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Abstract

Bacteria are everywhere and pose severe threats to human health and safety. The rapid classification and sensitive detection of
bacteria are vital steps of bacterial community research and the treatment of infection. Herein, we developed optical property—
superior and heavy metal-free ZnCulnSe quantum dots (QDs) for achieving rapid discrimination of Gram-positive/Gram-
negative bacteria by the naked eye; driven by the structural differences of bacteria, ZnCulnSe QDs are effective in binding to
Gram-positive bacteria, especially Staphylococcus aureus (S. aureus), in comparison with Gram-negative bacteria and give
discernable color viewed by the naked eye. Meanwhile, based on its distinctive fluorescence response, the accurate quantification
of S. aureus was investigated with a photoluminescence system in the concentration ranges of 1 x 10* to 1 x 10'' CFU/mL, with a
limit of detection of 1 x 10° CFU/mL. Furthermore, we demonstrated the feasibility of ZnCulnSe QDs as a fluorescence probe for
imaging S. aureus. This simple strategy based on ZnCulnSe QDs provides an unprecedented step for rapid and effective bacterial

discrimination, detection, and imaging.
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Introduction

Pathogenic bacteria are everywhere and induce harsh threats
to human health and safety, causing more than 10 million
deaths every year in the world [1, 2]. The effective and rapid
classification of bacteria based on the differences in cellular
composition or cellular structure is the elementary first step for
the effective treatment. Meanwhile, the sensitive detection of
bacterial concentrations is also a critical step in clinical diag-
nosis and food safety [3]. The gold standard for bacterial clas-
sification, Gram staining, is quite robust and has been used in
various bacteria; however, it requires complicated multistep
procedures, causing its accuracy to be low. Also, traditional
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bacterial detection methods, such as the standard plate count,
generally take several days [4]. Although surface plasmon
resonance [5—7], surface-enhanced Raman scattering [8—10],
enzyme-linked immunosorbent assays [11, 12], and mass
spectrometry [13, 14] are commonly used for bacterial detec-
tion in the laboratory and these methods are accurate and
sensitive, they require expensive, relatively large equipment
and professional operators, resulting in poor adaptability for
field analysis. Fluorescence is a hopeful visual tool for rapid
and reliable identification and detection of bacteria due to its
high sensitivity. Meanwhile, the superior fluorescent probe is
the basis for bacterial discrimination, detection, and imaging.

Semiconductor quantum dots (QDs) are widely used in the
fields of biological sensing [15, 16] due to their high quantum
yields (QY's) [17], adjustable emission wavelength range [18],
resistance to photobleaching [19], and controllable particle
size [20]. For example, Lin and co-workers prepared
immunomagnetic beads and CdSe/ZnS core/shell QDs to de-
tect Escherichia coli (E. coli) O157:H7 as low as 14 CFU/mL
within 2 h [21]. Guo et al. developed highly fluorescent CdTe/
CdS core/shell QDs as a novel label to conjugate with poly-
clonal antibodies to rapidly detect E. coli O157:H7 [22].
However, these QDs are mainly focused on highly toxic cad-
mium and lead chalcogenides, which make the future clinical
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application doubtful based on health and environmental issues
[23]. As a contrast, less toxic I-III-VI, group QDs, notably
CulnSe, QDs, with high absorption coefficients (~
10° em ') and direct band gaps of 1.04 eV are more suitable
for biological application, receiving widespread attention [24,
25]. Allen and co-workers reported synthesis of CulnSe, QDs
with PL QY up to 25% [26]. Jeaho and co-workers synthe-
sized CulnSe/ZnS core/shell near-infrared QDs for biomedi-
cal imaging [27]. Moreover, Zn>* has been introduced into the
vacant lattice sites of ternary QDs to improve fluorescence
performance due to the reduced density of trapping defects.
For example, Deng and co-workers prepared aqueous
ZnCulnSe/ZnS QDs via ligand exchange for optical imaging
in cells [28]. Pons et al. synthesized near-infrared ZnCulnSe/
ZnS QDs for in vivo imaging of tumor cells [29]. In addition,
Zn doping is found to improve chemical stability. To the best
of our knowledge, ZnCulnSe QDs have not been applied to
bacteria research.

