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Rapid screening and quantitative detection of
Salmonella using a quantum dot nanobead-based
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The continuing hurdle of developing foodborne pathogen detection techniques is that compromises
must be made among simplicity, portability, speed, sensitivity, and quantitation. Herein, we fabricated
quantum dot nanobeads (QDNS) by a layer-by-layer assembly of quantum dots on the surface of polymer
nanospheres. QDNS exhibited higher fluorescence intensity than the quantum dots at the same particle
number. Based on the quantum dot nanobeads as the signal reporter, a quantitative lateral flow immuno-
assay was demonstrated for Salmonella typhimurium detection with improved sensitivity, specificity and
accuracy. A visual detection limit of 5 x 10> CFU mL™* Salmonella typhimurium within 10 min has been
proved and demonstrated. Additionally, higher concentrations of non-Salmonella typhimurium bacteria
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have negligible effects on the detection of Salmonella typhimurium. The results of 50 single blind tests by
10 testers suggested that the assay exhibited 100% accuracy. The results illustrate that the assay provides
a balance among simplicity, speed, sensitivity and accuracy, and it can be a favorable alternative for
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Introduction

Infectious diseases caused by foodborne pathogens are one of
the greatest threats to human health."”” In 2016, the
Foodborne Diseases Active Surveillance Network (Food Net)
confirmed 24029 illnesses, 5512 hospitalizations, and 98
deaths.? In addition, the number of foodborne pathogen infec-
tions increased dramatically in 2016 compared to the average
of those in 2013-2015. The incidence of foodborne pathogen
infections per 100 000 is the highest for Salmonella, which is
7277 per 100000 individuals among all the pathogens.*® In
2017, the Centers for Disease Control and Prevention (CDC)
and public health officials in several states identified a multi-
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Salmonella typhimurium screening in various samples.

state outbreak of Salmonella typhimurium infections in
America.

To date, several available and convenient methods for food-
borne pathogen detection have been reported,® including tra-
ditional culture-based methods,””® enzyme-linked immuno-
sorbent assay (ELISA),” polymerase chain reaction (PCR),"°
and other electrochemical'™™ and fluorescent biosensors."?
All of the above-mentioned methods are accurate and reliable.
However, they are insufficient for screening samples on a large
scale. Traditional culture-based methods, as the gold standard
methods for Salmonella detection and identification, generally
need 3-5 days to obtain the results, which is time-consum-
ing."* ELISA and PCR can evidently shorten the assay time
compared with the culture-based method. However, their
inherently time-consuming sample pre-treatments and compli-
cated operations limit their applications in resource-poor
districts.>"® Electrochemical and fluorescent biosensors are
highly selective and sensitive. Due to the sophisticated and
costly instruments needed in the assays, these biosensors are
still laboratory-based methods. Therefore, there is an urgent
demand for highly sensitive, specific, compact, fast, and con-
venient detection assays for the real-time screening of food-
borne pathogens to prevent further spread of foodborne patho-
gens via contaminated food.

These demands subsequently led to a lateral flow immuno-
assay (LFIA), the most prominent rapid affordable detection

assay."®® To date, LFIA has been used to detect a large range
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of biomarkers including proteins, nucleic acids and even
whole cells."®*" Although it meets many of these criteria, its
sensitivity is generally limited by the labels, which act as the
signal reporters of LFIA. Currently, colloidal gold is commonly
used as a detector reagent in LFIA for the visualization of
signals.*” However, the sensitivity of colloidal gold is insuffi-
cient because the emergence of signals relies on the localized
surface plasmon resonance of colloidal gold. Besides, colori-
metry-based LFIA can only realize qualitative or semi-quanti-
tative detection. With the development of nanotechnology,
various nanomaterials have recently emerged as promising
signal reporters for LFIA, such as silver nanoparticles,* up-
conversion phosphors,> dyed beads,>*® quantum dots
(QDs)*” and magnetic beads.*®**? QDs as fluorescent nanocrys-
tals have shown unique fluorescence properties, in particular
strong and stable fluorescence signals.’® Notably, the fluo-
rescence intensity is proportional to their concentration,
which can realize the quantitative detection of targets.*'*?
Excellent QDs were synthesized using high-temperature growth
routes. For biological applications, hydrophobic QDs must be
transferred to the aqueous phase; nonetheless, the application
of hydrophilic QDs in biology is still limited by colloidal stabi-
lity after the phase transfer procedure.*?

