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Abstract
A fluorescent array based on the use of saccharide-functionalizedmulticolored quantum dots (s-QDs) and of 4-mercaptophenylboronic
acid-functionalizedMoS2 nanosheets (PBA-MoS2) was constructed for multiple identification and quantitation of lectins and bacteria.
In this array, the fluorescence of the s-QDs is quenched by the PBA-MoS2 nanosheets. In the presence of multiple lectins, s-QDs
differentially detach from the surface of PBA-MoS2 nanosheets, producing distinct fluorescence response patterns due to both
quenching and enhancement of fluorescence. By analyzing the fluorescence responses with linear discriminant analysis, multiple
lectins and bacteria were accurately identified with 100% accuracy. The limits of detection of Concanavalin A, Pisum sativum
agglutinin, Peanut agglutinin, and Ricius communis I agglutinin are as low as 3.7, 8.3, 4.2 and 3.9 nM, respectively. The array has
further been evidenced to be potent for distinguishing and quantifying different bacterial species by recognizing their surface lectins.
The detection limits of Escherichia coli and Enterococcus faecium are 87 and 66 cfu mL−1, respectively.
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Introduction

Lectins are nonimmunogenic carbohydrate-recognizing pro-
teins that bind specifically and reversibly to different saccha-
ride moieties [1]. They perform recognition on both the cellu-
lar and molecular level, and are highly associated with many
physiological and pathological events in living organisms,
such as cell recognition and adhesion, cancer metastasis, bac-
terial and viral infections [2, 3]. Hence, identification of these
lectins-based interactions holds great hopes for understanding
the molecular mechanisms of the relevant biological path-
ways, which further benefits the development of drugs for

cancer theranostics, bacterial detection and invasion preven-
tion. Currently, various approaches have been developed for
lectin detection based on lectin-carbohydrate recognition, in-
cluding fluorescent [4], electrochemical [5], surface enhanced
Raman scattering (SERS) [6], colorimetric [7, 8] methods.
Although these methods are effective, most of them are
time-consuming, expensive, and only capable of detecting
one specific lectin [9]. Actually, various types of lectins usu-
ally coexist in real samples such as the surface [10] of cancer
cells, bacteria, virus; and multiple lectin-carbohydrate interac-
tions occur simultaneously to control cellular event. For
instance,the Escherichia coli (E. coli) surface contains two
types of lectins, type 1 and type 2 fimbrial lectins, which are
mannose and galactose moieties specific, respectively [11]. In
addition, a same saccharide often showed a broad range of
binding affinities to several types of lectins, and vice versa
[12]. Consequently, the aforementioned lectin detection
methods [5–8] are not suitable for detecting multiple lectins
simultaneously. A few good attempts have been carried out for
the purpose of multiple detection lectins [12, 13]. However,
the patterned colorimetric signals for different lectins were
subtle and indistinguishable by eye, and they did not carry
out real sample analysis. In this regard, for a more
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comprehensive understanding of biological events, it is essen-
tial to achieve the identification of multiple lectins rather than
a single lectin with good sensitivity, specificity, and visible
discrimination.

Alternatively, the sensor arrays, which are composed of a
series of receptor units with cross-reactivity toward different
analytes, have beenwidely used for simultaneously multicom-
ponent identification and analysis with the assistance of sta-
tistical methods [14]. The classical semiconductor quantum
dots (QDs) are ideal signal probes for a sensor array due to
their unique photoluminescent properties like colorful emis-
sion, high luminescent quantum yields and photostability
[15]. The QDs are usually functionalized with specific ligands
to recognize different analytes. Then signal transducers are
applied to transduce recognition events into distinct signal
response patterns for different analytes. Various
nanoquenchers such as metal nanoparticles, and metal oxide
nanoparticles have been integrated as fluorescent signal trans-
ducers [16]. Besides, two-dimensional (2D) MoS2 nanosheets
should be superior nanoquenchers due to their unique physi-
ochemical properties such as layered 2D structure and large
special surface area [17]. Accordingly, MoS2 nanosheets
have been employed as a sensing platform for the detection
of nucleic acids [18], metal ions [19], and other small mol-
ecules [20]. However, simultaneous multiple detection of
analytes (e.g. lectins, bacteria) has not been reported by
using the visible pattern generating s-QDs/MoS2 nano-
sheets conjugation array.

