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This paper reports a colorimetric-fluorescent dual-signal lateral flow assay (LFA) based on vancomycin
(Van)-modified SiO,—Au-QD tags for sensitive and quantitative detection of Staphylococcus aureus (S.
aureus). The combination of high-performance Van-tags and detection antibodies integrated into the
LFA system produced assays with high sensitivity and specificity. The visualization limit of the
colorimetric signal and the detection limit of the fluorescence signal of the proposed method for S.
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Staphylococcus aureus (S. aureus) is one of the major iatrogenic
and foodborne bacteria that cause a wide range of infectious
diseases, such as skin infection, sepsis, pneumonia, and oste-
omyelitis."”” Accurate detection of S. aureus in food samples and
clinical specimens is crucial to guarantee food safety and guide
effective treatment. Current diagnostic technologies, mainly
conventional blood cultures or plate cultures, polymerase chain
reaction (PCR), mass spectrometry, and DNA sequencing-based
methods, require long testing time (several hours to several
days), complicated equipment, and tedious procedures, thus
limiting their applications to point-of-care testing (POCT).*
Lateral Flow Assay (LFA) has become the most mature and
widely used POCT method in recent years because of its
rapidity, portability, low cost, and simple operation.®® However,
utilizing LFA for sensitive detection of S. aureus in complex
samples is still a challenge. Limited research on LFA-based
methods for detection of S. aureus has been reported, and the
difficulty lies in three aspects. First, traditional LFA strip is
based on colloidal gold (Au NPs) as reporters to provide color-
imetric signal, which result in limited sensitivity.’* Second,
complex matrix interferences in real samples adversely affect
the stability and practical application of LFA system for bacteria
detection. Third, a pair of antibodies to S. aureus with high
affinity and no cross-reactivity is needed for LFA detection; such
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aureus can reach 10% and 100 cells mL™%, respectively.

antibodies are difficult to screen and expensive with poor
reproducibility.”*** To address these problems, scholars should
focus on developing and integrating novel nanotags with high
signal intensity and good stability and new biorecognition
molecules integrated into LFA system for S. aureus detection.

Vancomycin (Van) is a broad-spectrum glycopeptide antibi-
otic that can specifically bind to p-Ala-p-Ala moieties on the cell
wall of most Gram-positive bacteria via five-point hydrogen
bonds.'** Due to its high stability, low cost, and easy prepara-
tion, vancomycin has attracted wide attention to construct
biosensors for detection of Gram-positive bacteria.'**®* Our
previous works demonstrated that Van-modified magnetic
nanoparticles (e.g., Fe;0,@Au, and Fe;0,@Ag) could rapidly
recognize and capture S. aureus in complex samples.**

In this work, a sensitive colorimetric-fluorescent dual-signal
LFA strip for S. aureus detection was proposed on the basis of
rapid and strong binding capability between vancomycin
molecule-modified nanotags and S. aureus. A novel Van-
modified dual-signal tag (SiO,-Au-QD-Van) was fabricated via
polyethyleneimine (PEI)-mediated assembly strategy.>'>* The
tag consisted of a monodisperse SiO, core (~200 nm) as
supporter, a layer of Au NPs (3 nm) to provide colorimetric
signal, a layer of carboxylated CdSe/ZnS QDs to provide strong
and stable fluorescence signal, and surface-modified vanco-
mycin to effectively bind to S. aureus (Scheme 1a). The high-
performance SiO,-Au-QD-Van tag was introduced into
a simple LFA strip to rapidly capture S. aureus and provide two
signal modes. A detection antibody for S. aureus was coated
onto the test line of the strip to immobilize the formed Van-tags-
S. aureus complexes. The colorimetric intensity and fluores-
cence intensity of test line supported the rapid detection and
high-sensitivity quantitative analysis of S. aureus, respectively.
As far as we know, this work is the first to construct LFA strip by
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Scheme 1 Schematic of (a) synthesis of vancomycin-modified dual-signal tag and (b) mechanisms for rapid detection of S. aureus based on

dual-signal tag-based LFA strip.

using the combination of vancomycin and specific antibody for
bacteria detection.