In this work, we report a straightforward synthesis strategy
to transfer ZnCulnSe QDs from organic to aqueous solvents
with good fluorescence performance and tunable emission
[30]. The effects of Zn content on the photoluminescence
properties and structure of the QDs are investigated. Then, a
novel ZnCulnSe QDs—based fluorescence sensor for classifi-
cation, quantification, and imaging of Staphylococcus aureus
is presented, as shown in Scheme 1. For classification of bac-
teria, different surface structures and chemical components of
Gram-positive/Gram-negative bacteria determine ZnCulnSe
QDs could or not bind to their cell membrane, thus success-
fully displaying information into fluorescence colors, achiev-
ing fast discrimination of them by the naked eye. For S. aureus
detection, the fluorescence intensity of ZnCulnSe QDs was
significantly enhanced due to the formed ZnCulnSe QDs-S.
aureus complex after the incubation of ZnCulnSe QDs and S.
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aureus. In addition, ZnCulnSe QDs were successfully applied
to the imaging of S. aureus, demonstrating possible applica-
tions of QDs in the biological field.

Experimental section
Chemicals

Zinc chloride (99.9%), copper(I) chloride (99.998%),
oleylamine (80-90%), 1-dodecanethiol (98%), 1-octadecene
(90%), and 3-mercaptopropionic acid (98%) were obtained
from Aladdin (Shanghai, China). L-Glutathione (98%),
indium(IIl) chloride tetrahydrate (99.99%), and Se powder
(200 mesh, 99.99%) were purchased from Energy Chemical
(Shanghai, China). 4',6-Diamidino-2-phenylindole (DAPI,
5 mg mL™") was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). All chemicals were used
as received without further processing. The Hek293T cells
and NIH/3T3 cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). The red
blood cells of sheep and the calf serum were obtained from
Changsha Bell Biotech Co., Ltd. (Changsha, China).

Synthesis of hydrophobic ZnCulnSe QDs

A series of hydrophobic ZnCulnSe QDs were synthesized by
hot-injection method [30]. Typically, 0.1 mmol of zinc chlo-
ride, 0.03 mmol of copper(I) chloride, and 0.1 mmol of
indium(IIT) chloride tetrahydrate were placed in a three-neck
flask with 3 mL of 1-dodecanethiol, 1 mL of 1-octadecene,
and 5 mL of oleylamine. The reaction mixture was degassed
under vacuum for 30 min at 30 °C. After that, the mixture was
heated to 160 °C with 15 °C min . Then, a Se precursor
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Scheme 1 Schematic illustration of ZnCulnSe QD ligand exchange process and visual discrimination of two bacteria, quantitative detection and

imaging of S. aureus
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solution containing 0.3 mmol of Se powder, 0.1 mL of 1-
dodecanethiol, and 1 mL of oleylamine was injected into the
flask and the reaction maintained for 20 min. The resulting
solution was cooled to room temperature. The as-synthesized
QDs were repeatedly purified with ethanol by centrifugation
(6000 rpm, 5 min), and the precipitates were dispersed in
dichloromethane and stored in a 4 °C refrigerator for further
use. The amount of zinc chloride was an experimental vari-
able, at 0, 0.02, 0.05, 0.1, 0.15, and 0.2 mmol.

Aqueous phase transfer using glutathione

A simple and feasible ligand exchange procedure for aqueous
phase transfer of oil-solution and color-tunable ZnCulnSe
QDs was conducted by using glutathione (GSH) as the ligand.
Importantly, hydrophilic ZnCulnSe QDs almost still maintain
initial photoluminescence properties, morphology, and crystal
structure. Simply, the mixture of 3 mg of GSH, 4mL of 3-
mercaptopropionic acid, 1 mL of methanol and 10 mL of oil-
soluble ZnCulnSe QDs was added to 3mL N,N-
dimethylformamide in a 50 mL three-neck flask [31]. The
mixture was heated to 80 °C under stirring in nitrogen atmo-
sphere. The reaction was quenched when the mixture
transitioned from cloudy to clear by placing the flask in an
ice water bath. Finally, the resulting solution was centrifuged
by addition of excess methanol at 8000 rpm for 10 min. The
precipitation separation process was repeated three times,
followed by drying under vacuum. Finally, the pure
ZnCulnSe QDs were dissolved in deionized water for further
use. Moreover, the stability of ZnCulnSe QDs was evaluated
by monitoring the photoluminescence after the QDs were
stored at 4 °C for a different time.