Herein, a fluorescent array for simultaneous detection of
multiple lectins and demonstrated its potential in the diagnosis
of bacterial infections based on 4-mercaptophenylboronic ac-
id-functionalized MoS2 (PBA-MoS2) nanosheets and three
saccharide-functionalized CdSe/ZnS QDs (s-QDs)
(Scheme 1) was constructed. In the presence of PBA-MoS2
nanosheets, the s-QDs can attach onto the nanosheets via the
formation of dynamic phenylboronate esters between PBA
and cis-vicinal diol moieties of the saccharides of s-QDs.
Consequently, the fluorescence of s-QDs should be quenched
by PBA-MoS2 nanosheets. Interestingly, once the lectins
coexisted, s-QDs would competitively bind to lectins,
resulting detachment of s-QDs from nanosheets and fluores-
cence recovery. Based on this principle, the QDs with green
(520 nm, QD520), yellow (580 nm, QD580), and red (660 nm,
QD660) emission were modified with mannose (Man-QD520),
glucose (Glu-QD580), and galactose (Gal-QD660) moieties,
respectively. The three s-QDs, Man-QD520, Glu-QD580 and
Gal-QD660, with different emission color and lectin binding
capability were conjugated with PBA-MoS2 nanosheets,
and employed as cross-reactive fluorescent array for multi-
ple recognition and quantitation of lectins with excellent
accuracy (Scheme 1b). This method can also be used for
identification of bacteria by recognition of their surface
lectins.

Experimental

Materials and reagents

The bulk MoS2 powder and n-butyllithium (n-BuLi) were
obtained from Aladdin Reagent Co., Ltd. (Shanghai, China,
www.aladdin-e.com). Mannose (Man), glucose (Glu), and
galactose (Gal) were purchased from Adamas-Beta
(Shanghai, China, www.adamas-beta.com). All core-shell
CdSe/ZnS QDs emitting green (520 nm, QD520), yellow
(580 nm, QD580), and red (660 nm, QD660) light were pur-
chased from XingZi New Material Technology Development
Co., Ltd. (Shanghai, China, www.xznanomat.com). 4-
mercaptophenylboronic acid (PBA-SH) and five lectins,
Concanavalin A (ConA), Pisum sativum agglutinin (PSA),
Peanut agglutinin (PNA), Ricinus communis I agglutinin
(RCA), and Wheat germ agglutinin (WGA) were purchased
from Sigma-Aldrich (Shanghai, China, www.sigmaaldrich.
com). Five bacterial strains, Escherichia coli (E. coli),
Enterococcus feacalis (E. faecalis), Enterococcus faecium
(E. faecium), Staphylococcus aureus (S. aereus), and
Bacillus subtilis (B. sublitis) were purchased from China
Forestry Culture Collection Center (Beijing, China, www.
accc.org.cn). All bacterial-culture related reagents were pur-
chased from Sangon Biotech Co., Ltd. (Shanghai, China,
www.sangon.com). All reagents were of analytical reagent
grade or above and used as received without further
purification. All aqueous solutions were prepared using
ultrapure water (18.25 MΩ cm, milli-Q, Millipore).

Instrumentation

Fluorescence measurements were performed on a Shimadzu
RF-5301PC spectrophotometer equipped with a Xenon lamp
excitation source. Fourier transform infrared (FT-IR) spectros-
copy measurements were performed on a BRUKERVertex 70
FT-IR spectrometer with KBr pellets in the 400–4000 cm−1

region. 1H and 13C NMR spectra were recorded on an Agilent
400MR DD2 400-MHz spectrometer. Electrospray
ionization-mass spectrometry (ESI-MS) analysis was con-
ducted on an ACQUITY SQD single quadrupole high perfor-
mance liquid chromatography-mass spectrometry (HPLC-
MS) system (Waters, USA). Transmission electron microsco-
py (TEM) images were obtained on a Philips Tacnai G2 20 S-
TWIN trans-mission electronmicroscope operating at 200 kV.
Atomic force microscope (AFM) measurements were carried
out on a Veeco Dimentional 3100.