In this work, based on quantum dots, we fabricated fluo-
rescent nanobeads (QDNS) by employing polymer nanobeads
as carriers to assemble QDs layer by layer. QDNS not only
inherited the convenient manipulation ability and colloid
stability of polymer nanobeads, but also showed the excellent
fluorescence properties of QDs. By employing QDNS as the
signal reporter and Salmonella typhimurium (S. typhi) as a
model pathogen, a sensitive, quantitative and robust LFIA was
developed for Salmonella detection. As schematically illus-
trated in Fig. 1, generally, if the target pathogen is in a sample,
it will be labelled with immuno-QDNS (IQDNS) and then will
be captured on the test line to generate a positive result. In
this case, the ‘T’ and ‘C’ fluorescence lines can be seen simul-
taneously. If no target bacterium is present, a negative result is
obtained, in which only the ‘C’ line can be seen with an ultra-
violet lamp. This is because only IQDNS will be bound to the
control line. The results from the reaction membrane are
quality interpreted as the presence or absence of a fluo-
rescence signal in the test line, which is read by the naked eye

Absorbent pad -----
(\J Salmonella typhimurium

Control Line = mmmm e £

*’]r goat anti-mouse antibody
TestLine —ee--

Nitrocellulose______
Membrane Y Antibody to Salmonella

Sample pad=====<

Fig. 1 Schematic diagram of Salmonella typhimurium detection by a
QDNS-based biosensor.
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with a portable ultraviolet lamp excitation. Quantitative detec-
tion could be realized, which required only a smartphone as
the apparatus with simple data processing.

Experimental section
Materials

ZnCdSe/ZnS Quantum dots (610 nm) were purchased from
JiaYuan Quantum Dots Co., Ltd (Wuhan). Mouse antibody to
Salmonella typhimurium was obtained from Abcam. Goat anti-
mouse antibody, FITC-labelled goat anti-mouse IgG,
N-hydroxysuccinimide (NHS), N-(3-(dimethylamino)propyl-N'-
ethylcarbodiimide hydrochloride (EDC), tetraethyl orthosili-
cate (TEOS), (3-aminopropyl)triethoxysilane (APTES), and
branched poly(ethylene imine) (MW: 25 kDa and 750 kDa)
were purchased from Sigma-Aldrich. All other chemical
reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai). Nitrocellulose membrane, sample pad,
absorbent pad, and plastic adhesive card were purchased from
JieYi BioTech Co., Ltd (Shanghai). Salmonella typhimurium,
Escherichia coli and Staphylococcus aureus were provided by
Hubei Provincial Center for Disease Control and Prevention.
They were both stored with 50% glycerol at —20 °C and revived
on Luria-Bertani (LB) agar plates at 37 °C for 24 h.

