Chinese Chemical Letters 35 (2024) 108575

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Ratiometric fluorescence probe for accurate detection of Concanavalin @
A by coupling fluorescent microsphere with boric acid functionalized iy

carbon dots

Mingyue Xie?, Juan ChenP, Yufei Wang?, Bojun Liu?, Rong-Bin Song¢*,
Hong-Min Meng®**, Zhaohui Li®**

2 College of Chemistry, Institute of Analytical Chemistry for Life Science, Henan Joint International Research Laboratory of Green Construction of Functional
Molecules and their Bioanalytical Applications, Zhengzhou University, Zhengzhou 450001, China

b Zhengzhou Key Laboratory of Forensic Science and Technology, Railway Police College, Zhengzhou 450053, China

¢School of Ecology and Environment, Zhengzhou University, Zhengzhou 450001, China

ARTICLE INFO

ABSTRACT

Article history:

Received 19 November 2022
Revised 18 April 2023
Accepted 14 May 2023
Available online 19 May 2023

Keywords:

Concanavalin A

Fluorescent microspheres
Carbon dots

Ratiometric fluorescent assay
Reliability

Accurate and sensitive strategies for Concanavalin A (Con A) sensing are conducive to the better cognition
of various important biological and physiological processes. Here, by designing dextran-functionalized
fluorescent microspheres (DxFMs) and boric acid-modified carbon dots (BCDs) as recognition unit and
built-in signal reference respectively, a ratiometric fluorescent detection platform was proposed for Con
A detection with high reliability. In this protocol, the BCDs/DxFMs precipitation was formed due to the
covalent interactions between cis-diol of DxFMs and boronic acid groups of BCDs, thus only fluores-
cence of BCDs could be detected in the supernatant. When Con A was presented, it could bind to DXxFMs
through its carbohydrate recognition ability and suppress the subsequent assembly between DxFMs and
BCDs, leading to the simultaneous capture of DxFMs and BCDs fluorescence in the supernatant. Since the
BCDs content was superfluous, their fluorescence intensities were basically constant in all cases. Based on
the unchanged BCDs fluorescence signal and target-dependent DxFMs fluorescence signal in supernatant,
the ratiometric detection of Con A was realized. Under optimized conditions, this ratiometric fluores-
cent platform displayed a linear detection range from 0.125pg/mL to 12.5 ug/mL with a detection limit of
0.089 ng/mL. Moreover, satisfied analytical outcomes for Con A detection in serum samples were obtained,

manifesting huge application potential of this ratiometric fluorescent platform in clinical diagnosis.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Concanavalin A (Con A), a plant lectin extracted from the jack-
bean, presents a specific affinity toward sugars, such as glucose and
their derivatives [1,2]. For this reason, Con A has been implicated
in many important physiological and pathological processes like
cell communications, leukocytes homing, immune response, malig-
nancy, and metastasis [3-5]. On other level, Con A has also been
selected as a protein model for in-depth study of molecular recog-
nition or biological processes that have profound significance for
clinical diagnosis and drug development [6,7]. Hence, the sensation
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of Con A in a sensitive and accurate manner is very pivotal for un-
derstanding its diversified functions in these complicated courses.

The reported methods for Con A detection mainly include elec-
trochemiluminescence [8], UV-vis spectroscopy [9], fluorescence
spectroscopy [10-12], and surface plasmon resonance [13]. Among
them, fluorescence assay occupies a large proportion on account
of its simplicity of realization, facile visualization, and real-time
analysis features [14]. As a typical fluorescence sensing strategy
for Con A, the sugar-labeled fluorescent materials have been used
as recognition and signal elements, which can be aggregated to
generate fluorescence loss due to the polyvalent interactions be-
tween Con A and sugars on the different surfaces of fluorescent
materials. Notably, the sensitivity of this sensing strategy is highly
associated with the fluorescent properties of the selected signal
unit. Compared to the commonly used fluorescent materials like
Au nanoparticles [15], semiconductor quantum dots (QDs) [16],
Ag nanoclusters [17], Ag nanoparticles [18] and alloy nanoparti-
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Scheme 1. (a) Schematic depiction of the strategy for fabrication of boronic acid functionalized carbon dots; (b) the preparation process for DxFMs; (c) working principle of

the system for Con A assay.

cles [19,20], the fluorescent microspheres (FMs) [21] that converge
hundreds of QDs seem to be good alternatives due to the improved
fluorescence intensities, optical and colloidal stabilities.

