molecules specific for P. aeruginosa (specifically 30C ,-HSL). The core component of the
sensor cells is the activation of a pool of quenched fluorophores, which will be discussed in
detail later. Desired properties of the sensor cells were a rapid response, specificity, and high
sensitivity [10].

The traditional way to report the binding of 30C -HSL to the constitutively expressed LasR
would be the expression of a fluorescent protein, such as GFP, under the control of the lasl pro-
moter. The presence of the autoinducer would then lead to a detectable fluorescent signal. A
rapid generation of the signal, however, would be limited by transcription, translation, folding,
posttranslational modification, and maturation of GFP. Therefore, a novel reporter strategy to
accelerate the signal generation was chosen. In the proposed system, a quencher-linked GFP
fusion protein is constitutively expressed in the cells, but does not exhibit fluorescence as long
as the quencher subunit is in close proximity to the GFP subunit. Binding of 30C,,-HSL to LasR
induces the expression of a tobacco etch virus (TEV) protease, which cleaves the fusion protein.
Thereby, GFP is released from the quencher and emits a fluorescence signal. Compared to the
conventional approach, the signal is generated faster by maintaining a stock of fusion proteins in
the cells, which can be readily cleaved. Additional signal amplification is achieved by the ability
of a single TEV protease to cut multiple fusion proteins, while expression of a fluorescent protein
upon the presence of 30C,,-HSL would only result in a single fluorescent molecule at a time.

2.2.1. Quenching of GFP fluorescence

The quenching of GFP fluorescence in the fusion protein is based on Forster resonance energy
transfer (FRET), a process by which the energy of an excited donor fluorophore is transferred
to an acceptor molecule whose absorption spectrum overlaps with the emission spectrum of
the donor [19]. The energy can then be released, for example, by fluorescence of a longer wave-
length or by heat. Yellow fluorescent protein (YFP) represents a suitable FRET acceptor for
GFP. Emission resulting from YFP was avoided by using a nonfluorescent mutant of YFP called
resonance energy-accepting chromoprotein (REACh [20]). Two REACh variants were generated
by introducing the mutation Y145W (REACh1) and the double mutation Y145W/H148 (REACh2)
into an enhanced YFP (eYFP) by QuikChange mutagenesis. Ganesan et al. [20] reported a reduc-
tion in fluorescence of 82 and 98% for REACh1 and REACh2, respectively.

Both REACh variants were genetically fused to GFP (mut3b [21]) via a linker, which brings
both proteins in close proximity, facilitating FRET [22] from GFP to REACh, thus quenching
the fluorescence. The linker harbors a cleavage site for the TEV protease (ENLYFQ\S) allowing
the separation from the quencher. In the present study, the TEV protease is expressed under
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control of the lasl promoter, making it inducible by the QS autoinducer 30C,,-HSL. For this
purpose, a TEV protease gene with codon optimization for E. coli and the anti-self-cleavage
mutation 5219 V was designed [23]. The GFP-REACh fusion protein is expressed constitutively
to ensure continuous supply of protease substrate. Figure 3 illustrates the interplay between the
GFP-REACh fusion protein and the TEV protease. The expression cassette for the GFP-REACh
fusion protein was cloned into a pSB3K3 [24] vector backbone, and the TEV protease expression
cassette was inserted into a pSB1C3 [25] vector.

2.2.2. Validation of the reporter system

Forinitial validation the developed reporter system was tested via 3-D-1-thiogalactopyranoside
(IPTG) induction using a well-characterized T7 promoter instead of the lasI promoter. Two
plasmids, one carrying the GFP-REACh fusion protein and one carrying the TEV protease,
were introduced into E. coli BL21 (DE3). The resulting strain allowed the IPTG-inducible
expression of the fusion protein. A growth experiment was conducted in which the fluores-
cence of the double plasmid strains, containing either variant of the fusion protein and the
TEV protease, was compared to cells constitutively expressing GFP as positive control and
a nonfluorescent strain as negative control (Figure 4, left). For both REACh variants, IPTG-
induced as well as IPTG-non-induced cultures were grown in parallel, and all measurements
were done in a biological triplicate. The fluorescence was normalized to the observed optical
density (OD). The induction with IPTG leads to a rapid increase of the fluorescence signal. At
the end point, a signal strength comparable to the positive control was reached, indicating a
complete cleavage of the fusion proteins by the TEV protease. The higher base level of fluo-
rescence in the non-induced cells can be attributed to imperfect quenching. This experiment
demonstrated the quenching ability of the REACh proteins in our fusion constructs as well as
the functionality of the E. coli-produced TEV protease.

. 1; I_) Promoter
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Figure 3. Schematic model of the novel biosensor. Expression of the TEV protease is induced by bacterium-specific
HSL bound to its receptor LasR. The protease then activates a pool of readily available fluorophores by cleaving off the
quencher (REACh) and releasing fluorescent GFP. RBS, ribosome binding site; CDS, coding sequence.
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Figure 4. Validation of the reporter system. The production of a fluorescence signal by REACh variants after protease
cleavage was compared. Each variant was tested with and without IPTG induction. Constitutive GFP expression and a
nonfluorescent strain were used as positive and negative controls, respectively. The fluorescence signal was normalized
by the sample OD (left). Comparison of response time of the biosensor setup to conventional GFP expression. The
expression of all three systems was under the control of the IPTG-inducible lacl promoter. The fluorescence signal
was normalized by the sample OD and based on the signal of a negative control (right). Error bars represent errors as
determined by Gaussian error propagation using standard deviations from three biological replicates.

To test the hypothesis that the GFP-REACh fusion proteins in combination with the cleavage
amplification results in a faster response than the conventional approach, the kinetics of our
reporter strategy were compared to a strain expressing GFP under the control of an IPTG-
inducible lacl promoter. Using the new reporter strategy, a much stronger and faster increase
in fluorescence was observed compared to IPTG-induced expression of GFP (Figure 4, right).
The high variation for the development of fluorescence by the GFP-REACh systems may have
originated from inhomogeneous expression levels of the TEV protease and different sizes of
the fluorophore pools. As the signal is amplified by the cleavage of the GFP-REACh fusion
protein by the TEV protease, even slight temporal differences in the expression of the TEV
protease are expected to cause great shifts in the temporal signal responses, thus resulting in
high error bars when different cultures are averaged. The errors were increased even further
with the Gaussian error propagation.

2.3. Immobilization of sensor cells

The sensor cells were immobilized in rectangular layers (chips), thus creating an interface
between the biological component and the technical component (transducer). Main objectives
during the design of the interface were to enable viability and storability of the immobilized
sensor cells, reproducibility of the fluorescence response, as well as cost-efficiency. For proof
of concept, a simple and robust design was chosen.

A variety of different methods have been used for immobilization of whole cells, which can be
divided into six general types: covalent coupling, affinity immobilization, adsorption, confine-
ment in liquid-liquid emulsion, capture behind semipermeable membranes, and entrapment
[26]. An established technique for immobilization of living cells is entrapment, which refers
to the physical containment of organisms inside a matrix or fibers, thus creating a protective
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barrier around the cells [27]. Matrices used for entrapment can be synthetic polymers, such as
polyester, or natural polymers, such as agar, agarose, or alginate [27]. Entrapment allows to
preserve and prolong cell viability, for example, during storage [26, 27], which matched the
intentions of this work.

Important prerequisites for the entrapment matrix of the sensor cells were physical rigidity, safety,
resistance against biological degradation, transparency, as well as the possibility to conduct matrix
synthesis at mild conditions, suitable for living cells. Inorganic polymers such as polyacrylamide
were ruled out due to the carcinogenicity of the monomers and rather harsh polymerization con-
ditions [28]. Natural polymers allow for higher diffusion rates than inorganic polymers (tested for
small molecules [28]) and are less expensive and less hazardous in production than synthetic poly-
mers. The organic polymer agarose offers several advantages including easy handling, resistance
to microbial degradation, and favorable conditions for entrapped cells [27]. Thus, agarose was the
polymer of choice for immobilization of cells and formation of chips.

2.3.1. Optimization of chip casting mold and medium

First, a casting mold for rapid and reproducible manufacturing of the 2D sensor chip was
developed. A plain surface was a prerequisite for automated image evaluation. Low agarose
concentrations (<3.0%) were chosen to reduce consumable costs and to ensure rapid diffusion
of the analyte (HSL) to the immobilized sensor cells.

Manufacturing of the agarose gel was conducted based on existing protocols for entrapping
living cells in melted polymers. In brief, the temperature of the polymer solution was adjusted
to 45°C and was quickly poured into the respective mold after mixing with the sensor cells.
Sensor cells were spun down from a liquid culture (50 mL LB, 5 g-L* NaCl, 10 g-L™ tryptone,
5 g-L! yeast extract) and resuspended in 1 mL LB medium (21°C) before mixing with the tem-
perature-adjusted agarose solution, resulting in a cell concentration of approximately 5.6x10°
cells/mL. Before usage, solidified and cutout sensor chips were incubated for 1 h at 37°C.

An open casting mold, which exploited the surface tension of the polymer solution to achieve
a plain chip surface, was most successful for the production of sensor chips. After discarding
a small gel area in direct contact with the edges of the mold (Figure 5, left), bubble-free sensor
chips with a plain surface were readily obtained from this approach. The open mold allowed
for simple, reproducible, and rapid manufacturing of sensor chips and was hence the method
of choice for this work. An agarose concentration of 1.5% was found to be sufficient to cast
robust sensor chips. For an accelerated manufacturing process, multiple sensor chips were
casted simultaneously using an extended mold (Figure 5, left).

Further, to meet the nutritional needs of the sensor cells while minimizing background
fluorescence, different complex media (Luria-Bertani or LB medium, Terrific-Broth or TB
medium, nutrient agar or NA medium) as well as minimal media (Hartmans minimal or
HM medium, M9 minimal medium) were tested with respect to sensor cell growth and
the presence of background fluorescence. Background fluorescence was investigated in a
commercial gel imaging system (GelDoc™ XR, Biorad, Germany) as well as in the custom-
made optical detection device constructed in this work as described in the following section.
The results are summarized in Table 1, and a comparison of the background fluorescence
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Figure 5. Sensor chip manufacturing and optimization. Sensor chip manufacturing (left) and effect of the medium choice

on background fluorescence (right). M9* represents supplementation of the M9 minimal medium with Casamino acids.

Excitation commercial gel imaging system and in the custom-made optical detection device was conducted at 480 nm.
Chips displayed contained 1.5% agarose and no sensor cells.

of sensor chips comprising the respective media is displayed in Figure 5 (right). Only LB
medium allowed for sufficient growth of the sensor cells. Its background fluorescence in the
custom-made optical detection device was acceptable, most likely due to the narrow excita-
tion profile compared to the commercial device.

Background fluorescence appeared to be more intense in complex media than in minimal
media. To identify a possible cause for this observation, minimal M9 medium was supple-
mented with 2% Casamino acids (Figure 5, right, bottom row). Background fluorescence was
stronger in supplemented minimal medium matching reports in literature [29], possibly due
to an increased concentration of aromatic amino acids possessing inherent fluorescence.

Activity of the sensor cells after immobilization was investigated in a subsequent experiment by
inducing a fluorescent signal with 0.2 uL of a 500 ug-mL™ HSL (3-oxo-C,,) solution (Figure 6A).

Luria-Bertani Terrific-Broth Nutrient agar ~ M9 minimal Hartmans minimal
medium medium medium medium medium

Growth of sensor + + — _ _

cells

BF, gel imaging — — + + +

system

BF, custom-made + — + + +

device

Fluorescence in the commercial gel imaging system and in the custom-made device was measured at A = 480 nm.
Growth in the respective media was investigated in liquid culture; background fluorescence was investigated in chips
containing 1.5% agarose and no sensor cells. + indicates either growth of the sensor cells or the absence of background
fluorescence (BF); — indicates the absence of growth or the presence of background fluorescence.

Table 1. Compatibility of different growth media with the proposed 2D biosensor.
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Figure 6. Assessment of the sensor cell viability after immobilization. (A) Fluorescence was induced with 0.2 uL of a
500 pg-mL™ HSL (3-ox0-C,,) solution. (B) a non-induced negative control was included to ensure that observed fluorescence
only originated from induced sensor cells. Pictures were taken with the custom-made device (A =480 nm) at different times
after induction. Sensor chips were prepared as described in the text section and incubated for 1 h at 37°C before induction.

One and a half hours post induction, a fluorescence signal was visible even to the naked eye,
indicating that the sensor cells were in fact still viable after immobilization. No apparent change
in fluorescence was observable for the negative control (Figure 6B).

For easier handling and experimentation, storability of the sensor chips of several days was
desired. Activity of the immobilized sensor cells after storage under different conditions was
investigated by induction with HSL. Generation of a fluorescence signal was used as an indica-
tor for cell viability. After storage at —20°C, no fluorescence was observed after thawing and
inducing the sensor chips. The addition of glycerol in different concentrations (5-10% v/v) did
not improve cell survival at —20°C. The shelf life at 4°C was 5 days, allowing a batch-wise pro-
duction and storage for later use. Exceeding this storage duration led to an insufficient fluores-
cence response upon induction.

Additional experiments were carried out to investigate the biosafety of the proposed sensor
chips, because a release of the genetically modified sensor cells from the sensor chips repre-
sented a possible risk in handling. A simple approach for investigating the biosafety of the
sensor chips was replica plating on agar plates containing the respective antibiotic. An aver-
age of five colony-forming units (CfU) was found (n = 3), indicating that some cells were in
fact able to escape the agarose entrapment. Therefore, measures to achieve a complete entrap-
ment, for example by increasing the agarose concentration, should be evaluated to render the
system as safe for the use in non-GMO-certified areas.

2.4. Integrated cultivation and detection device

The two-dimensional approach of sensing pathogens on agarose chips requires a specialized
device for detecting and interpreting the fluorescent signals generated by the immobilized
sensor strain. Since the results from commercially available plate readers and gel imaging
systems did not yield a sufficient spatial resolution, a custom-made device was designed and
constructed as pictured in Figure 7 (left).
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Figure 7. Schematic representation of hardware components and assembled device. Biosensor chips (S) are placed
above a Peltier heating element (P) in the incubation chamber (dotted line). An Arduino microcontroller measures
the temperature (T) and switches the heating on or off via a relay (R). A Raspberry Pi microcomputer displays the
graphical user interface with the analysis software on the touchscreen. Whenever a picture is taken, the two controllers
communicate to switch the excitation LEDs on/off. The fully assembled device (right) is sprayed black to avoid
interference of ambient light. Stickers of the project logo are visible at the top.

The device consists of two enclosed compartments, separated by laser-cut plates of acrylic
glass. The inner compartment serves for cultivation and illumination of the sensor chip. The
outer compartment contains a Raspberry Pi microcomputer, an Arduino microcontroller, and
a camera for imaging. Figure 7 (right) schematically shows the individual components of the
device and their interaction.

Once the chip is prepared and a sample taken, a petri dish containing the chip is inserted into
the inner compartment, which serves as an in situ incubation chamber for both pathogens and
genetically modified sensor organisms. A UV lamp could be integrated to facilitate built-in
inactivation of microorganisms.

During the experiment, the parameters are controlled by an Arduino Uno and a Raspberry Pi.
The Arduino has two main functions: first, it is responsible for controlling the incubation tem-
perature in the inner compartment. Based on measurements from the temperature sensor, it
sets the power input for the Peltier elements, thus heating or cooling the interior of the device.
Second, the Arduino controls the LEDs illuminating the chip. When a control command from
the Raspberry Pi is received, the two channels of the connected relay are turned on or off,
switching the state of the LEDs, respectively. Thus, the chip is exposed to the specific wave-
length emitted by the LEDs, in this case 480 nm for the excitation of the unquenched GFP.

Upon user input, the Raspberry Pi triggers the camera module to take an image of the chip.
A filter slide is placed in front of the lens to block the excitation wavelength from the LEDs
and to specifically transmit the emission wavelength of the fluorophore. In this configura-
tion, a highly resolved fluorescent signal is obtained. The image is further processed by the
Raspberry Pi and displays the analysis results via the graphical user interface (GUI) on a
built-in 7-inch display located in the outer casing. The GUI (Figure 8, left) runs on either the
Raspberry Pi or an externally connected computer; it enables the user to adjust the camera
settings, take a single image or start time-lapse imaging, and to monitor the imaging process.
Moreover, it allows execution of the analysis software for saved images as described in detail
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Figure 8. Graphical user interface (GUI) and chain of commands. Using the GUI (left) the user can specify settings for
cultivation and imaging. The software instructs the backend via a REST API (right) to execute the imaging command.
The acquired image is transferred back to the software which performs an automated analysis.

below. The communication between the GUI and the hardware is ensured by the backend
software. It receives the respective commands (e.g., for capturing an image) from the GUI and
subsequently forwards them to the according hardware. Therefore, the backend is respon-
sible for image acquisition. An exemplary chain of commands for taking an image is depicted
in Figure 8 (right). The backend runs on the Raspberry Pi.

For the detection of P. aeruginosa using the sensor system presented in the previous sections,
time-lapse imaging was performed, taking pictures in intervals of 5 min. The agarose chip was
incubated at 37°C and excited with four LEDs (Superflux LED blue 3 Im NSPBR70BSS-PU/
PV-W, Nichia Corporation) emitting a peak wavelength of 480 nm. The filter “010 Medium
Yellow” (LEE Filters) was installed in front of the camera to allow the emission wavelengths
of the fluorophore to pass while blocking the peak wavelength of the LEDs.

2.5. Analysis of spatial fluorescence

Automated, fast, and reliable analysis of raw sensor data is critical for a diagnostic device.
Since, in the case of the 2D biosensor, the raw sensor measurement is a series of pictures taken
by the onboard camera, an image analysis pipeline is required. Here, a novel pipeline is pre-
sented involving segmentation through statistical region merging (SRM [30]), thresholding in
hue-saturation-value (HSV)-color space, and a final classification step. This leads to segmen-
tation of the fluorescent regions in the biosensor chip, thus identifying chips or chip regions
containing pathogens.

2.5.1. Image segmentation

Onboard image analysis on embedded computing hardware is subject to rigorous performance
constraints due to the poor availability of existing analysis packages and the limited computing
power. This complicates the use of sophisticated analysis pipelines. At the same time, the need
for quantification of fluorescent regions on the biosensor mandates the image to be segmented
into foreground (fluorescent) and background regions, also called super-pixels. This is neces-
sary because only after a segmentation mask is computed for an input image, the number of



Development of a Modular Biosensor System for Rapid Pathogen Detection
http://dx.doi.org/10.5772/intechopen.72457

independent fluorescent regions in the image, their intensity, and their area can be quantified.
Statistical region merging is an image segmentation algorithm which is both light-weight and
does not require expensive tuning of algorithm-specific hyperparameters [30]. In contrast to
other clustering algorithms, it also produces deterministic results, which increases the repro-
ducibility of the analysis pipeline. The SRM algorithm has one important hyperparameter Q
which influences the merging process. A Q-level of 256 resulting in many fine regions was
chosen (Figure 9, top-left).

The input image (Figure 10A) is segmented into super-pixels, and the list of regions is filtered
to obtain only candidate regions of fluorescence (Figure 10B). Since the color of the fluores-
cence signal is known, the regions can be thresholded based on their HSV color representa-
tion. For selection of GFP-fluorescent regions, super-pixels that have hue (color shade) in the
interval [0.462, 0.520], saturation of 0.99, and value (brightness) in the interval [0.25, 0.32]
were considered. This thresholding step removes background regions and is performed at
low computational cost (Figure 10C).

Since false positives can remain after filtering, they are removed from the list of candidate
regions by classifying each region into noise or signal. First, the classification applies a
smoothing procedure to the region mask. This is achieved by convolving the region mask
with a disk filter (Figure 10D). Then, for each pixel p’ in that smoothed image, the smoothness
index [31] is calculated (Figure 10E) as the sum of the difference with respect to each of its
neighbors N, (Eq. (1)). In the implementation, the neighbors in a radius of i=4px were used.
Finally, the matrix of smoothness indices is normalized the interval [0, 1]:

e, V(P)
p = mgx Sp 1)

A subsequent thresholding step selects pixels that fulfill S, > T Al > 255 where S denotes
the smoothness index at pixel p, T=0.85 is an empirically determined smoothness threshold,
and I is the intensity of the pixel in the smoothed mask. The final classification step removes
regions with high-edge curvature and selects smooth, blob-like regions (Figure 10F). Thereby,
artifacts are removed from the analysis, and only fluorescent pixels are quantified.

Figure 9. Regions obtained from SRM with different Q-levels. High Q-levels (indicated by numbers) result in many
super-pixels (top-left), while low Q-levels correspond to rigorous merging (bottom-right). Segmented regions are
randomly colored for better visualization.
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Figure 10. Input, intermediates, and result. The input image (A) is segmented using statistical region merging (B), and super-
pixels are selected based on the HSV properties (C). The binary region mask is smoothed (D), and smoothness indices are
computed (E). Pixels that were classified as foreground in D and smooth (E) are overlaid as red pixels on the input image (F).
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Figure 11. Time series acquired by the measurement device and quantification of fluorescent pixels over time. A volume
of 0.2 uL of bacterial culture in LB medium (approximately 6x10° CFU) was added onto the center of agarose chips
containing the immobilized sensor cells. The negative control culture contained E. coli DH5a, the pathogen sample culture
P. aeruginosa O1. The chips were incubated at 37°C, and pictures were taken approximately every 5 min. The fluorescence
signal recognized by the image analysis software is shown as highlighted area. A video sequence of the live pathogen
detection can be found at [32] (top). A time series of images taken with the measurement device was analyzed using the
outlined image analysis pipeline. Counts of foreground pixels (dots) are plotted against incubation time. Starting after
40 min of incubation, the number of fluorescent pixels linearly increased (117 pixels/min, R? = 0.936; bottom).
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2.5.2. Quantification of the fluorescence signal

The image analysis pipeline outlined above was implemented in both MATLAB and C++. It
allowed the detection of fluorescence with little tuning of hyperparameters (Q-level and thresh-
olds). When a time-lapse of images is automatically acquired with the software, the image
analysis pipeline can be applied to each frame (Figure 11, top). The number of pixels in the
resulting foreground regions can be quantified over time. After about 40 min of incubation, a
region of pathogen-induced fluorescence was detected, which then grew linearly with respect
to its area over time (Figure 11, bottom). As a proof of principle, 6x10° cells were applied on
the chip. However, serial dilution testing is needed to determine the lower detection limit. The
expected lower limit of detection is 1 CFU due to cell proliferation during the incubation step.

3. Discussion and outlook

In this work, a modular biosensor for the detection of the opportunistic human pathogen
P. aeruginosa was developed. Five key components, (2.1) a selective molecular detection
mechanism, (2.2) an integrated amplification step, (2.3) a gentle immobilization technique,
(2.4) a low-cost cultivation and optical detection device, and (2.5) a graphical analysis soft-
ware, were integrated. The resulting modular biosensor demonstrates the power of combin-
ing synthetic biology with software and hardware engineering by detecting P. aeruginosa in
less than 1 h of analysis time. Table 2 provides a comparison of the sensor system developed
in this study to existing detection methods for P. aeruginosa.