Synthesis of quantum dot nanobeads

Carboxylated poly(styrene/acrylamide) copolymer nanospheres
(PSt-AAm-COOH) were used as templates to assemble QDs
layer-by-layer.** First, 20 mg of Pst-AAm-COOH was reacted
with branched poly(ethylene imine) (PEI, 0.2 g, MW: 25 kDa)
under EDC activated in 2.4 mL phosphate-buffered saline
buffer solution (PBS, 0.01 M, pH 7.2) for 4 h at 25 °C with a
gentle shaking of 150 rpm. Then, the solution was centrifu-
gated and the precipitate was washed with 1.6 mL NacCl (0.5 M)
and ultrapure water in turn to get PEI-modified nanospheres.
Second, PEI-modified nanospheres were dehydrated with
absolute ethyl alcohol and then reacted with 1 mg hydro-
phobic QDs in 1.6 mL hexanol for 2 h at 25 °C with a gentle
shaking of 150 rpm. Then, the solution was washed to remove
excess QDs and reacted with 16 mg branched poly(ethylene
imine) (MW: 750 kDa) in 1.6 mL PBS (0.01 M, pH 7.2) for 2 h
at 25 °C with a gentle shaking of 150 rpm. After repeating the
assembly process of QDs and PEI three times, the nanospheres
were treated with tetraethylorthosilicate and (3-aminopropyl)
triethoxysilane to get an outer layer of silica shell to increase
the stability of the QDs. Through further modification with
succinic anhydride, carboxyl-modified QDNS were obtained.

Preparation of antibody-labelled quantum dot nanobeads

Two mg QDNS were washed with 400 pL PBS (0.01 M, pH 6.8)
three times and resuspended in 200 pL PBS (0.01 M, pH 6.8).
Then, 100 pL EDC (5 mg mL ") and 100 pL NHS (2.5 mg mL ™)
were added into the QDNS solution. After gentle shaking for
20 min, the active QDNS were centrifuged and washed with
400 pL PBS (0.01 M, pH 7.2) three times. The precipitate was

This journal is © The Royal Society of Chemistry 2020
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resuspended with 400 puL PBS (0.01 M, pH 7.2) and 20 pg anti-
bodies to Salmonella were added. After reacting for 4 h at
25 °C, the resultant antibody-labelled QDNS (immuno-QDNS)
were washed and dispersed in 100 pL PBS (0.01 M, pH 7.2) at
4 °C for further use.

Bacteria culture

Salmonella typhimurium (ATCC 14028), Staphylococcus aureus
(CCTCC AB91093) and Escherichia coli (CCTCC AB 2012883)
were grown in Luria-Bertani broth at 37 °C for 24 h. To get the
exact concentration of bacteria, colonies were picked to
prepare bacterial suspensions with 0.9% NaCl. Then, 10 pL of
proper dilution was plated onto the culture plate and incu-
bated at 37 °C for 24 h to count the colonies to get the number
of colony forming units per millilitre (CFU mL™).
Simultaneously, the same bacterial concentrations of S. typhi
and other bacteria were diluted in broth or buffer (1x PBS con-
taining 1% BSA and 1% Tween-20) to get a serial dilution of
bacterial suspensions.

Preparation of QDNS-based lateral flow immunoassay

The QDNS-based lateral flow test strip consists of the following
components: sample pad, conjugate pad, nitrocellulose mem-
brane, absorbent pad and plastic adhesive card. Sample pad,
conjugate pad, nitrocellulose membrane and absorbent pad
were assembled onto the plastic adhesive card in turn. Each
part overlapped 2 mm to ensure that the solution could
migrate through the strip during the assay. Antibodies to
S. typhi and goat anti-mouse IgG solutions were dispensed on
the nitrocellulose membrane to form the test and control
zones, respectively. After dispensing, the card was dried at
37 °C for 1 h and cut into 3 mm width strips.

Detection of S. typhi in buffer and broth

One mL buffer or broth sample containing S. typhi was centrifu-
gated at 12 000 rpm for 2 min and resuspended with 50 pL of
1% BSA-Tween 20 in 1x PBS. Then, 3 pL antibody-labelled
QDNS were added into the solution. After mixing with a vortex
for about 10 s, the solution containing QDNS-labelled S. typhi
and free QDNS was added onto the sample pad. The fluo-
rescence line could be observed with a portable ultraviolet lamp
as soon as the liquid flowed through the test line and control
line. After waiting for 10 min, the fluorescence intensity of the
test line was collected and analysed with a smartphone as the
apparatus with simple data processing. Briefly, for quantitative
detection, the obtained image was easily transferred to RGB
intensity and the red-channel intensity was extracted with the
photoshop software to quantify the fluorescence intensity.

