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ABSTRACT

Quantum Dots are nanocrystals which are fluorescent in nature and their unique optical properties depend on their
size. Quantum Dots have replaced conventional fluorophores which have disadvantages like photobleaching,
narrow absorption spectra, stability and short period of fluorescence. Due to the possibility of conjugating the
Quantum Dots to various types of bio molecules like streptavidin, antibodies, mannose etc there have been
numerous applications in the detection, enumeration and differentiation of various bacteria. Quantum Dots can be
applied to various matrices like food, water, tissue and blood samples. Quantum Dots have been used to detect
pathogenic bacteria like E.coli, Staphylococcus aureus, Salmonella typhimurium, Bacillus anthracis, Listeria
monocytogenes and Mycobacterium tuberculosis. Quantum dots can detect bacteria at the levels of 10°- 10
CFU/ml in contaminated water samples. The minimum time for detection of bacteria using Quantum Dots ranges
from 15 minutes to 2 hours. The major hindrance in using the Quantum Dots is its cost of production. This
review summarises the properties, synthesis and applications of Quantum dots in the detection of bacteria which
can have major implications in food and water safety evaluation, diagnosis of bacterial diseases and
environmental enumeration of bacteria.
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INTRODUCTION dot, which are then coated with a shell made of
Quantum Dots (QD) are highly crystalline material of higher band energy. The outer shell also
semiconductor nanocrystals. These are crystals forms a protective layer on the Quantum dots. To
whose dimension is less than that of the Exiton Bohr make QDs biologically compatible one or more layer
radius [1].Due to their nanoscale size; they have of organic polymers are added and are conjugated
discrete electronic energy state giving rise to unique with organic ligands. The diameter of QDs varies
optical and electronic properties. They also possess from 1-20nm which consists of 100-100,000 atoms
the property of size dependent photo-emission which [2]. Due to their distinctive properties, QDs have
is due to the phenomenon of Quantum Confinement improved the sensitivity of cellular analysis and

[2]. Their stability against photobleaching has molecular detection by few folds. .
attracted many researchers to develop bio-imaging The Quantum Dots were first studied by A.I. Ekimov
and Quantum computing techniques. Due to their and A.A. Onushchenko [3]. The size of microscopic
unique properties they have wide range of Cu(_:l crystals grown in transparent dielectric matrix
applications in electronics, computing and biology. varlgd from tens to hundreds of angstroms. Later high
QDs are made up of elements like Cadmium, quality CdSe, CdS and CdTe semiconductor
Selenium, Indium, Tellurium, Phosphorous, Sulphur nanocrystals were synthesized based on pyrolysis of
etc. These elements make up the core of a Quantum organometallic reagents [4]. The particles sizes were
as small as 20 angstroms in diameter. Syntheisis of
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water soluble Quantum dots paved way for their
conjugation to bio molecules and thereby opened up
different applications in biology [5, 6].

In Quantum Dots, the energy levels of the valence
electrons are discrete and have large differences.
Thus they show the characteristics of an atom and
hence they are also called artificial atoms [8]. The
reduction in the size of the crystal brings the valence
electrons closer thereby increasing their overall
energy. This leads to splitting up of different electron
levels giving it a discrete electron energy level
system and also increasing their band gaps. This
results in merging of valence band and conduction
band making it a very good conductor of electricity.
The splitting of energy level leads to excitement of
the electron by absorption of energy and transition to
higher energy levels. But these electrons return to
their ground state by emitting a photon of energy
either equal or lesser than that of the absorbed
energy. The emitted photon has lesser energy when
the electron rests in a metastable level for a brief
period of time. This gives QDs their fluorescent
property making them applicable in imaging and
detection of molecules or cells. Thus as the size
reduces, the gap between energy levels broadens up
and the electron has to return from a much higher
level which increases the emitted photon energy.
Therefore as the size reduces, the emitted photon
shifts from the red region of visible light spectra to
the blue region. This gives rise to the unique
fluorescent emission of the Quantum Dots.