Bacteria and cell culture

Bacterial strains, including Staphylococcus aureus (S.
aureus), Bacillus subtilis (B. subtilis), Escherichia coli (E.
coli), and Acinetobacter baumannii (A. baumannii), were used
in the experiments. All kinds of bacteria were sustained in the
Luria-Bertani medium. Bacterial cultures were grown 18 h
(37 °C, shaking at 150 rpm). Then, bacteria were collected
via centrifugation at 8000 rpm for 2 min and washed three
times with sterilized saline water, and redispersed in sterilized
saline water for further use. Bacterial colony numbers were
estimated by the plate counting method. The bacterial solu-
tions were prepared to a serial concentration from 1.0 % 10 to
1.0 x 10" CFU/mL for future use. The cells (Hek293T and
NIH/3T3) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% (v/v) calf serum, pen-
icillin (100 CFU/mL), and streptomycin (100 mg mL™") at
37 °C in a humidified atmosphere containing 5% CO,.

Minimum inhibitory concentration of ZnCulnSe QDs

The inhibitory effects of ZnCulnSe QDs on the growth of
bacteria (S. aureus, B. subtilis, E. coli, and A. baumannii) were
evaluated. The well of a 96-well plate was covered with a
mixture of 50 pL Luria-Bertani medium and 50 pL of
ZnCulnSe QDs at different concentrations. Then, 100 puL of
bacterial supernatant (1 x 10° CFU/mL) was added; hence, the
final concentrations of the ZnCulnSe QDs were 2, 4, 8, 16, 32,
64, and 128 pg mL ", then incubated at 37 °C for 18 h in the
dark. Each experiment was performed at least three indepen-
dent times. The positive control (containing 100 uL Luria-
Bertani medium and 100 pL bacterial supernatant) and nega-
tive control (200 uL Luria-Bertani medium) were designed as
quality controls in this assay. After incubation, the absorbance
was measured via a multimodal microplate reader (Synergy 4,
BioTek) at 600 nm.

Assay procedure of S. aureus

The ZnCulnSe QD (200 pL, 1 mg mL™") probes were mixed
with 200 pL of bacteria at various concentrations (1 x 10°—1 x
10"" CFU/mL) and incubated at 37 °C for 30 min under agita-
tion. Thereafter, the solutions were collected by centrifugation at
9000 rpm for 2 min to monitor the photoluminescence intensity.
The fluorescence spectra of the obtained solution were measured
with a fluorescence spectrophotometer equipped with 450-nm
excitation. The intensity differences (Al=1,—I) between the
solution and the control (/) were used to generate a standard
curve against the logarithm of the bacterial concentration. The
667-nm peak intensity emission wavelength was used. To further
evaluate the reliability of the proposed method for practical ap-
plications, ZnCulnSe QDs were used to detect S. aureus in di-
luted milk samples. Milk purchased from a local supermarket
was diluted 100-fold with 0.9% NaCl. Different concentrations
of S. aureus solutions were then added to the diluted milk, to
which ZnCulnSe QDs were then added.

Biosafety of hydrophilic ZnCulnSe QDs

To evaluate the safety of ZnCulnSe QDs, we used Hek293T
cells, NIH/3T3 cells, and red blood cells of sheep for the
cytotoxicity experiments. Different concentrations of
ZnCulnSe QDs were incubated with aliquots (100 puL) of cells
(~ 10’ cells per mL) in 96-well plates at 37 °C for 24 h. Then,
the cells were washed twice before the medium was refreshed.
3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bro-
mide was then added, and the absorbance was measured via
a multimodal microplate reader at 490 nm after 4-h incuba-
tion. We calculate the inhibition rate of cell growth by the
formula: cell viability (%) = (mean absorbance value of the
treatment group / mean absorbance value of the control) x
100%.
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In vitro hemolysis assay was carried out to evaluate hemo-
globin (Hb) release in the plasma, an indicator of red blood
cell lysis, following ZnCulnSe QD exposure. Typically,
450 uL of 2% red blood cells was mixed with 550 uL
ZnCulnSe QDs (at final concentrations of 0.1, 0.3, 0.5, and
1 mg mL™", respectively) and incubated in a 37 °C water bath
for 30 min. The positive control (containing 550 puL water and
450 uL 2% red blood cells) and negative control (containing
550 uL 0.9% NaCl and 450 uL 2% red blood cells) were
designed as quality controls. After incubation, red blood cell
lysis was pelleted down by centrifugation of the samples at
6000 rpm for 5 min. Then, the optical density (OD) of the
supernatant solution was measured at 545 nm. The hemolysis
rate was calculated by the formula [32]:

ODpositive-ODnegative

hemolysis rate (%) = x 100%,

ODsample-ODnegative

where ODpositives ODpegatives ad ODgaple Tepresent the ab-
sorption values of test, negative, positive, and samples under
test.

Confocal images of S. aureus and E. coli

Fluorescence images were obtained by confocal laser scan-
ning microscopy. In brief, 200 uL of bacterial supernatant
was incubated with 200 uL of ZnCulnSe QDs for 1 h, and
then centrifuged to remove unbound QDs. The resulting pre-
cipitation was re-dispersed in 20 pL 0.9% NaCl solution.
Then, 10 uL of DAPI (5 pug mL™") solution was added and
then shaken well, lastly adding 5 puL of the pre-prepared
mixed suspensions to clean glass slides and covering them
with coverslips for immobilization. The samples were placed
in a confocal dish, and fluorescence images of DAPI (Aex =
405 nm, Aem =430-500 nm) and ZnCulnSe QDs (\exc =
488 nm, Aem = 630-680 nm) were collected.

Apparatus

Absorption spectra of ZnCulnSe QDs were collected using a
Cary 60 UV-Vis spectrophotometer (Agilent, USA). A
Hitachi F-4600 fluorescence spectrophotometer (Tokyo,
Japan) was used to measure photoluminescence (PL) spectra
at room temperature with 450-nm excitation wavelength.
FTIR spectra were recorded on an IR Affinity-1 spectropho-
tometer (Shimadzu, Japan). The crystalline phase was ana-
lyzed using an X-ray diffractometer (XRD-6100, Shimadzu,
Japan) with Cu K irradiation source. Transmission electron
microscopy (TEM) images of QDs and energy-dispersive
spectroscopy (EDS) spectra were acquired on a JEM-2100F
microscope (JEOL Ltd.) operating at 200 kV. Bacteria images
were obtained with a confocal laser scanning microscope (TI-
E+A1 SI, Nikon, Japan).
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Results and discussion
Optical properties and structure of the ZnCulnSe QDs

Off-stoichiometric control of the metal element ratio in Zn-doped
CIS/Se QDs is one of the key strategies [33] for engineering their
PL [34, 35]. Therefore, we changed the zinc content gradually to
tune the fluorescence; as shown in Fig. 1a, with the increase of
the Zn content from 0 to 0.2 mmol, the PL emission peaks of the
ZnCulnSe QDs exhibit a gradual blue shift from 710 to 560 nm,
and it can be ascribed to the fact that the band gap of the QDs
increases accordingly with the decrease of content of low band
gap In,Se; in the CulnSe, nanoparticles. As the Zn content in-
creases from 0.1 to 0.2 mmol, the absorption band edge of the
ZnCulnSe QDs progressively shifts to higher, as shown in Fig.
1b. The QDs with 0.1 mmol zinc chloride have the strongest
absorption peak. The inset of Fig. 1b shows the photographs of
the ZnCulnSe QDs with different Zn contents in dichlorometh-
ane under visible light and 365-nm UV irradiation (down), re-
spectively. Under visible light (up), the color changes from black
to red and then to reddish-brown, confirming that the resulting
QDs had favorable QYs with the doped Zn element.

