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Emerging tools in molecular nanotechnology will be useful to
monitor and quantify pathogen levels and toxin production
inter-and intra-cellularly and on the surface of foods. Recent
developments in the manufacture and modification of fluores-
cent nanoparticles, quantum dots (QD), in conjunction with
established molecular beacon (MB) technology, have demon-
strated potential for on-the-food detection and quantification
of pathogens and toxins harmful to human health. Recent re-
search has demonstrated QDs effective use for in vivo cellular
imaging, demonstrating its potential use in detecting live bac-
terial contamination in foods and crops. We envisage food
protection systems using automated sampling of food products
with near instantaneous detection and reporting of food con-
taminants using molecular nanotechnologies. We also address
the potential limitations of these emerging technologies and
how shortcomings can be addressed.
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Introduction

Foodborne illnesses are a continuous threat to public health
with increasing costs to society. One recent estimate is that
the 31 major foodborne pathogens account for nearly 9.4
million people becoming sick, more than 55,961 hospitali-
zations, and 1351 deaths each year in the United States
(Scallan et al., 2011) with an estimated economic cost of
$77.7 billion annually (Scharff, 2012). Federal agencies
such as the US Department of Agriculture (USDA), Food
and Drug Administration (FDA) and Environmental Protec-
tion Agency (EPA) have responsibility to protect US citi-
zens from such preventable illness and mortality and are,
therefore, striving to adopt better monitoring technologies
and systems; such is the case around the globe in various
countries.

Recent pathogenic outbreaks via food supplies and post-
September 11 threats of bioterrorism have prompted the
need for better detection methodologies for foodborne path-
ogens and toxins that go beyond the normal USDA, FDA
and EPA concerns and into the realm of defense and home-
land security. Further, food safety concerns are not confined
to only the US, but are a global priority. There are a number
of current standard methods for detecting and quantifying
microorganisms in foods, however, these methods are labo-
rious and time-consuming, have limited specificity and sen-
sitivity, and require longer periods of time for
identification. Nanotechnology can enable rapid detection
and monitoring of pathogen and toxin contamination at var-
ious steps in food supply chains, thereby potentially drasti-
cally reducing costly recalls and human health costs
including deadly foodborne disease. If a positive sample
is identified through rapid screening, then standard microbi-
ological techniques would still be required to confirm the
presence of potential pathogens and/or toxins. Rapid, sensi-
tive testing would also increase business efficiency in food
industries that produce perishable products (i.e. eggs,
meats, vegetables) by sending product out faster without
having to wait for long, laborious testing to determine its
safety. While only select types of foods are held until re-
sults are known, sensors that can detect contaminated
batches quickly will enable raw materials or products to
be rapidly removed from the food chain. Besides investiga-
tive sampling, these rapid methods can also be used to ver-
ify the efficacy of food safety systems such as HACCP and
substantiate the safety of end-product.
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In addition to significant time delay between sampling
and assay results, these methodologies all suffer from
a common deficiency: they rely on destructive sampling
of food products rather than an on-the-food, which could
be powerful to non-destructively assure safety prior to
food leaving the farm or processing facility, especially in
instances where homogenization is not practical. However,
when pathogens are distributed within foods (e.g. ground
beef) then there is no option but to perform destructive test-
ing. The only way to say that a food is 100% free from
pathogens is to utilize the entire food for testing, which
has been considered impractical, if not impossible.

MB technology utilizing organic fluorophores (see Table 1
for definitions) is established for the detection and quantifica-
tion of foodborne pathogens in vitro (Hadjinicolaou,
Demetriou, Emmanuel, Kakoyiannis, & Kostrikis, 2009;
Hadjinicolaou, Demetriou, Hezka, et al., 2009; Liming &
Bhagwat, 2004; Patel, Bhagwat, Sanglay, & Solomon,
2006), in conjunction with g-PCR; however, newer fluores-
cent structures, QDs, are becoming of greater interest and
been found to be more sensitive and stable than other fluoro-
phores; able to detect multiple pathogens within a single sam-
ple. Several reviews have addressed the use of other
nanoparticle-based biosensors, such as metallic and magnetic
materials, for the detection and imaging of pathogenic bacte-
ria (Duncan, 2011; Heo & Hua, 2009; Sanvicens, Pastells,
Pascual, & Marco, 2009; Tallury, Malhotra, Byrne, &
Santra, 2010); however, this article more specifically ad-
dresses the benefits of the molecular micro- and nano-
technologies, such as molecular beacons (MBs) and quantum
dots (QDs), as emerging tools to protect the food supply chain
from the farm to consumer.