PROPERTIES

The exceptional properties of the Quantum Dots like
photo stability, broad range of absorption spectra,
ease in change of emission spectra, sensitivity,
brightness and ability of coupling with biological
molecules, make them very useful in the field of
biological imaging of different types of cells.
Quantum Dots emitting different colours can be
excited by monochromatic light. The time taken to
fluoresce upon excitation is very less compared to
conventional fluorophores and this property lasts
longer for a given Quantum Dot. The Quantum Dots
are very stable and resistant to photobleaching and
overcome the disadvantages exhibited by
fluorophores, which are important for imaging
applications.

SYNTHESIS

QDs can be synthesized by colloidal synthesis, E-
field method or by fabrication through etching or
self-assembly.

Colloidal chemistry method

This method is also called Hot-Injection method
[2].Here Quantum Dots are prepared as a batch by
quickly adding appropriate amount of precursors into
hot solvent and organic ligand system. First the
precursors are decomposed to monomers by chemical
or physical means like temperature. This results in
nucleation process where the monomers starts
binding to each other. This reaction is fast in the
beginning and slows down in the end due to change
in concentration.

E-field technique

In this method, Quantum Dots are synthesised
between the interfaces of heterojunction of
monomers [8]. On applying an electric field on the
interface, 2D Electron Gas [2DEG] is created. Later
these charges are confined to the interface by external
devices. Thus the voltage and the 2DEG permit
rearrangement of atoms, finally giving a Quantum
Dot at the interface.

Fabrication

Etching or Lithographic method

In this method, first a Quantum Well or Double
Barrier Heterostructure [DBH] are grown by the
Epitaxial Method. Then pillars are etched out of it
and they are further etched to give nanocrystals like
Quantum Dots [8]. These pillars have the dimension
of a Quantum Wire, which is then metalized on each
terminal. Application of electric current on the
terminals of Quantum Wire leads to the breakdown
of the Quantum Wire and formation of Quantum
Dots.

Self-assembly growth technique

Here Quantum Dots are formed as an out growth in
the Epitaxial technique [8]. The effect is similar to
the condensation of water droplets on cold surface.
Generally, the epitaxial growth proceeds by forming
a layer of atoms at once. But lattice mismatch and
difference in surface energy between the atoms
induces the formation of islands, thus Quantum Dots
are formed.

It is seen that bare Quantum Dots are unsuitable for
biological application. This is because; they are
insoluble in water and toxic due to their heavy metal
composition, small size and active surface [9]. To
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overcome these problems, the surface of Quantum
Dots is treated with stabilizing and coating
substances. Most of the coating substances are
organic polymers [10] which are amphiphilic in
nature, also making them water soluble and easy to
apply for biological analysis by conjugating with
proteins, antibodies and other  molecules.
Additionally, it is observed that coating provides
better photo stability [11]. It is also seen that some
bio molecules like proteins can be effective
nucleating and stabilizing agents for Quantum Dots
[12].

APPLICATIONS OF QUANTUM DOTS

IN BACTERIOLOGY

The superior optical properties of Quantum Dots
entail them for numerous applications in labelling of
cells. They are highly suitable for labelling, as the
intense emission of light helps in detection of even a
small number of the cells. They find applications in
enumeration of bacterial cells in various matrices,
detection of pathogens, food contaminants, and in the
study of micro flora in bio films.

Enumeration

Here the number of bacterial cells can be enumerated
by relating the intensity of light emitted by the
Quantum Dots to the cell count. For example,
Alteromonas species inhabiting the surface of small
marine animals like Copepods were enumerated
using QDs [13]. The CdSe Quantum Dots were
conjugated with streptavidin so that QD can
specifically bind to the anti-antibody against
Alteromonas species. It is also possible to detect wide
range of bacteria from a sample such as sewage water
using water soluble Quantum Dots [14]. Quantum
Dots can also be used to detect a particular strain of a
bacterial species as supported from the result of an
experiment where mannose conjugated CdS Quantum
Dots could detect a strain Escherichia coli producing
FimHlectin which binds specifically to mannose [15].
In a study on fluorescence detection of count of
Escherichia coli and Staphylococcus aureus using
Quantum Dots, spectrofluorometer was used for
roughly counting the cells [16]. The low detection
limit for this method was in order of 10°CFU/ml. In a
different study the same detection limit was obtained
when the Quantum Dots were labelled to bacteria
covalently using glutaraldehyde [17]. It was also seen
that there was a linear relationship between
fluorescence intensity and total bacterial count. By
using Quantum Dots it is possible to distinguish