Fabrication of s-QDs/MoS2 nanosheets conjugation
array

For construction of s-QDs/MoS2 nanosheets conjugation ar-
ray, each s-QDs (Man-QD520, Glu-QD580, and Gal-QD660)
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and PBA-MoS2 nanosheets with desired concentration were
mixed with phosphate buffer (10 mM, pH = 7.2), respectively.
The final concentrations of s-QDs and PBA-MoS2 nanosheets
were 10 μg mL−1 and 0.1 mg mL−1, respectively. After incu-
bation for 15 min, the fluorescence spectra in the absence of
lectins (or bacteria) were measured at an excitation wave-
length of 380 nm, and the fluorescence intensities at 520,
580, and 660 nm were recorded (F0). In the presence of a
certain amount of lectin (or bacteria), the fluorescence inten-
sity at the corresponding wavelength was measured as F. The
variation of fluorescence intensity (ΔF = F - F0) was used for
further statistical analysis.

Multiple sensing of lectins

Three kinds of s-QDs (50 μL, 30 μg mL−1) were mixed with
certain amount of lectins, respectively and incubated at room
temperature for 3 h. Then 10 μL of PBA-MoS2 nanosheets
(1.5 mg mL−1) was added to the above mixture and supple-
mented with 70 μL buffer (10 mM, containg 0.1 mMCa2+and
0.1 mM Mn2+, pH = 7.2) to maintain 150 μL total fluid vol-
umes and give the final lectins concentrations in the range of
30–480 nM. Finally, the fluorescence spectra were record after
incubating the mixture for 15 min (λex/em = 380/520 nm, 380/
580 nm, 380/660 nm).

Bacteria detection

As for bacteria sensing, a similar procedure was followed. Five
bacterial strains (E. coli, E. faecalis, E. faecium, S. aereus, and
B. sublitis) were cultured in Luria-Bertani (LB) medium

(10 g L−1 tryptone, 5 g L−1 yeast extract and 10 g L−1 NaCl)
at 37 °C overnight on the shaker of 180 rpm in the dark. The
medium for B. sublitis strain culture should contain 0.2 g L−1

beef extract. For bacteria identification, bacteria were separated
from the growth medium and suspended in buffer to achieve an
optical density (OD) of 1.0 at 600 nm. 10 μL of the bacteria
solution and 50 μL of s-QDs (30 μg mL−1) disperse were
incubated with 80 μL buffer for 2 h at 37 °C, the fluorescence
spectra were recorded after adding 10 μL PBA-MoS2 nano-
sheets (1.5 mg mL−1) for 15 min (λex/em = 380/520 nm, 380/
580 nm, 380/660 nm).

Quantitative detection of E. coli and E. faecium

For bacteria detection, 100 μL of various concentrations 0, 10,
101.5, 102, 103, 104, 105, 106, 107, and 108 cfu mL−1 of E. coli
and E. faecium were incubated with s-QDs (75 μg mL−1,
20 μL), for 2 h at 37 °C in 20 μL of buffer. Then the PBA-
MoS2 nanosheets (1.5 mg mL−1, 10 μL) were added and fluo-
rescence spectra were recorded with the excitation of 380 nm.

Unknown sample identification

For detection of unknown samples, lectins and bacteria were
prepared and tested as training matrix. We replicate each un-
known sample three times, and the resulting fluorescence re-
sponse patterns (ΔF) were tested by LDA and were ranked
according to their Euclidean distances to the groups generated
through the trainingmatrix and returned the nearest samples to
the respective groups.

Scheme 1 a Schematic illustration of the design rationale for lectin detection. b Construction of fluorescent array by employing Man-QD520 (Probe 1),
Glu-QD580 (Probe 2), and Gal-QD660 (Probe 3) as three signal probes. c Molecular structures of saccharide derivatives for QDs modification
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Results and discussion

Choice of materials

The semiconductor QDs were chosen as fluorophores due to
their colorful emission, high luminescent quantum yields,
photostability and easier modification in comparison of organ-
ic dyes. Generally, various nanomaterials such as MoS2 nano-
sheets, graphene oxide, reduced graphene oxide, and gold
nanoparticles have been intensely studied as fluorescence
quencher. In this work, we use MoS2 nanosheets as the
quencher based on two points: (1) the MoS2 nanosheets can
be readily decorated with functional ligands via Mo-S or S-S
bonds, but the modification of the carbon-based graphene
species is relatively difficult; (2) the two dimensional layered
structure of MoS2 nanosheets have much larger aspect area
than the spherical gold nanoparticles. Therefore, the QDs-
MoS2 conjugates were chosen to construct the fluorescence
array for lectin and bacteria analysis.

