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ty and Inst
A B S T R A C T

Rapid detection and identification of Escherichia coli (E. coli) is essential to prevent its quickly spread. In
this study, a novel fluorescence probe based on ZnTe quantum dots (QDs) modified by mannose (MAN)
had been prepared for the determination of E. coli. The results showed that the obtained QDs showed
excellent selectivity toward E. coli, and presented a good linearity in range of 1.0�105�1.0�108 CFU/mL.
The optimum fluorescence intensity for detecting E. coliwas found to be at pH 7.0 with a temperature of
25 �C and incubation time of 20min. Under these optimum conditions, the detection limit of E. coli was
4.6�104 CFU/mL. The quenchingwas discussed to be a static quenching procedure, whichwas proved by
the quenching efficiency of QDs decreased with the temperature increasing.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Bacterial contamination has drawn great research concern in
the past decades, as the significant mortality and morbidity
worldwide [1]. E. coli, one of the classic gram-negative bacteria, are
common contaminants in retail poultry and involved inflammato-
ry bowel disease, urinary tract infections and meningitis in both
animals and humans [2]. Therefore, it is important to quickly and
sensitively detect the amount of E. coli in environmental and
biological samples. Recently, several methods have been devel-
oped for the E. coli determining, such as enzyme linked
immunosorbent assay (ELISA), magnetic activated cell sorting
(MACS), polymerase chain reaction (PCR) and surface plasmon
resonance (SPR) [3–6]. However, these current available methods
for detecting bacteria require expensive apparatus and sophisti-
cated sample preparation procedures, which limit their broader
application.

Quantum dots (QDs), approximately 2–100 nm in diameter,
have been at the center of much research in recent years due to
their unique optical, magnetic, and electronic properties [7–13].
Unlike conventional fluorescent dyes, QDs have high fluorescence
utical Sciences, Guangdong
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quantum yields, size-tunable photoluminescence spectra, broad
absorption, narrow emission wavelength, high photobleaching
threshold and excellent photostability, which allow QDs to be used
for continuous or chronical monitoring in biological imaging and
analysis. Moreover, QDs could show little toxicity in vitro and
in vivo with in controlling concentration for meeting the
requirement of practical biological processes [1415]. Particularly,
water-soluble and biological-compatible QDs have played an
important role in the photoluminescence response of micro-
organisms (such as Escherichia coli, Staphylococcus aureus and
candida albicans), due to the enhancement of fluorescence
intensity and decreasing the requirements for fluorescence
detection instrumentations with hyperchromic conjugation agent
[1617]. Therefore, these unique optical properties of QDs make
them to be the excellent candidates for the development of
sensitive sensors in microbe monitoring.

To date, there are a few studies in which the usage of QDs for
determination of E. coli is reported. Weng [25_TD$DIFF]et al. reported the
effective fluorescent probes for selective labeling E. coli in various
matrices using the carbon QDs [18]. Chen [26_TD$DIFF]et al. successfully
developed peptide-based ZnO QDs for E. coli diagnosis and
treatment in vivo, which could discriminate the E. coli infection
from sterile inflammation or cancer in vivo with high specificity
and low detection limitation [19]. Dogan [27_TD$DIFF]et al. prepared core-shell
magnetic QDs (Fe3O4@Au) modified with biotinylated antibodies
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



D. Wu et al. / Chinese Chemical Letters 31 (2020) 1504–1507 1505
to detect E. coli sample in real matrices with high selectivity [20].
However, these QDs are usually synthesized with a fairly long
reaction time, high temperature and complicated process by a
traditional organometallic approach, which led to high cost.
Compared with these QDs, zinc telluride (ZnTe) quantum dots can
be directly and simply prepared through a one-pot synthetic route,
and the synthesis is more reproducible and inexpensive [2122].
Therefore, they have great potential to be one of the most
important fluorescent probes in application of biotechnology and
medicine.