between wild type and auxotrophic strain of a
bacteria belonging to same species. This technique
involves conjugating Quantum Dots with the
biomolecule needed for bacterial growth but which
cannot be synthesized by the bacteria. This method
is applied for detection of purine auxotrophs of
Bacillus subtilis and Escherichia coli where Quantum
Dots conjugated with AMP were taken up
preferentially by purine-auxotrophs rather than the
wild type [18]. The Quantum Dots can also be
coupled to the antibodies used in ELISA which can
give us an intense signal even in a minute
concentration of antigen. This method was applied
for detection of Escherichia coli in water samples
where the target bacteria were separated by antibody
coated magnetic beads and then detected by ELISA
using Quantum Dots conjugated to secondary
antibodies [19]. Thus Quantum Dot based
enumeration of bacteria can be rapid and sensitive
compared to the conventional methods.

Detection of pathogens

Quantum Dots have better optical properties than
other dyes or fluorophores; it is widely applicable in
detecting pathogens from various clinical samples
and to detect a particular pathogen from a cluster of
bacteria. There are number of studies where
Escherichia coli and Salmonella typhimurium were
detected simultaneously using antibodies against
these two species and conjugating different
antibodies with Quantum Dots emitting light of
different wavelength [20]. Multiplexed detection was
also applied for Escherichia coli and Salmonella
enteritidis [21]. Denatured Bovine serum albumin
stabilized Quantum Dots were conjugated to
secondary antibodies for detection of Escherichia
coli and Listeria monocytogenes [22]. This type of
conjugation to the secondary antibodies gives us an
advantage of universal usage of the antibody for the
detection, ease in their production and circumventing
the tedious process of labelling individual primary
antibodies. The interactions between antibody and
antigen are weak and these are further weakened by
conjugation of bulk substance like Quantum Dot.
This reduces the staining property of Quantum Dots
conjugated to antibodies, hence, it is preferred to
conjugate small molecules like biotin to antibody and
then bind them to Quantum Dots conjugated to
streptavidin. The above method was also adopted for
detection of E.coli [23] and Listeria monocytogenes
where the limit of detection was found to be 2-3
CFU/ml with a detection time of 1.5 hrs. [24]. In
another study Mycobacterium bovis BCG and
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Mycobacterium tuberculosis was detected using
genus specific antibody and biotinylated anti-
antibody which would bind to streptavidin coated
Quantum Dots [25]. The result gave a limit of
detection of 10° bacteria/ml. This method was also
applied for detection of Escherichia coliO157:H7
strain with a limit of detection of 10° CFU/ml with a
detection time less than 2hrs [26]. In one of the
studies Escherichia coli was imaged using organic
acid stabilized Quantum Dots [27]. Here the
Quantum Dots were internalized by the bacteria

giving rise to fluorescence signal. It was found that
none of the other bacteria interfered with the test.
Quantum Dot labelling of the cells also aids Flow
cytometric separation and analysis of pathogenic
bacteria from other non-pathogenic ones. This
method is a fast and effective technique for
separation. In a study pathogenic Escherichia coli
strain O157:H7 were separated from non-pathogenic
bacteria using Quantum Dots and Flow cytometer
[28]. The limit of detection was 1% of the pathogenic
strain in the mixture of cells.

Pathogen Type of QD

Reference

Escherichia coli

Primary Antibody-QD, Secondary Antibody- | 21, 23, 24, 28
QD, Streptavidin-QD

Salmonella
Salmonella enteritidis

typhimurium, | Primary Antibody-QD, 21,22

Listeria monocytogenes Secondary Antibody-QD, Streptavidin-QD 23,25
Mycobacterium tuberculosis Streptavidin-QD 26,35
Bacillus anthracis Primary Antibody-QD, Peptide-QD 30,31

Yersinia pestis

Primary Antibody-QD

30

Table 1: List of some important pathogenic bacteria detected using Quantum Dots
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It is also possible for detection of strain and
metabolism specific bacteria using Quantum Dots
conjugated to a biomolecule which might bind to the
receptor on the particular strain or may be used as a
substrate for a metabolic pathway [29].