In addition to the detection methods compared in Table 2, there are several whole-cell
approaches. Most of the previously developed whole-cell biosensors deliver an optical out-
put [39]. In a previous work, Struss et al. developed a whole-cell biosensor detecting AHLSs
of gram-negative bacteria, particularly P. aeruginosa [40]. Similar to the approach presented
herein, they used components of the AHL-mediated QS regulatory system to generate an
optical signal. A portable format was developed by liquid-drying the sensor cells on filter
paper strips. While Struss et al. met many criteria for a successful portable on-site field kit,
such as easy handling, inexpensiveness, and simple transportation, it lacks a rapid, integrated
analysis and is dependent on the user’s subjective evaluation.

Enhancement and optimization of the proposed biosensor system beyond the proof of prin-
ciple demonstrated in this work can be realized by modifying each of the five key elements as
well as their interactions. The individual key elements can be optimized as follows.

The utilization of the pathogen’s inherent QS system guarantees a high specificity as the recep-
tor for the Al is unique. However, this poses a challenge if multiple pathogens are desired
to be detected simultaneously. First, only QS molecules can be recognized by a molecular
sensing system of the presented type. In theory, other secreted compounds can be used for
detection, though potentially reducing the specificity. Second, the sensing system should be
introduced into a separate sensing organism to completely avoid interaction, especially if
a closely related QS system and a signal amplification as presented here are utilized. This
may lead to insufficient spatial resolution as many different sensing cells are required to be
incorporated in the same sensor chips. An equal distribution of each type of sensing cell needs
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Principle of Details Advantages Disadvantages
detection
PCR Targeting gyrB gene using real- High selectivity and No discrimination between
time PCR, sensitivity: 3.3x10? to reliability, conclusive and viable and nonviable cells,
2.3x10° CFU/PCR [33] unambiguous results, fast purification step required
compared to culturing
methods
Culture and Simple and traditional plating Moderate selectivity, simple, Time-consuming cultivation

colony counting method, sensitivity: 20 CFU/mL

[34]

Immunology ELISA applying antibodies to
detect cell surface antigens [35],
typical sensitivity: 10° CFU/mL
(6]

Modular biosensor Transcription factors recognize

presented in this ~ pathogen-specific quorum sensing

study molecules; signal is transduced

through activation of quenched
fluorophores, tested number of
cells: 6x10° CFU

Nucleic acid Reception through (-)ssDNA

biosensor probe coupled to piezoelectric
transduction, sensitivity: 0.1 ug/
mL [36]

Molecular Recognition of bacterial

imprinting structure in combination with

polymer-based dielectrophoresis, sensitivity

biosensor 10° CFU/mL [37]

Droplet-based Detection of virulence factors

microfluidic via surface-enhanced Raman

biosensor spectroscopy, sensitivity: 0.5 uM

pyocyanin [38]

inexpensive, low detection
limit

High selectivity, faster
than PCR-based techniques

Inexpensive (no expensive
reagents or equipment
required), rapid (short
cultivation without
pretreatment), simple (no
highly trained personnel
required)

Detection in under 3 h,
high selectivity

Detection time of 3 min,
high sensitivity, no
pretreatment necessary

Low sample volume, low
detection limit for pathogen-
specific virulence factor
pyocyanin

of several days, detects only
viable/culturable organisms,
unspecific

Complex and expensive, less
sensitive than PCR, regularly
requires cultural enrichment

Selectivity and sensitivity
dependent on detection
system, viable cells required

Low sensitivity, complex
immobilization on hybrid
membrane

Cross-reactivity with bacteria
of similar shape

Expensive, trained personnel
required, increased
technological effort, fluid
samples only, extensive
interpretation of data needed

Table 2. Conventional methods and biosensor approaches for detection of P. aeruginosa.

to be ensured and reciprocal interference avoided. The feasibility hereof has already been
proven in previous work [41].

By introducing the REACh quenching system, the fluorescence response was amplified and
accelerated compared to conventional GFP expression. Quenched fluorophores are constitu-
tively expressed, and a constant pool of reporter molecules is built up. Upon the presence of
inducers and a subsequent expression of the protease, they are unquenched resulting in a fast
and strong fluorescent signal. Since the two expression cassettes for the GFP-REACh fusion pro-
tein and the TEV protease are currently on two separate plasmids, using a single plasmid would
increase the robustness of the detection system, as two plasmid expression systems are consid-
ered less stable. As a proof of principle, the system was tested using IPTG-induced expression of
the TEV protease. As a next step, the system would be adjusted by exchanging the T7 promoter
with the HSL-bound LasR-inducible lasI promoter to render the expression of the TEV protease
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inducible by 30C -HSL. Subsequently, extensive testing with different concentrations of 30C -
HSL and varying cell numbers of P. aeruginosa should be performed to determine detection
limits. Based on the results, the expression can be fine-tuned, for example, by improving the
promoters. On the protein level, the linker length between GFP and REACh can be optimized
with respect to the protein folding, protease accessibility, and quenching efficiency [22].

Engineering of the agarose chips for entrapment of the sensor cells represents a simple yet
efficient way for a two-dimensional detection method. The immobilized sensor cells survived
and still performed as expected, even after short-term storage at 4°C. A fluorescence signal
was generated upon induction, thus proving a sufficient diffusion of the inducer through the
chip. As discussed above, adjustment of the agarose concentration used for production of
the sensor chips represents a simple way to further optimize the sensor chips. Increasing the
agarose concentration could focus the fluorescent response on a smaller area by restricting
diffusion of the analyte, however, under the prerequisite that the diffusion is fast enough to
reach the sensor cells within a short time. Additionally, adjustment of the agarose concentra-
tion affects the biosafety as the ability of the chip to contain the sensor cells is altered. To
ensure a sufficient quantity and spread of the cells, an array-based technique for pattering the
sensor cells onto a chip surface could be used to enable high-throughput analysis [41]. Several
techniques for printing bacteria on surfaces have already been used successfully [42, 43].

The optical detection device represents a simple and cost-effective solution for the rapid visu-
alization and analysis of the 2D fluorescent signal. In situ cultivation with automatic, real-time
monitoring of the fluorescence resulted in the detection of P. aeruginosa within 42 min, even
without using the optimized sensor cells. Compartmentation and the possibility to install a
UV sterilization light ensures a high standard of biosafety. The settings described in Section
2.4 are highly specific for the presented two-dimensional biosensor; however, as the device is
modular, single components such as the LEDs and the filter sets can be exchanged to adjust
the optical settings to different reporter systems. An extension of the device, for example, by
using a filter wheel or a monochromator and LEDs emitting different wavelengths bears the
potential of simultaneously detecting various pathogens if respective molecular reporter sys-
tems can be constructed, thus allowing a high degree of multiplexing. The extensive modu-
larity and the inexpensive parts in comparison to common commercial devices grant an easy
access for potential users and researchers customizing the system for other biosensors.

The analysis software pipeline recognized and distinguished fluorescent signals of certain
shapes and marked them for an easy interpretation by the user. However, the lack of suf-
ficient amounts of real input data may imply a subjectivity of the analysis. Further testing
needs to be done to prove universal applicability. In this regard, the precision vs. recall
trade-off of the software is required to be further investigated to determine ratios between
false positives and false negatives. Additionally, time-lapse data should be featured not only
in the GUI but in the analysis as well. Since the project was conducted, the computational
capabilities of embedded hardware have dramatically improved. Future adoptions of this
work should therefore utilize state-of-the-art embedded hardware and software packages.

In general, the presented biosensor represents a proof of concept of a modular whole-cell,
point-of-contact biosensing system. It enables rapid and inexpensive detection of P. aeruginosa,
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providing intuitive feedback through integrated, real-time analysis. The applicability of this
sensor platform in other fields, such as food, water, and environmental safety, offers further
innovation potential.
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Abstract

Point-of-care devices technology are a promising way towards the recognition of path-
ogens in early-stage diagnosis, which is critical for the success of inexpensive treatments
as opposed to the high costs of managing the disease. The integration of immunoassays
with read out circuitry allows the implementation of diagnostic devices for their use by
untrained personnel, without compromising reliability. In the following chapter, three
different biosensors based on lab-on-a-chip (LoC) and microfluidic technologies were
designed, assembled and tested for pathogen diagnosis. The devices allowed the effec-
tive detection of the human papilloma virus, Mycobacterium tuberculosis and Chagas
parasite in shorter times and with smaller sample volumes than those required by
current clinical diagnosis techniques. All devices were benchmarked against commercial
techniques in terms of cost and time requirement per test.

Keywords: microfluidics, biosensors, electroimmunosensors

1. Introduction

Diagnostic of pathogenic driven diseases has become a global concern due to the rapid growth
of infectious diseases around the world [1]. For decades, pathogen detection has been mainly
attained through cell culture, nucleic amplification and enzyme-linked immunoassays, which
rely on tedious protocols and are generally time consuming [2]. According to the World Health
Organization (WHO), novel technologies for pathogen diagnosis urgently need to address
issues regarding affordability, sensitivity, specificity, ease of use, robustness, response time
and deliverability to end-users [3]. For this reason, lab-on-a-chip (LoC) and microfluidic
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systems, with the inclusion of biosensors, emerge as an attractive alternative due to their low
sample volume requirements, rapid response, and ease of integration [4].

The first generation of electrochemical biosensors emerged from the incorporation of immobilized
enzymes on conventional electrodes. They were firstly thought for laboratory instruments, but
rapidly penetrated into the medical device industry thanks to diagnostic companies [5]. Enzyme-
based biosensors exploit the specificity of enzymes towards a particular substrate for sensing
purposes [4]. In such devices, immobilized enzymes serve as mediators, easing electron transport
from the active site to the electrode [6] and providing a clear signal for substrate recognition. Due to
the rather limited availability of substrates, enzyme-based biosensors were rapidly replaced in the
medical industry with immunoassays. Antibody-based biosensors rely on the transduction of
signals from immobilized antibodies upon binding of specific analytes. This type of biosensors is
well accepted in the medical industry for the detection of proteins specific to a particular disease or
condition. Electroimmunosensors are antibody-based biosensors that employ electrochemical
transducers to obtain an electrical response [7]. The charge transport capacity of the electrodes
employed in electroimmunosensors can be monitored via cyclic voltammetry (CV) or as an electri-
cal impedance change via electrochemical impedance spectroscopy (EIS). These two techniques, in
conjunction with microfluidics, allow the fabrication of what is usually known as LoC devices.

In the following chapter, we present the design and fabrication of three different systems for
detection of human papilloma virus (HPV), tuberculosis and Chagas. Detection of HPV and tuber-
culosis is effectively achieved by electroimmunosensor LoC technology, while Chagas relies on a
microfluidic device for separation and impedance measurement for sensing. The devices are
benchmarked against commercial diagnostic devices in terms of ease of use, time of testing and cost.

2. Case of study: HPV

The human papilloma virus (HPV) is a double DNA chain viral pathogen that is sexually transmit-
ted. HPV has been associated with several diseases, such as cervical lesions, condylomas and
cervical cancer [8]. Recent studies estimate that between 50 and 80% of sexually active women
around the world have been infected with HPV at least once in their lifetime [9]. There are more than
100 different types of HPV strands, some of which are low risk and are generally associated with
genital warts. Some other strands, such as HPV 16, are more virulent and may lead to the develop-
ment of cervical cancer [10]. It is estimated that every year some 500,000 new cases of HPV are
diagnosed with condyloma or cervical cancer, which cause around 240,000 deaths in the U.S. [11].

Currently, the preferred assays for diagnosis of HPV infections are hybrid capture (HC) and
polymerase chain reaction (PCR) [12]. HC is based on the hybridization of denatured cells with
a RNA probe followed by capturing the hybrids via specific binding to antibodies. Signal is
amplified by chemiluminescent compound binding through a specific enzyme. This is attained
by the conjugation of a secondary antibody with an enzyme that catalyzes the chemilumines-
cent reaction. Conversely, in PCR, virus detection is performed by the amplification of target
DNA aided by DNA polymerases.

Regardless of the accuracy and standardization of laboratory testing, reducing long times
of diagnosis and the requirement of specialized personnel, remain as major challenges.
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Miniaturization in LoC devices has been widely explored to attain these issues. For instance,
Kim et al. [13] developed a microcantilever-based biosensor for the electrical detection of HPV
by its conjugation with specific proteins and magnetic beads. Similarly, Huang et al. [14]
implemented electrical impedance spectroscopy (EIS) and differential pulse voltammetry on
graphene/gold electrodes to detect specific DNA strands of HPV. Although these biosensors
have proved to enhance the sensitivity of the detection, Their manufacturing processes are not
cost-effective, limiting their accessibility.

Hereby, an antibody-based biosensor with an electronic readout is presented and compared
with HC2 and RT-PCR cobas® 4800. The system consists of almost 100 individual test cham-
bers, and was tested with real samples for the detection of HPV.

2.1. Methodology and results
2.1.1. Fabrication of the biomicrosystem

The biomicrosystem was fabricated by self-assembly technique as described in [15]. Briefly, a gold
nanolayer was deposited on a poly(methyl methacrylate) (PMMA) substrate via physical evapo-
ration. A second PMMA slide was patterned by laser engraving with 2 mm wells organized in 7
rows and 14 columns. The slide was adhered to the gold-coated PMMA with methylene chloride.
Wells were equipped with square holes for electrical connectors. A total of 98 independent bio-
sensors were embedded as shown in Figure 1.

Antibody immobilization was attained by placing 4 pL of 97% 4-aminothiolphenol (ATP)
(Sigma-Aldrich, USA) in each well. Excess thiols were removed by further ethanol and deionized
water rinses. 4 pL of monoclonal antibody (mAb) 5051 was added to each well for immobiliza-
tion via covalent coupling to the pendant amine group. The biomicrosystem was incubated for
1 h at 37°C and washed with PBS and deionized water.

2.1.2. HPV detection

HPV detection was achieved by EIS and cyclic voltammetry (CV) measurements, and was
compared with PCR technique. Samples were obtained from a specialized clinical laboratory

Gold-coated
layer

Figure 1. Biomicrosystem for HPV detection.
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(PATOLAB, Colombia) from women between 25 and 40 years old. Changes on the impedance
were recorded for biomicrosystems with only the gold layer (gold); the gold layer and the thiol
(gold-4-ATP); and the gold layer, the thiol and the mAb 5051 (gold-4-ATP-mAb 5051). 10 uL of
sample with or without HPV 16 was pipetted in each well and incubated for 1 h at 37°C. Wells
were washed with deionized water prior to impedance measurements.

2.1.3. Results

Samples placed in gold-4-ATP-mAb 5051 wells and containing HPV 16 exhibited an imped-
ance change of approximately 40% when compared with initial measurements, while samples
without HPV 16 showed an impedance change of less than 5%. Changes in impedance
between clean wells and wells of 40 samples with HPV 16 are shown in Figure 2.

Impedance changes were significant in wells were the mAb 5051 was immobilized due to its
affinity towards HPV 16 proteins.

2.2. Cost analysis

An analytic hierarchy process (AHP) was performed to compare our biomicrosystem with RT-
PCR cobas® 4800 and HC2 Test in terms of cost, effectiveness, time required and test analysis.
RT-PCR cobas® 4800 allows an automated sample preparation without the need of thawing or
mixing, giving results in less than 20 min for up to 94 different samples. HC2 test utilizes in vitro
nucleic acid hybridization assay with signal amplification towards 13 different HPV specimens.

Cost was considered as the local price of performing one test; effectiveness as the probability of
encountering false positives or false negatives; time required as the total time per test; and test
analysis as a compounded weigh of the probability of sample contamination, the capacity of

30
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Figure 2. Changes in impedance after exposure to HPV 16 samples.
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Test Cost Time Contamination Effectiveness with Amount of HPV  Effectivity
per test  probability blood in sample  genotypes per test of the test

Biomicrosystem  Less than 2h High High 1 High
commercial tests

RT-PCR cobas 55 USD 2-3h None, process ~ Medium 14 High

4800 is automatized

Hybrid Capture2 63 USD 2-3h Low High 13 High

Table 1. Information used for matrix pairwise comparison.

the test to diagnose with blood in the sample and the number of different HPV genotypes that
can be detected per test.

Information for RT-PCR cobra® 4800 and HC2 Test was obtained from three independent
specialized laboratories; namely SIPLAS, Quimiolab and Fundacion Santafe de Bogota. Matrix
pairwise comparisons based on the scale of Saaty were then conducted on the software Expert
Choice 11.5 (ExpertChoice, USA) to evaluate each method [16]. Table 1 shows the criteria
selected and the values for each of the tests.

Global relative weighs of the biomicrosystem, RT-PCR cobas® 4800 and HC2 Test were of
0.343, 0.458 and 0.199, respectively. Our biomicrosystem lags behind the PCR technique due
to its inability to detect more than one genotype of HPV. Nonetheless, since the biomicrosystem
consists of 98 independent wells, an increase on genotype detection can be achieved by
varying the types of antibodies immobilized per well.

3. Case of study: tuberculosis

Tuberculosis (TB) is a disease caused by the pathogenic bacterium Mycobacterium tuberculosis.
This disease can be effectively controlled by early diagnosis and treatment [17]. Conventional
detection technologies include polymerase chain reaction (PCR), enzyme-linked immunosorbent
assay (ELISA), and immunochromatographic assay. PCR utilizes oligonucleotides towards a
specific gene in M. tuberculosis [18]; ELISA is used as a solid phase immunoassay for the
detection of an antigen [19]; and immunochromatographic assay is based on the analysis of
antigens in a sandwich-based format [20]. These detection technologies exhibit; however, issues
regarding long-time of analysis and lack of reliability and sensitivity, which ultimately limit their
ability to recognize M. tuberculosis [21]. Furthermore, other techniques require various reagents
and fluorescent or chemiluminescent labeling for sensing, exhibit low-yields, and may even
require further purification steps [22]. Currently, TB is the leading cause of death in people
within the most economically productive age-groups and the second deadliest infectious disease
in the world [23]. Since diagnosis represents a vital link in the TB control chain, new cost-
effective detection platforms are required to achieve quality results in a shorter time span [24].

An alternative route is the use of biosensors, which have attracted significant attention due to
their high sensitivity, short analysis time, ease of miniaturization and cost-effectiveness.
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Biosensors can be manufactured by the immobilization of biomolecules via self-assembled
monolayers (SAMs), which can be generated with the use of thiols, disulfides, silanes, or acids
[25]. Among biosensors, immunosensors are devices based on antigen—antibody interaction for
the recognition of specific proteins. This interaction is usually transduced into an electrical
readable signal [4, 5, 7]. Impedance analysis, a technique based on the measurement of changes
in electrical properties of a conductive material [26], is used in this type of biosensors, provid-
ing label-free detection and avoiding chemical amplification schemes [27].

In this section, we show the design, manufacturing and testing of biomicrosystems based on
printed circuit board (PCB) platforms, with 40 independent electro-immunosensors for the
detection of the 6 kDa early secretory antigen target-6 (ESAT-6), which is an immunodominant
secreted protein involved in the virulence of M. tuberculosis [28]. Sensors were integrated into a
microfluidic system that allows the use of a minimum volume of sample per test. Human
serum albumin (HSA) was employed as a negative control. Each electro-immunosensor was
comprised of a gold nanolayer with an immobilized polyclonal antibody (pAb) attached by a
thiol-based SAM. Without the need of intrusive or destructive methods, it was possible to
detect probe-target interactions and verify all manufacturing stages of the biomicrosystem via
impedance analysis at different frequency ranges [29].

3.1. Materials and methods
3.1.1. PCB design and manufacture

Each biomicrosystem was mounted on a double-layer FR-4 PCB of 142 x 48.7 mm with 2 oz.
thickness of copper. Electrodes were patterned on the top layer while interconnection tracks
were placed on the bottom layer with CadSoft Eagle Professional 7.4.0. The PCB bottom
surface was laminated with antisolder and the top layer was left uncovered for further material
deposition. The PCB electrical conductivity was verified through PeakTech 3725 multifunction
digital tester (PeakTech, Ahrensburg, Germany).

3.1.2. Lift off and gold deposition

A uniform gold nanolayer was physically evaporated to form the electrodes at the top layer of
the board. Briefly, the substrate top surface was laminated with a dry photosensitive film
(LAMINAR® E9200) in the RLM 419P (Bungard Elektronik, Windeck, Germany) laminator.
The substrate was exposed to UV light to promote free-radical polymerization. The laminated
substrate was subjected to a developing process and a uniform gold nanolayer was physically
evaporated on the laminated substrate through physical vapor deposition (PVD) with thermal
evaporator Edwards Auto 306 (Moorfield Nanotechnology Limited, Cheshire, UK). A 3 A
current, vacuum pressure of 4 x 10~° mbar and an evaporation rate of 0.12 nm/s were used
over a tungsten slide for 100 mg gold evaporation. Finally, photoresist sacrificial layer was
removed with stripper (Bungard Elektronik, Windeck, Germany), obtaining an 80 nm gold
nanolayer on 35 um copper surfaces. The electrical conductivity of individual electrodes on the
board of each biomicrosystem was verified using a PeakTech 3725 multifunction digital tester
(PeakTech, Ahrensburg, Germany).
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3.1.3. Biomicrosystem development

A 121 x 20.8 mm PMMA slide with 2 mm wells organized in two rows and 20 columns was
adhered to the top of the PCB top layer using TESA® 4965 double-sided tape and subsequently
fixed with screws (Figure 3a), miming a well plate with individual wells for each electrode.
Reagents were deposited inside each well for the biosensor fabrication (Figure 3b) and electri-
cal connectors were placed between each well for electrical measurements (Figure 3c). Three
biomicrosystems were fabricated and tested in different batches, each biomicrosystem
containing 40 independent electro-immunosensors, which were individually measured for
each batch (Figure 3d) to assure the reproducibility and repeatability of the manufacturing
process. A total of 120 electro-immunosensors were tested.

3.1.4. Reagents immobilization

SAM were produced in each well following the procedure in [15]. Shortly, 10 puL of 20 mM
4-aminothiophenol (4-ATP) solution were added as cross-linkers in each well and left at room
temperature for 4 h. To remove excess of thiols, wells were washed with ethanol and deionized
water. 10 uL of 100 pg/mL pAb 45073 solution were added into each well. The system was
stored at 4°C overnight. PBS and deionized water were used to remove excess biomolecules.

3.1.5. Immobilization tests

Impedance measurements of each well of the electro-immunosensor were according to the
diagram shown in Figure 3d and using an impedance analyzer (Agilent 4294A) at a frequency

= SHEWS h' / ,_H-:L\—mn-uu
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Figure 3. (a) Schematic representation of the biomicrosystem, (b) illustration of the self-assembly process for each well, (c)
actual image of the fabricated biomicrosystem, and (d) equivalent measurement circuit of the biomicrosystem.
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range from 40 to 120 Hz, 120 to 200 Hz and 200 to 280 Hz. Frequencies were selected as
reported in [15]. Sensors were manufactured in three main stages, first a gold nanolayer (Au),
followed by a gold nanolayer with a SAM of 4-ATP (Au + ATP), and finally a gold nanolayer
with a SAM of 4-ATP and pAb 45073 (Au + ATP + pA). Eight replicates of the impedance
measurements were collected at each stage for the specific frequencies above. Impedance
analysis was also performed for analyte recognition in the presence of both 0.5 pg/mL of
ESAT6 (Au + ATP + pA-ESAT6) (positive control) and HSA (Au + ATP + pA-HSA) (negative
control). After analyte deposition, wells remained at room temperature and under static
conditions for 1 h prior to electrical measurements.