In the current study,mannose (MAN)modifiedZnTe (MAN-ZnTe)
QDswere preparedbyhydrothermalmethod,whichwereprovedby
transmissionelectronmicroscopy(TEM),X-raydiffraction(XRD)and
Fouriertransforminfraredspectrograph(FTIR) techniques.Secondly,
the modified QDs using as fluorescence probes for the sensitive
determinationofE. coli in thepresenceofotherbacteriawasstudied.
Thirdly, the effects of concentration, temperature, pH value and
incubation time on the fluorescence intensity ofMAN-ZnTe QDs for
the E. coli sensing probes were investigated. Finally, the detection
limit of E. coli and the quenching mechanism by MAN-ZnTe QDs
were also discussed.

The basic MAN-ZnTe QDs were prepared as follows. First,
50mL of a 5.0�10�3 mol/L MAN solution was mixed with 50mL
2.5�10-2 mol/L zinc acetate solution in a 100mL three-necked
round-bottomed flask. Then the pH was adjusted to 10.0 using
0.1mol/L NaOH solution. Under vigorous stirring, 25.0mL of
5.0�10-2 mol/L Na2TeO3 solution was dropped slowly into the
flask to afford a Se/Zn molar ratio of 1:1. Subsequently, the mixed
solution was stirred for 10 h. Finally, the mixed solution was
sealed and incubated in an autoclave for 12 h at 100 �C. After
cooling, the ZnTe particles were precipitated out from solution
using excess acetone, and the solutions were centrifuged at
5000 rpm for 10min to harvest the MAN-ZnTe QDs.

The E. coli cells were diluted to a known concentration (i.e.,
5.0�107CFU/mL)andsubsequently incubatedwithMAN-ZnTeQDs
(7.48� 10�3 g/L) for 1 h under gentle shaking at room temperature.
The mixtures were centrifuged (4000 rpm, 20min) and washed
twice with phosphate buffer saline (PBS, 0.01mol/L, pH 7.4). The
bacterial pellets were then resuspended in PBS, and transferred
separately into 96-well microtiter plates. Finally, the mixture was
immediately detected using luminescence spectrometer, and
fluorescence spectrawere recorded using an excitationwavelength
at 365 nm.

Fig. 1 describes the X-ray diffraction patterns of the MAN-ZnTe
QDs. The characteristic diffraction peaks at (2u) 25.34�, 29.38�,
36.19�, 41.25�, 49.62� and 65.86� could be index to the typical (111),
[(Fig._1)TD$FIG]

Fig. 1. XRD spectrum of MAN-ZnTe QDs.
(200), (102), (220), (311) and (331) crystal plane of pure ZnTe,
respectively (JCPDS card No. 80-0022) [23–28]. The average size
(D) of ZnTe QDs can be calculated according to Scherrer’s equation:
D = k(l/βcosu), where k is a constant equal to 0.89, l is the X-ray
wavelength equal to 0.154 nm, β is the full width at half maximum
and u [28_TD$DIFF] is the half diffraction angle (25.34�). The calculated result
indicated that the average size (D) is 12 nm approximately.

The TEM image and crystal phase of synthesized ZnTe QDs were
investigated (Fig. S1 in Supporting information). It was found that
the average diameter of synthesized QDs is about 11 nm. Thus, the
size of the nano-sized ZnTe QDs as determined by TEM is in good
agreement with the size as calculated from X-ray diffraction by
Scherrer’s equation.

The FTIR spectra of MAN and MAN-ZnTe QDs were depicted
(Fig. S2 in Supporting information). As shown in Fig. S2a, the bands
at 3409 cm�1, 1685 cm�1, 1164 cm�1, 873 cm�1 and 804 cm-1 were
checked in the FTIR spectrum of MAN. The broad peak at
3409 cm�1 belong to the stretching vibration of O��H bond of
MAN; the peaks at 1685 cm�1 was assigned to the stretching
vibration of carboxyl gruop; the peak at 1164 cm-1 was generated
from the stretching vibration of C��O in glycoside ring; the peak at
873 cm-1 and 804 cm�1 was ascribe to typical stretching vibration
of glycoside ring inMAN [29]. AfterMAN conjugated into ZnTeQDs,
such typical absorption peaks of MAN are also detected (Fig. S2b),
which suggested that MANwas successfully anchored on ZnTe QDs
surface.