Scheme 1b shows a simple LFA strip designed for rapid
detection of S. aureus. The strip consists of a sample pad for Van
tags/bacterial sample loading, an absorbent pad to provide
capillary force, and a test line to coat S. aureus detection anti-
body. In test samples containing target S. aureus, the added
SiO,-Au-QD-Van tags bind tightly to S. aureus due to the high
affinity of vancomycin toward the target bacteria. The formed
Si0,-Au-QD-Van-S. aureus complexes migrate along the nitro-
cellulose (NC) membrane under the capillary forces of absor-
bent pad and are caught by the test line that coated the S. aureus
antibody. Considering the high price of vancomycin antibody,
we do not set a control zone on the LFA strip. Thus, only one test
line shows colorimetric/fluorescence signal in the presence of S.
aureus. The visible/fluorescence intensity of the LFA strip is
derived from the amount of SiO,-Au-QD-Van-S. aureus
complexes immobilized on the test line. The amount is
proportional to the bacterial concentrations in the samples.
Finally, quantitative analysis is performed in fluorescence mode
because the fluorescence intensity of the strip can be easily
read.

High-performance SiO,-Au-QD-Van tags are the key to
building dual-signal LFA strip. As illustrated in Scheme 1a, the
dual-signal core of SiO,-Au-QD-Van tag was fabricated through
our previously reported LBL assembly method followed by
modification of vancomycin on its surface. Firstly, mono-
dispersed SiO, (~200 nm) spheres were reacted with aqueous
PEI solution under intense sonication to form PEI-coated SiO,
NPs (SiO,@PEI).> Secondly, the SiO,-Au NPs were prepared by
adsorbing numerous small Au NPs (~3 nm) onto the SiO,@PEI
surface through electrostatic interaction between positively
charged PEI layer and negatively charged Au NPs. Thirdly, the
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prepared SiO,-Au NPs were vigorously interacted with PEI
solution again to coat the second PEI layer, thereby forming
SiO,-Au-PEI nanostructure. Finally, SiO,~Au-QD NPs were ob-
tained by electrostatic adsorption of dense CdSe/ZnS-MPA QDs
onto the SiO,-Au-PEI surface. ESI S1f shows the detailed
fabrication process of dual-signal SiO,-Au-QD NPs.

Transmission Electron Microscopy (TEM) was employed to
verify the morphology of the dual-signal tags. Fig. 1a, b, and ¢
display the typical TEM images of 200 nm SiO, core, SiO,-Au,
and SiO,-Au-QD NPs, respectively. All the prepared NPs show
good dispersivity and homogeneous nanostructure. After the
successive coating of 3 nm Au NPs layer and QDs layer, the
diameter of SiO,-Au-QD NPs increased to approximately
240 nm. The EDS elemental mapping results further demon-
strated the dense and uniform distribution of Au NPs (red
signal) on the SiO, surface (blue signal) and CdSe/ZnS QDs
(azure and purple signal) on the SiO,-Au surface (Fig. 1d). The
abundant CdSe/ZnS-MPA QDs on the outermost layer of the
dual-signal tags not only generated high luminescence for
quantitative analysis but also provided numerous carboxyl
groups for subsequent modification of vancomycin. The zeta
potential of SiO,, SiO,@PEI, SiO,-Au, SiO,-Au-PEI, and SiO,-
Au-QD NPs were measured to be —34.4, +42.3, +10.6, +40.7, and
+9.4 mV, respectively (Fig. 1e). The zeta potential of the products
increased significantly when the PEI layer was formed and
decreased after the adsorption of negatively charged Au NPs and
QDs. This finding indicated that the formation of dual-signal
tags was driven by electrostatic interaction.

Vancomycin molecules were modified onto the surface of
SiO,-Au-QD NPs according to our previously reported
approach.”® Scheme 1a shows the binding of the surface
carboxyl groups of SiO,~Au-QD NPs to vancomycin molecules
through carbodiimide activation to form SiO,-Au-QD-Van NPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of dual-signal SiO,—Au-QD nanotags. TEM images of (a) SiO, NPs, (b) SiO,—Au NPs, and (c) SiO,—Au-QD NPs. (d) EDS
elemental mapping images of SiO,—Au-QD tags. Zeta potential results (e) and fluorescence emission spectra (f) of vancomycin-modified
nanotags and their intermediate products. Inset images display the photographs of SiO,—-Au-QD-Van tags under visible (left) and UV light (right).