Chemistry and bioconjugation of QDs

QDs are spherical, semiconducting nanoparticles that
are composed of elements from groups II—VI, III-V or
IV—VI of the periodic table (Klostranec & Chan, 2006;
Smith & Nie, 2004). QDs are semiconducting materials
in the nanoscale dimension, confining their electrons to
a small space. Their electronic characteristics are closely

associated to their particle diameter and shape and of which
their color closely correlates. The smaller their size, the
greater amount of energy required for excitation and there-
fore, the more blue-shifted the emitted fluorescence. Ele-
ments commonly used include Cd, Zn, Se, Te, In, P or
As (Klostranec & Chan, 2006; Smith & Nie, 2004). QDs
utilized in many sensing applications consist of a semicon-
ductive core surrounded by a shell, enhancing optical prop-
erties and a cap for improving its solubility in aqueous
solutions (Ghasemi, Peymani, & Afifi, 2009). For biologi-
cal applications, QDs composed of CdSe/ZnS (core/shell)
are used most often (Ghasemi et al., 2009). QDs are almost
an order of magnitude larger than many of the conventional
organic dyes in use (Michalet et al., 2005).

CdSe QDs can be size-tuned to emit in the 450—650 nm
range, while CdTe can emit in the 500—750 nm range. The
larger size may be beneficial for many applications, allow-
ing for multiple biomolecules to be attached to a single QD
surface. These size and chemical compositional differences
provide multicolor QDs to be simultaneously excited with
a single light source, allowing for numerous uses in biomo-
lecular sensing and tissue imaging (Ghasemi et al., 2009;
Klostranec & Chan, 2006).

There are three basic methods used for conjugating bio-
molecules to QDs: (1) covalent modification of either the
amine, thiol or carboxyl groups found on the QD surface
by cross-linking, (2) direct attachment of biomolecules to
the atoms on the surface of the QD, using either thiol bond-
ing or metal affinity, or (3) use of electrostatic interactions
between the surfaces of the QD surfaces and oppositely
charged proteins or other biomolecules (Ozkan, 2004).
The method of conjugation used is most dependent upon
the biomolecule chosen as the target for QD detection.

Organic versus QD fluorophores

Organic fluorescent dyes have been used extensively and
are well-established for use in PCR-based applications
(Resch-Genger, Grabolle, Cavaliere-Jaricot, Nitschke, &
Nann, 2008). However, most of these molecules are sensi-
tive to photobleaching, unstable in complex mixtures, and

Table 1. Glossary of terms used.

Term Definition

Blinking (Fluorescence intermittency)
Fluorescence
Fluorescence lifetime

returns to ground state.
Fluorescence quenching

Fluorophore
Molar absorption coefficient
Photobleaching

for its excitation.
Quantum yield
Stokes shift

Randomly switching fluorescence emission on (bright) and off (dark) under continuous excitation.
Emission of light by a compound that has absorbed light.
Average time an excited fluorophore remains in an excited state before it emits a photon and

Any process that causes a decrease in fluorescence intensity. Examples of quencher molecules
include black hole quencher.

A molecule capable of fluorescence.

Measurement of how strongly a chemical molecule absorbs light at a given wavelength.
Photochemical destruction of fluorescence when the flourophore is exposed to the light necessary

Ratio of emitted to absorbed photons.
Difference (in wavelength or frequency units) between positions in the maxima of the absorption
and emission spectra within the same electronic transition.
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are limited in biological applications (Ghasemi et al,
2009). Organic fluorophores commonly used in conjunction
with MBs and their excitation and emission wavelengths
are listed in Table 2. Each fluorophore has unique proper-
ties that can affect its detection limit, sensitivity for a spe-
cific target, and ability to detect multiple targets in a single
sample (Resch-Genger et al., 2008). Some fluorophores are
more sensitive to assay conditions, such as variation in pH
or temperature, which can result in a decrease in the quan-
tum yield, and thus decreasing the fluorescence intensity
(Marras, 2008).