3.2. Results
3.2.1. Immobilization testing by impedance analysis

The average impedance magnitude of the three manufacturing stages of the sensors (Au,
Au + ATP, Au + ATP + pA) was determined by its response to an AC current as a function of
frequency [30]. To determine the variation of the copper with gold evaporated prior to the
immobilization (conductive layer), 40 individual wells of three biomicrosystems were mea-
sured by impedance analysis at different frequency ranges. The mean value of the 120 wells
was 0.1588 Q) with a standard deviation of 0.0142, 0.1591 Q) with a standard deviation of 0.0142,
and 0.1584 Q) with a standard deviation of 0.0102 €, for ranges 40-120 Hz, 120-200 Hz and
200-280 Hz, respectively. This suggested small variance and good reproducibility of the
manufacturing processes of all wells regardless of the fabrication batch. The largest significant
differences within immobilization stages were observed for 40 and 120 Hz (Figure 4, Table 2).
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Figure 4. Analysis of impedance variation for the three main manufacturing stages. (a) Impedance magnitude at 40-120 Hz,
(b) impedance magnitude at 120-200 Hz, and (c) impedance magnitude at 200-280 Hz.
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Frequencies |Z| Au |1Z] 4-ATP 1Z| Ab
Average Standard Average (u)  Standard Deviation  Average Standard
() Au Deviation (o) Au  4-ATP (o) 4-ATP (W) Ab Deviation (o) Ab

40 0.1526 0.0167 0.1466 0.0145 0.1986 0.0070
50 0.1523 0.0165 0.1482 0.0142 0.1997 0.0067
60 0.1517 0.0169 0.1472 0.0141 0.2004 0.0065
70 0.1523 0.0167 0.1475 0.0144 0.1996 0.0065
80 0.1530 0.0160 0.1473 0.0139 0.2009 0.0068
90 0.1528 0.0159 0.1470 0.0144 0.2018 0.0071
100 0.1530 0.0165 0.1471 0.0142 0.2016 0.0068
110 0.1525 0.0159 0.1470 0.0143 0.2003 0.0070
120 0.1532 0.0166 0.1472 0.0140 0.2009 0.0070
130 0.1629 0.0159 0.1542 0.0220 0.1819 0.0083
140 0.1627 0.0156 0.1540 0.0213 0.1821 0.0084
150 0.1629 0.0158 0.1540 0.0216 0.1814 0.0083
160 0.1624 0.0157 0.1549 0.0219 0.1815 0.0084
170 0.1624 0.0159 0.1534 0.0216 0.1807 0.0081
180 0.1627 0.0155 0.1535 0.0216 0.1812 0.0085
190 0.1624 0.0154 0.1535 0.0218 0.1809 0.0082
200 0.1629 0.0155 0.1537 0.0216 0.1805 0.0084
210 0.1612 0.0088 0.1653 0.0052 0.1846 0.0022
220 0.1614 0.0089 0.1646 0.0052 0.1844 0.0020
230 0.1605 0.0088 0.1655 0.0051 0.1850 0.0021
240 0.1605 0.0089 0.1644 0.0051 0.1839 0.0019
250 0.1619 0.0087 0.1649 0.0051 0.1846 0.0021
260 0.1613 0.0089 0.1646 0.0052 0.1838 0.0023
270 0.1611 0.0090 0.1646 0.0049 0.1845 0.0019
280 0.1610 0.0087 0.1654 0.0047 0.1843 0.0022

Table 2. Impedance magnitude values (mean and standard deviation) of the manufacturing stages at 40-280 Hz.

In this range, there is a non-significant variation of impedance (—3.81%) between the first two
manufacturing stages, Au and Au + ATP. Nonetheless, a 31.21% of impedance variation
between Au and Au + ATP + pA was measured. Also, impedance measurements between the
first two manufacturing stages varied —5.51% and 2.16%, from 120 to 200 Hz and from 200 to
280 Hz, respectively. Similarly, variations of 11.4 and 14.37% between Au and Au + ATP + pA
were detected at frequencies ranges of 120 to 200 Hz and 200 to 280 Hz, respectively. Finally,
there was a correspondence between the impedance value of the last immobilization step and
negative controls, which was 0.20 Q [29].
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3.2.2. Detection of protein ESAT6

Impedance analysis was used to verify the detection of ESAT6 as means of M. tuberculosis
diagnosis. 0.5 pg/mL ESAT-6 were used as a positive control and 0.5 ug/mL HSA as a negative
control, and their detection was compared to the dot blot assay. Figure 5 and Table 3 show that
the frequency range from 40 Hz to 120 Hz has the largest significant variation in impedance
among all investigated ranges. Figure 5c and d shows significant changes in other frequency
ranges (120-200 Hz and 200-280 Hz). Between 40 and 120 Hz, the detection of the M. tubercu-
losis protein has an impedance increase of 171% compared to the impedance measured for the
negative control (HSA), which showed a negligible impedance variation. No overlapping
values between the negative and the positive control were identified. All the results of the
negative controls were under 0.20 Q) while impedance values for the positive controls were
above 0.54 Q. This defined an interval where protein detection is not attainable.

3.3. Analytic hierarchy process (AHP) for comparison of the biomicrosystem with
traditional detection techniques

AHP was utilized to study the viability of the electro-immunosensor compared with tradi-
tional TB diagnostic techniques (Xpert MTB/RIF, culture, and smear test). Expert Choice 11.5%
software was used to perform matrix pairwise comparisons in light of the scale of Saaty [16].
Table 4 summarizes the required parameters for the pairwise comparison matrix. This
weighed analysis compared cost, effectiveness, time, and test analysis for each diagnostic
platform. This program assigns a weight to each of the alternatives relative to the criteria. The
total weight is distributed among the diagnostic alternatives, which were the electro-
immunosensor, Xpert MTB/RIF, culture and smear test. Table 5 shows the results obtained [29].
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Figure 5. (a) Detection limit for the dot blot assay compared to the electro-immunosensor. (b, ¢, d) Analysis of impedance
variation for 0.5 ug/mL of analyte. (b) Impedance magnitude at 40-120 Hz, (c) impedance magnitude at 120-200 Hz, and
(d) impedance magnitude at 200-280 Hz.
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Frequencies |Z| Ab IZ| HAS |Z| ESAT6
Average  Standard Average (1) Standard Average (1)  Standard Deviation
(w Ab Deviation (o) Ab  HSA Deviation (o) HSA ESAT6 (o) ESAT6

40 0.1986 0.0070 0.2016 0.0114 0.5462 0.0264
50 0.1997 0.0067 0.1986 0.0116 0.5440 0.0254
60 0.2004 0.0065 0.1986 0.0118 0.5439 0.0260
70 0.1996 0.0065 0.2000 0.0112 0.5446 0.0260
80 0.2009 0.0068 0.1991 0.0114 0.5443 0.0259
90 0.2018 0.0071 0.1988 0.0109 0.5440 0.0256
100 0.2016 0.0068 0.1988 0.0114 0.5438 0.0260
110 0.2003 0.0070 0.1986 0.0113 0.5437 0.0260
120 0.2009 0.0070 0.1986 0.0114 0.5434 0.0263
130 0.1819 0.0083 0.2340 0.0320 0.5266 0.0292
140 0.1821 0.0084 0.2338 0.0317 0.5267 0.0288
150 0.1814 0.0083 0.2337 0.0318 0.5264 0.0292
160 0.1815 0.0084 0.2338 0.0316 0.5264 0.0294
170 0.1807 0.0081 0.2336 0.0315 0.5262 0.0295
180 0.1812 0.0085 0.2337 0.0319 0.5262 0.0296
190 0.1809 0.0082 0.2340 0.0315 0.5260 0.0294
200 0.1805 0.0084 0.2336 0.0318 0.5266 0.0291
210 0.1846 0.0022 0.2540 0.0373 0.4820 0.0153
220 0.1844 0.0020 0.2537 0.0372 0.4805 0.0156
230 0.1850 0.0021 0.2532 0.0371 0.4798 0.0154
240 0.1839 0.0019 0.2527 0.0372 0.4786 0.0159
250 0.1846 0.0021 0.2522 0.0370 0.4779 0.0163
260 0.1838 0.0023 0.2519 0.0368 0.4784 0.0169
270 0.1845 0.0019 0.2515 0.0371 0.4789 0.0177
280 0.1843 0.0022 0.2513 0.0367 0.4826 0.0144

Table 3. Impedance magnitude values (mean and standard deviation) of different analytes at 40-280 Hz.

The AHP analysis confirmed that the designed electro-immunosensor is a superior alternative
for detection compared with traditional TB diagnostic techniques. For instance, it requires a
shorter time of analysis per test and allows high throughput screening (a single device handles
40 independent replicas), and even the identification of different M. tuberculosis epitopes by
varying the bio-recognition probe in each well. Despite these advantages, the electro-
immunosensor is not the preferred choice locally mainly due to its prohibitive price (attributed
to the cost of required bioreagents) and the untested effectiveness in clinical contexts.
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Test Cost Time of Probability of contamination Difficulty of analysis Test effectiveness
analysis with blood in sample

TBC 7 USD 1h Low: although it is a manual It is based on antigen- Results confirm that

biosensor  (without process, there are mechanical body recognition, so reliable data is obtained
labor and barriers to avoid filtration bleeding is not supposed with the biosensor
overhead) between wells to affect the results

Xpert MTB/ 98.10USD 2h None: completely automated  There is no interference ~ High sensitivity,

RIF after the pretreatment specificity and

reproducibility. Avoid
false positive/negative

results
Culture 36.56 USD 1 month Medium: microbial growth Bleeding does not affect  Reliability between 70
(MGIT) can be affected by the results and 90%
accompanying microbiota
Smear 4.07USD  More None: it is a fast and direct There is no interference It depends on the
microscopy than1  method after the pretreatment sample and technician.
test day Reliability can vary

between 22 and 80%

Table 4. Criteria for the establishment of the pairwise comparison matrix for the diagnostic techniques for M. tuberculosis.

Electro-immunosensor (%) Xpert MTB/RIF (%) Culture (%) Smear test (%)
Retail price 31.0 43 11.3 53.4
Analysis of tests 35.6 15.8 28.1 20.5
Effectiveness 10.6 14.4 54.3 20.8
Time of test 50.2 29.0 4.1 16.7
Global weights 325 16.7 22.5 28.3

Table 5. Local weights for each diagnostic platform.

4. Case of study: Chagas

Development of methods that can facilitate low-cost diagnosis of infectious and particularly
neglected tropical diseases has been widely studied in the last few decades. In this section, we
outline the design, fabrication and evaluation of a portable system for the detection of Chagas
Disease during the Acute phase of the disease, called Chagas Biosense, as an alternative to
perform a quick, on-site, and low-cost diagnosis. Furthermore, we describe its potential impact
on alleviating the economic burden on the healthcare system by improving rural diagnostics of
Chagas in developing and tropical countries.

4.1. Theoretical framework
4.1.1. Fundamentals of Chagas disease

The World Health Organization (WHO) classifies 17 major parasitic and bacterial infections as
neglected tropical diseases (NTDs) [31]. NTDs are characterized by affecting vulnerable
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populations (where healthcare systems are generally inefficient), and their survival under
tropical and subtropical conditions [32]. American trypanosomiasis, better known as Chagas
disease, is one of the most common NTDs in the world, which is caused by the parasite
Trypanosoma cruzi. Recent estimates indicated that between 6 and 7 million people are infected
worldwide [32].

Chagas is a vector-born disease transmitted by triatomine insects. This hematophagous insect
of the Reduviidae family, transmits the disease while feeding [33]. The infection starts with the
movement of the parasite from the insect feces into human blood streams. From this point, the
disease will develop in two consecutive phases. First, the Acute phase, characterized for a high
number of parasites present in the bloodstream, lasting for about 4 to 8 weeks and showing
very mild or non-existent symptoms [34]. Second, the Chronic phase, where the immune
system of individuals is compromised and some organs are infested with the Trypanosoma
cruzi [34]. In fact, when the patient reaches the Chronic phase, the parasite invades the
digestive system and the heart tissues, which can cause damages that will be evidenced up to
20 years after the infection [35]. Most commonly, patients will manifest progressive heart
damage, which may eventually require a heart transplant [34, 35].

Nowadays, treatments to the disease include benznidazole and Nifurtimox. Both treatments
are 100% effective in killing the parasite and treating the disease if they are used at the
beginning of the Acute phase. The efficacy of both treatments decreases as the infection pro-
gresses [32].

4.1.2. Current diagnosis methods

Diagnosis of Chagas Disease is carried out by observation of the parasite in a blood sample by
means of microscopy methods, such as blood cultures, xenodiagnoses and thick drop, among
others. However, these methods only work during the Acute phase of the disease, due to the
important number of parasites in the bloodstream [9]. Diagnosis in the Chronic phase is
determined based on the medical history of the patient, and only if the patient has lived in an
endemic area. Thus, diagnosis during this phase relies on laboratory tests based on antibodies
specific for the disease, ELISA tests, and quick tests such as Chagas STAT-PAK® [36]. Table 6
summarizes the main characteristics of most popular diagnosis tests, as well as our system.

4.1.3. Chaguas biosense concept

An effective detection method of Chagas Disease relies on the basic understanding of the
parasite behavior inside the human circulatory system. The parasite in its infectious stage
(metacyclic trypomastigote) reaches the circulatory system after the vector (triatomine insect)
defecates in a superficial skin wound. Once in the bloodstream, the parasite enters red blood
cells (RBCs), white blood cells (WBCs) or platelets, where the next development stage
(amastigote) begins and the parasite reproduces [37].

After infection, the parasite at the trypomastigote stage can be easily differentiated from blood
cells. For instance, RBCs have a diameter between 6.2 and 8.2 pm and a thickness between 0.8
and 1 um [38], while the parasite has a length between 15 and 24 pym [39] and a width of
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Name Test category  Use in Detection State Sample Test Cost/
laboratory volume duration test
(uL) (h.min)  (USD)

Chagas Biosense Rapid assays ~ No Direct detection of the Acute 5 0.05 10.83
(BIOTROP) parasity Trypanosoma

cruzi by microfluidics
Chagas STAT-PAK® No Detection of antibodies for Chronic 10 0.20 —
(Chembio Diagnostic Trypanosoma cruzi by
Systems, Inc.) immunochromatographic

assay
HBK 740 Confirmatory ~ Yes Indirect 10 1.50 0.19
IMUNOBLOT assays immunofluorescence
LINHAS anti-T. cruzi antibody detection
(Innogenetics,
Belgium)
IMUNOCRUZI® No Detection of antibodies by 10 18.00 20
(biolab-Merieux S.A.) immunoblot assay
TESA-blot (biolab- Yes Detection of antibodies by 10 4.00 —
Merieux S.A.) Western blot
CHAGAS HAI Agglutination No Detection of specific 10 1.50 0.33
IMUNOSERUM antibodies in the sample
(Laboratorio Lemos — by hemagglutination
Polychaco)
CHAGAS-ELISA Enzyme No Detection of antibodies in 10 1.40 1.02
(EBRAM Productos immunoassays the sample by ELISA test
Laboratoriais Ltda)

Table 6. Compared analysis between Chagas biosense and some methods evaluated by the WHO.

approximately 1.09 pum [40]. These differences in size and density suggest the possibility of
using a microfluidic device as a separation platform.

Microfluidic devices have already been used in the detection of diseases such as malaria, HIV,
and tuberculosis. For example, the detection of HIV is attained by counting the number of CD4
+ T-lymphocytes cells in a blood sample, based on the fact that HIV leads to an increase in cell
concentration (to levels above 200 cells/mL) [41]. In the case of malaria, the parasite enters
RBCs and changes their weight and density, allowing their separation from healthy cells by
means of centripetal force [41].

4.2. In silico design
4.2.1. Microfluidics fundamentals

Fluid mechanics under the confinement of a microsystem differs from that at the macroscale. For
instance, parameters like viscosity, diffusion, adhesion forces and density become significant,
while gravity loses strength at the microscale [42]. One of the most important parameters in
microfluidics is the Reynolds number (Re), which can be estimated by the following equation:
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Where p is the density of the fluid, p is the viscosity of the fluid, v the velocity of the fluid, and
Dy, is the hydraulic diameter [43]. The Re can be understood as the ratio of inertial forces to
viscous forces [43]. In microfluidics, typical values of Re oscillate around 1, which correspond to
the laminar flow regime where viscous forces dominate [42, 44]. In addition, microfluidic devices
operating at low Re number can be used for particle separation in a predictable manner [44].

When particles are immersed in a fluid flowing in a microchannel, they are subjected to the Lift
force (Fr), which drives them towards zones of higher shear stress [44]. The Lift force can be
calculated with the following equation:

Fy = pG*Cya, &)

where G is the shear rate of the fluid and is given by G = v/Dy, C; is the lift coefficient, which is
a function of the particle position in the channel, and g, is the diameter of the particle [44].

Particles are also subjected to a secondary force known as the Drag force (Fp). This force is
generated by the curvature of the geometry leading to particle trajectories perpendicular to the
main flow direction [44]. The Drag force can be evaluated from the following equation:

D
Fp = 5.4¥10 *uDe'®a,; De = Re ﬁ €)

where De is the Dean number, which describes the effect of curvature in flow nature, and R is
the radius of curvature.

As these two forces counterbalance along the microchannel, particle separation is promoted as a
strong function of the particle diameter [45]. Thus, the relationship between a,, F; and Fp is given
by the following set of inequalities, which state that for particles with a large diameter, the domi-
nant force will be F;.. By contrast, if the particle has a small diameter, the dominant force will be Fp.

Fu P Fis
Fp1 ™~ Fpy~ Fps

@)

ap1 > (%] > Ap3,

4.2.2. Simulations

Prior to microchannel fabrication, particle separation was evaluated in silico with the aid of
COMSOL Multiphysics®. This tool allowed us to test different microchannel curvatures, diameters
and lengths. To set up the simulations, the Computational Fluid Dynamics (CFD) and particle
tracing modules were coupled to study the separation of parasites from RBCs for different
microchannel configurations. A non-slip condition was defined at the boundaries. Figure 6 shows
the tested design, which consisted of 5 turns of a 0.5 mm wide microchannel that ended up in 4
outlets.

Proper meshing was determined from a mesh convergence analysis by evaluating the magnitude
of flow velocity at different locations within the domain. Convergence was met when there was
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Outlets

|Inlet

Figure 6. Computational domain and meshing.

less than 2% change on the magnitude of the velocity at each location after duplicating the number
of mesh elements in the domain [46]. The parameters for the simulations are listed in Table 7:

Fluid density 1030 (Kg/m®)
Fluid dynamic viscosity 1.5 x 1072 (Pas)
Input velocity 0.1 (m/s)
Parasite density 1030 (Kg/m®)
Parasite diameter 30 (um)

RBCs density 1030 (Kg/m®)
RBCs diameter 6 (um)

Table 7. Simulation parameters.

4.3. Prototypes fabrication

Different manufacturing strategies were used to fabricate the device prototype. These strate-
gies were classified into chemical etching and physical treatments strategies and are described
in the following sections.

4.3.1. Chemical etching: photolithography

Chemical etching is a process in which microstructures are generated by the chemical abrasion
of a material. Through this process, microstructures can be fabricated on a glass substrate by
using hydrofluoric acid (HF) as the etching agent [47]. The protocol for manufacturing the
prototype is shown in Figure 7a. Briefly, a photoresist layer was spin coated onto a glass slide
prior to photolithography (Figure 7a). The glass slide was then exposed to HF for 15 seconds to
obtain the microchannel. PDMS was adhered to the glass via oxygen plasma irradiation, and
served as a sealing layer (Figure 7a).

4.3.2. Physical treatment: laser engraving and cutting

Laser engraving and cutting were used as physical techniques for the fabrication of the
prototype onto a PMMA substrate. The overall manufacturing process is shown in Figure 7b.
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Figure 7. Manufacturing process of biomicrosystems. (a) Chemical etching process, and (b) laser engraving and cutting.

In brief, the design was engraved into PMMA with a laser cutter (TROTEC® Speedy 100, 60 w).
Sealing of the microchannel was attained by application of methyl methacrylate and constant
pressure between the layers.

4.4. Results

Currently, the described device is at a design stage. Accordingly, parasite separation has been
mainly tested in silico with the aid of the Multiphysics simulation platform COMSOL®.
Nonetheless, simulations have given us important insights to be taken into account for prepar-
ing more robust prototypes

4.4.1. Simulations

Convergence was attained with 150,000 triangular mesh elements (Figure 8). Velocity profiles
and particle distributions at the outlets are shown in Figures 9 and 10, respectively.

Maximal separation of parasites from RBCs was evidenced in outlets 1 and 3. Nonetheless, there is
still a percentage of cross-contamination at the outlets (approximately 25% per outlet). This could
be overcome by changing the length of the microchannel or increasing the number of outlets.

4.4.2. Prototypes and proof-of-concept

Functionality and proper sealing of prototypes was tested with water as flowing fluid. Syrin-
ges were connected at the inlets through MEDEX® fr 6 urethral nelaton catheters. A Touch
Screen (Cole-Parmer®, USA) syringe pump was used to control water flow. Laser engraved
prototypes showed leaks when subjected to pressure. In addition, their microchannels dimen-
sions doubled those expected since the manufacturing technique had a low precision in
micrometric scales. Furthermore, in the chemical etched prototype, fluid flow was restricted
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due to the high hydraulic resistance inside the microsystem. To overcome these issues, several
strategies can be implemented including a push-in fitting at the inlets to minimize leakages;
improved adhesion processes at the interfaces and etched channels with larger dimensions.

4.5. Cost analysis
4.5.1. Disease cost and impact of the device

According to Lee et al. [48], the worldwide expenditure on Chagas Disease is estimated to lay
between $186'282,994 and $1638'807,623 USD. 78.35% of which correspond to Latin-America
while 18.6% are from the United States and Canada. These costs are principally derived from
the treatment of cardiac and digestive complications associated with the disease during the
Chronic phase. This roughly represents expenditures of $5900 USD per patient. By contrast,
the costs during the Acute phase represent only a single expenditure of $200 USD per patient,
which makes diagnosis for the Acute phase the best strategy to reduce the economic burden of
treatments on the health care system [49].

The proposed microfluidic system serves as a portable diagnostic device that eliminates the
need to attend to specialized laboratories to obtain a diagnosis. This allows rural populations
at endemic areas to have a prompt knowledge of their state of health regarding the presence of
the Chagas parasite. Also, being able to obtain a diagnosis during the Acute phase will help
government agencies to assess the real number of Chagas disease cases, which will result in
better awareness and additional research funding.

The expenditure per test of diagnosis varies depending on the stage of the disease. As depicted
in Table 5, most of the procedures for Chronic phase diagnosis have an approximate cost of $1
USD per test. However, some of the commercially available tests such as the HBK 740
IMUNOBLOT LINHAS anti-T cruzi could have a cost as high as $20 USD per individual test
[37]. By contrast, blood testing for Acute phase diagnosis has an approximate cost of $17 USD
per patient (Tauramena local Hospital, Colombia).

The Acute phase diagnostic device proposed in this section has an approximate cost of $8 and
$4 USD if manufactured via chemical or physical processes, respectively. These costs corre-
spond to expenditures on materials and equipment. In addition to low manufacturing costs,
this device does not require specialized laboratory equipment for the diagnosis, allowing its
use at remote rural areas, which are usually endemic areas as well.

