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Harmful bacteria are the most common cause of food- and waterborne illnesses.
Infection often leads to bloody diarrhoea, and occasionally to kidney failure.
Several strains of the bacteria Escherichia coli produce a powerful toxin which
causes serious illness. Food and water can be contaminated with other bacteria
like Salmonella, Coliform, Pseudomonas, etc. Hence, it has become important to
rapidly detect and identify infectious bacteria. Colloidal luminescent semicon-
ductor nanocrystals or quantum dots (QDs) have elicited a great deal of interest
in the biosensing community due to their unique fluorescent properties. Here
ZnS :Mn2þ QDs are synthesised and biofunctionalised with chitosan. They are
attached to the anionic cell wall of E. coli bacteria and different properties of this
compound system are studied. These nanocrystals may offer cost effective and
quicker alternative to detect single bacterium compared to other conventional
methods. The process of the synthesis of QDs, biofunctionalisation and detection
of bacteria have been characterised by XRD, UV-Vis spectroscopy, FTIR,
photoluminescence spectroscopy, AFM, high-resolution transmission electron
microscopy and confocal microscopy. The particle size calculated is approxi-
mately 8–10 nm. The blue shift of PL peak has been observed after the bacteria
get attached.

Keywords: quantum dots; biological labelling; identification; waterborne
bacteria; chitosan; spectral shift

1. Introduction

Escherichia coli has the ability to produce a toxin causing serious gastrointestinal
infections that are responsible for different diseases like hemorrhagic colitis and hemolytic
uremic syndrome. Some other waterborne bacteria like Clostridium botulinum,
Mycobacterium marinum, Shigella sp. and Salmonella typhi cause diseases like botulism,
chronic glaucomatous, shigellosis and typhoid, respectively [1].
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The different conventional methods used to detect bacteria are listed below along with
their limitations [2].

Sl. no. Conventional methods to detect bacteria Limitations

1 Culture techniques Time consuming
2 Polymerase chain reaction (PCR) analysis Lack of sensitivity
3 Enzyme-linked immunosorbent assays (ELISAs) Lack of specificity
4 Fluorescence-based assays Stability needed for

rapid diagnosis

Semiconductor nanocrystals or quantum dots (QD), extremely small in size, exhibit
properties attributed to the quantum effect. They are highly photostable with broad
absorption spectra and narrow size tuneable emission spectra. The size and shape of their
structure and the number of electrons they contain can be precisely controlled. Unlike the
organic dye, which has the disadvantage of a bleaching effect, QDs continue to emit a
non-decaying signal even with repeated cycles of light excitation. Thus, when QDs are
coupled to biomolecules, intracellular processes can be monitored over a prolonged
period. The colour of QDs can be adjusted by varying the size of nanocrystals [3–7].

More often than not, the main challenge in using QDs in biological applications lies in
the QDs, which as synthesised, have a layer of hydrophobic organic ligands on their
surface [8–12]. Most of the synthesis methods that produce highly monodisperse,
homogeneous nanoparticles use organic solvents. But the particles that are produced need
to be rendered water soluble for biological applications. In order to render the QDs water
soluble, these organophilic surface species are generally exchanged for species that are
more polar. However, QDs capped with these small molecules are easily degraded by
hydrolysis or oxidation of the capping ligands. To overcome these problems, different
polymerisation techniques for incorporating QDs into polymer micro beads have been
used and reported. Chitosan, a natural biopolymer obtained by the alkaline deacetylation
of chitin, is hydrophilic, nontoxic, biocompatible and biodegradable [13,14].

Furthermore, biodistribution of chitosan-capped nanoparticles and the mechanism of
their delivery to cells and tissues remain unclear. It is noted that chitosan molecules
contain amino groups, which can be used as active reaction sites to be linked to the
carboxylic-functionalised QDs [11,12]. In this work, luminescent chitosan-capped
nanoparticles embedded with QDs were synthesised. These nanoparticles will be useful
for either various bioassays or intracellular labelling.

Manganese (Mn)-doped zinc sulphide QDs have been synthesised and used for
labelling different biomolecules. But there is hardly any literature that supports the
detection and identification of bacteria by QDs. Therefore, it would be worthwhile to
explore the possibility of attaching the chitosan-capped QDs to the surface of the
pathogenic bacteria to detect the minute amount of contamination in the sample. It is
useful for the detection of bacteria that are not easy to culture using a much simpler and
cost effective process.