QDs have emerged as a better choice over organic fluoro-
phores for their photostability, suppression of photo-
oxidation, sustained fluorescence, larger effective Stokes
shifts, and narrow emission and wider excitation bandwidths
(Resch-Genger et al., 2008). The suppression of photo-
oxidation and enhancement of photostability make QDs
more advantageous over organic fluorophores for imaging
applications that require intensive laser excitation for poten-
tially long periods of time. The thermal stability of QDs is
much higher than for organic fluorophores and are depen-
dent upon biomolecule and shell construction (Resch-
Genger et al., 2008). The fluorescence lifetime for organic
dyes are 1—10 ns while QDs have sustained fluorescence
for 10—100 ns (Resch-Genger et al., 2008). QDs allow target
fluorescence to be clearly separated from background fluo-
rescence (Yang et al., 2000). Their higher molar extinction
coefficients at excitation wavelength than organic fluoro-
phores result in higher fluorescence quantum yield, which
are important when monitoring in such complex systems
as plants and foods, by allowing the visualization of fluores-
cence through tissues or other interfering compounds
(Marras, 2008). Further, cross-talk between various fluores-
cent molecules can occur due to the lack of separation be-
tween absorption and emission spectra as observed with
organic fluorophores (Resch-Genger et al., 2008).

Biomolecules as targets for QD detection
Fluorescent assays have been developed using a variety
of biomolecules or biorecognition agents for use in

Table 2. Overview of available organic fluorescent dyes.
Organic fluorophore Excitation (nm) Emission (nm)
Cy3 550 570

Cy5 650 670

FAM 495 515
Fluorescein 500 541

HEX 535 555

LC red 640 625 640

LC red 705 680 710

Nile Red 552 636

ROX 575 605
TAMRA 554 573

TET 525 540
Texas Red 585 605

TMR 555 575
Adapted from Marras (2008) and (Resch-Genger et al., 2008).

foodborne pathogen and toxin detection; however, each
biomolecule has certain advantages and disadvantages for
its use in specific targeting. The ability for each biomole-
cule to detect a specific bacterial target can be highly de-
pendent upon the food matrix and the growth of the
bacteria. Food matrixes are complex and their components
may cause degradation or non-specific binding of the bio-
molecule, resulting in false-positives or false-negatives re-
spectively. Therefore, the choice of biomolecule to attach
to the QD fluorophore is critical and can be dependent
upon sample and target bacteria or toxin. There are many
different biomolecules that can be attached to water-
soluble QDs for specific biological targeting (Table 3),
and here we focus on the use of nucleic acids, antibodies,
and carbohydrates.

Nucleic acids can be single stranded DNA or RNA mol-
ecules or sequences and are often used in specific targeting.
Molecular beacons are nucleic acid probes, consisting of
between 15 and 25 nucleotides, with a fluorescent molecule
at one end and a quencher molecule at to opposite end
(Tyagi & Kramer, 1996). When unbound to their targets,
molecular beacons have quenched fluorescence because
of a hairpin structure that allows close proximity of the flu-
orophore to the quencher molecule (Fig. 1A). When in the
presence of the target molecule (template), the molecular
beacon binds to its complementary nucleic acid sequence
and fluorescence is triggered, allowing measurable detec-
tion (Fig. 1B). Molecular beacons were first developed by
Tyagi & Kramer, 1996 for use in identifying the presence
of specific nucleic acid sequences in homogeneous solu-
tions. Since then, modifications to this technology have en-
abled the detection of foodborne pathogens in vitro
(Hadjinicolaou, Demetriou, Emmanuel, et al., 2009;
Hadjinicolaou, Demetriou, Hezka, et al., 2009; Liming &
Bhagwat, 2004; Patel et al., 2006), in conjunction with
g-PCR. However, in vivo monitoring has only been demon-
strated in detecting mRNA in living cells (Bratu, Cha,
Mhlanga, Kramer, & Tyagi, 2003; Santangelo, Nix,
Tsourkas, & Bao, 2004; Wu, Yang, Moroz, & Tan, 2008).
Bratu ef al. (2003) were the first to visualize the movement
of native mRNA in living cells through the use of MBs.
Liming and Bhagwat (2004) were the first to report using
an MB-based method to detect a single Salmonella species
in fresh fruits and vegetables. Further, the generation of
fluorescent signal using MBs was quite rapid (18 h versus
3—4 days) and sensitive (4 CFU per 25 g produce, same
as standard microbiological methods). Xi, Balberg,
Boppart, and Raskin (2003) demonstrated that MBs can
generate a specific fluorescent signal for detecting rRNA
from whole bacterial cells in minutes.