In another study different antibodies are
conjugated to Quantum Dots of different emission
peaks for multiplexed analysis of Bacillus anthracis
spores and Yersinia pestis by Flow cytometry [30]. It
also possible to detect one spores of Bacillus
anthracis from other similar bacterial spores by
conjugating Quantum Dots by BABA peptides [31]
or a short peptide chain from gamma-phage lysine
protein [32]. This analysis can be performed using
methods like Flowcytometry, Confocal laser
scanning microscopy and Spectrofluorometer with
single cell resolution. An innovative yet specific
method of labelling bacteria is using phage
conjugated with Quantum Dots. This method can be
used for recognising both slow growing and highly
infectious bacteria. This method was studied for
detection of Escherichia coli using biotinylated
phage and streptavidin coated Quantum Dots [33].
Quantum Dots coated with zinc [I1]-dipicolylamine
could detect only mutant and pathogenic Escherichia
coli that lacks O-antigen and could also facilitate in
vivo optical imaging of the infection in the animal
[34]. It is also possible to identify the bacterial
species by detecting the species specific DNA
sequence. In this method of detection the Quantum
Dots are made to bind to a probe which is
complementary to the species specific DNA
sequence. In a study this method was used for
detection of Mycobacterium tuberculosis and
Mycobacterium avium subsp. paratuberculosis where
the biotinylated probe hybridized with the DNA was
detected by streptavidin coated Quantum Dots [35].
This method was 70 to 90% accurate compared to
real time PCR and had a limit of detection of 12.5 ng
of DNA in 20pl. This technique can be implied in
diagnostic assay for rapid, specific and sensitive
method of pathogen detection. In another study
Quantum Dots based molecular beacons were used to
detect the antibiotic resistant B-lactamase genes in
pUC18 of Escherichia coli [36]. The mechanism of
detection used in the study was a single step FISH,
which gave an excellent signal on genes in the
plasmid. There was an attempt to use ferrichrome
conjugated to Quantum Dots for detection of bacteria
with receptors for ferrous ions [37]. This method was

successful in detecting Pseudomonas fluorescens
having ferrous receptors.

Detection of bacterial food contaminants

Many bacterial infections are spread by contaminated
food. Thus, detection of bacterial contaminants in
food is important to monitor outbreaks of food borne
infections. Three food-borne pathogens namely
Salmonella typhimurium, Shigella flexneri and
Escherichia coli were detected by antibodies against
each bacteria which was conjugated to Quantum Dots
of different emission wavelength [38]. The same
method of antibody conjugated Quantum Dots were
developed for specific detection of Staphylococcus
aureus in food and environment [39]. The bacteria
were detected under a fluorescent microscope and
limit of detection was found to be 900 CFU/mI. Most
of the contaminants are found in meats, thus
Quantum Dots can be used to analyse contaminant in
meat sample. In a recent study, Quantum Dots were
used to detect pathogens like Escherichia coli and
Salmonella in ground beef by conjugating Quantum
Dots to specific antibodies against the pathogens
[40]. In a study chicken carcass wash water was used
as a sample for detecting Salmonella typhimurium
contaminant in chicken meat [41]. Here contaminant
was separated from sample with antibody conjugated
magnetic beads and then reacted to biotin tagged
secondary antibody which binds to streptavidin
coated Quantum Dots. In this method the limit of
detection was in order of 10° CFU/mI. Also there has
been a report of use of indirect immunofluorescence
coupled to Quantum Dots for labelling and detection
specific bacterial serotype of pathogen Vibrio
parahaemolyticus attached to small marine animals
which are pathogen carriers [42]. This method can
also be extended for detection of other Vibrio species
like Vibrio cholerae. With the use of Quantum Dots
in biosensors and microarrays, the size of the
instrument have been reduced and also permitted for
automation thus increasing rapidity and sensitivity of
the test. These techniques have been used in assaying
Salmonellae [43]. Nowadays array systems have been
developed for rapid and sensitive detection of
bacteria as indicated by a study where Escherichia
coli O157:H7 was detected using Quantum Dots
conjugated to antibody and the concept of sandwich
ELISA [44]. The above method gave a limit of
detection of below 10 CFU/mI. Escherichia coli was
also detected using colistin-functionalised Quantum
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Dots which gave a limit of detecting as low as
28cells/ml [45] with a short analysis time of 15 min.
excluding preparation and photoactivation time.