Despite the use of FMs as signal unit, however, the above-
mentioned sensing strategy with turn on or turn off variations
in the fluorescence intensity is easy to be affected by many fac-
tors, including instrument fluctuation, microenvironment perturba-
tion and distribution variation of fluorescent material, leading to
the possibility of false-positive error. Thereby, the ratiometric sens-
ing concept that is capable of providing built-in self-calibration for
minimizing false-positive error should be taken into consideration
[22]. In general, a ratiometric fluorescence sensor usually covers
two signals at two or more different wavelengths. To realize this
goal, another fluorescent material is required to serve as internal
reference except for FMs. Recently, carbon dots (CDs) [23-26] have
flourished in the field of fluorescence biosensor due to the splen-
did luminescence property, good biocompatibility, and easy avail-
ability. The abundant CDs species can allow tremendous flexibility
to choose one that has the same excitation wavelength with FMs
but distinct fluorescence emission peak for simplifying the analy-
sis process. More importantly, CDs possess abundant surface func-
tional groups, which offer the likelihood to interact with sugar-
labeled FMs and build relationship with the Con A.

Herein, we have developed a ratiometric fluorescence platform
with one excitation wavelength for sensitivity and reliability analy-
sis of Con A via the coupling of boric acid-modified CDs (BCDs) and
dextran-functionalized FMs (DxFMs). As shown in Scheme 1, the
BCDs could bind with DxFMs via the covalent interaction between
boronic acid groups and cis-diol in dextran to form precipitation. In
the presence of Con A, it could preferentially bind to dextran and
relieve the formation of BCDs/DxFMs precipitation due to its car-
bohydrate recognition ability, achieving two fluorescence emissions
from the DxFMs (620nm) and BCDs (410nm) in the suspension.
In contrast, all of DxFMs have been combined with BCDs, lead-
ing to the lacking of DxFMs in the suspension and the disappear-
ance of fluorescence emission at 620 nm. On the premise of exces-
sive BCDs, we have realized the ratiometric fluorescence detection
of Con A with satisfied performance by the relationships between
constant BCDs emission and target-dependent DxFMs emission.
With advantages of high brightness, rapid response and ratiometric
fluorescence, this ratiometric fluorescence platform is expected to
become a simple and effective tool for the capture of quantitative
information in complicated biological and physiological processes.
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Fig. 1. Characterization of BCDs. (a) The TEM images of BCDs, scale bar: 50 nm; (b)
The TEM images of BCDs, scale bar: 10 nm. (c¢) The size distribution of BCDs. (d) The
FT-IR spectra of BCDs and precursor.

The BCDs were prepared by a modified hydrothermal method
according to a previous work [27]. The morphologies and sizes of
the prepared BCDs were investigated by TEM and DLS. The results
showed that the prepared BCDs were spherical and well dispersed,
and the TEM diameter of BCDs is about 4.2 nm (Figs. 1a and b). As
can be seen in Fig. 1c, the hydrodynamic diameter distribution of
BCDs ranged from 6.0nm to 15.6 nm with an average diameter of
9.8 nm. To study the surface functional groups and compositions of
the BCDs, its FTIR spectrum was investigated. As shown in Fig. 1d,
the FT-IR spectrum (red curve) of BCDs exhibits distinct absorp-
tion bands at 3431, 1680, 1640, 1334, and 1026 cm~!, which can
be attributed to are assigned to the O-H stretching vibration, C=0
stretching vibrations, C=C stretching vibrations, B-O stretching vi-
bration and B-O-H deformation vibration, respectively. While the
FT-IR spectrum (blue curve) of the precursor, exhibits distinct ab-
sorption bands at 3380, 1636, 1114 cm~!, which can be attributed
to the O-H stretching vibration, C=C stretching vibrations and
C-B stretching vibration, respectively. The results demonstrated
that there were abundant of boronic acid groups on the surface
of BCDs, which was beneficial for Con A detection.

The prepared DxFMs were also characterized by SEM and DLS
assay. Compared to FMs in Fig. S1a (Supporting information), there
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Fig. 2. (a) The fluorescence emission spectra of BCDs, DxFMs and DxFMs in the
presence of Con A or BCDs (Aex =330nm). (b) The fluorescence emission intensity
of FMs, PEI@FMs, DxFMs before and after reaction with BCDs.

were obvious inclusions on the surface of PEI@FMs (Fig. S1b in
Supporting information). And compared with PEI@FMs, the surface
of DxFMs was further coated by dextran (Fig. S1c in Supporting
information). Moreover, the average hydrodynamic diameters were
almost in agreement with the SEM results (Figs. S1d-f in Support-
ing information). The prepared DxFMs were further investigated by
measuring the zeta potential. As shown in Figs. S1h-j (Support-
ing information), the zeta potential of FMs, PEI@FMs and DxFMs
was —29.5+1.6mV, 51.6+2.8mV and —3.97 &+ 1.5 mV, respectively,
indicating that DxFMs was successfully prepared. What is more,
in order to validate the claims, the energy-dispersive X-ray spec-
troscopy of BCDs (Fig. S2a in Supporting information) and DxFMs
(Fig. S2b in Supporting information) have been provided.