However, there are limitations in using MBs to monitor
for pathogens in complex systems, because of interacting or
inhibitory compounds. It has been shown that when moni-
toring for the presence of pathogens using these PCR-based
technologies, a false-negative signal may result from the
presence of inhibitory compounds derived from plants,
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Table 3. Examples of nanotechnology sensors coupling QDs used for foodborne pathogen detection.

Sensor type Pathogen(s) Target biomolecule  Detection level Food matrix Detection time  Reference
Nucleic acid . Typhimurium  Nucleic acid 10 pM DNA N/A* N/D** (Vasudev et al., 2011)

E. coli O157:H7  Nucleic acid 9.72 fM DNA N/A N/D (Kim & Son, 2010)
Immunoassay

E. coli O157:H7  Antibody 7.3 log CFU/ml  N/A N/D (Hahn, Tabb, & Krauss, 2005)

E. coli O157:H7  Antibody <10 CFU/ml N/A 2h (Sanvicens et al., 2011)

E. coli O157:H7  Antibody 3 log CFU/ml N/A <2h (Su & Li, 2004)

E. coli O157:H7  Antibody 4 log CFU/ml N/A <2h (Yang & Li, 2006)

S. Typhimurium

S. Typhimurium,  Antibody 5.5 log CFU/ml  Milk (diluted) <2 h (Zhao et al., 2009)

S. flexneri, and 3 log CFU/ml Apple juice <2h

E. coli O157:H7
Phage-based

E. coli Protein 20 cells/ml Water <1h (Edgar et al., 2006)
PCR

E. coli Lectin 4 log CFU/ml N/A N/D (Mukhopadhyay et al., 2009)
Flow cytometry

E. coliO157:H7  Antibody 6 log CFU/ml Water N/D (Hahn, Keng, & Krauss, 2008)
Impedimetric

S. enteriditis Antibody 4 log CFU/ml PBS 3 min (Kim et al., 2007)

5 log CFU/ml Milk 3 min

*N/A: not applied to a food system; **N/D: Not determined.

such as polysaccharides, phenolic compounds, other sec-
ondary metabolites or other DNA polymerase inhibitors
(Bhagwat, 2003; Liao & Shollenberger, 2003; Liming &
Bhagwat, 2004; Shearer, Strapp, & Joerger, 2001). Chen,
Behlke, and Tsourkas (2007) found that false-positives

occur as a result of non-specific binding in the nucleus of
the cell. However, when linking MBs to QDs, these false-
positive signals are reduced to an insignificant level when
monitoring mRNA synthesis in the cytoplasm of living
cells. A second problem with the MB technology utilizing

Black hole
quencher Il

Carboxyl CdSe
Quantum Dots

‘@

!

ACACAGCGTGGAATAAGGCAGC
CGCGATGTGTCGCACCTTATTCCGTCGTCGCG .'3'

_~ACACAGCGTGGAATAAGGCAGC

Fig. 1. Schematic of molecular beacon technology. Molecular beacons are nucleic acid probes with a fluorescent molecule at one end (such as
a QD) and a quencher molecule (such as black hole quencher II) at to opposite end. When unbound to their targets, molecular beacons have
quenched fluorescence because of a hairpin structure that allows close proximity of the fluorophore to the quencher molecule. When in the presence
of the target molecule (complementary nucleic acid sequence), the loop of the MB binds to its complementary nucleic acid sequence
(ACACAGCGTGGAATAAGGCAGC) and fluorescence is triggered, allowing measurable detection.
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organic fluorophores is the low signal to background ratio.
One way to address this problem is to utilize fluorophores,
such as QDs, with increased levels of sustained fluores-
cence, where fluorescence from a single QD molecule is
equivalent to that of twenty individual organic fluorophores
(Kim, Sohn, & Tan, 2008). A third problem when using nu-
cleic acids as the biomolecule for detection is the ability to
distinguish between live and dead cells. Cells that have
been lysed or have membrane damage may expose their
DNA and cause a false-positive.