4.5.2. Future perspectives

Although geometries were verified by simulation processes, there is still a gap between simu-
lated geometries and manufactured prototypes. Sealing techniques must be improved to avoid
leaks and increase the life of the device. Also, the microfluidic separation device needs to be
coupled with sensing techniques to unequivocally identify the parasite. This could be achieved
by including specific antibodies towards Trypanosoma cruzi or by placing electrodes at the
outlets to determine effective separation by electrical measurements such as electrochemical
impedance spectroscopy (EIS).
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5. Concluding remarks and future perspectives

Point-of-care devices are ideal for providing reliable information in a fast, user-friendly, accu-
rate, and low-cost manner. Electro-immunosensors offer an attractive option for pathogen
detection with high sensitivity and affinity, which can ultimately respond to the challenge of
bringing electrochemical sensing techniques to patients. Also, microfluidic separators provide
an avenue for isolating and rapidly estimating the relative abundance of pathogens in biolog-
ical fluids. Rapid diagnosis devices such as those introduced here facilitate clinical decision
making and effective treatment thereby leading to greater patient survival rates. The presented
case studies show examples in which LoC technology is exploited for pathogen detection.
Although the devices show promising results towards early diagnosis of HPV, Tuberculosis
and Chagas disease, further work is still needed to bring the developments to commercial
success. For instance, the possibility of effectively handling information by end users should be
included in the proposed technologies as well as their integration with internet of things (IoT)
and cloud computing technology. Also, manufacturing methods that involve drilling can be
easily substituted with injection technology, which may reduce costs and time of production.
Point-of-care devices constitute the ideal direction towards providing a reliable diagnosis in
remote areas without the need of a specialized laboratories or clinical facilities.
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Abstract

In this chapter, we focus on utilizing nanoelectrode arrays fabricated with vertically
carbon nanofibers (VACNFs) for pathogen detection based on a “point-and-lid” dielec-
trophoretic device in a microfluidic channel. This technique is utilized to concentrate
particles from the bulk flow and detect pathogens based on fluorescence, surface-
enhanced Raman spectroscopy (SERS) and impedance measurements. The advantage
of VACNFs is their ultrasmall diameter (~100 nm) and the high aspect ratio (50:1). When
coupled with a macroscopic indium tin oxide (ITO) electrode, it produces a large electric
field gradient (VE?=~10" - 10* V2m™) which is harnessed for pathogen detection based
on dielectrophoresis. Several noninfectious pathogens including bacteria Escherichia coli
DHa5, inactivated vaccinia virus (species: Copenhagen strain, VC-2), and Bacteriophage T4r
were utilized as model species to study the size effect and kinetics of dielectrophoretic
capture in this study. The comparable size of the nanoelectrode produced strong interac-
tion with virus particles, generating striking lightning capture patterns and high detec-
tion sensitivity. The dielectrophoretic capture at the nanoelectrode arrays is successfully
integrated with a portable Raman probe as a microfluidic chip for ultrasensitive detec-
tion of bacteria E. coli DHab using SERS-tagged gold nanoparticles co-functionalized
with specific antibodies.

Keywords: dielectrophoresis, pathogen detection, vertically aligned carbon nanofibers
(VACNFs), nanoelectrode array (NEA), indium tin oxide (ITO), microfluidic device,
electroporation, plaque-forming units (pfu), bacteria E. coli Dha5, Bacteriophage T4r,
vaccinia virus, iron-oxide gold nanoovals (IO-Au NOVs), surface-enhanced Raman
spectroscopy (SERS), impedance, fluorescence
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1. Introduction

The need for rapid and reliable pathogen monitoring and detection is imperative in the food
industry, biodefense, drug discovery, animal healthcare, clinical diagnosis, water, and envi-
ronmental quality control. Among these, the food industry is the area where most attention
has been focused on due to public health implications. In 2015, the World Health Organization
(WHO) estimated that 77 million people every year fall victim to contaminated food and about
9000 deaths annually. The WHO has identified 31 agents of foodborne diseases including
bacteria, virus, parasites, toxins, and chemicals, among which 95% are caused by Norovirus,
Campylobacter, Escherichia coli, and non-typhoidal Salmonella [1]. In recent years, there have
been considerable efforts to develop devices and methods for capturing pathogens in fluids
such as blood, food matrices, soil, bodily fluids, and water for rapid detection.

The conventional pathogen identification methods are standard microbiological techniques
and involve necessary steps such as preenrichment, selective enrichment, biochemical screen-
ing, and serological confirmation [2]. The traditional methods take up to 72 h to obtain con-
firmed results which are based on the morphological evaluation, culture growth in various
media under various conditions, and enumerating colonies of the bacteria [3, 4]. However, the
development of polymerase chain reaction (PCR)-based molecular analysis techniques [5-7],
the conventional biochemical methods such as enzyme-linked immunosorbent assays (ELISAs),
and blot assays have led scientists to target genes, proteins, and carbohydrate moieties instead
of the whole microorganisms [8] to obtain molecular fingerprints of the pathogens. These tech-
niques despite being highly sensitive and selective require experienced personnel, expensive
equipment, reagents, and long readout time, thus making the process costly and difficult for on-
site applications and causing a delay in the pathogen detection, preventing immediate medical
action toward infected patients. There is a keen interest in developing new rapid point-of-care
biosensing systems for early detection of pathogens with high sensitivity and specificity.

Recent developments in micro- and nanotechnology offer many technological advances in
fabricating devices that incorporate nanoscale features to enhance sensitivity, reduce detection
time, and enable multiplexing capability [9-12]. Most important, the properties of nanomateri-
als can be tailored by changing the size, shape, and composition, modifying the nanomaterial
surface with appropriate functionalization, and conjugation with affinity ligands, antibodies,
epitopes, and aptamers [13, 14]. Representative nanomaterials utilized for pathogen detec-
tion include metal nanoparticles [15-17], nanotubes and nanofibers [18], quantum dots [19],
and magnetic nanoparticles [20]. These nanomaterials are used in conjugation with signal
transduction techniques [21] such as fluorescence [22], bioluminescence [23], flow cytometry
[24], colorimetry [25], electrochemistry [26-29], piezoelectrics [30], surface plasmon resonance
(SPR) [31], quartz crystal microbalance [32], chemiluminescence [33], optical waveguides [34],
and surface-enhanced Raman spectroscopy (SERS) [17, 25, 35-39].

In this chapter, we summarize an innovative pathogen capture and detection system based
on dielectrophoresis (DEP). The device is a unique assembly of nanoelectrode arrays (NEAs)
fabricated with vertically aligned carbon nanofibers (VACNFs) and a transparent macroscopic
indium tin oxide (ITO) glass electrode in a “point-and-lid” geometry in which pathogens are
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introduced using microfluidic channels. The study of capture kinetics was accomplished using
fluorescence, SERS, and impedance measurement techniques. The test pathogens utilized in
this study were bacteria such as E. coli DHab (nonpathogenic) and viruses such as bacterio-
phage and inactivated vaccinia virus. There have been several reports on using microscale DEP
devices for manipulation of mammalian cells (tens of microns) to bacterial cells (~1.0 micron)
[40]. The DEP force is proportional to the volume of the target particles [41] and decreases
rapidly when the particle size is reduced to only ~100 nm. Therefore it becomes essential to
fabricate nanostructured DEP electrodes to capture virus particles due to their small sizes
(ranging from 10s nm to 300 nm). We illustrate in this chapter the method to use VACNFs
for fabricating stable nanoscale DEP devices. The capture of virus Bacteriophage T4r and T1
using fluorescence and impedance sensing of vaccinia virus accompanied by electroporation
has been accomplished due to the high electric field focused on the tips on VACNFs. Last, we
have demonstrated the specific detection of bacterial cells using SERS reporter QSY21 that is
co-functionalized with polyclonal antibodies on a special type of plasmonic nanoparticles, i.e.,
anisotropic oval-shaped iron-oxide-gold (IO-Au) core-shell nanoparticles. This dielectropho-
retic device is integrated with a portable Raman system for rapid pathogen detection in field
applications. Such integrated microfluidic systems provide simultaneous concentration and
identification of specific microbes in dilute samples.

2. Principles, design, and fabrication

The phenomenon of dielectrophoresis (DEP) is renowned as a particle manipulation technique
based on the uneven electrical force on the opposite sides of polarized particles in an electric
field with a high gradient produced by the electrodes. The larger the electric field gradient, the
stronger the DEP force acts on the particle. This phenomenon was first described by Pohlin 1951
[42] and has been widely used in biological science to separate live and dead bacteria [43, 44],
viruses [45-47], cells [48-52], yeast cells [53, 54], and DNA [55-57]. When we consider radius of
the particle r, the permittivity of the suspending medium ¢ , the gradient of the square of the
applied electric field strength VE? and the real component of the complex Clausius-Mossotti
(CM) factor Re[K(w)], the time average DEP force (F,) acting on the spherical particles by the
nonuniform electric field, and the Re[K(w)] are provided by the following equations:

(Foppy = 271’ ¢, Re[K(w)]V E?, M
where:
8; - SYTI . g
Kw) = z555 where ¢ =¢-j5 @)
P m

The use of physical fields for the separation of cells takes advantage of the heterogeneity of
physical parameters for Eq. (2), such as ¢’, representing the complex permittivity and the indi-
ces p and m referring to the particle and medium, respectively; parameter ¢ is the conductiv-
ity; w is the angular frequency (w = 27tf) of the applied electric field; and j = V-1. The direction
of the force, either toward the field gradient as in positive DEP or away from it as in negative
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DEDP, is given by the difference in complex permittivity conductivity between the particle of
interest and the suspending media. In this study, the proper medium (280 mM mannitol solu-
tion) is chosen to give Re[K(w)] > 0 so the particles experience a positive DEP (pDEP) force,
directing toward higher electric field strength, which is desirable for capture bacteria and
viruses at the exposed VACNF tips by selecting a proper frequency.

In the microfluidic device, a particle experiences two forces orthogonal to each other, i.e., DEP
force (F,,,) forcing the particles to capture on the tips and hydrodynamic force to carry the
particles with the flow (i.e., Stokes drag force F;, ) (as shown in Figure 1d). F,,, is propor-
tional to the volume or cube of the radius (°) of the particle. F,, is directly proportional to
the radius of the particle by

F, .= 6nzrrko (3)
where 7 is the dynamic viscosity, k is a small factor accounting for the wall effects, and v is
the linear flow rate (flow velocity). Sedimentation force and Brownian force are negligible for
bacteria but not for submicron particles. The advantage of nanostructured DEP devices is that
the magnitude of VE? can be enhanced by orders of magnitude so even small viral particles
can be captured.

3. DEP device fabrication and setup for pathogenic particles

Figure 1a is the image of the device produced in the lab at Kansas State University. The detailed
procedure of device fabrication is given in reference [58]. Figure 1a shows that the size of the
devices is comparable to a US penny and illustrates the “points-and-lid” design. Figure 1b
shows that the NEA comprises randomly distributed VACNFs (diameter ~100-120 nm, the den-
sity of ~2 x 107 exposed CNFs/cm?) embedded in silicon dioxide (SiO,) matrix (tip exposed) with
an average spacing of ~1-2 . The active area exposed on NEA is 200 x 200 um?, and the rest is
covered with a 2-um-thick photoresist film to shield the effect of the rest of exposed tips. The ITO
glass slide containing a photolithographically fabricated 500-um-wide microfluidic channel in
an 18-pm-thick photoresist film is permanently vacuum bonded.

In the experimental setup, DEP device was placed under an upright fluorescence optical
microscope (Axioskop II, Carl Zeiss) using 50 X objective lens. The microorganisms such as
Bacteriophage T4r (labeled with SYBR green I dye) and E. coli DHa5 (Alexa 555) fluorescence
detection filter sets were configured to an excitation wavelength of 540-552 nm and an emis-
sion wavelength of 567-647 nm (filter set 20HE, Carl Zeiss). For vaccinia virus detection, filter
sets were configured to 465-505 nm excitation wavelength and an emission wavelength of
515-565 nm (filter set 17, Carl Zeiss) for 3,3'-Dioctadecyloxacarbocyanine (DiO) dye and an
excitation wavelength of 620-640 nm and an emission wavelength of 640740 nm (filter set 60,
Carl Zeiss) for propidium iodide (PI) dye. The videos were recorded using Axio Cam MRm
digital camera to record fluorescence videos at varying exposure times depending on the
pathogen species using multidimensional acquisition mode in the Axio-vision 4.7.1 release
software (Carl Zeiss Microlmaging, Inc.). To prevent biofouling, the microfluidic channel was
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Figure 1. The embedded vertically aligned carbon nanofiber (VACNF) and indium tin oxide (ITO) DEP devices. (a) An
example microfluidic device fabricated using indium tin oxide-coated glass and a nanoelectrode array chip covered
exposing a 200 x 200 um? area, glass fluidic connectors, and microbore tubes. (b) Scanning electron microscope (SEM)
image of exposed tips (bright spots) of the VACNFs embedded in a silicon oxide layer. (c) A low-magnification
optical microscope image showing the 200 x 200 pum? capture area. (d) Schematic diagram of microbial particles in
the active nano-DEP area, which is subjected to the hydrodynamic drag force (F,,,) along the flow direction and the
dielectrophoretic force (F,,,) perpendicular to the NEA surface. (Reprinted with permission from Madiyar et al. [59];
Foram Ranjeet et al. [61]).

DEP)

injected with 1.0 mL bovine serum albumin (BSA) solution (2.0 gm in 100 mL of water) at a
flow rate of 0.2 pl/min before performing DEP experiments. The channel was then rinsed with
2.0 mL DI water at a flow rate of 5.0 ul/min. Figure 1c shows the microfluidic design in which
the particles entered from the narrow straight channel (500 pm in width) are distributed into
the larger circular microchamber (2.0 mm in diameter), and only a fraction of the particles are
passed over 200 x 200 um active NEA area. Using this setup, bacteria E. coli DHab counting
was accomplished using Axio software. In contrast, when detecting viral particles, it became
difficult to distinguish the single viral particles. Hence for virus capture experiments, the
integrated fluorescence intensity over the 200 x 200 um active NEA area was recorded. For
this, the initial fluorescence background (F)) immediately before the V_ was applied was
subtracted from the final fluorescence signal (F,) at the end of the capture period, giving the
fluorescence intensity increase (AF) to represent the quantity of captured virus. The counts of
isolated bright spots of single viral particles were observed at much lower virus concentration
and were used in some later experiments to quantify the capture efficiency during the kinetic
DEP process [59].

139



140 Biosensing Technologies for the Detection of Pathogens - A Prospective Way for Rapid Analysis

4. Detection of viruses: Bacteriophages and vaccinia virus using
fluorescence and impedance method

4.1. DEP capture and kinetics of Bacteriophage T4r using fluorescence method

Bacteriophage T4r (Carolina Biological Supply Company, Burlington, NC) and T1 (ATCC,
Manassas, VA) were utilized as probes to show the capability of the capture of nano-sized
particles on VACNF tips. The culture of the Bacteriophage T4r using E. coli B is described in
the previous report [59]. To label the virus particles, the virus solution was filtered through
0.2 pm filter (Fisher, PA) to remove the live bacteria or bacterial debris. To label the viruses,
a 500 X working solution of SYBR® Green I Nucleic Acid Gel Stain (Lonza, Rockland, ME)
in TE buffer (100 mM Tris [pH 7.6], 50 mM EDTA) was used, and the washing steps were
accomplished using Amicon® Ultra 0.5 centrifugal filter devices (Millipore, Billerica, MA). The
counting of viruses was carried out using double-layer agar technique after filtering the virus
solution. The final wash was accomplished using 280 mM mannitol solution to enhance the
efficiency of pDEP capture by manipulating the CM factor of viruses. The final concentration
of the phages was ~5 x 10° pfu/mL except in some concentration-dependent experiments [59].

Figure 2 depicts the increase in an integrated fluorescence intensity to a saturation level in
less than 10.0 s as a 10 V,  AC bias when applied to the DEP device while flowing 5 x 10” pfu/
mL Bacteriophage T4r solution through the channel at the flow velocity varying from 0.085 to
3.06 mm/s while changing the frequency from 100 Hz to 1.0 MHz. Figure 2a shows the maxi-
mum capture frequency to be 10 kHz. Figure 2b, a plot of the integrated fluorescence intensity
of captured viruses vs. the flow velocity, showed a maximum at 0.73 mm/s. At v <0.73 mm/s,
isolated bright spots were seen (Figure 2c). At v >0.73 mm/s, viruses depicted fractal-like light-
ening patterns (Figure 2d). These patterns are called Lichtenberg figures, which occur when the
high electric field is produced at a sharp electrode surrounded by a relatively high concentra-
tion of polarizable particles. Previously such pattern was observed using E. coli cells between
interdigitated microelectrodes called as “pearl-chain-like” Suehiro et al. [59, 62] This is first
time that such pattern was observed with virus particles with the electric field produced at the
nanoelectrode tips [59].

The DEP kinetics dramatically changed with concentration (Figure 2e) when two diluted con-
centrations, i.e., 5.5 x 10® and 2.5 x 107 pfu/ml, were used. The viruses could be individually
counted (40 out of 67 particles) at an extremely low concentration of Bacteriophage T1 (8.7 x 10*
pfu/mL) when passed through the nano-DEP device as the capture was limited by mass trans-
port giving a capture efficiency ~60% [59].

4.2. DEP capture and electroporation of vaccinia virus coupled with real-time
impedance detection

Electrochemical sensors based on impedimetric measurements have emerged as an attractive
low-cost portable technique for the rapid detection of pathogenic microbes and other microor-
ganisms. In this capture study, vaccinia virus was a probe to study the impedance kinetics and
electroporation of the viruses due to high electrical field gradient generated at VACNFs tips.
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Figure 2. DEP capture of virus particles (Bacteriophage T4r) on VACNF in a microfluidic device. (a) The frequency
dependence of DEP capture of 5 x 10° pfu/m Bacteriophage T4r at a flow velocity of 0.73 mm/s with the AC bias fixed at
10 V_ . The optimum capture was obtained with ~10 kHz AC voltage by measuring integrated fluorescence intensity
(AF ). (b) The flow rate-dependent DEP capture peaked at 0.73 mm/s. (c) and (d) are the representative snapshots from
the videos just before the AC voltage was turned off at a flow velocity of 0.33 and 0.73 mm/s, respectively. (e) The kinetic
DEP capture curves at the standard concentration (5 x 10° pfu/ml) and two diluted concentrations (5.5 x 10° and 2.5 x 107
pfu/ml). (f) A kinetic profile of the Bacteriophage T1 capture at a low concentration at the flow velocity of 0.87 mm/s
showing capture efficiency of 60%. (Reprinted with permission from Madiyar et al. [59]).

The details of the growth and enumeration by conventional techniques are given in a previous
report [60]. Briefly, in-house stocks of vaccinia virus (Copenhagen strain, VC-2) were amplified by
standard virus growth techniques of infecting HeLa cells knocked-down for an antiviral protein
kinase, PKR (HeLa PKR-KD), followed by sucrose gradient centrifuge to achieve an optimal
yield of 2.0 x 108 pfu/mL quantified via plaque assay. To move the viruses out of biosafety level 2
(BSL-2) containment, a UV-inactivation process was carried out by placing them 3-8 cm directly
below a UV lamp (234 nm), and the plate was manually rocked for 10 min. The vaccinia viruses
were dually labeled with 50 pM DiO lipophilic dye (Life Technologies, Carlsbad, CA) that stains
the outer envelope of the virus by incubating the viruses at 37°C for 2 h. The washing of vaccinia
virus was performed similarly as the bacteriophage virus. The concentration of the virus for the
experiment was ~3 x 10° pfu/mL (except specified experiments). The nucleic acid (DNA) of the
viruses was labeled with 50 ul 20.0 uM of propidium iodide (PI) aqueous solution. All the solu-
tions were filtered with 0.2 pm filter and sterilized at 121°C for 20 min [61].
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The details of the fluorescence experiment setup and videos are described in Section 3.0. The
frequency (f), flow velocity (v), and concentration kinetic response of vaccinia virus cells were
monitored using a fluorescence microscope. The experiments lasted for 85 s, during which
no voltage (V ) was applied in the first ~16 s, fixed AC voltage at different frequencies was
applied (V) for ~54 s, and no voltage was applied (V ;) in the last ~15s.

The integrated fluorescence intensity was measured at the end of capture period (54.0 s) and
compared to the percentage change of the final impedance signal (Z,) relative to the initial
impedance signal (Z ), i.e., %(Z, — Z )/Z . The optimum flow velocity for vaccinia virus was
0.40 mm/s at the frequency of 50.0 Hzand the voltage of 8.0V asshownin Figure 3a. The optical
image is shown in Figure 3¢ which indicates the Lichtenberg figures (similar to Bacteriophage T4r)
at the frequency of 50.0 Hz, but no capture was observed at 500 kHz (Figure 3e). Due to high
biofouling of the vaccinia virus at the frequency 50.0 Hz, the frequency of 1.0 kHz (Figure 3d)
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Figure 3. Assessing DEP capture and electroporation of vaccinia virus particles. (a) The frequency dependence of DEP
capture ranging from 10.0 Hz to 1.0 MHz at fixed flow velocity (0.40 mm/s) and fixed AC voltage (8.0 V) peaking at
50.0 Hz. (b) The calibration curve of the percentage change in the impedance after 54 s DEP versus the logarithm of the
virus concentration ranging from 3.0 x 10 to 3.0 x 10° pfu/ml. (c—e) Snapshots from the fluorescence video after 54 s of
DEP capture of vaccinia virus at a fixed flow velocity of 0.401 mm/s at various AC frequency of (c) 50.0 Hz, (d) 1.0 kHz,
and (e) 10 kHz. (f) The schematic image of electroporation of vaccinia virus particles in which the vaccinia viruses are
dually stained using DiO dye for outer lipophilic membrane (green) and propidium iodide (red) for dsDNA (inside
or extracted out of the vaccinia virus). (g) The increase in the fluorescence signal of the DiO and PI dye during DEP
capture of vaccinia virus and the PI dye mixed in 280 mM mannitol solution as the control experiment. (Reprinted with
permission from Madiyar et al. [69]).
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was used as the capture frequency (except few experiments). A concentration ~3 x 10° to 3 x 10°
pfu/mL was employed to demonstrate concentration-dependent study with the real-time
potential and measures the limit of detection of the impedance method. For this experiment,
the frequency is fixed at 1.0 kHz, and the 0.5 V,, AC voltage is applied for 16 s to obtain the
background impedance value. The AC voltage is then increased to 8.0 V,,, for 54 s to capture
the virus (indicated by the increase in the impedance signal). The AC voltage is finally reduced
back to 0.5 V,, indicating the release of the virus particles from the VACNF tips. The control
experiment is done under the same conditions using blank 280 mM mannitol solution. The
calibration curve (Figure 3b) shows that the logarithm of virus concentration (C) in the range
from ~300 to 30,000 particles/mL is linear with percentage impedance change collected over
the 200 x 200 pm active area. Using the calibration curve equation (details in Refs. [61, 66]), the
detection limit of vaccinia virus was calculated to be ~ 300 particles/mL [61].