To promote application in various biological fields, the ligand
exchange process for transfer of hydrophobic ZnCulnSe QDs to
hydrophilic ones was performed by using glutathione as the li-
gand and Fig 1c and d show the PL emission and UV visible
absorption spectra of ZnCulnSe QDs with 0.1 mmol zinc content
before and after ligand exchange, respectively. The ligand ex-
change results in the red shift in fluorescence emission peaks and
decrease in photoluminescence intensity due to the slight increase
in particle size after ligand exchange. Also, there was little
change of the absorption spectra after ligand exchange due to
the decrease of absolute QY, as shown in the inset of Fig. lc.
The inset of Fig. 1d shows the photographs of the ZnCulnSe
QDs before and after ligand exchange under visible light and
UV irradiation. The fluorescence color after ligand exchange
was not as bright as before ligand exchange, but the bright fluo-
rescence was still observed clearly under the 365-nm UV
irradiation.

The FTIR spectra of QDs were compared with those of before
and after ligand exchange, as shown in Fig. le. The peak at
3350 cm™' corresponds to the —-NH stretching of oleylamine-
covered hydrophobic ZnCulnSe QDs, which disappears after
ligand exchange. Also, the peak at 1701 cm ' for hydrophilic
ZnCulnSe QDs corresponds to the >C=0 group of -COOH in
glutathione. The FTIR spectrum confirms capping of glutathione
on ZnCulnSe QDs. No —SH stretching vibration was observed at
2557 cm ! after ligand exchange because the glutathione covered
the surface of ZnCulnSe QDs via the s—Cu chemical bond after
cleavage of the S—H bond [36].

Moreover, the stability of ZnCulnSe QDs was evaluated by
monitoring the photoluminescence after the QDs were stored
at 4 °C for a different time, as shown in Fig. 1f. The
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Fig. 1 Fluorescence and absorption spectra of ZnCulnSe QDs with

different Zn contents (a and b), before and after ligand exchange with

0.1 mmol Zn content (¢ and d). The insets of panel show the digital

photographs of ZnCulnSe QDs with different Zn contents (b), before
and after ligand exchange with 0.1 mmol Zn content (d) under visible

photoluminescence intensity and wavelength were observed
without a salient decrease, indicating excellent long-term stor-
age stability of ZnCulnSe QDs.

QD crystal structures were determined by wide-angle
XRD, as shown in Fig. 2a. The patterns for QD samples
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doping Zn element and hydrophilic ZnCulnSe QDs (c). (e) FTIR spectra
of ZnCulnSe QDs before and after ligand exchange. (f) The
photoluminescence of the ZnCulnSe QDs for different stored time
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with zinc contents of 0, 0.02, 0.05, 0.1, 0.15, and
0.2 mmol and hydrophilic ZnCulnSe QDs exhibit charac-
teristic diffraction patterns for a chalcopyrite structure
(JCPDS: No. 40-1487). There are two diffraction peaks
around 20 values of 27.1° and 44° for CulnSe, QDs,
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Fig. 2 (A) XRD pattern with zinc contents of 0, 0.02, 0.05, 0.1, 0.15, and 0.2 mmol and hydrophilic ZnCulnSe QDs (a—g); TEM image of ZnCulnSe
QDs before (B) and after (C) ligand exchange with 0.1 mmol zinc. (D) The EDX spectrum of ZnCulnSe QDs after ligand exchange

corresponding to the (112) and (220) phases of the chal-
copyrite structure. With addition of zinc, the peak posi-
tions shifted steadily from chalcopyrite CulnSe, to zinc
blend ZnSe, indicating the formation of doped QDs [37].
However, there is no obvious change in the excitonic peak
positions with the increase of zinc content, possibly due
to the small change in the content of zinc. The peak po-
sitions for the samples before and after ligand exchange
are almost the same, indicating no obvious change in the
structure.

Fig. 3 (a) Digital photographs of
ZnCulnSe QDs and bacteria
incubation after centrifugation.
(b) Inhibitory effects of different
concentrations of ZnCulnSe QDs
on four bacteria

@ Springer

Figure 2b and c present the TEM images of the ZnCulnSe
QDs before and after ligand exchange. It appears that the QDs
are well isolated and rarely observed as aggregates, which
evidenced the good dispersity. The favorable dispersibility
satisfies the request for general biological imaging applica-
tion. However, the size of the hydrophilic ZnCulnSe QDs
slightly increased after ligand exchange, which may be the
reason for the emission wavelength red shift. The EDS spec-
trum of hydrophilic ZnCulnSe QDs reveals the characteristic
peaks of Zn, Cu, In, and Se element (see Fig. 2d).
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ZnCulnSe QDs-based rapid classification of Gram-
positive/Gram-negative bacteria and minimal inhibi-
tory concentration test