A second group of biomolecules that have been coupled
with QDs for use in pathogen detection are antibodies. An-
tibodies are one of the most widely used biomolecules for
the detection and separation of bacteria and toxins. There
are two main categories of antibodies used in immunoas-
says: polyclonal and monoclonal. Polyclonal antibodies
are typically produced in vivo and consist of a group of an-
tibodies that bind to a multiple number of epitopes on the
antigen. Monoclonal antibodies are produced in vitro and
consist of an identical group of antibodies that bind to a sin-
gle epitope on an antigen, making monoclonal antibodies
more specific than polyclonal antibodies. Disadvantages in-
volved with the use of antibodies for pathogen detection in-
clude low affinity of the antibody to the bacteria or toxin
and interference from contaminants (Meng & Doyle,
2002), non-specific binding, sensitivity to pH and tempera-
ture, variations in antibodies from batch to batch, sensitiv-
ity to chemical treatments, the inability to distinguish live
from dead cells, high costs, and their limited shelf life
(Jayasena, 1999). Despite these limitations, antibodies are
frequently selected as the biomolecule for the detection
of a broad range of microorganisms and are advantageous
for their ability to be combined with magnetic beads for si-
multaneous detection and separation of toxins (Schlosser
et al., 2007) and bacteria (Hibi et al., 2006; Jung, Frank,
& Brackett, 2003; Su & Li, 2004). Kim, Om, and Mun
(2007) used anti-Salmonella antibody conjugated nanopar-
ticles to detect 4 log CFU/mL and 5 log CFU/ml of Salmo-
nella enteritidis in phosphate buffered saline and milk,
respectively, with a detection time of 3 min. Su and Li
(2004) found the detection limit determined for Escherichia
coli O157:H7 was ca. 3 log CFU/mL with high specificity,
where 6 log CFU/ml of E. coli K12 and Salmonella Typhi-
murium did not interfere with detection. The total detection
time, from adding a sample solution to obtaining the final
result, was rapid (less than 2 h).

A third group of biomolecules that are important in
binding to and detecting pathogens and their toxins are car-
bohydrates (oligosaccharides or polysaccharides). Carbohy-
drates can bind to proteins (glycoproteins) and/or lipids
(glycolipids and/or lipopolysaccharides). Pathogens and
their toxins are able to recognize and attach to specific car-
bohydrate sequences on epithelial cells, a mechanism of
bacterial adhesion that can be manipulated as a means for
detecting target pathogens and their toxins (Sharon,
2006). In addition, some bacteria form surface structures,

such as fimbriae or pili that can also bind to carbohydrates
(Mouricout, 1997). Carbohydrates have an affinity for
a wide range of organisms and/or target proteins giving
them broad specificity. This broad specificity can be useful
by allowing for the detection of target organisms that may
have undergone mutations from the original target. Unlike
antibodies, carbohydrates do not denature and therefore,
do not lose their activity when exposed to extreme temper-
ature or pH changes, and could be used in those conditions
found in food matrices for pathogen and toxin detection
(Vikesland & Wigginton, 2010). El-Boubbou, Gruden,
and Huang (2007) were able to use magnetic glyco-
nanoparticles to quickly (within 5 min) detect E. coli with
up to 88% capture efficiency. Mukhopadhyay, Martins,
Karamanska, Russell, and Field (2009) used carbohydrate
functionalized QDs to target mannose-specific lectin that
E. coli uses for adhesion to host cells and were able to de-
tect E. coli at levels of 4 log E. coli cells per ml. However,
while carbohydrates are stable, the actual interactions with
the target are pH dependent. Disadvantages involved with
the use of carbohydrates for pathogen detection include
their low affinity (De la Fuente & Penades, 2006), broad
specificity and difficulty in synthesis (Haseley, 2002). In-
creased specificity may be achieved when coupling the car-
bohydrate to a lectin or type of protein that is able to bind to
specific parts of the carbohydrate molecule (Vikesland &
Wigginton, 2010). Carbohydrate-protein interactions are
also several factors weaker than the protein—protein inter-
actions (Haseley, 2002).