Detection of bacteria in Oral bio films

It is observed that many bacteria exhibit a symbiotic
relationship between each other. These bacteria form
biofilm which is a complex cluster of bacteria. These
biofilms are found widely in our environment and
also in our body like mouth etc. It is desirable to
study symbiosis for evolutionary studies. Quantum
Dots can be used for specific detection of bacteria in
oral biofilms. This method has been used in a study
where specific human oral bacteria namely
Streptococcus gordonii DL1, Streptococcus mutans
UA159 and Veillonella spp. strain R1 were detected
in a biofilm in vivo and in vitro [46]. Here
immunofluorescence method of imaging was used,
and this method does not depend on detection of
bacteria based on their morphology, which makes
this rapid techniqgue amenable to automation,
enabling the detection from numerous samples. These
studies also give an insight on the spatial relationship
between bacteria and interspecies interaction in
biofilm. Presence of specific gene in the biofilm can
give a large insight on the species of the bacteria and
also function of that gene in the biofilm. In a report
Bacillus spoOA gene was analysed in a biofilm using
DNA-Quantum Dots system [47]. The hybridization
of target DNA to the probe was detected using
flowcytometer and had a limit of detection of 0.02
nM. It has been observed that biofilms made of
Streptococcus sp. and Veillonella sp. are formed in
early stage of the plague. These results were
confirmed by using Quantum Dot based
immunofluorescence on the enamel surface [48].

TOXICITY OF QUANTUM DOTS TO

BACTERIA
We have seen the brighter side of the Quantum Dots
but it has been demonstrated that these nanoparticles
are toxic to living cells including bacteria. Formation
of reactive oxygen species by the interaction of
Quantum Dots with other bio molecules or release of
the heavy metal ions which constitute the Quantum
Dots have been the mechanism of inducing toxicity
to the cells. The toxicity of Quantum Dots on four
different strains of bacteria namely Pseudomonas
aeruginosa, Staphylococcus aureus, Bacillus subtilis
and Escherichia coli were studied [49]. The result
indicated that Gram-positive strains were more
resistant to the toxicity than the Gram-negative

bacteria. This might be due to large amount of
peptidoglycan on cell wall of Gram-positive bacteria.
The study also indicated that Gram-positive bacteria
previously exposed to Quantum Dot showed lack of
reproducibility.

CONCLUSION

Today, the major hindrance for using Quantum Dots
in bacteriological applications is its toxicity. It is
suggested that by eliminating the heavy elements
from Quantum Dots, the toxicity can be reduced.
Thus new Heavy Metal-free Quantum Dots like
carbon quantum Dots are being produced [50]. But
their effective usage is still under research. The cost
of production of Quantum Dots is also topic of
concern when they have to be mass produced and
used as diagnosis & analysing tools. Many methods
for synthesizing biocompatible Quantum Dots using
bacterial cells like Escherichia coli have been
proposed [51]. The efficacy of these Quantum Dots
in various applications will have to be proved. In
conclusion, it can be said that Quantum Dot based
techniques are rapid, sensitive and reliable tools for
the enumeration, detection and differentiation of
Bacteria.
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Fig 1: Schematic diagram of a Quantum Dot with an inorganic coating and conjugated bio
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Fig 2: Variation of emission wavelength of Quantum Dots with their size. Adapted from [7].

Fig 3: Image of Escherichia coli using organic acid stabilized Quantum Dots with emission wavelength
ranging from 540-630 nm. [Bar-2um] Reproduced with permission [28].
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Fig 4: Detection of food-borne pathogens using Quantum Dots antibody conjugation complex, a- Salmonella
typhimurium bound to Quantum Dot emitting 620 nm light, b- Shigellaflexneri bound to Quantum Dot emitting 560 nm light,
and c- Escherichia coli 0157:H7 bound to Quantum Dot emitting 520 nm light and d- Multiplexed detection of all test bacteria

with their respective antibody coated Quantum Dots. Reproduced with permission [38].
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