Fig. 1e and Slaj show that the zeta potential of SiO,-Au-QD
decreased to —5.5 mV after vancomycin modification. This
finding demonstrated the successful preparation of SiO,-Au-
QD-Van tags. In addition, Fig. 1f (inset) presents the photo-
graphs of SiO,-Au-QD-Van tags under visible and UV light,
indicating the good colorimetric signal and luminescence of the

dual-signal tags. The figure also shows the fluorescence spectra
of Si0,, SiO,-Au, SiO,-Au-QD, and SiO,-Au-QD-Van tags. SiO,—
Au-QD-Van NPs as well as SiO,-Au-QD NPs exhibited strong
fluorescence signal at 625 nm by excitation with 360 nm UV
light, indicating that fluorescence quenching did not occur after
vancomycin modification. The SiO,-Au-QD-Van tags showed
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(a) Schematic of coupling interaction of the vancomycin molecule with SiO,—Au-QD NPs and binding interaction of S. aureus. (b) TEM

image of formed Van-nanotags-S. aureus complexes. (c) Photographs and fluorescence images of Van-nanotags in different samples (PBS,
vegetable juice, and milk). Photographs (d) and corresponding fluorescence intensity (e) of SiO,—Au-QD-Van based LFA strips in PBS, vegetable

juice, and milk.
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excellent optical/chemical stability in the sample solution
within a wide pH range of 4-13 due to the high stability of CdSe/
ZnS core-shell QDs and SiO, core used (Fig. S1bt). These results
suggested the potential of SiO,-Au-QD-Van tags for bacteria
detection in complex samples.

Vancomycin binds to the cell wall of S. aureus though
hydrogen bonding in the terminal peptide unit (p-Ala-p-Ala)
(Fig. 2a). The TEM study confirmed the effective binding of the
fabricated SiO,-Au-QD-Van tags to S. aureus in aqueous solu-
tion (Fig. 2b). The S. aureus used in this work was verified by
PCR (Fig. S27), indicating the amplification of the specific gene
of S. aureus.*® To further study the bind ability of SiO,-Au-QD-
Van tags in complex samples, we spiked 50 pL of high-salt
solution (0.1 M PBS), vegetable juice, and milk samples with
S. aureus (10° cells mL™") and mixed them with Van nanotags (2
pL). As shown in Fig. 2c, the Van-tags were dispersed well in
these complex samples with stable fluorescence intensity. The
three samples containing Van tags were mixed with 25 pL of
PBST buffer (1% Tween) and then tested by S. aureus antibody-
modified LFA strip. Fig. 2d reveals the photographs and fluo-
rescence images of dual-signal LFA strips with the test line for S.
aureus detection. All the test lines showed a distinct purple color
band and bright fluorescence band at 10° cells mL ™" of S. aureus
under visible light and UV light, respectively. The detailed
fluorescence signal value of the test lines was measured by
a commercial fluorescent reader (Fig. 2e). The fluorescence
intensity only slightly differed among the three tested strips,
indicating that the SiO,-Au-QD-Van based LFA strip can work
well in real samples.

After the feasibility of the proposed method was confirmed,
some important experimental conditions were optimized to
ensure the high performance of the LFA system. The NC
membrane type of the LFA strip was first investigated, consid-
ering the big size of S. aureus (~600 nm) and SiO,-Au-QD-Van

b
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tags (~250 nm). The suitable NC membrane allowed the good
transport of S. aureus and nanotags, and generated the best
immune binding efficiency on the test line.”” As revealed in
Fig. S3a,t we achieved the highest signal-to-noise ratio (SNR) for
S. aureus detection using CN95 membrane with 15 um pore size.
Our previous works systematically investigated the running
buffer for big nanotags.”*** We made slight adjustments and
found that the PBS solution (10 mM, pH 7.4)-based running
buffer containing 1% Tween 20 and 1% BSA can reduce the
nonspecific adsorption of SiO,-Au-QD-Van tags on the NC
membrane and generate the highest fluorescence intensity on
the test line (Fig. S3bf). In addition, 0.8 mg mL™* of the
detection antibody coated on the test line is sufficient for S.
aureus detection (Fig. S3ct).

In this study, SiO,-Au-QD-Van tags were directly added into
50 pL of the test sample to bind to S. aureus. The mixture was
then mixed with 25 pL of running buffer for LFA detection. As
mentioned in ESI S1.3,f the concentration of SiO,-Au-QD-Van
solution was fixed at 2 mg mL~". Notably, the concentration of
SiO,-Au-QD-Van tags used for LFA detection seriously influ-
ence the final fluorescence signal at the test line on the strip. As
shown in Fig. S4,T excessive amounts of SiO,-Au-QD-Van tags
(4 uL) used reduce the detection sensitivity and increase the
fluorescence background of LFA strip. This phenomenon can be
attributed to the dense SiO,-Au-QD-Van tags attached on the
bacterial surface will affect the formation of nanotags S. aureus-
antibody sandwich complexes on the test line. Thus, the opti-
mized dosage of SiO,-Au-QD-Van tags was chosen 3 pL (2 mg
mL ") for LFA-based S. aureus detection.