Sensors using QDs for food safety applications
Standard microbiological methodologies to detect and
quantify levels of bacteria within a single sample in foods
require at least 24 h due to time-consuming enrichment pro-
cedures. QD-based sensors require less time (<2 h) (Table 3),
but still require enrichment to differentiate live from
dead cells and to obtain high enough levels of contamina-
tion for detection. PCR methodologies have been used to
detect Salmonella from fruits and vegetables at a level of
4 CFU/25 g produce (Liming & Bhagwat, 2004) and
from chicken rinse or spent irrigation water at a level of
2.2 CFU/100 ml (Wolffs, Glencross, Thibaudeau, &
Griffiths, 2006). However, these techniques still require
time-consuming enrichment and access to q-PCR instru-
ments and specialized methodologies. QDs are highly suit-
able for the practical applications of detecting foodborne
pathogens and toxins by being able to be excited and
emit signal through complex food components (Bruno,
Phillips, Carrillo, & Crowell, 2009). Several researchers
have demonstrated detection of a variety of foodborne
and human pathogens, including Cryptosporidium parvum
(Lee et al., 2004; Zhu, Ang, & Liu, 2004), E. coli
(Mukhopadhyay et al., 2009; Yang & Li, 2006; Zhao
et al., 2009), Giardia lamblia (Zhu et al., 2004), Listeria
monocytogenes (Tully, Hearty, Leonard, & O’Kennedy,
2006), Salmonella Typhimurium (Yang & Li, 2006; Zhao
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et al., 2009), Shigella flexneri (Zhao et al., 2009), Bacillus
anthracis (Ho, Kung, Yang, & Wang, 2005), Campylobac-
ter jejuni (Bruno et al., 2009), and enteric viruses
(Rawsthorne, Phister, & Jaykus, 2009) utilizing QDs as
the fluorophore. Vasudev et al. (2011) have demonstrated
the ability to monitor for the invA gene of Salmonella
Typhimurium DT104 in real-time using QDs coupled
with MB probes. It has also been demonstrated that QDs
can be used for the simultaneous detection of pathogens,
E. coli and S. Typhimurium (Yang & Li, 2006) and C. par-
vum and G. lamblia (Zhu et al., 2004). Using QD fluoro-
phores, the signal to noise ratio was determined to be 17,
demonstrating better photostability and increased fluores-
cence as compared to commercial kits (Zhu et al., 2004).
While the sensitivity was low with regard to novel detection
technologies, Mukhopadhyay et al. (2009) were able to de-
tect E. coli at levels of 4 log E. coli cells per ml using
mannose-specific CdS QDs. These carbohydrate function-
alized QDs were used to target a mannose-specific lectin
that E. coli uses for adhesion to host cells
(Mukhopadhyay et al., 2009). Ho et al. (2005) were able
to use oligonucleotide functionalized QDs to detect patho-
genic strains of B. anthracis. Bruno et al. (2009) demon-
strated that QD-aptamers can be used to detect very low
levels of live and dead C. jejuni in buffer and various
food systems (chicken broth, ground beef wash, and 2%
milk) without using any type of wash step. Washing to re-
move part of the food complex in place was actually shown
to displace assay materials causing a decrease the detection
limit due to material losses. Detection limits in diluted food
matrices were found to be between 10 and 250 CFU per ml
for both live and dead C. jejuni. QDs were advantageous
due to their ability to absorb energy from the high energy
excitation and emit a signal that could be observed through
the food components.