The ultraviolet-visible absorption spectrum of MAN-ZnTe QDs
was shown (Fig. S3 in Supporting information). It was found that
MAN-ZnTe QDs showed a sharp maximum absorption at 214 nm.

The effect of bacteria on fluorescence intensity of MAN-ZnTe
QDs was studied (Fig. 2). It was seen that the luminescence
intensity of ZnTe QDs was strongly quenched by E. coli in the PBS
buffer solution. As for other bacteira (such as S. aureus, B.subtilis
and P. aeruginosa), no obvious change in fluorescence intensity was
observed in the presence of these bacteria, even at concentrations
10 times greater than that of E. coli. These data indicated that
MAN-ZnTe QDs could be used as selective E. coli detectors.

The influence of E. coli concentration on the fluorescence
intensity of MAN-ZnTe QDs was examined (Fig. 3). The fluores-
cence spectrum of synthesized ZnTe QDs was symmetric and
narrow with an emission maximum at 563 nm, which was in
accordancewith prior reports [21].Moreover, as shown in Figs. 3b–
g, the emission fluorescence intensity of ZnTe QDs was found to
decrease dramatically with increasing dosage of E. coli, whereas
the maximum emission wavelength and line width almost kept
unchanged. The quenching effect of E. coli on the fluorescence

[(Fig._2)TD$FIG]

Fig. 2. The effect of bacteria on the fluorescence intensity of MAN-ZnTe QDs.
Conditions: concentration of MAN-ZnTe QDs: 7.48� 10�3 g/L; concentration of
E. coli: 5.0�107 CFU/mL; for other bacteria: 5.0�108 CFU/mL,[22_TD$DIFF] pH: 7.0.
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Fig. 3. The effect of E. coli concentrations on the fluorescence intensity of ZnTe QDs.
a = 0.0�106 CFU/mL; b = 1.0�106 CFU/mL; c = 5.0�106CFU/mL; d = 1.0�107

CFU/mL; e = 2.0�107CFU/mL; f [23_TD$DIFF]=4.0�107 CFU/mL; g = 5.0�107CFU/mL;
concentration of MAN-ZnTe QDs is 7.48� 10�3 g/L.
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emission of MAN-ZnTe QDs was found to be dosage dependent,
confirming that MAN-ZnTe QDs could be used as a fluorescence
nanosensor for E. coli.

Since the property of QDs was strongly dependent upon the
temperature to affect the measurements accuracy and sensitivity,
the influence of temperature on the fluorescence intensity ofMAN-
ZnTe QDs in the presence of E. coli was investigated (Fig. S4 in
Supporting information). It was seen that the fluorescence
intensity of MAN-ZnTe QDs dropped about [29_TD$DIFF]34.1% with the
temperature varying from 25 �C to 55 �C, which was probably
caused by the thermal activation of surface traps leading to non-
radiative recombination of excitons [30]. Thus, a room tempera-
ture (25 �C) was selected for all experimental measurements.

In general, pH was one of the major factors that affect the
fluorescence of QDs [31]. Therefore, the effect of pH on the
fluorescence intensity of MAN-ZnTe QDs-E. coli solution system
was shown (Fig. S5 in Supporting information).With increasing pH
value from 4.0–7.0, about 2-fold enhancement of the fluorescence
was observed, meanwhile, further pH increase (up to 8.0) resulted
in slight drop in light emission. The low fluorescence intensity
under acidic conditions likely resulted from dissociation of the
MAN modified ZnTe QDs by protonation of the surface-binding
alcoholates [32]. At pH increased, the deprotonation of the
alcoholic hydroxyl group in the MANmolecule was favored, which
would strengthen the covalent bond between Zn and MAN
molecule, and likely increase the fluorescence intensity. At pH
values higher than 7.0, the fluorescence intensity decreased owing
to precipitation of Zn(OH)2. Thus, pH of 7.0 appeared to be optimal
for the determination of E. coli.