The incubation time of SiO,-Au-QD-Van tags (3 pL) with S.
aureus was next optimized to achieve the highest sensitivity. The
TEM images in Fig. S5af reveal that the number of SiO,-Au-QD-
Van tags bound to S. aureus increased with increasing incuba-
tion time (2-8 min). This finding suggested the high affinity of
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Fig.3 Detection performance of SiO,—Au-QD-Van based LFA strip in milk sample. (a) Photographs (i) and fluorescence pictures (i) of SiO,—Au-
QD-Van-based LFA strip for different concentrations (107 to 0 cells mL™?) of S. aureus in milk samples. (b) Corresponding calibration curves for S.
aureus. Inset in (b) is the linear part of the calibration curve. Error bars indicating the standard deviation of three independent tests.
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Fig. 4 Specificity of SiO,—Au-QD-Van-based LFA. Photographs and
fluorescence intensities of the test strips in the presence of S. aureus
and six other common pathogenic bacteria. Error bars indicating the
standard deviation of three independent tests.

Van-tags toward S. aureus. However, we found that excessive
Van-tags conjugated outside the bacterial surface had adverse
effect on the immunoreaction between the bacteria and test line
(Fig. S5b¥). Incubation for 2 min is suitable for Van-tags-based
LFA detection. The proposed LFA strip only needs 12 min for
one testing with the addition of 10 min for chromatography.
After the optimization of the experimental details, the
sensitivity of the SiO,-Au-QD-Van tags-based LFA strip was
verified. We tested a series of samples containing different
concentrations (107 to 0 cell mL™ ") of S. aureus. Fig. 3a shows
the photographs (i) and fluorescence images (ii) of the test
strips for S. aureus detection. The visible purple color band and
red fluorescence band of the test line were observed at high
bacteria concentrations, and their signal intensity decreased
gradually with decreasing concentrations of S. aureus. As shown
in Fig. 3a(i), the visible test line of the tested strips for S. aureus
was observed at 10* cells mL ™" by the naked eye. Under UV light,
the fluorescence signal of the SiO,-Au-QD-Van tags can
significantly improve the detection sensitivity of LFA strip and
can be applied to quantitative analysis. Based on the
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fluorescence images in Fig. 3a(ii), the fluorescence signal on the
test line was visible in as low as 500 cells mL™" of S. aureus.
Fig. 3b shows the corresponding calibration curve of the
recorded fluorescence intensity. The calibration curve is fitted
by a four-parameter logistic equation as shown in inset of
Fig. 3b, where y is the fluorescence intensity at test line, and x is
the logarithmic concentration of S. aureus. We estimated the
limit of detection (LOD) by the fluorescence signal for S. aureus
to be 100 cells mL™' at an SNR of 3 by using the IUPAC
protocol.*** Thus, the fluorescence detection limit of our
proposed dual-signal strip is 100 times more sensitive than that
acquired from the colorimetric signal. Moreover, the detection
performance (sensitivity and dynamic range) of SiO,-Au-QD-
Van tags based-LFA in PBS buffer and vegetable juice were equal
to that of in milk samples (Fig. S6T). These results indicated the
good stability of the proposed method in different samples. We
also employed traditional plate counting to verify the accuracy
of our method. As shown in Fig. S7,7 the results of plate
counting method are consistent with the those of Van-tags
based LFA.

We determined the reproducibility of our method by testing
four batches of dual-signal LFA strips with 10° and 10 cells
mL ™' 8. aureus. As shown in Fig. $8,t all the LFA strips exhibited
homogeneous and stable visible/fluorescence signal on the test
lines, with relative standard deviation (RSD) less than 6.8%.
This finding demonstrated the good reproducibility of SiO,-Au-
QD-Van-based LFA. We further assessed the specificity of the
proposed method by testing various common pathogenic
bacteria including Escherichia coli (E. coli), Salmonella typhimu-
rium (S. typhi), L. monocytogenes (L. mono), Acinetobacter bau-
mannii (A. baumannii), Pseudomonas aeruginosa (P. aeruginosa),
and Staphylococcus epidermidis (S. epidermidis) as interferents.
All the bacterial samples were prepared at a concentration of 10>
cells mL™"' and detected by SiO,~Au-QD-Van-based LFA. As
shown in Fig. 4, the positive group (S. aureus) exhibited distinct
visible/fluorescence band on the tested strip, whereas no test
line was observed for the six other bacteria. These results
indicated the good specificity of our method. Notably, several
previous studies have shown that the vancomycin-modified
magnetic beads can effectively and electively capture
multidrug-resistant S. aureus including methicillin-resistant S.