Characterization of PBA-MoS2 nanosheets and s-QDs

MoS2 nanosheets and PBA-MoS2 nanosheets was prepared
through Knirsch’s method [21]. The details of preparation were
shown in ESM. The morphology characteristic of MoS2 and
PBA-MoS2 nanosheets were first investigated by AFM (Fig.
S1, ESM). The bare MoS2 nanosheets exhibited a lateral dimen-
sion in the range of 50–200 nm and an average height of 1.2 nm,
which suggested that most of nanosheets consist of one to three
MoS2 layers (Fig. S1a, b, ESM). After functionalization with
PBA-SH, the average height of PBA-MoS2 nanosheets increased
to an average of 1.5 nm (Fig. S1c, d, ESM), demonstrating that
PBA-SH was attached on both surfaces of MoS2 nanosheets.
The successful functionalization of MoS2 nanosheets were fur-
ther confirmed by FT-IR spectra. As shown in Fig. S2 (ESM), the
FT-IR spectra of bare MoS2 and PBA-MoS2 nanosheets were
obviously different. In the spectrum of PBA-SH, the band at
2563 cm−1 was ascribed to the stretching vibration of S-H. The
bands at 2924 cm−1 and 890 cm−1 were attributed to the
stretching vibration and bending vibration of aromatic C-H,
and the bands at 1604 cm−1 and 1370 cm−1 were assigned to
the stretching vibration of aromatic C=C and the bending vibra-
tion of O-H, respectively. Consequently, the spectrum of PBA-
MoS2 nanosheets showed the characteristic bands at 2924 cm

−1,
1604 cm−1, 1370 cm−1 and 890 cm−1, which were inherited from
PBA-SH. More importantly, the S-H band of PBA-SH disap-
peared, indicating the formation of S-Mo bond after modifica-
tion. These results confirm that the phenylboronic moieties were
covalently functionalized to MoS2 nanosheets.

Mannose, glucose and galactose were thiolated according
to a previously reported method with some modifications [22,
23]. The details of synthesis were shown in ESM. The
thiolated mannose, glucose, and galactose were denoted as

Man-SH, Glu-SH, and Gal-SH, respectively. The three QDs
were commercially purchased. After modification with sac-
charides, all the three s-QDs (man-QD520, glu-QD580, and
gal-QD660) kept well mono-dispersion in water solution, indi-
cating the surface of the QDs became hydrophilic due to the
saccharide moieties. Fig. S3 (ESM) showed the typical TEM
image of Man-QD520, Glu-QD580, and Gal-QD660 with aver-
age diameters of 8.07 ± 2 nm, 10.22 ± 2 nm, and 18.32 ± 3 nm,
respectively. All appeared spherical particles with good
monodispersity. The successful preparation of s-QDs was fur-
ther confirmed by FT-IR spectra. Compared to the as-received
QDs, the FT-IR spectra of s-QDs showed the typical vibration
bands of C-H bond (1637 cm−1 and 1560 cm−1) and C-O-C
bond (1022 cm−1) in carbohydrates (Fig. S4-S6, ESM). These
results demonstrated that three types of s-QDs functionalized
with different saccharides were successfully prepared.