The effect of incubation time on the fluorescence intensity of
MAN-ZnTe QDs was showed (Fig. S6 in Supporting information). It
was found that the reactionwas completed within 20min at room
temperature, and the fluorescence intensity remained unchanged
till 90 [30_TD$DIFF]min. Therefore, the experiments data should be recorded
within 20min–90min.
Table 1
Determination results of E.coli in water samples.

Concentration of E. coli (106 CFU/mL)

1 2 3 4

Water samples 6.8 7.2 7.6 6.6

Conditions: MAN-ZnTe QDs solution (0.1mL) and river water samples (0.1mL) were adde
7.48� 10�3 g/L.
To examine the feasibility of using MAN-ZnTe QDs in practical
applications, the detection of E. coli in samples of real-world river
water was evaluated (Table 1). Five samples of the river waterwere
collected from the Songshan Lake (Guangdong province, China)
near our campus. Prior to testing, the collected river water
was filtered by a polypropylene filter membrane. The standard
curve of the determination of E. coli was obtained with the
concentration range of 1.0�105 CFU/mL to 1.0�108 CFU/mL, and
the quenching MAN-ZnTe QDs by E. coli fitted the linear equation:
F0/F = 0.4053 � log[Q] - 1.0815 (the linear regression coefficient (R)
is 0.9911). It was found that the average concentration of E. coli in
riverwaterwas 7.2�106 CFU/mL,whichwas in accordancewith an
agar plate count method (tested results was 8.0�106 CFU/mL).
This result indicated that the proposed QDs probe had great
potential for use in the determination of E. coli in real samples.

It was known that the quenchingmechanism of QDs was due to
static or dynamic interaction of the luminescent molecule and the
quencher. Generally, the quenching rate constants increased with
increasing temperature in a dynamic quenching mechanism, but
the reverse effect was observed in case of static quenching [33]. As
the fluorescence intensity of MAN-ZnTe QDs is significantly
quenched by the addition of E. coli (Fig. 2), the fluorescence
quenching data were analyzed by the quenching equation.

F0/F = 1+Kq � log[Q]

Where F0 and F are the fluorescence intensities of QDs in the
absence and presence of the quencher, respectively. Kq is the
quenching constant and [ [31_TD$DIFF]Q] is the concentration of E. coli.

Fig. 4 illustrates the relationship between fluorescence
intensity of QDs and concentration of the E. coli at different
temperatures. As shown in Fig. 4, linear plots of F0/F versus log[Q] at
different temperatures were obtained, and the quenching efficien-
cy of ZnTe QDs decreased with the temperature increasing. These
results implied that the quenchingwas not collided by the dynamic
collision, but initiated by the static quenching [34]. Moreover, the
limit of detection was evaluated using 3s/S, and was found to be
4.6�104 CFU/mL, where s is the standard deviation of the blank
signal from 10 samples, and S is the slope of the linear calibration
plot at room temperature. The limit of detection here was better
than that of plate counting method [35]. The recoveries in the real
samples were between 99%–104%, and the RSD value was [32_TD$DIFF]2.59%.
This result demonstrated that the ZnTe QDs was reliable and
practical.

In summary, MAN modified ZnTe QDs obtained by hydrother-
mal synthesis were used to construct a fluorescence sensor for
E. coli detection. The results showed that MAN-ZnTe QDs exhibited
good selectivity toward E. coli, and the detection limit was
4.6�104 CFU/mL at pH 7.0, 25 �C, 20min incubation time. The
probable quenching mechanism might be a static quenching
procedure, and the obtained probes were successfully used to
detect E. coli in lake water samples, showing perspectives of
environmental determination for future research. And the
hydrothermal synthesis of functional MAN-ZnTe QDs developed
in this study suggests a new approach for the synthesis of various
functional QDs probes for the detection of environmental
pollution.
Average concentration of E. coli (106 CFU/mL) RSD (%)

5

7.2 7.1 5.51

d to PBS solution (2.0mL) with the pH value of 7.0; concentration of MAN-ZnTe QDs:
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Fig. 4. Fluorescence quenching of MAN-ZnTe QDs with E. coli at different
temperatures.
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