Results and discussion
Characterizations of QDNS and IQDNS

In our previous work, QDNS were fabricated by an embedding
method, and they exhibited high intensity.>® Limited to the
inner space of the polymer nanosphere, only about 340 quantum

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) TEM image of red quantum dots. (B) TEM image of carboxyl-
modified QDNS. Inset: TEM image of QDNS without silica shell. (C)
Fluorescence microscopic image of QDNS. (D) Fluorescence intensity
of QDNS (black line, fabricated by the embedding method) and QDNS
(red line, fabricated by the layer-by-layer assembly method) at the same
particle concentrations. (E) Fluorescence intensity of QDNS with/
without silica shell during three month storage.

dots were embedded into one polymer nanosphere. Herein,
taking advantage of the red quantum dots shown in Fig. 2A,
QDNS were fabricated by the layer-by-layer assembly method and
embedding method. As shown in Fig. 2B, QDNS fabricated with
the layer-by-layer assembly method are monodispersed with a
rough surface. The inset image in Fig. 2B shows the TEM image
of QDNS without silylanization treatment. A comparison of the
two images indicates that the silica shell has been fabricated suc-
cessfully. Moreover, QDNS exhibited excellent fluorescence pro-
perties of QDs (Fig. 2C) and showed superiority in fluorescence
intensity over QDs (Fig. S1Af). Additionally, the fluorescence
intensities of the three batches of QDNS were nearly the same
(Fig. S1Bf). The results suggested that the reproducibility of the
layer-by-layer method was very high.

Compared with our previous work,* the fluorescence of
QDNS fabricated by the layer-by-layer assembly method was
much higher than that of QDNS fabricated using the embedding
method (Fig. 2D). This was because much more QDs were coated
on one polymer nanosphere. From Fig. 2E, we can find 90%
decrease in the fluorescence intensity of QDNS without silica
shells after storage for three months (black column). In contrast,
the fluorescence intensity of QDNS decreased slightly during the
silylanization treatment (red column). This suggested that the
silica shell indeed increased the stability of QDs.

Then, QDNS were modified with mouse antibodies to
S. typhi. FITC-labelled goat anti-mouse IgG was used to verify
antibody conjugation. After being modified with mouse anti-
bodies, QDNS exhibited green fluorescence of FITC and red
fluorescence of QDs simultaneously. As shown in Fig. S2,T the
microscopy images demonstrate the successful fabrication of
QDNS-antibody conjugates (IQDNS).

Proof-of-concept assay for the detection of S. typhi

To demonstrate the feasibility of the QDNS-based LFIA for
S. typhi detection, the biosensor was used to detect S. typhi in
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Fig. 3 (A) Typical TEM image of the S. typhi labelled by QDNS. (B)
Typical fluorescence pictures of the test strips for 0, 5 x 10°, 1 x 10%, 5 x
104 1 x 10° 5 x 10°, 1 x 10 and 5 x 10° CFU mL™* S. typhi in buffer. (C
is the control line; T is the test line; 1 to 8 indicate the concentrations of
S. typhi from 0 to 5 x 10° CFU mL™). (C) Typical SEM image of the
QDNS-based biosensor in the presence of S. typhi (10° CFU mL™).

buffer under optimized detection conditions (Fig. S3f). The
TEM image (Fig. 3A) shows that many IQDNS are bound to
S. typhi after simple mixing. This indicated that the bonding
capability between IQDNS and S. ¢yphi was strong. A series of
S. typhi suspensions with different concentrations were tested
with this method. As expected from the original design, no red
fluorescence was observed on the test line in the absence of
S. typhi (Fig. 3B, ‘1’) because no S. typhi/QDNS complex
occurred on the test line. When S. typhi was present in a
sample, two red fluorescence lines were observed on the test
line and control line simultaneously (Fig. 3B, ‘2-8’). It could
be observed that the test line started to appear at 5 x 10° CFU
mL " (Fig. 3B, ‘2’). The fluorescence intensity on the test line
increased on increasing the S. typhi concentration. This obser-
vation is attributed to the emergence of QDNS captured on the
test line and control line. In this case, S. typhi can be clearly
identified on the test line with SEM (Fig. 3C). These results
demonstrated that S. ¢{yphi can be detected by QDNS-based
LFIA visually.