Fluorescence titration

Before construction of fluorescent array, the quenching efficien-
cy of PBA-MoS2 nanosheets toward the Man-QD520, Glu-
QD580, and Gal-QD660 was examined through fluorescence
titration (Fig. 1). As shown in Fig. 1a–c, the fluorescence of
all the three s-QDs gradually quenched with the increase of the
concentration of the quencher PBA-MoS2 nanosheets. With
0.1 mg mL−1 PBA-MoS2 nanosheets, the fluorescence
quenching rates ([F0-F]/F0) for Man-QD520, Glu-QD580, and
Gal-QD660 were 53%, 43%, and 48%, respectively.
Significantly, the fluorescence quenching of PBA-MoS2 nano-
sheets to s-QDs (10 μg mL−1) was visible in the absence and
presence of PBA-MoS2 nanosheets (0.3 mg mL−1) (inset of
Fig. 1d). To confirm the quenching mechanism, the absorbance
spectrum of MoS2 nanosheets measurement was recorded. As
shown in Fig. S10, the MoS2 nanosheets showed strong absor-
bance from UV to near-infrared, indicating the presence of
energy transfer effect between PBA-MoS2 nanosheets and s-
QDs [19, 24]. The efficient quenching effect of the PBA-MoS2
nanosheets was due to the close attachment of s-QDs to PBA-
MoS2 nanosheets, resulting in promoting efficient energy trans-
fer between them. This also supports the sensing principle of
this work as displayed in Scheme 1. In comparison, the
quenching efficiency of the same concentration of bare MoS2
nanosheets (without PBA) was less than 9% (Fig. S7, ESM).
The results further confirmed that PBA modification endowed
efficient quenching ability for PBA-MoS2 nanosheets.

We then selected the proper titration point for this array.
The value influences the dynamic range and response proba-
bility in the array. According to the fluorescence titration
(Fig. 1d), a point about 50% quenching rate was selected on
the titration curves in the consideration of following aspects.
At this point, with the addition of analytes (lectins), the fluo-
rescence was most possibly recovered due to competitive
binding with s-QDs; and this point also allowed further
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fluorescent quenching due to analytes induced aggregation or
tighter attachment of s-QDs with PBA-MoS2 nanosheets [4].
Therefore, points at ca. 50% quenching rate were set as signal
readout for following assay. In this assay, the optimal concen-
tration of PBA-MoS2 nanosheets and s-QDs were
0.1 mg mL−1 and 10 μg mL−1, respectively.

Simultaneous identification of lectins

Subsequently, the fluorescent array was established by mixing
the corresponding s-QDs and PBA-MoS2 nanosheets in aque-
ous solution to the final concentrations of 10 μg mL−1 and
100 μg mL−1, respectively. As a proof-of-concept, five lectins
(0.48 μM) with different saccharides binding ability, molecu-
lar weight (MW) and isoelectric point (pI) (Table S2, ESM) as
the analytes. Corresponding fluorescence intensity of the
Man-QD520, Glu-QD580, and Gal-QD660 at 520, 580, and
660 nmwas recorded before and after adding different lectins.
Fig. S8 shows the fluorescence changed by five lectins
(0.48 μM), including ConA, PSA, PNA, RCA and WGA.
Accordingly, different lectins resulted in obviously distin-
guishable fluorescent signal due to their different binding abil-
ity with different saccharides (Table S3, ESM). Next, the abil-
ity to simultaneous differentiation of multiple lectins
(0.48 μM final concentration) was further investigated. With
the fluorescence signal recorded, the signal change was

defined as ΔF= F – F0, where F and F0 are the intensity of
fluorescence in the presence and absence of lectins. The dif-
ferential signal changes in Fig. 2a indicate that these different
signal responses can be used as an optical fingerprint for mul-
tiple lectin identification. Distinctly, fluorescence recovery
was induced by ConA, PSA, PNA and RCA. For instance,
the fluorescence of Man-QD520/PBA-MoS2 nanosheets con-
jugates gradually recovered within 10min after the addition of
Con A (Fig. S9, ESM). The kinetic deference clearly con-
firmed that Con A would competitively bind to s-QDs,
resulting in s-QDs detached from PBA-MoS2 nanosheets part-
ly or completely and fluorescence recovery. Similar time-
dependent fluorescence recovery behaviors were observed
while the addition of PSA, PNA, and RCA. However, there
was an exception that, the WGA induced fluorescence further
quenching but not recovery. This can be explained in two
aspects. On one hand, compared to ConA, PSA, PNA and
RCA, WGA had no affinity with mannose, glucose and ga-
lactose moieties (Table S3, ESM), and thus it cannot make s-
QDs detach from the surface of PBA-MoS2 nanosheets. On
the other hand, WGA is rich of amino groups (pI >9) that can
promote the formation of phenylboronate esters between PBA
and cis-vicinal diol moieties of the saccharides of s-QDs and
further stabilizing the s-QDs/MoS2 nanosheets conjugates
[25]. The resultant fluorescence response patterns were qual-
itatively analyzed by linear discriminant analysis (LDA),