Table 1 General performance of our method compared with other recently reported LFA methods for bacteria detection

Detection method Bacteria LOD (cells mL™") Assay time (min) Reference
Colorimetric LFA S. aureus 1 x 10° 15 Wiriyachaiporn, 2013 (ref. 35)
Colorimetric LFA E. coli 0157 4.5 x 10° 20 Zhu, 2018 (ref. 36)
Fluorescent LFA E. coli 0157 3 x 10° 120 Li, 2019 (ref. 37)
Magnetic-QD LFA S. typhi 3.75 x 10° 35 Hu, 2019 (ref. 38)
Magnetic-QD LFA E. coli 0157 2.39 x 10” 74 Huang, 2019 (ref. 39)
Fluorescent LFA S. aureus 1.4 x 10’ 20 Shi, 2019 (ref. 40)
Fluorescent LFA S. typhi 5 x 10> 15 Zhang, 2020 (ref. 41)
Fe;0,@CuS LFA E. coli 0157 10% 15 Zhang, 2020 (ref. 42)
Nanozyme LFA E. coli 0157 10> 25 Wang, 2020 (ref. 43)
Colorimetric LFA S. aureus 1 x10° >20 Zhao, 2021 (ref. 44)
Dual-signal LFA S. aureus 100 by fluorescence signal 12 This work

10* by colorimetric signal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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aureus (MRSA) and vancomycin-resistant bacteria.'®**** Theo-
retically speaking, the SiO,-Au-QD-Van tags have the ability to
bind multidrug-resistant S. aureus, including MRSA and
vancomycin-resistant S. aureus. Hence, the combination of Van-
nanotags and detection antibody-modified LFA strip allows the
accurate detection of S. aureus between other common bacteria.
In addition, the SiO,~Au-QD-Van-based LFA strips exhibited no
obvious fluorescence signal attenuation of the test zone after
storage for 30 days (Fig. S9t), which confirms the good stability
of our proposed method.

The excellent detection performance (e.g., sensitivity,
stability, specificity) of the proposed method for S. aureus could
be attributed to the high-powered SiO,-Au-QD-Van used in this
study. The proposed SiO,-Au-QD-Van tags combined the
advantages of the stable SiO,f core, a layer of Au NPs, and
a layer of carboxylated QDs. The tags cannot only have mono-
dispersity and excellent stability in complex solution but also
provides strong colorimetric and luminescence signal for rapid
and sensitive determination of S. aureus. Moreover, Van-
modified tags with low price but high affinity and S. aureus
antibody with specificity were conjunct to improve the appli-
cation of our method in POCT. The successfully developed rapid
and sensitive LFA strip can ensure the detection assay to be
completed within 12 min. The proposed SiO,-Au-QD-Van tag-
based method exhibits better sensitivity and more functions
than other LFA-based bacteria detection approaches (Table 1).
The colorimetric mode of our method can be used for rapid
identification of S. aureus-contaminated food or S. aureus
infection samples, whereas the fluorescent mode is suitable for
sensitive and quantitative determination of bacterial concen-
tration in these samples.

In summary, we propose a simple and sensitive LFA method
for S. aureus detection by using vancomycin-modified SiO,-Au-
QD NPs as dual-signal tags. We fabricated novel dual-signal tags
by PEI-mediated electrostatic adsorption of a layer of 3 nm Au
NPs and a layer of QDs on the 200 nm SiO, core. The tags
possess excellent stability and high colorimetric/fluorescence
signal. Vancomycin molecules were conjugated onto the
surface of SiO,-Au-QD NPs to rapidly bind to target S. aureus
with high affinity. By introducing Van-tags into LFA strip, we
were able to rapidly and sensitively detect S. aureus in complex
samples within 12 min via observation of colorimetric or fluo-
rescence signal. In fluorescence quantitative mode, the LOD of
Si0,-Au-QD-Van-based LFA for S. aureus is as low as 100 cells/
mL. Considering the other advantages including high stability,
specificity, low cost, and easy to operate, we believe that the
proposed method will become a promising tool for S. aureus
detection in the POCT field.
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