Finally, to investigate the electroporation of lipophilic membrane due to the high electric
field on tips of VACNF NEAs, PI dye was added to the mannitol solution containing
3.0 x 10° particles/mL of DiO dye-labeled vaccinia virus and observed in Neubauer cham-
ber. The absence of the red fluorescence indicated there was no structural damage of virus
due to UV inactivation [62]. For electroporation experiment in a microfluidic device, the
frequency of 50.0 Hz was used. The voltage of 8.0 V  was turned on for 65 s for maximal
DEP capture with the flow velocity set at 0.05 mm/s (for maximum capture and interaction
of dye and DNA). Figure 3f shows the schematic figure of electroporation of lipophilic
membrane of vaccinia virus in the presence of high electric field at the VACNF tips. It
is observed that the electroporation made the membrane more permeable and the DNA
is likely extracted out of the membrane to interact with PI dye in the mannitol solution
which increases the PI dye fluorescence intensity. There is evidence that, after the AC volt-
age is turned off, some Pl-intercalated ds-DNAs are physically adsorbed on the VACNF
tip or the NEA chip surface [61, 63].

5. Detection of bacteria: DEP capture and identification of E. coli
strain DHab5 by surface-enhanced Raman spectroscopy

DEP capture of bacterial cells was demonstrated with nontoxic E. coli strain DHa5 (18265-017,
Fisher Scientific). The DEP microfluidic device with Raman setup is schematically repre-
sented in Figure 4a. The procedure for fluorescent labeling and attachment of the bacteria
with a unique SERS nanotag consisting of nanooval (NOV)-shaped gold coating on spheri-
cal iron-oxide (IO) nanoparticles is reported in Ref. [62]. Gold is coated on the spherical IO
nanoparticle cores (~23 nm diameter), forms an outer dimension of ~50 nm with NOVs which
demonstrates high SERS enhancement factor due to Raman tag of QSY-21. The NOVs are
made biocompatible, and surface active by adding carboxylic acid groups at the surface was
accomplished by coating them with carboxyl-polyethylene glycol-thiol (HOOC-PEG-SH, MW
5000) and methoxy-polyethylene glycol-thiol (mPEG-SH, MW 5000). The details of the pro-
cess are given in Ref. [63, 66]. The carboxylic acid group aids in the formation of amide cova-
lent bonds with secondary IgG antibody conjugated with Alexa 555 making the IO-NOVs
fluorescently labeled. These secondary antibodies are complementary to IgG antibody conjugated
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Figure 4. Capture of E. coli Dha5 in NEA microfluidic channel. (a) Schematic of the microfluidic dielectrophoretic device
under a Raman microscope for bacteria detection. TEM images of (b) the starting IO-Au NOVs and (c) E. coli DHa5
bacterial cells attached with antibody-functionalized I0-Au NOVs. (d) Assessing DEP capture of 5.3 x 10° CFU/mL E.
coli cells w1th fluorescence and Raman measurements at varying frequency with the fixed voltage at 10.0 V showing
1496 cm™ is the highest peak. (e) The study of E. coli cells at varying flow velocity at a fixed frequency (100 kHz) and
voltage (10 V). (f) The study of DEP capture of E. coli cells with Raman measurements in different complex matrices
such as chicken broth. The DEP capture kinetics using a chicken solution were performed at 10.0 V,,, 0.44 mm/s flow
velocity, and 150 kHz AC frequency. (g) The calibration curve plotted with the concentration varying from 5 CFU/mL to
1.0 x 10° CFU/mL (X-axis) and the Raman intensity after 50 s of DEP capture (Y-axis). The Raman intensity measurements
with a ProRaman L portable Raman system (Enwave Optronics) with laser focal spot of 100 um diameter aligned with
active DEP area (inset). (Reprinted with permission from Madiyar [66]).

with FITC primary antibody which was attached to bacteria E. coli DHab5. The detailed pro-
cedure is given in reference [63, 64]. Figure 4b and ¢ show TEM images of IO-Au SERS NOVs
and those bound to E. coli. The typical Raman spectrum of QSY21 has prominent bands at
1333, 1584, and 1641 cm™ which are from the xanthene ring stretching vibrations of the mol-
ecule [65]. The intensity of QSY21 marker at the Raman shift of 1496 cm™ is visually separated
from the carbon nanofiber signals at 1350 cm™ (D-band) and 1600 cm™ (G-band), respec-
tively [66]. The most reliable characteristic band is seen at 1496 cm™ as seen in Figure 4d
was used to quantify the SERS signal.

To demonstrate the potential of this method, both confocal (DXR, Thermo Fisher Scientific)
and portable systems (ProRaman L, Enwave Optronics. Inc) were used. The similar stud-
ies were carried out with the two spectrophotometers at varied flow velocity and fre-
quency. Figure 4d shows the full Raman spectrum of QSY21 at different AC frequencies
during the capture of bacteria. The highest peak in the full spectra, 1496 cm™, was used in
the further calculation, and the higher capture was seen at the AC frequency of 100.0 kHz.
The results between these two Raman systems were very consistent from their fluores-
cence and Raman intensity plots, with the maximum flow velocity at 0.4 mm/s (0.55 ul/s)
(Figure 4e).
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To analyze the capture in complex samples, one of the representative data is shown in Figure 4f,
i.e., the capture of E. coli in the chicken broth samples. Other samples such as Mott’s apple juice
and soil samples were also tested, and details are given in Ref. [62]. Complex matrix solution
was centrifuged at 14,000 rpm for 10 min, and the supernatant was collected. Complex matri-
ces present different challenges due to inorganic and organic substance interactions, making it
difficult to isolate the target to be tested. A concentration of 5 x 10° cells/mL E. coli DHa5 was
added into the solution of processed chicken broth [66]. The conductivity of bacteria in distilled
water (pH 6.8) was 1.22 x 10 S/m. The conductivity of commercial chicken broth after sample
processing and adding E. coli DHa5 cells resulted in conductivity of 1.7 x 10 S/m. Due to the
change in solution (chicken broth) conductivity, the bacteria in complex matrices have a high
Raman intensity at the frequency of 150.0 kHz and for soil solution 100.0 kHz.

Figure 4g summarizes the SERS intensity of the captured NOV-labeled E. coli using the por-
table Raman setup, while the E. coli concentration was varied from ~10 to 1 x 10° cells/mL. The
probe diameter at the focal point in the portable Raman system is about 100 pm (inset in
Figure 4g), much larger than the 3.1 um size in the confocal Raman microscope allowing sig-
nals to be collected from many more bacteria, and yields better statistics of the detection limit
measurement [66]. The calibration curve for the detection limit measure is shown in Figure 4g.
The Raman intensity was a linear function of the logarithm of bacteria concentration when the
concentration C is above ~100 cells/mL [66]:

(RD) = 108.8 x log C-214.7 4)

portable
where RI was the Raman intensity increase after 50 s of DEP capture. For bacteria concentra-
tions below the critical value, C, = ~100 cells/mL. There was no measurable signal detected
above the background, i.e., (RI), , = ~36 a.u. Due to the slow mass transport of bacteria to
the active area, no captured bacterial cells were detected during the applied DEP period.
However, at the time when the high concentration of the bacteria was passed, the Raman
intensity increased. The detection limit logC, was determined using calibration curve:

logC, = logC,+3s,,./m, 5)
where s, (~11.7) is the standard deviation of the Raman signal for bacteria concentration
below C, and m =108.8 is the slope of the calibration curve. The concentration detection limit
was determined to be ~210 cells/mL.

6. Discussion and conclusion

The physical phenomenon of DEP was observed on the tips of VACNF NEAs in microfluidic
channel design due to high electric field gradient generated by the “point-and-lid” geometry
acted as an effective and reversible electronic manipulation technique to rapidly (less than
60 s) concentrate bacteria and viruses into a micro-area from the solution flow. The nanoscale
size of the VACNEF tips has two critical features: the extremely high electrical field strength
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at the tip (E = ~107 V m™) and the large electric field gradient at the tips of nanoelectrode
(giving VE? = 10" — 10 V2> m®) against ITO electrode. The polarizable pathogenic particles
in the microfluidic device encounter hydrodynamic drag force along the flow direction and
orthogonal (vertical) DEP forces due to the high electric field gradient. Once the pathogens
are close to the VACNEF tip, the lateral DEP force becomes larger than the hydrodynamic drag
force, and the pathogens are captured at the nanoelectrode tip.

According to Eq. (1), the force of DEP highly depends on the volume of the particles (+°) and
the optimal frequency for capture bacteria, E. coli, Bacteriophage T4r, and vaccinia virus at the
NEA tips was found to be 100 kHz, 10.0 kHz, and 50 Hz, respectively. This variation is due
to the differences in size, structure, and molecular composition. Bacteriophage T4r virus has
~ 80-100 nm icosahedral-shaped protein capsid encapsulating ds-DNAs [67]. Vaccinia virus
particles are larger spheres with dimensions of 360 x 270 x 250 nm, which consist of the lipo-
philic membranes encapsulating ds-DNAs [68]. Bacteria E. coli DHa5 is ~1 micron with an
elongated shape and more complex internal structures [69, 70].

The second drastic contrast in the capture of viruses is the formation of Lichtenburg figures which
was absent during capture of the bacteria. This is due to the spatial distribution of the electrical
field strength at the nanoelectrode tip. Bacteriophage T4r and vaccinia virus are similar in size
and are comparable to the diameter of VACNFs, causing the viruses to be polarized to a large
extent. The captured virus acts as an extended tip attracting more viruses toward it. For bacteria,
the more significant size (~1 ) and higher internal conductivity may have screened the high
electric field at the nanoelectrode tip and reduced the electrical interaction with additional cells
[58, 59, 64, 70].

The device successfully captured single virus particles observed at isolated spots in the 200 %
200 pm? active NEA surface at an extremely dilute concentration (8.9 x 10* pfu/ml) in which
facilitated studying the impedance kinetics of real-time DEP capture of vaccinia viral par-
ticles, yielding a detection limit of 300 particles/ml. VACNEF tips have been found to cause
electroporation of the lipophilic membrane of the vaccinia virus due to the large electric field
produced on the tips. This electroporation phenomenon has allowed extracting the internal
nucleic acid contents to the solution.

Finally, highly sensitive detection of E. coli bacteria using the SERS nanotag based on QSY21
on IO-Au NOVs proved to be highly sensitive. This was accomplished using two complemen-
tary antibodies, in which the secondary antibody was bonded to nanoovals and other to the
bacteria. The attachment of the nanoovals significantly enhanced Raman signals and aided in
specific recognition to E. coli DHa5 cell. The detection and kinetics of capture were studied
using both a confocal Raman microscope and a portable Raman system, and the limit of detec-
tion of 210 CFU/mL was calculated by calibration curve using the portable Raman system.

All these studies revealed the exciting interplay between the highly focused electric fields at the
nanoelectrode with bioparticles of comparable sizes. The device was successfully integrated
with fluorescence, surface-enhanced Raman spectroscopy and electrochemical impedance
sensing. All these results are very encouraging and can be further improved by optimizing the
DEP design. The combined functions of DEP in concentration, detection, and electroporation
make such nano-DEP devices useful to extract intracellular materials, such as DNA or proteins
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without a lytic agent. It can act as an on-chip portable sample preparation module for poten-
tially capturing pathogenic particles at concentrations approaching 1-10 particles/mL and for
future downstream processing and testing of microbial samples.
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Abstract

Introducing biochemical factor to electronic devices have created a new branch of science.
Recent development in biosensing technology enabled progress in pathogens detection.
Currently, wide range of biomarkers (enzymes, peptides, DNA, microorganisms, etc. )
recognize various target analytes, starting from basic metabolism changes to serious
infections caused by pathogens. Improved sensitivity, selectivity and response time of
sensors have instantly replaced traditional techniques. Easy handling, low production
costs and miniaturization have met therapeutics need. Biosensing technologies are very
strong point in telemedicine in public healthcare. This chapter will focus on electrochem-
ical techniques for pathogens detection and show trending applications in biosensing
technologies.

Keywords: sensor, biosensing technology, bioelectronics, electrochemistry, impedance
spectroscopy, cyclic voltammetry, immobilized electrode, nanomaterials, noble metal
nanoparticles, recognition element, human pathogen, pathogens detection, virus,
bacteria, DNA, markers, diseases, telemedicine, point-of-care, lab-on-chip

1. Introduction

The biosensor era have started in 1962 by invention the first glucose meter by Clark and
Lyons [1] and speeded up in uncontrollable pace. Currently, it embraces fields such as bio-
telemedicine, biology, environmental monitoring, drug discovery, food safety controlling and
others. The term ‘biosensor’ stands for the electronic analytical device incorporated with bio-
logical sensing element and physiochemical transducer [2, 3]. The main biosensors success
was achieved by transforming technological sophisticated machines to small handy devices.
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Especially, electrochemical biosensors are in main interest. Implementation of biological fac-
tors to electronic devices have improved sensitivity, selectivity, limits of detection (LODs)
and limits of quantification (LOQs). Also miniaturization, simplification and portability have
made them user-friendly and available for large audience of non-specialists and patients.

2. Biosensors classification

Biosensors classification mainly relies on the receptor and transducer type and is represented
in Table 1 [2, 4, 5]. Besides the suitable measurement technique used, the biosensor have
to meet the requirements, which are detection limit, linear response range, response time,
sensitivity and selectivity, stability and reproducibility. New types of biosensors are being
developed, transducer hybrids, like photoelectrochemical [6].

Great sensing development can be observed in electrochemical field. Initially detected ana-
lytes were basic chemical compounds like glucose, urea, subsequently macromolecules like
proteins, whole cells, viruses, bacteria and other pathogens. Currently, it is possible to follow
antigen-antibody interactions, detect tumor markers, DNA materials, etc.

| BLOSENSORS
| DIORECEFIURS LRANSUUCERS
FNZVE OPTICAIL FIL.ECTROCHEMICAT, MASS-RASED
ANLIBOUY
TINA RAMANTTIR TATTOIMETRIC TITZOTT TCTRIC
CELL SR AMPEROMETRIC MACNELOELASIIC
BICMIMCTIC TIBER OPTIC POTENTIOMETRIC
OTITTR CONTITCTOMETRIC

WOLTAMELEIC

Table 1. Biosensors classification based on bioreceptor and transducer types.

3. Electrochemical detection

Electrochemical biosensors are devices containing electrochemical transducer. They provide
semiquantitative or quantitative analytical information, thanks to biochemical receptor. Electrical
changes due to reduction/oxidation reactions of analyte can be analyzed in different ways. In this
case, measured properties are current or potential. The principle is the change of solution proper-
ties due to production/consumption of electrons that is measured relatively to always stable ref-
erence electrode. The process depends on the species activity, not on the solution concentration,
because it is focused on the working electrode surface. There are also electrochemical techniques
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which do not use direct electron flow and do not focus on the redox reaction. For example, the
changes of electrode’s surface deriving from surface biofunctionalization and molecular inter-
actions like antigen-antibody, receptor-ligand and others are analyzed. In this case, measured
parameters are resistance, capacitance or impedance. The easy way of transforming a biological
interaction to simple electrical signal makes it attractive for sensor industry. The strong advan-
tage is a wide range of electrical properties which can be measured and quantified with meth-
ods like potentiometry, amperometry, voltammetry, conductometry and impedance (described
below). Moreover, multiple electrode materials used as receptors and methods of their immobi-
lization are available [7].

3.1. Electrochemical cell

The conventional electrochemical cell contains three separate electrodes: the working electrode
(WE), the counter electrode (CE) and the reference electrode (RE). The WE material must be
a chemically stable conductive material, such as carbon, gold, platinum and more. The redox
process occurs on the surface, so can be polarized both, cathodic and anodic, depending on
analyzed reaction. The electrode material strongly influences the measurement because every
material has different parameters, such as potential window, capacity. The WE should have
high reproducibility and S/N characteristics. The toxicity and costs are also important. The
CE (auxiliary electrode) provides electron flow between WE and CE and closes the current
circuit in the cell. The CE surface area must be much larger than WE, to avoid kinetic limit of
the process. It can be carbon, platinum wire. The RE produces constant potential in whole cell,
balances the WE reaction. Requirements are low impedance and non-polarizability. The most
common RE is standard hydrogen electrode (SHE) with a zero half-cell potential or silver wire
coated with silver chloride [2, 7].

Except conventional electrochemical cell with three electrodes, there are variations and min-
iaturized versions. Microfluidic cells concept offers easier sampling and cleaning, enhanced
sensitivity and reduced interferences [8]. Obviously fewer reagents are consumed and less
waste is generated. For example, the microbial fuel cell (MFC) can convert organic substrates
by microbial catabolism to electrical signal [3]. On the lab-on-a-chip devices (LOC), the three
electrode system is miniaturized to few centimeters square platform with multiple laboratory
functions. It is possible to handle very small fluid volumes (picoliters level) [7]. Screen-printed
electrodes (SPEs), three-minielectrodes are deposited or printed onto polymer substrate form-
ing ultrasmall measuring system. They are mass produced with high reproducibility and low
costs. This set allows easy modifications of WE surface [2, 9].

3.2. Electrochemical sensor: potentiometric detection

Potentiometric sensors measure the potential change at one electrode referred to another elec-
trode. The electrical potential difference or electromotive force (EMF) is measured at zero
current value [4]. For example, the potential is formed when antigen-antibody interaction
occurs. The reaction is described by the Nernst equation. Concentration response is logarith-
mic, allowing very small changes detection [2, 7]. Zelada-Guillén et al. has first applied this
technique for Staphylococcus aureus detection in real-time. Single-walled carbon nanotubes
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(SWCNTs) were used as transducer and functionalized with anti-S. aureus aptamers by two
approaches. In covalent functionalization, LOD was 8 x 10* colony-forming units (CFU)/
mL. Non-covalent approach has had higher sensitivity but LOD was 10" CFU/mL level [10].

3.3. Electrochemical sensor: conductometric detection

Conductometric transducers measure variation of the ionic strength of a solution, which
changes current flow or electrical conductivity. Despite the few advantages like low-priced
thin-film applications [4], direct real-time monitoring [7], no reference electrode need and
miniaturization possibilities, this technique gives less sensitive responses than others elec-
trochemical methods [2]. Hnaiein et al. have implemented this technique for Escherichia coli
detection. Authors have used streptavidin-functionalized magnetite nanoparticles which
interact with biotinylated antibodies, anti-E. coli. Detection on 1 CFU/mL level causes 35 uS
conductivity change [11].

3.4. Electrochemical sensor: amperometric detection

Amperometric transducers measure the direct current from redox reaction under a constant
potential applied on WE. The activity of recognition element varies before and after interac-
tion with a target molecule [4]. The product must be electroactive and undergoes a redox
process [12]. The current is a rate of the electrons transferred and is proportional to the ana-
lyte concentration [2, 7]. Singh et al. have invented novel DNA-based amperometric sensor
for one of the most common human pathogens— Streptococcus pyogenes. Gold nanoparticles
were functionalized with cysteine, PAMAM and genomic single-stranded DNA (ssDNA). The
amperometric response was measured after DNA hybridization, with sensitivity of 951.34
(uA/cm?)/ng DNA and LOD with 130 fg/6 uL sample. Sensor was suitable for throat swabs
and needed 30 min for pathogen identification [13].

3.5. Electrochemical sensor: voltammetric detection

Voltammetric transducers are the most comprehensive and mostly used by research groups
in biosensing analysis. Sensor measures the current-potential relationship. The potential
is measured in ‘no-current applied’ conditions [12]. The potential where the redox peaks
appear is specific for the examined species and the current peak size is proportional to the
species. It is possible to detect many compounds with different characteristic potentials in
one measurement. Voltammetric methods can be further divided into: cyclic voltammetry
(CV), differential pulse voltammetry (DPV), stripping voltammetry, AC voltammetry, polar-
ography, linear sweep voltammetry (LSV) etc., however, the most commonly used are CV,
DPV and LSV. The difference is in the way of potential application [2]. The simplest is LSV,
where at WE, the potential applied increases linearly in time. The flowing current consists
of the faradaic current (flowing the Faraday laws, means discharging of active compound)
and capacitive current (produced due to double electric layer growth between the solution
and electrode). Detection limits are at mg/L level. In CV, scanning has a triangular shape
characteristic. Obtained voltammogram is a closed curve with redox peaks (two if process is
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reversible, one if process is irreversible). The low sensitivity makes CV inapplicable for quan-
titative analysis. DPV principle is applying periodical constant potential pulse during linear
scanning. Measured is the difference between the current before and after the pulse giving
one peak-graph. This technique is very sensitive with detections on 10-100 pg/L limit [2].

3.6. Electrochemical sensor: impedimetric detection

Very strongly exploited are impedimetric transducers. The method, called electrochemical
impedance spectroscopy (EIS), characterizers the structure and function of electrodes, espe-
cially modified with biological material [14]. It can be further classified as Faradaic or non-
Faradaic depending on the presence/absence of redox probe in the solution. The second one
is more preferred in point-of-care (POC) devices due to no reagents need. During immobi-
lization of electrode surface, the resistance and capacitance of a double-layer are changing,
causing change in the impedance. Thus, the biorecognition process and label-free interactions
on the sensor surface can be detected [7]. Two most popular results are expressed as Nyquist
and Bode plots. EIS sensors are mainly constructed by self-assembled monolayer (SAM) or a
conducting polymer base layer method [12]. Detection limits are worse comparing to potenti-
ometric or amperometric methods. False positive results derived from the electrolytes are the
main drawback. It can be overcome by blocking the non-specific binding sites of the electrode
surface with, for example, BSA protein [4]. The immunoreaction between antigen and anti-
body directly indicates impedance changes. Nidzworski et al. have presented the universal
biosensor for influenza A virus detection. The principle was attaching appropriate antibodies
to gold electrode which detect viral M protein. The difference of electron-transfer resistance
was observed before and after influenza virus addition and peptide-antibody interaction.
Increasing concentration of peptide causes the increase of resistance. The main advantage
was no need for sample pretreatment, just swab suspension in buffer solution. Sensitivity was
80-100 virions/uL [15].

4. Importance of sensing materials choice

The wide range of working electrode materials and the variety of electrode surface bio-
functionalization methods [7] make the electrochemistry very strong scientific and industry
branch. The choice of active material and functionalization mechanism depends on the type of
molecular recognition between the receptor and target analyte. Working electrode materials
enhance electroactivity and promote electron-transfer reaction, but differ in reactivity, con-
ductivity and stability so interacts diversely with chemical or biological molecules.

Noble metal nanoparticles (NPs) due to great conductivity, biocompatibility, high surface-
to-volume ratio and modification possibilities by hybridization, sol-gel, self-assembly
monolayer (SAM) and others methods are very popular and available on the market [16].
Currently, nanomaterials are essential in bio-devices due to enhanced sensitivity and detec-
tion limits [17]. Well-known are AuNPs, AgNPs, PtNPs, and their alloys Au-Ag, Au-Pt,
Ag-Pt [16]. For example, Liu et al. have used AuNPs combined with BamHI endonuclease
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for Hepatitis C Virus RNA detection by DPV technique with LOD 3.1 x 102 M [18]. Li et al.
have detected gene fragments from Hepatitis B Virus, also by DPV, but introducing AgNPs
and LOD was 1 x 107 M level [19].