The interaction of ZnCulnSe QDs with Gram-positive or
Gram-negative bacteria is determined by the bacterial surface
characteristics. Gram-positive bacteria only have a cytoplas-
mic membrane covered by a loose and poriferous cell wall. In
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Fig. 4 (a) The fluorescence intensity of ZnCulnSe QDs at different
concentrations. (b) The variation of relative intensity with the
incubation time of ZnCulnSe QDs with bacteria. (¢) Fluorescence
spectra of ZnCulnSe QDs at different S. aureus concentrations (a,
0 CFU/mL; b—j, 1 x 10°~1 x 10'" CFU/mL). (d) Plot of fluorescence

contrast, Gram-negative bacteria possess an additional outer
membrane, which exerts the barrier function. The difference
in surface structures of the two types of bacteria determines
whether ZnCulnSe QDs can be combined with them. In this
work, we selected two Gram-positive (S. aureus and B.
subtilis) and two Gram-negative (E. coli and A. baumannii)
bacteria for research. Briefly, hydrophilic ZnCulnSe QDs
were incubated with these bacteria for 30 min, respectively,
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intensity at 667 nm against the log of S. aureus concentration. (e)
Fluorescence responses of the hydrophilic ZnCulnSe QDs to four bacteria
at 1 x 10® CFU/mL. (f) The reproducibility of the analytical performance
by detecting 1 x 10° CFU/mL S. aureus
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Table 1 Detection of S. aureus in
milk samples with ZnCulnSe Sample Blank Added S. aureus Found S. aureus Recovery (%)
QDs (CFU/mL) (CFU/mL)

1 0 1x10° 1.083 x 10 108.3

2 0 1x10* 9.962 x 10 99.61

3 0 1x10° 9.937 x 10* 99.37

4 0 1x10° 1.045 x 10° 104.5

and then centrifuged to obtain the precipitate. As shown in
Fig. 3a, a distinct red color at the bottom of the centrifuge tube
was observed for S. aureus and B. subtilis, but not for E. coli
and A. baumannii. The obvious binding effect of QDs with
Gram-positive bacteria suggests the potential of developing a
simple method for rapid classification of the two types of
bacteria.

We further conducted the minimal inhibitory concentration
assay for these four kinds of bacteria. Figure 3b shows that the
inhibition effect of ZnCulnSe QDs on the growth of Gram-
positive bacteria, especially S. aureus, is more obvious than
that of other bacteria.

Detection of S. aureus

We first measured the photoluminescence intensity of
ZnCulnSe QDs at different concentrations, as shown in
Fig. 4a; the intensity decreases with the increase of concentra-
tion from 1 to 3 mg mL™', after which the intensity is un-
changed, which was caused by the concentration quenching
effect: QDs have a wide absorption band. When the concen-
tration of QDs reaches a certain value, the QDs cannot be
excited completely by the incident light, so the stimulated
QDs do not increase. However, the increase of absorption
causes the fluorescence intensity to weaken. Therefore, the
optimal concentration of ZnCulnSe QDs was set as
3 mg mL™'. Figure 4b shows the relative intensity increase
with incubation time from 0 to 40 min. Therefore, 40 min was
chosen as the optimal incubation time in subsequent
experiments.

In the absence of S. aureus, the fluorescence intensity of the
ZnCulnSe QDs is of minimal value. After adding S. aureus for
incubation and centrifugation, some of the QDs co-precipitate

Table 2  Other fluorescence-based detection methods

with the S. aureus due to their binding, and the QDs in the
solution are reduced; hence, the fluorescence intensity of
ZnCulnSe QDs in the solution is dramatically enhanced.
Figure 4c shows the S. aureus concentration—dependent fluores-
cence intensity, and as the concentration of S. aureus increases
from 1x10% to 1 x 10" CFU/mL, the fluorescence intensity of
ZnCulnSe QDs in supernatant at the wavelength of 667 nm is
gradually enhanced. Good linearity between the difference of the
fluorescence intensity of ZnCulnSe QDs in supernatant and S.
aureus concentration in the concentration range of 1 x 10°—1 x

10" CFU/mL is obtained (see Fig. 4d). The linear regression
equation was Al =259.978 10gCs uens—717.78, with a correla-
tion coefficient of 0.991. The limit of detection is defined as the
lowest concentration that can be detected; in this work, the LOD
was 1 x 10° CFU/mL.