Fig. 1 a–c Fluorescence spectra
of s-QDs (10 μg mL−1), including
(c) in the presence of increasing
concentrations of PBA-MoS2
nanosheets (The arrow: 0, 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 mg mL−1 in sequence) upon
the excitation at 380 nm. d
Fluorescence titration curves of s-
QDs with PBA-MoS2 nano-
sheets; inset shows the s-QDs
solutions (10 μg mL−1) before
and after the addition of PBA-
MoS2 nanosheets (0.3 mg mL−1).
n = 3
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which is a powerful statistical technique and has been widely
used in pattern recognition [24]. Based on this, six replicates
were obtained for each lectins producing 90 test cases (3
probes ×5 lectins ×6 replicates) for each array, and the data
were subjected to LDA to produce three canonical factors
(59.6%, 32.9%, and 7.5%). The magnitude of canonical factor
acts as a significant contribution from each dimension to in-
dicate multiple axes of differentiation. The first two most sig-
nificant discrimination factors were plotted in a two-
dimensional (2D) model (Fig. 2c), all lectins were separated
completely from each other without any overlap, demonstrat-
ing that they were effectively discriminated by the fluorescent
array. In this 2D model, each point represents the response
pattern of an individual lectin in the array. Consequently, the
30 fluorescence response patterns (5 lectins ×6 replicates)
were distinguished as 5 distinct groups with 100% accuracy.
The recognition efficiency was validated by identification of
fifteen randomly unknown samples from our training matrix,

all samples were correctly identified (Table S5, ESM). These
results demonstrated that the array showed excellent identifi-
cation accuracy to identify simultaneously multiple lectins.

Previous biosensor system can detect single lectin at
nanomolar concentration [7, 26]. In this purpose, we further
explored the ability of the method to identify multiple lectins
at lower concentrations for potential practical application.
Similar to the detection of 0.48 μM lectin, there still observed
differential fluorescence responses for different lectins after
decreasing the lectin concentration to 48 nM (Fig. 2b).
These results showed that all lectins displayed excellent
classification without any overlap (Fig. 2). The classifica-
tion accuracy is 93.3% for 15 randomly unknown samples
even in such low concentration (Table S6, ESM).
Furthermore, the hierarchical clustering analysis (HCA)
[27] was performed to validate the effectiveness of the re-
sults from the array. Unlike LDA, HCA is a model-free
standard chemometric approach to cluster similar subjects

Fig. 2 a, b Fluorescence response patterns of the fluorescent array against
480 nM (a) and 48 nM (b) of five lectins (ConA, PSA, PNA, RCA and
WGA). c, d Canonical score plot of 480 nM (c) and 48 nM (d) lectins via

Linear discriminant analysis (LDA) signal patterns. ΔF=F – F0, where F
andF0 are the intensity of fluorescence in the presence and absence of lectins.
n= 6
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into a group based on their spatial distances in full vector
space. The average fluorescence response of each lectin
was used to perform HCA and drawn heat map as Fig. 3.
The differential response patterns in heat map demonstrated
the high sensitivity of the s-QD/MoS2 nanosheets array to
different lectins. HCA produced several classes that were
consistent with their affinities to saccharides (Table S2).
These results indicated that the s-QD/MoS2 nanosheets ar-
ray was effective to reflect the characteristics of lectins, and
thus was suitable for identifying different analytes even at
lower concentration with high classification accuracy.

Quantitative analysis

After validating the ability of the fluorescent array for lectins
identification, further studies were also performed to confirm

whether this array can quantify the lectins. In this regard,
ConA with different concentration as the model were tested
on the fluorescent array. The two canonical factors were
visualized as a 2D model with a classification accuracy of
100% (Table S7, ESM and Fig. 4a). According to the clas-
sified results of LDA, the canonical factors were 90.3% for
factor (1) and 9.2% for factor (2). It is worth noting that
factor (2) was much less than factor (1) and thus factor (1)
was used to quantify the lectins. As shown in Fig. 4, this
array was applied to detect lectins at different concentra-
tions. The linearity of dose-response curves in Fig. 4b re-
vealed that the concentration-dependent signal changes can
be used for ConA quantitation (R2 = 0.997). The limit of
detection (LOD) of ConA is calculated to be 3.7 nM by
3σ/S (where σ is the standard deviation of the blank and S
is the slope of the calibration plot). Likewise, the