Next appreciated materials are (nano-)carbon components, such as carbon nanotubes [20]
or carbon nanowires with high stability, great mechanical strength and good conductivity,
glassy carbon materials or graphene-based sensors [21, 22]. Bhardwaj et al. have fabri-
cated cheap paper-based sensor for detection of foodborne pathogens: E. coli, B. subtilis and
S. epidermidis. Authors have used single-walled carbon nanotubes (SWCNTs) conjugated
with corresponding antibodies (Ab). Covalent attachment of Ab-SWCNTs has increased
the stability of a sensor. Measurement technique was DPV. This fast, label-free method
had LOD on 13 CFU/mL level with linear concentration range from 10 to 107 CFU/mL [23].
Gong et al. have proposed impedimetric DNA biosensor for HIV-1 gene determination.
Glassy carbon electrode was modified with graphene-Nafion composite and ssDNA. The
decrease in the resistance was proportional to gene concentration in a range from 1.0 x 10
to 1.0 x 107* M with LOD at 2.3 x 107 M [24].

Silica is willingly used due to no toxicity, biocompatibility, significant electronic, optical and
mechanical properties [17, 25]. Nguyen et al. have used magnetic silica nanotubes (MSNTs)
for label-free Salmonella typhimurium detection. A positively charged surface of silica attracted
bacteria adsorption. This complex interacted with antibody-immobilized gold electrode.
Impedance sensor showed linear signals for 10°-107 CFU bacterial concentration. In authors
opinion, MSNTs material have a better LOD and sensitivity than other nanomaterials in
impedimetric immunosensors [26].

5. Technological comparison

The biosensors will be necessary to provide the consumers with sensing devices having short
analysis time, low costs, satisfactory LODs and LOQs, portability possibilities, etc., as it was
in the case of glucose meters and pregnancy tests. Electrochemical methods will be compared
to optical, piezoelectric and others in reference to technology, detection limits, linear range
and specificity.

In optic-based biosensors, single molecule detection, such as DNA, can be done [27]. This
technology was later improved due to innovations like combination of biological materials.
Also, mixing different optical components on one sensor enables forming multisensing device
on a single chip and swift analysis. Hybrids of fluorescence and nanomaterials or biomol-
ecules increase application possibilities and sensitivities. However, the main drawbacks are
costs and strict instruments requirements [17]. Optical SPR detection is the most evaluated
and calibrated technique for real-time and label-free assays [7]. Piezoelectric devices also offer
real-time and label-free analysis, but stand out with the flexibility and low costs, compared
to optical methods. Thus, it can be ideal for detection methods optimization [28]. However,
from all biosensor types (microbial, electromagnetic, optical and electrochemical), only elec-
trochemical are able to detect both, single or multiple, analytes with the real-time analysis and
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satisfying (but not the highest) sensitivity [17]. Thus, the electrochemical transducers seem to
be the most beneficial. They are widely used in POC devices which are on-site diagnostic tests
accessible to the physicians and patients, thanks to user-friendly handling and portability [29].
Another positive aspects are sensitivity, specificity with real-time analysis. Cost values are
fluctuating, however they are not the highest (comparing to optical devices) and available for
many laboratory industries. Currently, the electrochemical instruments are being miniatur-
ized to hand-size. Application does not require laboratory conditions; simple instrumentation
enables analysis in physician’s offices or patient’s houses. They are the smallest from all the
sensors and with the strongest future perspectives [2, 17]. Biosensors industry offers hybrid-
methods, such as photoelectrochemistry. The principle is to activate the species on electrode
surface by the light, and received photocurrent is detected. The assay has advantages deriv-
ing from both methods. High sensitivity is gained from separated excitation and detection
sources. Comparing to whole-optical methods such as fluorescence, exchanging detection to
electrochemical lowers the costs and simplifies the instrumentation. Moreover, implementa-
tion of photoelectrochemical active nanomaterials can be very beneficial for hybrid assays [7].

6. Non-invasive, wearable biosensors

In everyday life, the superior analysis is with so-called ‘non-invasive’ biosensors, where there
is no interruption in patient’s body, what happens in blood or serum collecting. Non-invasive
specimens are saliva, sweat and tears. The basic example can be breathalyzer for blood alcohol
content from a breath sample. The main promise of non-invasive techniques, such as polar-
imetry or impedance, is non-stop monitoring with real-time results for optimal health status
maintaining and deterioration warning. These solutions can help reduce health care costs and
time spent in hospitals [7]. Glucose, alcohol, illness-causing pathogen like influenza virus and
others can be detected from the samples [30, 31].

Tears are rich in proteins, lipids, metabolite and electrolytes and are used for diabetes moni-
toring. Saliva analysis can show changes in metabolic, hormonal or even emotional human
body states [2]. For example, Kim et al. have invented the wearable mouthguard sensor for
uric acid detection as end product of purine metabolism in saliva specimens. Abnormalities
indicate diseases like hyperuricemia, gout or Lesch-Nyhan syndrome. Enzyme-modified
printed electrode shows amperometric response and is connected to the platform sending
analysis results to smartphones and laptops [32]. By breath analysis, viruses causing respira-
tory infections can be detected [33]. Others wearable biosensors are blood pressure sensor,
temperature sensor, breathing sensor for respiration monitoring or so-called ‘smart socks’
used to individual step characterization [34].

7. Applications

Many biosensors have found everyday appliance, not only the laboratory usage. The main
goal of biodevices is to be implemented in medical field. It means detect human illnesses,
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thus mutations, infections at first stages, pathogens, as ‘prevention is better than cure’.
Pathogens including bacteria, viruses, fungi, protozoa and are one the main human death
causes. They have many transmitters like human, animals and plants [35], thus unchecked
can cause pandemics. Early diagnosis is one of the strongest prevention method, but still
challenging due to high costs, strict sample preparation mechanisms and long-time analy-
sis. Modern technology biosensors can overcome these drawbacks by device miniaturiza-
tion or rapid data output. Nowadays detection is possible from common illnesses like virus
invasions to serious tumors, due to wide range of bioreceptors and measurement tech-
niques mentioned above. Biosensors application, except human health, is in food process-
ing/monitoring, fermentation processes, biodefence in military and many more described
in this chapter.

Biological defense sensors are sensitive for organisms posing threat, called biowarfare agents
(BWAs), such as bacteria, viruses and toxins. Most used are molecular techniques recognizing
BWAs markers, more preferably nucleic acid-based than antibody-based due to higher sen-
sitivity and specificity. An example is detection of genomic DNA of HPV virus by modified
surface acoustic wave (SAW) biosensor [36].

Nano-based biosensors are one of the most willingly investigated and applied due to sig-
nificant properties described in Section 4. For example, nanomaterials are able to detect
antibiotics residues in human body which decrease the treatment efficiency [37]. Others
specific interactions were carried on porous silicon, for example, for E. coli detection [38].
There are also silica-modified materials, by Hg* ions [39] or Ag/graphene/silica compos-
ites [40]. Quantum dots technology can be used for tumor analysis (targeting ligands can be
monoclonal antibodies and peptides) and for nano-medicine delivery [17]. Engineered NPs
thrive in POC devices. AuNPs combined with magnetic MNPs can detect mecA gene which
is a biomarker for methicillin-resistant S. aureus (MRSA) at concentration 10 pM of targeted
DNA. Optical SPR method acts as HBV sensor using AuNPs with LOD 2 fg/mL and 17 min
analysis time. Another material, cadmium tellurite QDs conjugated to silica NPs enhanced
the signal of Epstein-Barr virus detection. The square wave voltammetry measurements
resulted in LOD of 1 pg/mL [29]. For more examples of pathogens nanodiagnostics, view [41],
from all nanomaterials, the main interest arouses the gold. Except biosensing application, it is
used in drug delivery or photothermal therapy. Gold nanoparticles are the most stable, have
activity to biomolecules, significant optical properties depending on environment. In colo-
rimetric methods, it is used for foodborne, waterborne or hospital pathogens detection. The
majority of these assays use SPR technique. The peak absorbance of AuNPs highly depends
on their shape (nanorods, star-shaped and more) and size. By DNA targeting, it is possible
to detect Salmonella species, Bacillus anthracis, Chlamydia trachomatis bacteria or HIV-1 and
HINT1 influenza viruses. Another use is Leishmania major, a protozoan parasite, detection by
gold nanorods. Gold as signal enhancer can be used as non-functionalized or functionalized
with nucleic acids and proteins [35]. Simplification of the detection process is required for
bringing nanoparticles to POC field. User-friendly devices can be achieved by phone-based,
strip-based solutions which already exist on the market.

Except optical detection, gold is often implemented in electrochemical techniques.
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Davies et al. have developed amperometric biosensor for Listeria monocytogenes in food sam-
ples. Authors have modified screen-printed carbon electrode with gold nanoparticles and spe-
cific antibodies. AuNPs have increased the reaction surface and conductivity of the material
and lowering the LOD to 2 log CFU/mL in blueberry samples [42]. Yang et al. have reported a
sensor for Salmonella spp. detection where AuNPs acted as self-assembled layer on glassy car-
bon electrode and increased the sensitivity and selectivity. Pathogen presence was recorded
by EIS method with LOD 100 CFU/mL [43]. Gaffar and Nurmalasari have invented DNA
biosensor with thiol-modified gold electrode for of M. tuberculosis oligonucleotide sequence
detection. Complementary ssDNA were immobilized on SAM of thiol and further used for
target DNA hybridization. DPV was chosen as measurement technique for guanine oxidation
signal monitoring. LOD is 2.7046 ug/mL and LOQ is 9.0155 ug/mL with accuracy of 99.22%
and precision of 99.86% [44].

Aptamer-based systems have recently gained big potential in bacterial pathogens recogni-
tion. This method is applicable for food and clinical probes and offers excellent sensitivity and
less time than traditional methods. Aptamers are called nucleic acid analogues of antibodies
and are chosen via traditional SELEX technique. Main advantages are high surface density,
thus better binding properties, temperature stability, easy chemical synthesis comparing to
monoclonal antibodies. Alizadeh et al. have reviewed aptasensors for microbial pathogens.
Authors showed detection of Gram-positive bacteria, S. aureus (by tyramine signal amplifi-
cation (TSA) detection method with LOD of 9 CFU/mL in milk sample), Salmonella spp. (by
non-covalent self-assembly of SWNTs with LOD of 10° CFU/mL in food, clinical and environ-
mental samples), E. coli (by flow cytometric method with LOD of 1.1 x 10° CFU/mL in pure
culture sample), M. tuberculosis, S. mutans, etc. [45].

Microbial biosensors can monitor fermentation processes. For example, isolated bacteria, like
C. tropicalis, G. oxydans can determine ethanol generated during fermentation. Others, like
L. bulgaricus or S. thermophilus are used for glucose or lactose control [3]. The World Health
Organization (WHO) invented a criteria for diagnostic tests development called "ASSURED’
meaning Affordable, Sensitive, Specific, User-friendly, Rapid, Equipment-free, Delivered to
those in need. Sensitivity and specificity are required on 85-95% levels [46].

In viruses, the main goal is to detect them at very low level, at the beginning of human or
animal infection, it allow the doctor for applying appropriate treatment. Currently, viruses
are being detected with time consuming methods, like cell culture protocols (2-10 days) or
enzyme-linked immunosorbent assay (ELISA) related to viral antigens. Clinical microbiology
is limited due long-time process of isolation and detection of microorganisms [46]. Enzyme-
linked immunosorbent assay (ELISA) recognizes the antibodies specified to the target anti-
gens with optical response. There are commercially available kits willingly used in clinical
laboratories. However, this technique still suffers from long time and multistep analysis,
need specialized handling and does not offer satisfying sensitivities. Another technique is
polymerase chain reaction (PCR) with nucleic acid amplification for concentration increase
of target DNA sequence, thus offering high sensitivities to even single gene copy. Specificity
depends on primers design. Interferences from non-targets cause mismatches and non-
specific amplifications, but are overcome by newest techniques like real-time PCR, reverse

159



160 Biosensing Technologies for the Detection of Pathogens - A Prospective Way for Rapid Analysis

transcription PCR [5, 35]. The sensitivities between known assays are PCR with 5-100 tissue
culture infection dose at 50% endpoint (TCID,), cell culture with 104 TCID,, and ELISA with
105 TCID,. For these reasons a rapid, sensitive, cheap device is pivotal [12]. Virus detec-
tion receptors are mainly antibodies, peptides, aptamers and nucleic acids. Antibodies are
believed as most common, because are produced as immune response in host organism in
the presence of foreign species [2]. They can bind with high affinity (K, 10°-10° M) [12]. Next
are peptides, short amino acid monomers chains. They have specific binding properties to
viral proteins or antibodies with high stability. Nucleic acids bind specific, complementary
viral (also bacterial) RNA and DNA. Viruses can be also detected by electrochemical methods
[15]. By CV and DPV techniques, HBV virus can be detected with LOD 1.94 x 10® M of target
DNA [47]. EIS method is widely used for many pathogens detection, like influenza virus [48],
dengue virus [49], HIV [50], rabies virus [51] and others. From optical methods, SPR was the
key for many develops in HIV virus issue, like developing new antiviral drugs [52]. SPR has
a potential to be portable rapid viral test, however miniaturization is limited. Optical fiber
methods were applied for Ebola virus antibodies detection down to 1 ppm or for HCV RNA
quantification with LOD at 60 pM [53].

Among all mentioned applications, especially environmental and medical need simple, fast
and very sensitive devices, what is available with immobilizers like gold, carbon materials,
silica and others. The discovery of electrochemical biosensors became essential in POC [54]
and clinical diagnosis [55]. An early disease monitoring is pivotal in adequate treatment.

Lab-on-chip solutions have broad recent scientists” attention, especially fluidic assays due to
sample transport improvement, time saving, reduced volumes and dimension of microfluidic
channels, making analysis possible in one blood drop. This kind of biosensors includes elec-
trochemical-based, optical-based, micromechanical-based transduction and others. Detection
of many pathogens has been reported, like Ebstein-Barr Virus [56], human immunodeficiency
virus [57], Salmonella typhimurium [58], HSN1 influenza [59] and more. For more examples,
please see [60] .

Following the newest researches, we have described the most interesting examples. Ganguli
et al. have proposed smartphone-based POC sensor for Zika, chikungunya and dengue
viruses detection. Blood sample was collected and applied to pre-processing module, where
automated mechanism mixed the sample with lysis buffer and RT-LAMP reagents. The mix-
ture next went to the amplification chip where reaction was incubated. After that, the LED
from cellphone was switched on for sample illumination. Real-time fluorescence results were
displayed on the screen. If the channel lighted up, the pathogen was presented. LOD for Zika
was 10 PFU in 25 pL sample what corresponds to 6250 PEU/mL in blood [54].

A big part of sensing techniques are smartphone-based devices as their components are ideal
for common analytical readers such as a screen acting as display and controller, a camera as
input for signal capturing, a memory for data storing, connectivity modes (Bluetooth, NFC
and Wi-Fi) for data transmission. Also, GPS can help track global health in serious cases like
pandemic. Wear possibilities and portability makes it powerful branch in biosensing area.
The second fact, they are not expensive devices with high accessibility, as there are billions of
mobile phone users globally. Smartphone devices are classified as detectors or instrumental
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interface for controlling the experiment setup, but this solution is less reported in the litera-
ture. This classification means to make a device that can be attached to the smartphone or
make independent device and connect it with a smartphone via Bluetooth, etc. Adapters are
often required for proper distance maintaining between the sample and the camera or for
dark chambers making (in fluorescence). Main attention attracts optical methods, however
microscopic, magnetoresistive and electrochemical are also available. The next big advan-
tage is costs reduction. Applications are pH measurements [61], heart rate scanning [62] and
others. Noteworthy is that phone’s microphone can perform spirometry (lung capacity) by
blow-sound measurement. Great idea was to introduce phone sensors platforms to drones for
reaching difficult places and providing low weight portable laboratories for human in need
[63, 64]. For a critical review, more application examples and commercially available biosen-
sors please see [65].

The point-of-care (POC) diagnostics is the next branch with intention of public health revolu-
tion. Rapid disease diagnosis is essential for the accurate treatment. In developed countries,
most analysis are performed in traditional way-in specialized laboratories with sophisticated
equipment and by qualified personnel. Thanks POC testing allows for in vitro diagnostics
with results obtained at ambulances, accident sites or physician’s offices. Moreover, self-test-
ing will be provided for patients. The strong advantages are small size, portability and auto-
mation, like in smartphones. Actually, smartphones can be classified as POC devices. Many
products are currently available on the market, like glucose sensors, pregnancy tests, urine
screening and more. The microelectromechanical systems (MEMS) technology is strongly
introduced to POC assays. The main advantage is separating, mixing, isolating and more
sample treatment steps in one device. Main target analytes are proteins, nucleic acids, cells
(blood cells), small molecules (metabolites such as glucose and cholesterol). With features
as time-efficiency, easy operating and portability, they are ideal for use in poor countries
and difficult geographical regions. Many POC devices use microfluidic assays as paper-based
microfluidics are disposable, cheap and easy to storage. However, these microfluidic solutions
can only show qualitative answers (yes/no for the presence of target analytes). Challenging is
the choice of appropriate marker and optimization of accuracy, sensitivity, speed and more
parameters. One of the biggest potential in POC devices is detection of circulating tumor cells
for cancer progression monitoring by atomic force microscopy technique. Others common
label-free assays are filtration, hydrodynamic chromatography and dielectrophoresis [66, 67].
For more point-of-care sensors, authors recommend reading [68].

The novel pathogen detection method was presented by Waller et al. group. Portable detec-
tion of Bacillus anthracis spores was done by amperometric immunoassay. Magnetic beads
and glucose oxidase, both antibodies-conjugated were used as sensing sandwich-like material
on gold matrix. Immunomagnetic spores separation and interferences removal from environ-
mental samples was done. For current signal, samples were incubated with glucose, horserad-
ish peroxidase and electron mediator. Target was captured by polyclonal antisera and signal
was generated by monoclonal antibodies. Whole analysis took less than an hour. Authors
wanted to increase the sensitivity of available lateral-flow devices and decrease analysis time
comparing to ELISA and PCR. LOD was 500 spores and linear quantitative range from 5 x 103
to 5 x 106 CFU/mL [69]. Gouma et al. have introduced novel isoprene sensor for influenza
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virus detection. Infected patients generate more volatile products like nitric oxide (NO) and
volatile organic compounds (VOCs) which are biomarkers in the disease detection. The secre-
tion comes from the alveolar and airway epithelium and leukocytes infiltrating the lungs. The
device is a portable 3-sensor microsystem with rapid non-invasive screening. Measurement
must be done as fast as disease symptoms are observed, for biomarkers changes in time obser-
vation. The sensor is able to detect three gases: isoprene, ammonia and NO in temperature
control. The measurement relies on resistance changes of h-WO, matrix with exposure to
NO, NO,, isoprene and methanol at 350°C [33]. Influenza virus is notably investigated and
described in the literature, as it is believed as the mother of all pandemics. Except conven-
tional detection methods, electrochemical techniques attract the scientific and market worlds.
Very practical nature of these biosensors makes them applicable for POC [70]. Another elec-
trochemical biosensor was developed for dengue virus. Nascimento et al. have employed
gold nanoparticles—polyaniline composite and immobilized with dengue serotype-specific
primers. Chosen measurement technique was CV and EIS. Invented system was able to rec-
ognize the dengue serotype at picomolar concentration with high specificity and reproduc-
ibility [71]. Ishikawa et al. have used In,O, nanowire in their amperometric sensing platforms
for SARS virus detection. Authors have used antibody mimic proteins (AMPs), working as
antibodies but smaller I size. The biomarker was viral nucleocapsid (N) protein. LOD of 1 nM
was achieved in 10 min long analysis [72].

8. Application of biosensing technologies in telemedicine

Telemedicine is a widely used technology branch in patient’s healthcare. It exchanges the
specialized care information from a distance via electronic communicators, provides health
monitoring, increases the access to health services especially in places limited financially,
like rural areas, and geographically, enhancing life quality. More specifically it can be video
conversation, an email, by smartphone or other device, sometimes wireless tools. Common
fields are telepsychiatry, teledermatology and teleradiology. It is definitely safe and effective
in adult and pediatric medicine. Telemedicine is no more theory. A big part of implementa-
tion attempts succeed. The US survey in 2014 showed 86% of user’s satisfaction and 75% of
willing attitude to telemedicine formats [73]. Survey form 2011 has reported very high tele-
medicine application. About 70% of radiology practices in US are in teleradiology form [74].
Treating patients at home seems to be beneficial for the family and the hospital itself. Also
the continuous access to patients and physicians is very convenient. Teleconsultations can
reduce the costs associated with the transport, waiting time and physical consultation price.
Now it is possible to reach more patients with less time with the same or higher consulta-
tions satisfactory [75]. Moreover, ‘the medicare’ is a good marketing and promoting tool
for potential new customers wins. Telemedicine cannot act perfectly, obviously. They were
many cases of implementation failures, problems connected with operational costs, technol-
ogy integration lacks, the devices standard quality and safety. The service implementation
is affected by factors like financing, technology, society acceptance and more. Necessary
are operation trainings, user-friendly simple handlings and the commitment of specialists
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(physicians, nurses) and patients. There are few types of services such as telemonitoring,
teleconsultations, teleeducation, etc. [74, 76] offering home assistance and psychological
support. Nowadays, the telemedicine usage reluctance still is observed, however decreases
gradually, because these methods meet users need. Patients, especially elderly, use devices
more readily and specialists enhance technology confidence. Helpful are program startups
like guidelines published by The American Telemedicine Association (ATA) or The Center
for Telehealth [74, 76].

As an example of telemedicine application, Shah et al. have proposed high-intensity model
of care for illness care, expanding the access to seriously ill patients using real-time and
store-and-forward approaches Authors have reduced the emergency department visits to
34% over 1 year comparing to control group [77]. Newest Nature reports show a big inter-
est in telemedicine field, to fill the disease’s data-gaps, like in inflammatory bowel disease
(IBD) case. Authors debate if IBD should be implemented in e-care or not. IBD is a chronic
disease and its treatment is suboptimal, however implementation it to e-health may bring
some profits. As it is relapsing and remitting disease, traditional clinical approach can be
insufficient and not fast enough. By e-health approach, patients are believed to become
active part in decisions-making when the first symptom occurs. Moreover, introducing IBD
to telemedicine may be important financial impact, cost-saving due to eliminating outpa-
tient visits. However, validation costs must be considered too. Currently available e-cases
are very small in numbers, still insufficient for global implementation. Real-life patient’s
data are lacking [78].