While great focus has been placed on the utilization of
QDs for pathogen detection, toxins have also been sensed
and quantified using QDs (Goldman et al., 2002; Warner
etal., 2009). Many cases of foodborne illnesses can be attrib-
uted to toxins that have been produced by the bacteria during
their growth into the foods, with the leading cause of intox-
ication due to Staphylococcus aureus enterotoxins (Balaban
& Rasooly, 2000). The traditional method for the detection
of microbial toxins in foods is the microslide gel double dif-
fusion technique, approved by the AOAC and the current
standard for microbial toxins, and requires a minimum of
30—60 ng of enterotoxin per gram of food. This method re-
quires considerable sample preparation and clean-up prior to
testing to reduce and/or remove any interfering compounds
from the sample food matrix (Bennett, 1998; Bennett &
Hait, 1998). Latex agglutination test is also widely used
and commercially available for toxin detection (D’Aoust,
Sewell, & Greco, 1991). These traditional methods have de-
tected toxins in the range of 30—60 ng. However, more mod-
ern testing utilizes high-throughput methods, such as
Enzyme-Linked Immunosorbent Assay (ELISA), reversed

passive latex agglutination, and PCR and can detect toxins
at less than 1 ng per ml (Cremonesi et al., 2007;
Loncarevic, Jgrgensen, Lovseth, Mathisen, & Rorvik,
2005; Monday & Bohach, 1999; Tkacikova, Tesfaye, &
Mikula, 2003). Warner et al. (2009) developed a fluorescence
sandwich assay using QD and high affinity antibodies to de-
tect and quantify botulinum neurotoxin serotype A at a level
of 5—31 pM in PBS buffer and fetal bovine serum. Goldman
et al. (2002) used multiplexing fluorescent immunoassay
with CdSe/ZnS (core/shell) QDs to detect cholera toxin, ri-
cin, Shiga-like toxin and staphylococcal enterotoxin B
with detection limits as low as 3 ng per ml for staphylococcal
enterotoxin B.

On-the-plant use of QDs

While many researchers have used QDs as the fluoro-
phore of choice for in vitro assays, such as g-PCR, to detect
foodborne pathogens, to date, no one has been able to use
them in on-the-plant monitoring in vivo. Developing and
implementing such a technology is somewhat futuristic,
but nonetheless important because of the rising number of
foodborne illness deriving from vegetables and fruits in re-
cent years and increasing threats of bioterrorism to our crop
and food supply.

While in vitro techniques coupling QDs to MBs have
been well-established, the possibility to monitor specific
pathogens and transgenes within or on the surface of plants
using these nanoparticles has not been fully achieved, but is
necessary. While it would be more pragmatic to use rinse
solutions to screen for pathogens on fresh produce as op-
posed to attempting to perform direct detection, E. coli
O157:H7 cells have been shown to penetrate into the sto-
mata and junction zones of cut lettuce leaves 20—100 pm
below the surface of the cut, where they are protected
from sanitation practices, such as chlorine washes (Seo &
Frank, 1999; Takeuchi & Frank, 2000), making detection
within the plant necessary. Recently, Hu et al. (2010)
have demonstrated high efficiency transport of QDs into
maize (Zea mays) roots with the aid of silwet L-77
(Fig. 2), demonstrating the translocation of QDs to tissues
throughout a plant where pathogens may colonize and be
detected. Fluorescence emitted by QDs was only observed
in the epidermis after 4 h incubation with QDs alone
(Fig. 2B) (Hu et al., 2010). With the addition of the surfac-
tant, silwet L-77, a greater penetration of the QDs into the
root was observed (Fig. 2C) and with increased incubation
time to 12 h, almost the entire root was infiltrated with the
QDs (Fig. 2D) (Hu et al., 2010). When a maize root was
soaked in the QD solution for 16 h, Hu et al. (2010) ob-
served QDs upstream of the incubation solution within
only the stele of the root, indicating the ability of the
QDs to be translocated to other tissues above the soaking
medium with the aid of a surfactant (Fig. 2E). While ad-
vancements have been made with using QDs in plant tis-
sues, the use of biomolecules in conjunction with QDs to
target the presence or absence of specific transgenes or
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Fig. 2. In vivo cross-section fluorescent images of maize roots (A) control (blue fluorescence) and infiltrated with QDs (red fluorescence) (B) without

and (C) with the aid of silwet L-77 in infiltration solution for 4 h and (D) 12 h and (E) above infiltration solution after 16 h. Red fluorescence is in-

dicative of QD presence while blue fluorescence is emitted by the control. The use of a surfactant allowed for greater penetration of the QDs into the

root, demonstrating the translocation of QDs to tissues throughout a plant where pathogens may colonize and be detected. Scale bars are 50 pm.
Reprinted by permission from Elsevier [Plant Physiology and Biochemistry], Ref (Hu et al., 2010), copyright (2010).