2. Experimental materials and method

Mn2þ-doped QDs (ZnS :Mn2þ) were prepared by a chemical route using a suitable bio-
compatible capping agent. This method is similar to that described by Bhargava et al. [14]
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with a suitable modification. ZnS is used as it is less toxic compared to other elements like
Cd, etc. Mn doping is done in order to passivate the ZnS and consequently its high
luminescence occurs at around 600 nm [15]. Chitosan is a biocompatible capping agent and
also prohibits the diffusion of ions from the solution and restricts the growth of QD. It is
also nontoxic, hydrophilic and biodegradable.

A 0.25M zinc acetate and 2 % Mn acetate are mixed together along with 0.1–0.2%
chitosan and constantly stirred in a magnetic stirrer for nearly 20min. The solution was
then heated to 80�C for about half an hour. After cooling to room temperature, the sample
was kept in ice bath and 0.25M sodium sulphide solution was added dropwise with
constant stirring with a glass rod with the formation of white precipitate of ZnS
nanoparticles immediately. The supernatant was then centrifuged at 3500 rpm for 40min
to sediment-agglomerated particles. The sample was then freeze-dried for nearly 18 h and a
papery material was obtained. Then the sample was kept in a desiccator for few days
followed by grinding. Coliform bacteria were cultured. The strain used for this purpose
was E. coli (ATCC 25922).

The sample has been thoroughly characterised by using UV-Vis spectroscopy
(Perkin-Elmer, Lamda 35) to measure the transmission and absorption spectra.
Photoluminescence measurement has been carried out with ZnS :Mn2þ powder at room
temperature using glass substrates (Spectra Physics). X-ray diffraction patterns of these
samples were taken with Cu-Ka radiation (Rigaku, Ultima III). Surface morphology of
the sample was analysed using 3� 3 mm probe of atomic force microscopy (NTMDT) and
high-resolution transmission electron microscopy (HRTEM) (JEOL, JEM 2100). The
samples were further characterised by FTIR spectroscopy (Prestige 22, Schimadzu) and
confocal microscopy (Zeiss LSM 510).

3. Results and discussion

3.1. UV-Vis spectroscopy

Figure 1 represents a typical transmittance spectrum of QDs dispersed in water over
the range of 500–200 nm. The figure shows a sharp absorption edge at 239 nm,
characteristic of crystalline nature of these QDs. The crystalline nature of the QDs has
further been substantiated by the presence of XRD peaks (Figure 2). The band gap
from this absorption edge that has been calculated using the standard technique and is
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Figure 1. Transmittance spectrum of the QD sample.
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found to be 5.21 eV. The bulk band gap value of ZnS is 3.68 eV [16]. This implies an
increase in the band gap (DEg) by 1.53 eV in the Mn-doped QD samples.

This increase in the band gap is used to compute the size of QDs using [16,17].

DEg ¼ EgðpowderÞ � EgðbulkÞ ¼ ðh
2=8�r2Þ � ð1:8e2="rÞ, ð1Þ

where h¼Planck’s constant, "¼dielectric constant, e is the electronic charge, r is the size
of the QD and � is the reduced mass defined by,

� ¼ m�em
�
h=m

�
e þm�h,

where m�e ¼ effective mass of electrons and m�h¼ effective mass of holes.
The computed size of the QD is found to be 1.1 nm.

3.2. X-ray diffraction (XRD)

Figure 2 represents a typical XRD pattern of ZnS :Mn2þ capped with chitosan.
The diffractogram shows the presence of strong peaks of Mn0.1Zn0.9S. Using the
Scherrer formula we get the average computed size of QD as 11 nm. The size is found to be
larger than that found from the UV-Vis transmittance spectrum. This is possibly because
the particles suspended in water used for taking UV-Vis spectrum are more dispersed
compared to that of solid powder samples used for XRD.