Fig. 3 Heat map of the signal
patterns for the five lectins with
concentration of 48 nM

Fig. 4 Quantitation of ConA. a Canonical score plots of ConAwith concentration of 10, 12.5, 25, 50, and 100 nM. b Linear fitting between Factor (1)
and ConA, the error bars represent the standard deviation (n = 6)
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quantitative analysis of PSA, PNA and RCA was also per-
formed (Fig. S11 - Fig.S13, ESM) with LODs of 8.3, 4.2
and 3.9 nM, respectively. Additionally, this analytical
method compared with other nanomaterial-based detecting
methodologies for lectins are listed in Table 1. This method
provided lower LOD value for simultaneous detection of
multiple lectins.

Bacteria identification

The surface of bacteria contains different types and amounts
of lectins that act as saccharide receptors to facilitate their
recognition and adhesion [30, 31]. In this regard, bacteria
can identify based on our method. The five bacteria (E. coli,
E. faecalis, E. faecium, S. aereus, and B. sublitis) were select-
ed as the models to verify the performance. As shown in
Fig. 5, there are distinct fluorescence response patterns
mainly due to the differential presence of lectins on the
surface of bacteria [30, 32]. Then, the quantitation analysis
of bacteria (E. coli and E. faecium) was further carried out
with the fluorescent array. As shown in Fig. S14 and

Fig. S15, the Factor (1) were corrected with the concentra-
tion of E. coli and E. faecium in range of 32–108 cfu mL−1.
The LOD of E. coli and E. faecium was calculated to be
87 cfu mL−1 and 66 cfu mL−1, respectively. As rapid and
efficient identification of multiple bacteria is an important
issue in medical, forensic, and environmental sciences [11].
We further verified the real sample analysis ability of the
fluorescent array by using milk as the matrix. As shown in
Table S4 (ESM), the fluorescent array-based method for
E. coli and E. faecium detection showed satisfactory.

Conclusion

In summary, a fluorescent array by employing green,
yellow, and red light emitting s-QDs and PBA-MoS2
nanosheets conjugates as signal probes is developed.
This array successfully achieved simultaneous identifi-
cation and quantitation of multiple lectins and bacteria
with excellent accuracy and wide detection range. It
holds great potential for the application in the

Table 1 An overview on recently
reported nanomaterials-based
methods for lectins detection

Method applied Material used Analyte LOD
(nM)

Analysis
mode

Reference

Fluorescence assay QDs ConA 100 One by one [4]

Electrochemical
assay

Gold nanowire ConA 4–13 One by one [5]

Raman scattering
assay

Silver nanoparticles ConA 78 One by one [6]

Colorimetric assay Sliver/gold
nanoparticles

ConA 40 One by one [7]

Colorimetric assay Gold nanoparticles ConA 9 One by one [8]

Diffraction sensing 2D photonic crystals ConA 38 One by one [28]

Multichannel
optical assay

Multiple QDs Five lectins 4.9 Multiple
detection

[29] (Our
group)

Fluorescent array
assay

QDs-MoS2 nanosheet
conjugates

Lectins and
bacteria

3.7 Multiple
detection

This work

Fig. 5 Identification of different
bacteria. a Fluorescence response
patterns of the fluorescent array
against 7 × 107 cfu mL−1 of
bacteria, and (b) Canonical score
plots of bacteria via LDA signal
patterns. Five species
microorganisms are E. coli, E.
faecalis, E. faecium, S. aereus,
and B. sublitis. a The error bars
represent the standard deviation
(n = 6)
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detection of pathogens that possess lectins on their
surface. On point to be mentioned that UV light
(380 nm) was used as excitation wavelength in this
work. Generally, bio-matrix can emit background fluo-
rescence under UV excitation which may interfere the
analysis result. However, this will not limit the appli-
cation of this fluorescent array in clinical diagnostics
and prognostics, because the statistical cross-reactive
signal processing manner of the array-based methods
is well-known for eliminating complex background in-
terference. Besides, to apply fluorescent materials with
longer excitation and emission wavelength in the con-
struction of the arrays should be a new direction in
this area.
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