pathogens within and on the surface of fresh produce has
not been realized. When visualizing pathogens within plant
tissues, sensitivity and specificity, in addition to contacting
the target are some of the problems encountered. However,
further advancements have confirmed the possibility of on-
the-plant detection. We have recently demonstrated observ-
able fluorescence, under UV light, using an MB designed
for the detection of the gene, crylAc, and co-infiltrating
Arabidopsis thaliana (belonging to the Brassicaceae (mus-
tard or crucifer) family) with genomic DNA derived from
Bacillus thuringiensis and its respective MB (Burris et al.
unpublished data). Since these QDs canbe excited using

UV light and fluorescence can be visualized with the naked
eye, this technology can be implemented into the field for
immediate use. While there are specific sensitivity and
specificity problems associated with crop plants, they are
not that different from problems associated with pathogen
and toxin detection within complex food matrices, as limi-
tations are described in more detail in subsequent sections.

Limitations of QDs for in vivo monitoring of
pathogens and transgenes

QDs have been used as fluorescent labels in a variety of
assays for many biological and clinical applications
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(Azzazy, Mansour, & Kazmierczak, 2007). However, there
are several disadvantages relating specifically to the use of
QDs in these types of applications. While the size of QDs
could be advantageous by allowing for the binding of mul-
tiple biomolecules, their size may also limit their ability to
be up taken into cells and tissues, particularly when bound
to multiple biorecognition elements. Further, reproducibil-
ity of photophysical properties may vary from one manu-
facturer to another or from batch to batch. Other
disadvantages include blinking effects (Table 1) (Lee &
Osborne, 2009), degradation of the surface over time, solu-
bility, expense, and aggregation which can cause photo-
oxidation resulting in a decrease in overall stability
(Hoshino et al., 2004).

These and other problems relating to interfering sub-
stances, toxicity, aggregation, and non-specific binding
must be addressed before their full potential and use as bio-
sensors can be recognized. Further, because of their poten-
tial toxicity, regulations regarding the use of QDs in food
applications will most likely be under scrutiny.

One of the main challenges for pathogen detection in
foods is adequate sensitivity for the detection of bacteria
of interest within the complex food matrix. Ideally, there
would be implementation of techniques that are able to de-
tect low levels of pathogens without destroying the food
product for consumption and without the need for enrich-
ment. Other challenges of monitoring for foodborne patho-
gens within food systems are their complexity (pH,
interfering substances, non-pathogenic bacteria, etc) causing
degradation, false-negatives or false-positives. Methods,
such as filtration (Stevens & Jaykus, 2004; Wolffs et al.,
2006) and centrifugation (Lantz, Stalhandske, Lundahl, &
Radstrom, 1999; Uyttendaele, Van Hoorde, & Debevere,
2000; Wang, Cao, & Johnson, 1992), have been established
to provide a means of detecting low numbers of pathogens
from foods; however, more research needs to be done for in-
dividual pathogens, toxins and foods.

Conclusions

Food safety is an ever-growing concern for regulators,
consumers and the food industry. The ability to detect food-
borne pathogens and toxins in low concentrations is highly
needed to ensure the production and distribution of safe
food products. Conventional microbiological methods are
deficient in sensitivity and specificity, and are often slow
due to laborious, time-consuming protocols that are con-
strained to current technology. Coupling QDs to nucleic
acid specific MBs or other biomolecules allows for higher
specificity and for the accurate detection of target pathogen.
QDs have emerged as a leading choice for their photostabil-
ity, large effective Stokes shifts, sustained fluorescence, and
narrow emission and wider excitation bandwidths.

Research is just beginning for the use of fluorescent
nanoparticles as fluorophores for detecting foodborne path-
ogens and toxins on and in foods and plants. Work must
continue for the optimization of assays to obtain an

accurate signal for low levels of pathogens in complex sys-
tems, whether they are food, plants or mammalian cells.
The opportunities are endless for the potential nanotechnol-
ogy has for food safety applications, the field is ever-
expanding and food scientists are trying to keep up with
the latest technologies that can be used to protect our
food supply.
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