Telemedicine is a great field to show biosensors potential. As their main goal is to be cheap,
portable and user-friendly, they can be applied for everyday-based monitoring and in epi-
demics seasons, like during Ebola outbreak from 2014 in Africa, SARS in 2003 and pan-
demic influenza in 2009 or in moments where local medical centers suspect the danger and
need reference center consultations. The next great appliance is for quarantine patients
restricted to isolation [79] or any place with poor economic background or geographically
difficult places to reach. Patients will be allowed to examine themselves by different inte-
grated systems, for example, by electronic device with easy to collect specimen and further
send the results through mobile phone with specially designed app. For this case, the main
target could be Africa with a spread of malaria, tuberculosis, HIV and Human Papilloma
Virus (HPV). Current biomedical sensors for resource-limited countries suffering from
these diseases are reported in Ref. [80]. Telemedicine have already found appliance in
pathogens area. Beste et al. have described telemedicine support in Hepatitis C treatment
in the American Veterans (VA) group. The main problem was not willingly prescribed anti-
virals by primary care providers due to health insurers or providers preference. The new
program ECHO for promoting and improving telecare was launched offering video confer-
ences with specialists. After this adjustment, the rate of prescribed antivirals to reviewed
patients by VA-ECHO has increased [81]. Telemedicine services have been implemented
also in HIV/AIDS case. In literature reported, there was raising awareness in pharmacy
trainees to optimize patient care [82] or in forming new systems like ‘VIHrtual Hospital’
with user-friendly interface [83].
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9. Conclusion

The features for biosensors developments are mainly sensitivity, specificity and cost-effective-
ness detection. These parameters are critical for the high-quality sensing technology. The mod-
ern era requires combination of technological and biological approaches for more and more
satisfactory devices. The next level is developing robust multi-task biosensor for long-term use.
It is necessary due to therapeutics need, it means never ending patients and newly discovered
pathogens. Unfortunately, hygiene and sanitation improvement did not reduce the mortality
of infectious diseases. Current use of aptamers, peptides and other biomarkers is a key for
accurate affection diagnosis. Sensing approaches are a strong factor for time-reduced and more
effective treatment than before. The next success is molecules used not only for disease defini-
tion, but novel therapeutics, drug delivery, food and environmental monitoring. Invention of
chemical, especially electrochemical, biosensors have found application in many fields, except
everyday analysis, in sport medicine, doping control analysis and more, giving information
about metabolism and physiology states. They offer rapid, real-time, very sensitive analysis.
The next advantages, especially for electrochemical techniques, are miniaturization possibilities
connected with reduces costs. Point-of-care devices and lab-on-chip technology win in the run.
Electrochemical, mainly voltammetric and impedimetric, techniques are uncompetitive due to
wide range of target analytes detection. This kind of biosensors keeps a promise for developing
complete automatic sensing systems, with no need of sample pretreatment, fast analysis and
interfaces with telecommunication devices (smartphones and tablets) and further with special-
ists. Telemedicine can be an answer for every patient suffering from lack of medical check-ups.
It will be possible to detect many dysfunctions at first stages and prevent them with higher cure-
impact than treatment in far advanced infections. The ubiquitous smartphones distribution and
connectivity changes the concept of public health. E-health solution meets the market need
offering easy to operate system that fits in every pocket. Independent connectivity via Wi-Fi or
Bluetooth will enable 24 h availability and updates depending on patient’s requirements.
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Abstract

In recent years, foodborne illnesses have become the most significant public health issue
in both developed and developing countries. The World Health Organization (WHO)
reported that in 2010, around 1.8 million people died due to foodborne illness. Therefore,
the development of a cost-effective, sensitive, and selective detection method for identify-
ing and monitoring foodborne pathogens is necessary for improved public health. Here,
we describe a simple and ultrasensitive colorimetric method for the detection of food-
borne pathogens based on HRPzyme-integrated PCR using PC-based Image] software.
We present insights into different aspects of this method such as the importance of 165
rRNA detection, the modification of traditional PCR primers with a unique functional
sequence for generating a color signal, and the application of Image] in colorimetric
image data acquisition. The performance of the proposed strategy in detecting various
foodborne pathogens is comparable to that of the commercial UV-Vis spectrophotometer
Tecan Infinite 200 Pro. This detection platform exhibits linearity over wide range, high
sensitivity, and high selectivity. The diagnostic capability of this colorimetric system to
detect foodborne pathogens was demonstrated with spiked fruit and vegetable samples.
This low-cost and effective colorimetric method can be conveniently employed for the
analysis of DNA sequences arising from pathogenic bacteria.

Keywords: foodborne pathogens, 165 rRNA, PCR, primer, HRPzyme, colorimetric
detection
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1. Introduction

1.1. The importance of pathogenic foodborne pathogens

Food safety is critically important to consumer and public health and to the economic sus-
tainability of the agro-food sector. Due to food poisoning incidents, consumers desire food
safety assurances before they purchase food items. Foodborne illnesses, mainly caused by
pathogens derived from contaminated water or contaminated and uncooked foods, cause
many cases of death due to severe infection [1, 2]. The most widely recognized foodborne
diseases are caused by pathogens such as Escherichia coli O157:H7, Bacillus cereus, Listeria
monocytogenes, and Vibrio parahaemolyticus. Hence, it is important to detect the presence of
pathogenic bacteria in food and water before they enter the body and cause serious out-
breaks [2—-4]. The standard microbiological methods for the detection of food pathogens
are bacterial culture and biochemical staining, but the application of these is limited due
to the time-consuming nature of analysis (up to 7 days) and their nonspecific results [5].
Therefore, there is a need for sensitive, selective, and point-of-care platforms that allow
for both genotypic and phenotypic studies of foodborne pathogens. While the detection
of foodborne pathogens has been significantly improved due to recent advances in molec-
ular diagnostics, many of these methods require skilled persons and costly instruments.
Therefore, point-of-need diagnostic methods are urgently needed to control the spread of
food pathogen infections.

1.2. General overview of the importance and limitations of recent detection methods
for foodborne pathogens

In recent years, a variety of diagnostic approaches, for example immunological methods, such
as enzyme-linked immunosorbent assays (ELISAs) with detection limit of 10° cfu mL™ [6-8]
and molecular biological methods such as polymerase chain reaction (PCR) with detection
limit of 10% cfu mL™ [9-11] have been employed for the identification of foodborne pathogens.
These methods vary in their sensitivity, specificity, cost, and efficacy. Owing to the recent
availability of genomic information, molecular-based approaches have garnered consider-
able attention in terms of the development of molecular diagnostic techniques to detect and
characterize pathogens [5, 12]. In the last decade, PCR, which can amplify a small amount
of DNA through an amplification process, has been employed as a gold standard method
for the molecular diagnosis of nucleic acids. Agarose gel electrophoresis [13] and real-time
measurements [14] with DNA-binding dyes, such as the SYBR green and EvaGreen dyes,
have been employed to detect amplified PCR products. Still, these strategies are expensive,
time-consuming, and not user-friendly. Considering these limitations, there is a need to
develop advanced methods that can overcome the aforementioned limitations. Thus, several
research groups have reported new detection platforms based on molecular beacons [12] and
nanoparticle-tagged probes [15, 16]. However, these advanced methods additionally require
fluorescence conjugation or probe thiolation procedures [17-20], which are also costly and
time-consuming. Therefore, a simple, fast, cost-effective, and user-friendly detection platform
remains in high demand.
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1.3. The introduction of HRPzyme-integrated PCR and its importance

Recently, novel detection platforms have been developed to detect genomic DNA as a tar-
get analyte based on colorimetric reactions generated by biocatalysts, such as horseradish
peroxidase-mimicking DNAzymes (HRPzymes). HRPzymes consist of a folded structure of a
G-quadruplex nucleotide sequence, and they exhibit peroxidase-like activity by folding with
a hemin molecule [21, 22]. Importantly, the hemin-HRPzyme folded structure catalyzes the
oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) or 2,2-azinobis(3-ethylbenzothiozoline)-
6-sulfonic acid (ABTS) in the presence of H,O, and produces a colored oxidized product
[23, 24]. Based on this remarkable property, HRPzyme-based strategies have significantly
improved the detection of proteins [25], small molecules [26], and heavy metal ions [27].

Recently, several researchers have reported the use of colorimetric HRPzyme-integrated PCR
for the simple and rapid detection of bacteria [28-31]. This PCR platform can be employed
for the simultaneous synthesis of a peroxidase-like DNAzyme using a primer including a
complementary DNAzyme sequence. To overcome the need for primer labeling and expen-
sive instrumentation, Cheglakov et al. [31] developed the HRPzyme-integrated PCR for the
visual detection of bacteria. Similarly, Cheng et al. [28] reported the HRPzyme-based colori-
metric PCR for the simple and cost-effective detection of V. parahaemolyticus. Bhadra et al. [29]
reported a G-quadruplex-generating PCR for the naked-eye colorimetric analysis of SNPs
associated with Mycobacterium tuberculosis drug resistance alleles. Finally, Seok et al. [30]
devised a colorimetric signal generated by an amplified HRPzyme following the PCR ampli-
fication of the 165 rDNA of Salmonella enterica Typhimurium.

In the aforementioned studies, researchers utilized a combination of the HRPzyme sequence
and a primer to amplify a target gene via PCR amplification. The HRPzyme sequences were
generated through PCR amplification of the primer, which is integrated with an anti-HRPzyme
sequence. After PCR amplification, in the presence of hemin, the unamplified HRPzyme
sequence containing primers forms a catalytic hemin-G-quadruplex structure, which mimics
peroxidase activity and produces a colorimetric signal via the oxidation of a peroxidase sub-
strate such as TMB or ABTS. The HRPzyme sequence generated during PCR amplification thus
produces an optical signal that can be identified by eyes or with a spectrophotometer. These
developed colorimetric protocols have been adopted for the rapid and easy detection of various
pathogens by integrating a unique functional sequence with the traditional primer set for the
generation of the colorimetric signal. These studies thus demonstrated the broad applicability
of a fast, simple, ultrasensitive, and selective detection method for DNA as a target analyte.

1.4. HRPzyme-integrated PCR-based detection of foodborne pathogens using
PC-based Image] software

We have developed a PCR-based detection platform, termed G-quadruplex-blocking PCR,
because the amplification of a specific target blocks the folding of the HRPzyme sequence,
inhibiting the peroxidase activity of the HRPzyme. In contrast, in the presence of hemin and
the absence of target-specific amplification, the G-quadruplex/hemin complex generates an
oxidized substrate by oxidizing ABTS in the presence of hydrogen peroxide (H,0,) [32, 33].
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Figure 1. Schematic representation of HRPzyme-integrated PCR-based colorimetric detection of a foodborne pathogen.
P: With target pathogen; N: Without target pathogen.

G-quadruplex/hemin complexes can also oxidize different peroxidase substrates such as
fluorogenic (e.g., Amplex UltraRed (AUR) and QuantaBlu), electrochemical (e.g., 3-Indoxyl
Phosphate and p-aminophenol (PAP)), and luminescent (e.g., luminol), allowing for the com-
bination of the proposed method with fluorometric, electrochemical, and chemiluminescent
detection platforms. The developed HRPzyme-integrated colorimetric detection platform
allows for color development and provides a simple data analysis tool capable of the detec-
tion of specific common foodborne pathogens. Specifically, we used available ribosomal
RNA (rRNA) sequence information from microorganisms to design the HRPzyme-integrated
PCR assay. The proposed colorimetric detection platform allows the visual detection of food
pathogens (even a single cfu per milliliter). In this chapter, we employed sequences of the 165
rRNA, a component of the 30S small subunit of the bacterial ribosome, as a target because sev-
eral copies of 16S rRNA are present in each bacterium (1 x 10° to 1 x 10° copies) [34]. Further,
we demonstrate the integration of this colorimetric HRPzyme-integrated PCR platform with
a digital camera and desktop NIH Image] software, a simple data analysis tool that is able to
measure the gray intensity (32-bit grayscale) of the colored images and further transmit the
metadata to a centralized off-site laboratory (Figure 1).

2. Material and methods

2.1. Experimental material

DNA polymerase (Thermus thermophilus (Tth)) used for PCR reaction was obtained from
Epicenter Technologies (Madison, WI, USA), and a DNA Ladder was obtained from Takara
Bio (Seoul, South Korea) [35]. The oligonucleotides were obtained from Genotech (Daejeon,
South Korea) and dissolved in sterile water and stored at —20°C [35]. Hemin and ABTS were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 10X TBE (Tris-borate-ethylene-diamine
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tetracetic acid) buffer (for gel electrophoresis) was purchased from LPS Solution (Daejeon,
South Korea). Phosphate buffered saline-1X (PBS; 137 mM NaCl, 2.7 mM KC], 4.3 mM
Na,HPO,, 1.4 mM KH,PO,, pH 7.2) was purchased from Bioseasang (Seongnam, Korea). The
citrate buffer (0.1 M, pH -7) was prepared by mixing 59 mL of citric acid monohydrate (0.1 M)
and 41 mL of trisodium citrate dihydrate (0.1 M). Agarose was purchased from Roche (Seoul,
Korea). All reagents and solvents utilized in this study were of analytical grade and utilized
without further purification. Target 16S rRNA sequences and primer sets designed for various
foodborne pathogens are listed in Table 1.

2.2. Microorganism and culture conditions

Foodborne pathogens, including E. coli O157:H7 (ATCC 25922), B. cereus (KCTC 1092), L. mono-
cytogenes (ATCC 19112), V. parahaemolyticus (ATCC 27969), S. enterica Typhimurium (ATCC
13311), and C. sakazakii (KTCT 2949), were grown in tryptic soy broth (Difco Laboratories,
Franklin Lakes, NJ, USA) at 37°C. Concentrations of pathogenic bacteria were determined by
cell counting on solid culture plates. Samples were collected with sterile plastic inoculating
loops from solid culture plates, and culture solutions were prepared by serial dilution into
1x phosphate-buffered saline (PBS) to obtain 10°~10° colony forming units per microliter (cfu
mL™) and were stored at 4°C.

2.3. PCR amplification of 16S rRNA sequences specific to foodborne pathogens
without genomic DNA isolation

Various concentrations of bacterial cultures were directly employed as template DNA for
amplification with gene-specific primer sets (Table 1). Based on our previous report [35], PCR
was performed in a total volume of 50 pL containing 5 uL bacterial culture at various con-
centrations (0-10° cfu mL™), 10x PCR buffer (2.5 uL), 25 mM MgCl, (6 uL), 2.5 mM dNTPs
(deoxynucleotides) mix (8 pL), 10x PCR enhancer (5 uL), 25 mM MnSO, (1 uL), 20 uM for-
ward primer (1 pL), 20 uM reverse primer (1 pL), and Tth DNA polymerase (0.5 pL). The PCR
amplifications were performed under the following conditions: initial denaturation at 95°C
for 5 min and 60°C for 20 min, then 35 cycles of 10 s at 94°C, 25 s at 60°C, and 10 s for 72°C
adding last one cycle of 1 min for 72°C [35]. The PCR amplification was confirmed using 1.5%
agarose gel electrophoresis. Then, to get colorimetric signal, PCR product (10 uL) was mixed
with 300 uM hemin (5.5 uL), 5.5 mM ABTS (100 uL), 35% H,O, (0.7 uL), and citrate buffer
(1000 pL) with pH 4. After 10 min at room temperature (RT), the absorbance was measured
at 410 nm with UV-Vis spectrophotometer (Infinite M2000pro, Mannedorf, Switzerland) [35].
All images were taken using a digital camera (Samsung, Seoul, South Korea).

2.4. Spiked sample analysis

Fruit and vegetable samples such as apple, chicory, water dropwort, and white radish sam-
ples were purchased from the supermarket, washed with sterile water, and immersed in a
plastic bag containing 20% ethanol and 1% lactic acid solution for 10 min. Then, sterilized
food samples were cut to specific sizes and inoculated with different concentrations of bacte-
ria, including E. coli O157:H7, B. cereus, L. monocytogenes, and V. parahaemolyticus, and kept in
Petri dishes at 4°C overnight. Next, 0.1 mL of sterilized PBS was added to the inoculation site,
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and the solution was recovered by pipetting and directly employed in PCR assay following
the same experimental conditions mentioned in Section 2.3.

2.5. Data acquisition through Image]J software

Image] is a simple, practical, and freely available downloadable program that can be used
on any computer with Java 5 or on a virtual machine [36]. Recently, many researchers have
employed the Image] software to quantify data [37, 38]. The green color intensities produced
during the HRPzyme-TMB-H O, assay were captured using a digital camera (Samsung,
Seoul, South Korea) equipped with a standard 18-55-mm objective lens. Color intensities
were measured, quantified, and averaged from three experiments by using the digital cam-
era and Image] (Wayne Rasband, National Institutes of Health, Rockville, MD, USA; http://
rsb.info.nih.gov/ij). The A gray intensity value was obtained by subtracting the average gray
intensity of the negative samples from the average gray intensity of the positive samples.

3. Results and discussion

3.1. Principle of HRPzyme-integrated PCR

In this chapter, we established a method for the colorimetric detection of a PCR product gen-
erated by HRPzyme-integrated primers, as shown in Figure 1. We modified the forward and
reverse primers that contain four regions: a protector sequence, HRPzyme sequence, spacer
sequence, and sequence complementary to the 165 rRNA sequence from one of several patho-
gens. The 16S rRNA sequence was employed as a target for the specific detection of food
pathogens. During PCR amplification, cells were first lysed by heating PCR samples contain-
ing pathogenic bacteria. Then, Tth DNA polymerase was used to successfully transcribe 165
rRNA into complementary DNA (cDNA), which was further employed as a cDNA template
for PCR amplification. The thermostable Tth DNA polymerase is obtained from T. thermophiles
and exhibits optimal activity between 70 and 74°C; therefore, it is suitable for high-temperature
PCR. Tth DNA polymerase has intrinsic 5" — 3’ exonuclease activity but lacks 3’ — 5’ (proof-
reading) nuclease activity. Tth polymerase is also very effective at reverse transcription in the
presence of Mn metal ions, facilitating cDNA synthesis and PCR amplification in a one-step
process. Further, as PCR proceeds, the HRPzyme sequence present in the primer is blocked
by the formation of double-stranded DNA. Following PCR, the double-stranded HRPzyme
sequence prevents the folding of the HRPzyme sequence in the presence of hemin. In contrast,
primers that are unincorporated during PCR amplification fold into the G-quadruplex struc-
ture in the presence of hemin, oxidizing ABTS and generating a colored product in the presence
of H,O,. Thus, images of the green PCR products generated from different food pathogens can
be captured, and their color intensities were measured using the Image] software.

3.2. Feasibility study of the designed strategy

In order to demonstrate the feasibility of this concept, we employed 165 rRNA sequences
from various foodborne pathogens as target analytes. According to our previous report [30],
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this strategy requires two steps for the successful detection of target pathogens: the amplifica-
tion of target sequences and the subsequent colorimetric signal development. For this reason,
we designed 165 rRNA sequence-specific forward and reverse primers containing HRPzyme,
protector, and spacer sequences. Under optimized conditions, we confirmed the amplifica-
tion of 16S rRNA products from E. coli. In the agarose gel electrophoresis image, lanes 1 and
2 correspond to samples with and without E. coli, respectively (Figure 2a). Further, the PCR
product could be detected by the generation of a colorimetric signal (Figure 2b) as well as the
corresponding absorption data (Figure 2c). PCR of the negative control (containing no bacte-
ria) did not result in a specific band for the target gene and showed a dark blue color reflecting
the presence of unamplified primers.

3.3. Sensitivity and selectivity of proposed study

Based on the optimized conditions, we utilized the proposed detection strategy for the analy-
sis of different foodborne pathogens with HRPzyme-integrated primer sets specific to the 16S
rRNA sequences of various bacteria, as shown in Table 1. A detailed explanation of the Image]-
based semiquantitative analysis is illustrated in Figure 3. First, a digital image of the green
solution is captured using a digital camera. Then, captured images are converted into 32-bit
grayscale utilizing the PC-based Image]J software, and images are inverted (Figure 3a). Next,
spot areas are individually selected, and their gray intensities are measured (Figure 3b). As
shown in Figure 3b, the performance of the proposed system in the detection of E. coli was
compared with that of a commercial UV-Vis spectrophotometer, the Tecan Infinite 200 Pro [39].
The results obtained from both systems showed the same linear range from 10° to 10° cfu mL™
and negligible change in the R? value, indicating the applicability of the ImageJ-derived quan-
titative data for detecting foodborne pathogens.
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Figure 2. Feasibility study of the colorimetric method involving HRPzyme-blocked PCR for the specific detection of
the foodborne pathogen E. coli as a model target. (a) Results of agarose gel electrophoresis of diluted PCR products
generated using the HRPzyme-integrated primer set. L: DNA marker (100 bp); lane 1: E. coli As model target; lane 2: No
target bacteria (negative control). (b) Photographs of HRPzyme-integrated PCR colorimetric product. Sample 1: E. coli;
Sample 2: Negative control; Sample 3: HRPzyme-integrated primer set only. (c) Quantitative results of (b). Error bars
represent the standard deviations from three representative experiments (n = 3).
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Figure 3. (a) Procedure for Image] analysis. (i) a digital image of the colored solution is generated using a digital camera.
(ii) the image is converted to 32-bit grayscale utilizing Image]. (iii) the image is then inverted. (b) the performance of the
proposed system in the detection of E. coli was compared with that of a commercial UV-vis spectrophotometer, the tecan
infinite 200 pro. A absorbance at 410 nm = A0 (without target) — A (with target); A gray intensity = blank gray intensity
(without target pathogen) — Sample gray intensity (with target pathogen).

Next, we employed this proposed strategy to the detection of different food pathogens.
First, we diluted bacteria to different concentrations in the range 0 to 1.0 x 10° cfu mL™
in 1x PBS buffer. We then directly employed these diluted samples in PCR amplification
without first extracting genomic DNA. After PCR amplification, PCR products of differ-
ent pathogens were used for colorimetric signal generation. As shown in Figure 4a, the
electrophoresis gel data reveal the amplification of target gene bands with different con-
centrations of bacteria. In addition, the results depicted in Figure 4b (grayscale images)
show that the color intensity signal decreased with increasing concentrations (number of
cfu mL™) of bacteria. The color intensity data show a linear relationship with the concen-
tration of the target pathogens (Figure 4c). The standardization curve of A gray intensity
versus the bacterial concentration (cfu mL™) exhibited good linearity in the range from 1.0
to 1.0 x 10° cfu mL™" (Figure 4c). We observed clear differences between negative control
samples and those containing various concentrations of bacteria. This strategy showed a
10-fold better performance than the gel electrophoresis-based assay. The proposed method
could therefore be used in the diagnosis of pathogenic bacteria without needing to first
isolate bacterial genomic DNA.

3.4. Detection specificity

In practical application, the specificity of the detection platform is critical. In order to assess
the specificity of the proposed detection strategy, we performed a specificity test using
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Figure 4. Sensitivity study of HRPzyme-integrated PCR performance in PBS containing different food pathogens (E. coli
0157:H7, B. cereus, L. monocytogenes, and V. parahaemolyticus). (a) Agarose gel (1.5%) electrophoresis-based analysis. (b)
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—Sample gray intensity.
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different food pathogens. We successfully demonstrated the selectivity of the method for the
detection of several bacteria, including E. coli O157:H7, B. cereus, L. monocytogenes, and V.
parahaemolyticus, which contain highly homologous 165 rRNA sequences [40, 41]. Selectivity
tests including these four pathogens were carried out using the same reaction proce-
dures with the concentration of all pathogens set at 10* cfu mL™. The results are shown in
Figure 5. We observed specific bands for the target pathogens following 1.5% gel electro-
phoresis (Figure 5a), and the change in color intensity was negligible for nontarget patho-
gens (Figure 5b). This indicates that the PCR products generated during the gene-specific
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Figure 5. Specificity study of HRPzyme-integrated PCR performed in PBS containing different food pathogens (E. coli
0157:H7, B. cereus, L. monocytogenes, and V. parahaemolyticus). (a) Agarose gel (1.5%) electrophoresis-based analysis. (b) A
gray intensities derived from Image]J analysis. The different pathogens used in this study were S. enterica Typhimurium
(1), C. sakazakii (2), E. coli O157:H7 (3), L. monocytogenes (4), B. cereus (5), and V. parahaemolyticus (6).
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PCR amplification process successfully blocked the folding of the HRPzyme sequence. In this
assay procedure, color generation is dependent upon the application of gene-specific primers
integrated with the HRPzyme sequence for the detection of the 165 rRNA sequence, enabling
the differentiation of foodborne pathogens. The results in Figure 5b show that the presence
of the target pathogen results in an intense color intensity signal, while the presence of other
food pathogens at the same concentration generates only weak signal. This confirms the high
selectivity of the proposed HRPzyme-integrated PCR-based colorimetric strategy for food
pathogen detection. Further, in Table 2, we have compared our proposed methods with pre-
viously reported methods.