To evaluate the specificity of the ZnCulnSe QDs, the QD
responses to four bacteria were measured, as shown in Fig. 4e,
and the QDs exhibit little responses to B. subtilis, E. coli, and
A. baumannii, indicating a high specificity of the ZnCulnSe
QDs towards S. aureus.

The reproducibility and the stability of the analytical per-
formance were investigated by detecting 1.0 x 10¥ CFU/mL S.
aureus with five ZnCulnSe QDs prepared independently un-
der identical conditions, as shown in Fig. 4f. The results indi-
cate that the ZnCulnSe QDs have a good reproducibility and
stability for the detection of S. aureus.

To evaluate the utility of ZnCulnSe QDs in real samples,
different concentrations of S. aureus were artificially added to
milk samples. As shown in Table 1, the average recovery is
102.945%, indicating that ZnCulnSe QDs can be applied to
the detection of bacteria in actual samples.

Various detection methods have been reported for quanti-
tative detection of bacteria. Several fluorescence-based

Fluorescent material Modified material LOD (CFU mL ") Linear range Reference
CdTe/CdS QDs Antibodies 10* _ [22]
CdSe/ZnS QDs Immune magnetic 14 8.9-8.9x 10° [21]
Si NPs Aptamer 150 _ [38]
QDs/DNA Antibodies 1.37 1.0-1.0 x 108 [19]
Si NPs Dielectrophoresis 270 _ [39]
ZnCulnSe QDs 10° 1.0x 10°-1.0 x 10" This work
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Fig. 5 Biosafety of the hydrophilic ZnCulnSe QDs. The blood (a), and the Hek293T cell and NIH/3T3 cell (b) compatibility

detection methods are summarized in Table 2 [38, 39].
Compared with the reported methods, our detection method
avoids heavy metal elements, requires no complex surface
modifications, and possesses a wide detection range. The total
detection time from the addition of the ZnCulnSe QDs to the
S. aureus solution to obtaining the final result was less than
1 h.

Biocompatibility and imaging applications of
hydrophilic ZnCulnSe QDs

As shown in Fig. 5a, the hemolysis rate of hydrophilic
ZnCulnSe QDs is far below the hemolysis rate threshold value
of 5%. Using the MTT method, the cell viability of both the
Hek293T and NIH/3T3 cells at 128 pg mL ™' QDs remained at
more than 80%, indicating that the ZnCulnSe QDs own ex-
cellent biocompatibility and could be safely used in imaging
(see Fig. 5b). It is worth noting that ZnCulnSe QDs show

Fig. 6 Confocal fluorescence
images of samples incubated with
S. aureus and E. coli

Overlay

S.aureus

E.coli

inhibiting effect to bacteria but not cells at the same concen-
tration, and this is caused by their different structures.

As shown in Fig. 6, fluorescence images of DAPI (blue) and
ZnCulnSe QDs (red) were clearly observed in S. aureus, indi-
cating the potential for further application of the QDs in
bioimaging and diagnosis. With E. coli, we only found the fluo-
rescence images of DAPI (blue) and no ZnCulnSe QDs (red),
confirming the selectivity of QDs for Gram-positive bacteria—
the result consistent with the result shown in Fig. 3a.

Conclusions

Aqueous phase transfer of ZnCulnSe QDs was achieved
through an efficient ligand exchange strategy using GSH as
the bifunctional ligand. The hydrophilic ZnCulnSe QDs can
rapidly classify Gram-positive and Gram-negative bacteria
according to their different binding forces. The ZnCulnSe

DAPI

ZnCulnSe QDs
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QDs can detect S. aureus as low as 1 x 10> CFU/mL within
45 min and show excellent linear relationship in the range of
1x10% to 1 x 10" CFU mL™". The small particle size and
good fluorescence intensity make ZnCulnSe QDs promising
candidates for optical bioimaging. Our work suggests
ZnCulnSe QDs can be used as a low toxicity and technically
simple biological probe, providing a convenient, sensitive,
and stable platform for biological applications.
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