3.3. Fourier transforms infrared (FTIR) spectroscopy

The IR spectrum of pure chitosan (Figure 3(a)) shows that the intensities of the
absorbances at 1650 and 1560 cm�1, corresponding to amide I and amide II bands,
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Figure 2. The X-ray diffraction pattern of ZnS :Mn2þ QD capped with chitosan.
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respectively, are lower than that at 1066 cm�1 assigned to –C–O–C–vibration [18].
However, the reverse result was observed for chitosan-capped nanoparticles, i.e. the
absorbances at 1650 and 1560 cm�1 are stronger than that at 1066 cm�1 (Figure 3(b)).

3.4. Atomic force microscopy (AFM)

Figure 4(a) shows a typical surface morphology of chitosan-capped QD as revealed by
AFM, which clearly shows the distribution of the particle size. Figure 4(b) shows the
particle size distribution over the range 4–10 nm with maximum frequency for particle size
at 7 nm, which agrees with the order of magnitude of the particle size (11 nm) predicted by
XRD. But the size of the QDs produced by UV-Vis is distinctly lower (�1 nm), which may
probably be due to dispersion of QDs in water used for taking UV-Vis spectra (Figure 1),
as mentioned earlier.

3.5. Transmission electron microscopy (TEM)

Figure 5 shows an HRTEM image of chitosan-encapsulated QDs taken by GATTAN
CCD. It clearly shows that chitosan of the order of a few tens of nanometre encapsulate
Mn-doped ZnS nanocrystals of a few nanometre in size (dark globular). This compares
reasonably well with the particle size obtained from the UV-Vis measurement. This is
because in either measurement the sample is prepared by the dispersion of QDs in aqueous
medium. The inset shows the selected area diffraction pattern taken on GATTAN CCD.
The calculated d values from SAED pattern corroborates the d-values obtained from
XRD. This further indicates the presence of the Mn-doped ZnS nanoparticles.

3.6. Confocal microscopy

A slide was prepared where bacteria were heat fixed and QD powders were sprinkled.
The slide was incubated for sometime and then rinsed several times to remove the
unattached nanoparticles. Under confocal microscope, in some parts of the slide, green
fluorescence has been clearly observed (Figure 6). This arises due to the attachment of QD
to bacteria. This has further been substantiated by photoluminescence spectral study.
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Figure 3. FTIR of (a) chitosan polymer and (b) ZnS :Mn2þ along with chitosan capping.

442 S. Mazumder et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3.7. Photoluminescence spectroscopy (PL)

The photoluminescence spectra have been recorded corresponding to the excitation
wavelength of 440 nm for chitosan-encapsulated Mn-doped ZnS QDs and the same
attached with bacteria and are shown, respectively, in Figure 7(a) and (b). Figure 7(a)
shows the characteristic PL peak at 590 nm corresponding to the doped ZnS QDs.

Figure 5. TEM image of chitosan-encapsulated QD nanoparticles. Inset is the SAED image.

Figure 4. (a) AFM of chitosan-capped QD and (b) particle size distribution.
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But when attached with bacteria (Figure 7(b)), the PL peak appears at 520 nm. This
distinct blue shift can therefore be utilised as a tool to confirm the attachment of bacteria.
Green fluorescence in confocal microscopy corroborates blue shift of PL peak from
590 nm (orange) to 520 nm (green) as chitosan-encapsulated QDs get attached to bacteria
(colour online).

Figure 7. (a) PL spectrum for chitosan-encapsulated Mn-doped ZnS and (b) PL spectrum for
chitosan-encapsulated Mn-doped ZnS attached with bacteria.

Figure 6. Confocal microscopic image of QD attached to bacteria.
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4. Conclusions

. ZnS :Mn2þ QDs were synthesised as revealed from XRD and SAED patterns.

. The size of these crystallites was 1.1 nm as calculated from the UV-Vis
transmission spectrum, which agrees fairly well with the image of TEM.

. The size of the QDs encapsulated with chitosan was found to be peaked around
7 nm, as seen from the AFM image which agrees with the order of magnitude of
particle size obtained from XRD (11 nm).

. Confocal microscopic image shows that bacteria were attached to the
chitosan-encapsulated QDs and the blue shift of the PL peak can be used as a
tool to confirm this attachment of bacteria with chitosan-encapsulated QDs.

Hence, chitosan-encapsulated QDs may be easily used as biosensors to mark the
presence of bacteria in water, food preservative and other contaminated samples in a few
hours which when done by conventional methods, followed by biochemical identification
might take a total time assay up to one week.
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