Analytical performance of QDNS-based LFIA for S. typhi
detection

Due to the low infectious dose of Salmonella (10 cells), incu-
bation of samples to improve the number of pathogens in the
broth is very important and necessary. Herein, we spiked
S. typhi in the Luria-Bertani broth to mimic the practice
samples after incubation. Hence, a series of experiments were
conducted using various concentrations of S. typhi in broth
ranging from 0 to 10’ CFU mL™". As shown in Fig. 4A, the
results are comparable to those of the buffer samples. For the
blank broth sample, only free QDNS were captured on the
control line. For all strips of positive samples, two lines
appeared except for 10 CFU mL ™" and the test line started to
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Fig. 4 (A) Typical fluorescence pictures of the test strips for 0, 10%, 5 x
104, 10°, 5 x 10°, 10°, 5 x 10° and 107 CFU mL™ S. typhi in broth. (C is
the control line; T is the test line; white box shows the detection limit; 1
to 8 indicate the concentrations from 0 to 10’ CFU mL™). (B) QDNS-
based biosensor linear response for detection of Salmonella in the con-
centration range of 5 x 10~107 CFU mL™ in broth.

appear at 5 x 10* CFU (indicated by the white box). The quanti-
fication of signal intensities (Fig. 4B) showed that the fluo-
rescence intensity was proportional to the concentration of the
bacteria and that the limit of detection was calculated to be
4.2 x10* CFUmL™".

Although the sensitivity was not too high compared with
that of some other reported methods (Table 1), the assay pre-
sented herein exhibited balanced sensitivity, speed and quanti-
tative ability. Additionally, compared with some other label-
based LFIA for bacteria detection, QDNS-based LFIA showed
superiority in sensitivity. These results demonstrate that QDNS
are excellent labels and they hold great potential for the sensi-
tive detection of other foodborne pathogens.

Evaluating the reliability and specificity
of the assay

To evaluate the analytical specificity and selectivity of the
assay, mixed broth samples containing 5 x 10° CFU mL ™"
S. typhi and 1.5 x 107 CFU mL™" Escherichia coli (E. coli) or
Staphylococcus aureus (S. aureus) were tested using this
method. As shown in Fig. 5, only the samples containing
S. typhi exhibit two bright fluorescence lines, and other
samples only show control lines, indicating the excellent speci-
ficity and selectivity of the assay.

To further validate the accuracy, reliability and possibility
of the QDNS-based LFIA for practical sample detection, a
single-blind trial of 50 broth samples of S. typhi was per-
formed. Here, 50 broth samples (10 negative samples and 40
positive samples with different concentrations of S. typhi) were
randomly assigned and detected by 10 testers with our method
within 15 min. The results indicated 40 samples as positive
and 10 samples as negative (Table 2). This result had a high
coincidence of 100% with the expected results, indicating the
high accuracy of the assay. The short assay time suggests that
the assay is a favourable method for the rapid screening of a
large number of samples.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the analytical performances of the detection of Salmonella with different methods
Detection Assay

Method Target Label limit (CFUmL™") time Linearity range Ref.