3.5. Detection of pathogens from different spiked food samples

A variety of agricultural products have been linked to human illness worldwide. Some
agricultural commodities such as fruits and vegetables are more vulnerable to pathogenic
bacterial contamination [51]. Therefore, the ability of detection methods to detect patho-
gens from fresh fruits and vegetables is critical. In this study, we demonstrated the ability
of the proposed strategy to detect pathogens among spiked food samples such as apple,
chicory, water dropwort, and white radish samples purchased from the local market. Such
fruit and vegetable samples contain various biological components [52] such as proteins,
phenols, and polysaccharides that may reduce the reliability of the method. Figure 6 shows
the analysis of various food samples spiked with E. coli. Based on these results, our method
showed good linearity across various concentrations of E. coli, indicating the high reliability
of the proposed method.

Detection methods Detection limit Detection range  Detection Reference
(cfu mL™) (cfu mL™) time

Real-time PCR assay based on 1.0 x 10'~1.0 x 10* 10 1.2 hrs [42]

immunomagnetic separation

Immunosensors 1.0 x 10*-1.0 x 108 1.0 x 10° 1.5 hrs [43]

Antibody-aptamer Sandwich ELISA 1.0 x 10°-1.0 x 10® 1.0 x 10° <3 hrs [44]

Selective filtration technique combined with 2.0 x 10'-2.0 x 10* 20 45 min [45]

antibody-magnetic nanoparticle nanocomposites

Aptasensor, gold-nanoparticles aggregation 1.0 x 10>-1.0 x 107 56 1hr [46]

Immuno-PCR 1.0x10-1.0x10° 1.0 x10° 4 hrs [47]

Antibody-conjugated magnetic nanoparticles 1.0 x10~1.0 x 10° 100 1hr [48]

(MNPs)

Aptasensor, peroxidase mimics magnetic Not given 7.5 x10° 1hr [49]

nanoparticles

Aptasensor, gold-nanoparticles aggregation 1.0 x 10'-1.0 x 10° 10 4 hrs [50]

HRPzyme-Integrated Polymerase Chain 1.0 x 10°-1.0 x 10° 1 ~1.2 hrs This study

Reaction

Table 2. Comparative study of the proposed method with previously reported methods of foodborne pathogen detection.
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Figure 6. Linear relationship between A gray intensity and bacterial concentrations from 0 to 10° cfu mL™ in spiked
samples such as apple, chicory, water dropwort, and white radish. (a) Grayscale image. (b) A gray intensities of different
concentrations, derived from Image] analysis.

4. Conclusions

In this study, we demonstrated the performance of the HRPzyme-integrated PCR-based colo-
rimetric method for the simple, sensitive, and selective detection of 165 rRNA sequences from
various food pathogens. The proposed strategy showed several advantages such as label-free,
simple and easy procedure, ultrasensitive (detection limit up to single cfu mL™), highly selec-
tive, detection within 70 min, affordable at remote areas, easily integrated into smartphone-
based image processor. PCR amplification is carried out with 165 rRNA-specific primers
modified at the 5'-end with HRPzyme sequences. After PCR, in the presence of hemin, unam-
plified primers fold into a G-quadruplex structure, and a colorimetric signal is then generated
in the presence of a chromogenic substrate. We successfully detected the presence of food-
borne bacteria, including E. coli O157:H7, B. cereus, L. monocytogenes, and V. parahaemolyticus
at levels as low as a single cfu mL™ in buffer as well as in spiked fruit and vegetable samples.
We believe that this method could be employed in the detection of pathogenic bacteria from
biological samples by simply modifying existing primers with the HRPzyme sequence at the
5"end. Further, this method could be integrated with a field-portable PCR instrument for the
on-site detection of pathogens in resource-limited areas.
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Abstract

Modulation of protein kinases activity is often requested for pathogenicity or virulence.
This chapter provides several hints for one who might be interested in using FRET-
based kinase activity reporters. The archetypes of these reporters, which are now within
the arsenal of biosensors, were devoted to the detection and characterization of the
activity of the cAMP-Protein kinase A pathway. Based on the principle of this biosensor,
other FRET-based kinase activity reporters emerged. Here, the choice of the kinase to be
monitored, the artifacts that might be met, and the flexibility and amenability of the
FRET-based kinase activity reporters both for high-throughput analysis and dissection
of protein kinase functions are discussed.

Keywords: genetically encoded biosensor, KAR, fret, MAPK, ERK

1. Introduction

Biological signatures of parasitic diseases may (1) involve the production and release of
specific proteases, which are called to promote host invasion, to evade host defenses or to
provide nutrients from the local environment [1] or (2) rely on the modulation of specific
protein kinases activity such as mitogen-activated protein kinase (MAPK)/extracellular regu-
lated kinase (Erk, Toxoplasma gondii [2], Leishmania spp. and Trypanosoma cruzi [3]). The
abovementioned enzymes have been regarded from two angles, leading either to the develop-
ment of inhibitory strategies or biosensors development [4].

Herein, we discuss several aspects related to use of biosensors in living cell contexts, which are of
high interest in the perspective of biosensing in living organisms. Nevertheless, we restrain our
talk to signaling pathways and focus on protein kinases. One shall note that biosensor is a generic
term describing the various analytical devices incorporating a biological sensing element. Back in

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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the 1980s, biosensors were mainly either sophisticated laboratory machines or amenable portable
devices [5] based on electric currents [6] or conductivity [7]; optical properties [8] or other
physico-chemical measurements. In the 1990s, emerged a plethora of new tools, conforming to
the biosensor definition, and reporting enzymes activities. The latter were built and developed in
different contexts (living cells, lysates), aiming at benefiting either from high sensitivity or selec-
tivity. To these extents, devices like amperometric biosensors [9], bioluminescent-based sensors
in vivo [10, 11] and functionalized nanoparticles were used [12, 13], exhibiting high sensitivity and
selectivity, which are mandatory for diagnosis, especially in case of pathogens [14].

Among biosensors, genetically encoded Forster Resonance Energy Transfer (FRET) biosensors
raised hope to focus on both enzymatic activities and ion concentration with high spatiotem-
poral resolution in both living cells and organisms. It relies on Forster Resonance Energy
Transfer, or FRET, a radiationless coupling from a donor fluorophore to an acceptor molecule.
Several conditions must be met for this transfer to occur (spectral overlap between fluorophore,
dipole relative orientation or distance). The most useful property is that the donor and acceptor
molecules must be in close vicinity (for commonly used fluorophore pairs, <10 nm) and that the
FRET level depends on the sixth power of the distance between fluorophores. FRET biosensors
are thus built to switch between two configurations where the distance between donor and
acceptor are above and below this threshold distance (Figure 1). They are made of an adapted

FRET

\/ i

Kinasar+ATP

Phesphatase

Figure 1. Scheme representing two categories of FRET-based biosensors. A, Kinase activity reporters reflect the balance
between specific kinase and phosphatase; protease reporters (B) rely on an irreversible cleavage. Regarding interpretation,
an increase in kinase activity will be reflected by an increase in FRET level, while the protease activation will induce a loss
in the original FRET signal.
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bioreceptor tagged on both end with a donor and acceptor. The biosensor configuration will be
specifically altered by the presence of either a second messenger or the action of an enzyme,
inducing either an increase or decrease in FRET efficiency. A FRET event will induce changes in
most properties of light such as fluorophores excitation and emission or donor fluorescence
polarization or lifetime. A variety of fluorescence-based methods are then derived from these
changes to quantify biosensors’ response with associated fluorescence microscopy benefits
(selectivity, low toxicity, high temporal and spatial resolution, optical sectioning, etc.).

2. Kinase activity reporter archetypes

Being two FRET-based biosensors for protein kinase A activity, protein kinase A activity reporter
(AKAR) and exchange proteins activated by cAMP (Epac) are considered as the archetypes for
genetically encoded FRET reporters. Activity of protein kinase A (PKA) is controlled by cyclic
adenosine monophosphate (cAMP) levels, which behaves as a second messenger for many
cellular responses driven by external stimuli. The tandem cAMP-PKA is considered to play
many essential functions within cellular life like cell cycle [15]. cAMP concentration is regulated
by the activity of adenylyl cyclase, the latter being activated by G protein coupled receptor
(GPCR), upon the specific interaction with its ligand. Under its inactive state, PKA is made up
of regulatory subunit dimers associated with catalytic subunit dimers. The activation of PKA
requests the fixation of four molecules of cAMP that are catalyzed on the regulatory subunit.
Such fixation of the cAMP leads the catalytic dimer to dissociate (Figure 2). Counteracting the
activity of adenylyl cyclase and phosphodiesterase downregulates PKA activity through cAMP
degradation.

—_—
——
GPCR W —— ‘:w’m' ’ | PDE
Sy, g ., 3
r 4 Y & -
{7 v f v
ATP AMPe AMP

Inactive PKA ; Active PKA

Figure 2. Focus on the PKA and cAMP signaling node. GPCR (G protein coupled receptor), R (regulatory subunit), C
(catalytic subunit) of protein kinase A and PDE (PhosphoDiEsterase).
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As mentioned earlier, two FRET-based biosensors have been developed and devoted to study the
dynamics of ¢-AMP-PKA, mainly to overcome the shortcomings of the classical biochemical
methodologies and to monitor individual cellular responses, which can either be sub-localized
or transient. Both biosensors were based upon a similar structure: a specific phosphorylable
peptide and a phosphoamino acid binding domain (PAABD), standing together between two
fluorophores [16]. When phosphorylated, the peptide sequence interacts with PAABD, driving a
conformational change bringing the fluorescent proteins in close vicinity. The latter enables the
FRET to occur and provides measurable changes acknowledging for the activity of the consid-
ered enzyme, here PKA in case of AKAR. While AKAR mirrors the activities of kinase/phospha-
tases on a specific substrate of PKA [17], Epac proteins aimed at measuring the changes in

Abl {Abelson muring Cri indicator (Ting &t al 2007) 18]
leukpmas virai onoogens EGFR indicator {Ting ef al. 2001) 18]
homalog 1) PICCHU (Kuvokawa of al. 2001) [19]
AKIAR (Gao and Zhang 2008} [20]
i (Sato and Umezawa 2004)
AkliPKEB =2y
[Prodein Kinase B) Alind (Yoshizaki ef al. 2006) [22]
BRAR (Kewked of ad. 2005) [23]
GFP-PKB-RFP (Calein of &, 2007) [24]
ReAktion {Ananthansrayansn of al 20077 25
AMPHAR (Tsow et al, 2011} [26]
Aurora B sensor  (Chu et sl 2001) [27]
ATOMIC m You, and Hunter
CydlineB1/cdil sensor (Gavel and Pines 2010) (23]
8 EGFR-ECFPIPTV-  [Offlerdmger of af. 2004)
EYFP 307
EKAR {Harvey st al. 2008) [31]
ERK (Extracelular signsl- (Grean and Alberola 2005)
regulated kinase) EAS =)
Miu2 {Fujioka o al. 2008) [33]
FAK sensor {Seong et al. 2011) [34]
mCer-GCK-menus  (Ding of al. 2011) [35]
H3 Reportar iLin and Ting 2004) [36]
P E:;n and Umezawa 2004}
JHKAR (Fosbrink ef al. 2010) [37]
(Neininger, Thislemann, and
EGFP-MK2-EBFP Gaestsl 2001) [35]
e . MARK sensor (Timm et al, 2071) [38]
Pk sensor (Mactinek of al. 2008) [40]
c e : AKAR (Zhang et al. 2007) [41]
PriA (Protein kinsse A) ART Niagai ef al. 2000) [42]
CKAR (Wiolin et al, 2003) [43]
REK (Ribosomal s§ Eeves-REK (Komatsu ef al 2011) f44]
Mnaga) Eeves-58K (Komatsu el al. 2007) [44]
Stress-activated protein
kinase kinase kinass SAPK acthvily (Tomida af al. 2008) [45]
D Ef:r and Limezawa 2004)
Src indicator (Ting ef al. 2001) 18]

Table 1. Kinase activity reporters and associated references.
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concentration of cAMP. These biosensors unfold their structure upon the fixation of cAMP and
break the vicinity of the donor and acceptor fluorescent proteins. Thus, while FRET increase is
related to an increase in PKA activity in case of AKAR, a decrease in FRET activity is related to
the increase of cAMP levels. The two biosensors provided complementary information regarding
the levels of cAMP and PKA, being two angles of a same pathway.

From the initial development of kinase-specific biosensor for cAMP and kinases, several
derivatives have been built as illustrated by the extracellular signal regulated kinase activity
reporter (EKAR) variants (see Table 1) [18-45]. Indeed, kinase activity reporters (KAR) follow
fluorophores’ optimizations for FRET assay, thereby increasing their sensitivity and robust-
ness. Furthermore, microscopy measurements allow sub-localization of kinase activity, which
may be mandatory for the understanding of signaling nodes. KAR versions directed toward
the different subcellular compartments were thus developed.

3. Choosing the right kinase activity to report: the needle in a haystack

Biological messages are mediated by intracellular signaling pathways, whose dynamics and
interplays have not yet been fully deciphered. Biosensors are focused on specific elements of
the networks conveying the information and interpretation shall be carried out accordingly.
One has to carefully consider the complexity of pathways where protein kinases could be
nodes within networks (Figure 3) [46]. Monitoring the phosphorylation of one particular
sequence within the sensors will not necessarily reflect its involvement in all functions of the
considered kinase.

Figure 3. Scheme of MAPKI interactom generated through Cytoscape. MAPK1 is highlighted by the white arrow,
spheres correspond to interactors. A focus on MAPK1 node and B represent the overall network.
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Modulation of protein kinase activities might be requested for pathogenicity or virulence [47].
Mitogen-activated protein kinase (MAPK)/extracellular regulated kinases (Erk) can be taken as a
school case, since the latter activity is solicited in many different aspect of cellular life, that is,
proliferation, migration and differentiation. On the one hand, MAPK are inhibited by several
pathogens such as anthrax [48, 49], mycobacteria [50], Vibrio parahaemolyticus [51], herpes simplex
virus 1 (HSV-1) [52] or Yersinia spp. [53]. Activation of MAPK/Erk can also be manipulated by
diverse families of virus to favor their replication. For example, enteropathogenic coronavirus
like the porcine epidemic diarrhea virus are infecting cells, due to the activity of MAPK/Erk [54].
Impairing the activation of MAPK drives the suppression of viral progeny production. As well,
MAPK activity might be enrolled in human immunodeficiency virus of type 1 (HIV-1) replication
[55]. Increase in other protein kinase activities may be requested for life cycle of other pathogens.
A recent meta-analysis of data from different ribonucleic acid interference (RNAi) screening
revealed a potential role for the members of Polo-like kinase for Influenza A virus infections [56].
Therefore, the latter Polo-kinase (Plk), which was more known for its pivotal role in cell cycle
regulation, appeared as a therapeutic target and was extracted likely as a needle out of a
haystack. Nevertheless, the function of Plk in this context remains elusive, but Plk might be
required for the Influenza viral infection through the creation of an optimal environment for viral
replication by balancing the apoptotic and antiapoptotic signaling pathways [57].

In this context, after identifying the hijacked node, researcher needs to monitor the pathogenic
modulation of the kinase/phosphatase balance. FRET-based biosensors are thus optimal tool
for dissecting these subtle alterations, far from binary modifications.

4. Discarding artifacts: chemical inhibitors and dead reporters

Insights gained by genetically engineered enzyme reporters are solely validated through ade-
quate controls. Any response gathered using biosensors shall be carefully considered and fully
analyzed: what you might see may not be what you will get as a response at the end of the
analysis procedure [58]. Among other parameters, consensus sequence of the phosphorylable
peptide, expression levels, kinetics and dynamic ranges have, for example, to be taken in account.

The choice of the peptide substrate is crucial and has to be defined accordingly to the specific-
ity of the kinase, if known. For example, there is a current failure to determine a consensus site
for p38MAPK. The latter inability to determine a sequence consensus hinders the amenability
to construct any KAR for this particular kinase. The process of the KAR design can be opti-
mized through a screening strategy for the best phosphopeptide sequence [59] or the linkers
between the different segments and/or the fluorophores [17].

One shall also take a particular care to discriminate a specific response from the noise within
the crowded environment of the intracellular compartments. The cellular noise depends upon
the biophysical properties of the chosen cell lines to work with, as well as results from cell
autofluorescence, intracellular pH and biosensors expression levels. In case of KAR, morpho-
logical changes are likely not to alter the signals, as observed for monitoring cyclin-dependent
kinase 1 (Cdk1) activity during cell rounding at the beginning of mitosis [60].



FRET-Based Enzyme Activity Reporter: Practical Hints for Kinases as Indicators of Virulence
http://dx.doi.org/10.5772/intechopen.72388

To discriminate the noise, several options might be undertaken to determinate the specificity and
dynamical range of response. First is the use of chemical inhibitors to separate the balance of
kinase/phosphatase activity from the cellular noise (i.e., Cdk1/2 inhibitor of RO3306 for Cdkl
KAR [60] or U0126 for EKAR [17]). Second is the use of a dead reporter. The latter must be
mandatory for any FRET-based enzyme reporter. A dead-reporter can be built upon a mutation
that replaces, for example, a phosphorylable residue by another one, which cannot be phosphor-
ylated. Thereby, the conformational change of the biosensor is never achieved, and the FRET
changes shall be minimal, due to intrinsic flexibility of the structure, either in relaxed form orin a
conformation with the fluorophores in close neighborhood. In case of KAR, dead reporter can be
built, where the phosphorylable threonine of the phosphorylable peptide is substituted by an
alanine. Thus, a control “baseline” can be monitored in these conditions (PKA [15-17], Erk [17]).

Though time-consuming, these steps of artifacts controls and intrinsic properties characteriza-
tion of sensors are mandatory for proper analysis of KAR spatiotemporal profiles (Figure 4).
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Figure 4. Time-lapse FRET measurement applied on MCF-7 cells expressing EKAR biosensor after EGF activation of the
ERK pathway at 10 mn. The upper panel corresponds to FRET level color-coded from dark grey (low activity) to white
(high activity). The bottom graph corresponds to the mean FRET measurement of both cells with N the biological “noise”
and “A” the maximum amplitude achieved after induction. This state-of-the-art experiment illustrates the advantages
of cell by cell analysis. Indeed, even two cells treated exactly in the same way can behave differently upon network
activation. In this case, the maximum amplitude, the time needed to reach maximum activation and the duration before
returning to the basal activity are different. Averaging these behaviors upon a large amount of cells can smooth or mask
the individual response to stimuli and make it difficult to dissect regulatory networks.
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5. A dynamic and flexible tool

Among the FRET-based biosensors, several categories exist and might have an impact on data
interpretation. Especially, the change in FRET level can be due to either a configuration change or
a cleavage of the sensor. In the first case, the sensor will be reversible as it is the case for most
kinase activity reporters. Thus, the sensor will not monitor the kinase activity, but the balance
between the kinase and its phosphatase counterpart. Cleavage-based reporters will have an
irreversible response. In this case, the cumulative effect of the enzyme will be measured. Both
behaviors are represented in Figure 5. In Figure 5A, a cyclic alternation of kinase and phosphatase
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Figure 5. Illustration of sensor response to the balance between a kinase (k) and a phosphatase (p). (A) Sequential
activation of a kinase and its phosphatase counterpart and associate response measured with either a reversible or an
irreversible sensor. Upper panel: scheme representing both biosensors behavior after each activation step. Bottom panel:
Associated activity and measured response. (B): Illustration of a more complex kinase/phosphatase oscillatory behavior
with both sequential and simultaneous activation with different amplitudes and duration of activation. Irreversible
sensors present a smooth response to kinase activity until cleavage of all available sensors. Reversible sensors are
impacted by both kinase and phosphatase. While it offers a more realistic view of regulatory nodes, one shall keep in
mind for interpretation that (i) the measure depends on the global state of the sensor. Kinase activation after a strong
phosphatase period will take some time to change KAR conformation and thus to restore a positive response (T =37 min).
Thus, interpretation of time-lapse measurements is way easier than single acquisition. (ii) No difference can be made
between no activity and a balance between kinase and phosphatase. Both will result in a constant behavior of the sensor
(T =18 min). (iii) An increase in the phosphatase activity can also result in activity measurements below the equilibrium
value (T = 15 min).
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action and associated biosensor response is depicted. While both behave in a similar manner
upon the first kinase action, measurements diverge after the first phosphatase effect. Indeed,
reversible sensors will then return to their basal level where the irreversible sensor will not be
altered. Thus, while the second kinase activation will induce the same increase for both sensors,
the final level will be different due to the cumulative effect observed for the irreversible version.
More complex behavior is illustrated in Figure 5B.

From these simple schemes, it seems obvious that dissecting a node regulated by a kinase will
be way easier with reversible sensors. Nevertheless, one should keep in mind that despite the
name of sensors like KAR, reversibility mirrors the equilibrium of two enzymes. Thus, the
measure corresponds to the kinase/phosphatase balance and biological interpretation should
be made accordingly.

6. Amenability of FRET-based biosensors for high throughput

Perspectives are on different battleground for KAR use: (1) detection on environment or within
living organisms and/or (2) untangling the host-pathogen interaction and the hijacking of host
metabolism and signaling pathways (either to benefit from them or to mask host presence).
Requested tools have therefore to be chosen accordingly to the purpose and to face the
demand for high-throughput strategies or to face the complexity of molecular interactions
within living organisms.

Energy transfer biosensors’ sensitivity has been increased by the numerous multidisciplinary
advances in the fields of photophysics, instrumentation and even nanomaterials. Above-
mentioned advantages of KAR have thus made these tools amenable for high throughput [61]
and led the kinase sensors to be cited as best biosensors in physiology [62].

Abbreviations

AKAR Protein kinase A activity reporter

AKtAR Akt activity reporter

AMPK AMP-activated protein kinase

AMPKAR AMP-activated protein kinase activity reporter
ATM Ataxia Telangiectasia mutated

ATOMIC  ATM observation method in cell

BKAR B kinase activity reporter

cAMP Cyclic adenosine monophosphate

Cdk1 Cyclin dependent kinase 1

EAS ERK activity sensors
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EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

EKAR Extracellular signal regulated kinase activity reporter
Epac Exchange proteins activated by cAMP

Erk Extracellular regulated kinase

FAK Focal adhesion kinase

FRET Forster Resonance Energy Transfer

GPCR G protein coupled receptor

JNK ¢-Jun N-terminal kinase

JNKAR JNK activity reporter

KAR Kinase activity reporters

MAPK Mitogen activated protein kinase

MARK Microtubule affinity regulating kinase

MK2 MAP kinase activated protein kinase 2

PAABD  Phosphoamino acid binding domain

PICCHU  Phosphorylation indicator of CrkII chimeric unit

PKA Protein kinase A

PKB Protein kinase B

PKC Protein kinase C

Plk Polo-kinase

RNAi Ribonucleic acid interference
RSK P90 Ribosomal S6 kinase

SAP3K Stress-activated protein kinase
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