SPR” Salmonella sp. Gold nanopatrticles 7400 80 min  10°-10° 36

PADs” Salmonella typhimurium  p-Galactosidase 10 75min  Qualitative 5

Thermal sensor Salmonella typhimurium Magnetic nanomaterials 300 1.5h 300-10° 37

Optical Salmonella typhimurium  Fluorescent nanospheres 10 >1h 10°-107 32

biosensor

LFIA® Salmonella Gold nanoparticles 107 Qualitative 38
enteritidis

LFIA Salmonella Magnetic nanospheres 1.95 x 10° 30 min  Qualitative 39
enteritidis

LFIA Salmonella Gold magnetic bifunctional 5x10° Qualitative 40
enteritidis nanobeads

Two-step LFIA?  Salmonella choleraesuis ~ Fluorescent microspheres 1.5 x 10° >70 min 7.6 x 10*-7.6 x 10° 41

LFIA S. typhi. Colorimetric-fluorescent-magnetic 3.5 x 10° 35min  1.88 x 10*-1.88 x 10" 29

nanosphere
LFIA S. typhi. Up-coversion phosphor 10* 20 min  10*-107 42
LFIA S. typhi Quantum dot nanobeads 5x10° 12min  5x10"-107 This work

“ SRP: surface Raman scattering. ” PADs: paper-based analytical devices. ° LFIA: lateral flow immunoassay. ¢ Two-step LFIA: consists of magnetic

separation and chromatography.

E.coli (E.coli: 1.5x 107 CFU/mL)

S. aureus (S.aureus: 1.5x 107 CFU/mL)
Salmonella (Salmonella: 5X10° CFU/mL)
R (30:1, E.coli: 1.5% 107 CFU/mL )
S‘S;I::]'::E: (30:1, S.aureus: 1.5x10” CFU/mL)

E.coli+S. aureus
+Salmonella

(30:30:1, Salmonelila: 5 X 10° CFU/mL)

Fig. 5 Specificity and selectivity of the QDNS-based LFIA in mixed
broth samples containing 5 x 10° CFU mL™ S. typhi and 1.5 x 107 CFU
mL~* non-Salmonella

Table 2 Determination results of S. typhi in spiked broth samples. Yes’
indicates that the tester was able to observe T" and ‘C' simultaneously
and ‘No’ indicates that only ‘'C’ line was observed

Concentration (CFU mL™)

Tester no. 0 5x10*  10°  10° 107  Accuracy (100%)

1 No Yes Yes Yes Yes 100%
2 No Yes Yes Yes Yes 100%
3 No Yes Yes Yes Yes 100%
4 No Yes Yes Yes Yes 100%
5 No Yes Yes Yes Yes 100%
6 No Yes Yes Yes Yes 100%
7 No Yes Yes Yes Yes 100%
8 No Yes Yes Yes Yes 100%
9 No Yes Yes Yes Yes 100%
10 No Yes Yes Yes Yes 100%

Conclusions

In summary, a sensitive, specific and accurate lateral flow
immunoassay has been successfully designed for S. typhi

This journal is © The Royal Society of Chemistry 2020

detection by employing quantum dot nanospheres (QDNS) as
signal reporters. The QDNS inherited the excellent fluo-
rescence properties of QDs and surpassed QDs in colloid stabi-
lity and manipulation ability. Due to the protection of the
silica shell, the fluorescence intensity of QDNS was stable, and
this enabled the reproducibility of the assay. Due to the very
strong fluorescence of the signal reporter, the detection limit
was 5 x 10> CFU mL™" in buffer and 5 x 10* CFU mL ™" in
broth, and it was 4-40 fold sensitive than commercial LFIA for
Salmonella detection. It also showed superiority in sensitivity
than colloidal gold, gold magnetic nanobeads, and magnetic
nanospheres as signal reporters. In addition, the assay exhibi-
ted excellent specificity and selectivity. The fluorescence inten-
sity was obvious in the presence of S. typhi in the samples
even when the concentration of nontarget bacteria was 30-fold
that of S. typhi. Furthermore, the assay balanced the perform-
ance of simplicity, speed, sensitivity and accuracy. The results
of 50 single blind tests by 10 testers demonstrated high
accuracy of the assay. Given the high sensitivity and accuracy
of the assay, our approach provides new opportunities for the
detection of Salmonella typhimurium in both clinical labora-
tory and food industry, particularly in combination with POC
platforms.
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