Optical properties of BCDs and DxFMs were measured. As
shown in Fig. S3a (Supporting information), an emission peak
could be observed at 410nm for BCDs under 330 nm excitation.
DxFMs showed an obvious emission peak at 620 nm with the exci-
tation wavelength of 330 nm (Fig. S3b in Supporting information).
These results demonstrated that BCDs and DxFMs could be excited
by same wavelength, which was suitable for the building of ratio-
metric fluorescent sensing platform. In addition, the UV-vis ab-
sorption of BCDs (Fig. S3c in Supporting information) and their
precursors as well as the fluorescence intensity of DxFMs were
presented in Fig. S3d (Supporting information).

To investigate the feasibility of BCDs and DxFMs based probe
for Con A assay, the fluorescence intensity at 410 nm and 620 nm
under different conditions were recorded. In our design, BCDs was
far excessive and its fluorescence intensity could be basically un-
affected by Con A, therefore it could be used as the internal ref-
erence. As shown in Fig. 2a, we could observe an obvious fluores-
cence emission peak at 620nm for DxFMs, and its intensity was
almost unchanged after the addition of Con A into DxFMs solution.
Moreover, the fluorescence intensity was also slightly decreased
with the further addition of BCDs into the DxFMs+ Con A solu-
tion. However, if the BCDs were directly added into DXxFMs solu-
tion, we found that the fluorescence intensity at 620 nm decreased
significantly. As regards to BCDs, the intensities of its fluorescence
emission peak at 410 nm kept constant during all tests, suggesting
that its content was enough to serve as internal reference. Fig. 2b
illustrated that BCDs could specifically bind to DxFMs but not FMs
or PEI@FMs. These results indicated that our system could be used
for ratiometric detection of Con A.

The related sensing mechanism was inferred as described in
Scheme 2. Both boric acid and Con A can bind dextran on the sur-
face of DxFMs via the covalent interaction between boric acid and
cis-diol as well as the affinity of Con A towards carbohydrate lig-
ands, respectively [28,29]. The abundant boric acid groups would
induce the crosslink between DxFMs and BCDs, leading to the for-
mation of DxFMs/BCDs precipitation. However, one Con A tetramer
only has four sugar binding sites, the crosslink density between
DxFMs and Con A is very low and the formed DxFMs/ConA aggre-
gations would disperse in the suspension. To verify as-mentioned
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Scheme 2. Schematic diagram illustrating of the covalent binding between cis-diols
of dextran and boronic acid on the surface of BCDs lead to the assembly of BCDs
and DxFMs.
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Fig. 3. The SEM image of DxFMs after reaction with Con A (a) and with BCDs (b),
scale bar: 500nm. (c) The schematic diagram illustrating of DXFM reacting with
Con A.

speculation, we detected the aggregations by SEM assay. As shown
in Fig. 3a, only small nanoparticles consisting of 2 or 3 FMs were
formed in the presence DxFMs and Con A, while the aggrega-
tion with crosslinked network structure was found in the pres-
ence of DxFMs and BCDs (Fig. 3b). Fig. 3¢ showed the schematic
diagram illustrating of DXFM reacting with Con A. On these con-
texts, the existed Con A can bind with DxFMs and retained a part
of DxFMs in the suspension, achieving two fluorescence emissions
from DxFMs and BCDs. In contrast, all of DxFMs would exist in
DxFMs/BCDs precipitation, leading to the lacking of fluorescence
emissions of DxFMs for the suspension. On the premise of exces-
sive BCDs, the ratiometric fluorescence detection of Con A was re-
alized.

Under the optimized conditions (Figs. S4-S7 in Supporting infor-
mation), the performance of the sensor was measured. As shown
in Fig. 4a, the fluorescence intensity of BCDs at 410 nm remained
stable and the fluorescence intensity of DxFMs at 620 nm increased
obviously with the increase of Con A. Fig. 4b exhibited the rela-
tionship between the value of Fgyg/F419 and the concentration of
Con A. There was a good linear relationship between Con A and
Fe20/F410 in the range of 0.125-12.5 ug/mL (R% =0.9991) with a de-
tection limit of 0.089 ng/mL (Fig. 4c). Compared with other previ-
ously reported methods, the detection performance of this ratio-
metric fluorescent probe showed lower LOD for Con A detection
(Table S1 in Supporting information). In addition, photos after the
reaction completed were collected. It could be clearly seen that
with the increase of Con A concentration (from left to right), the
precipitation gradually decreased and the fluorescence of the su-
pernatants gradually increased (Fig. 4d).

To investigate the specificity of the system, we evaluated the
effects of potential interfering substances in serum, such as Fe3*,
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Fig. 4. (a) The fluorescence emission spectra of DXFMs reacting with different con-
centrations of Con A. (b) The fluorescence emission spectra of DxFMs reacting
with different concentrations of Con A at 600-645nm. (c) The scatter diagram of
Fs20/Fa10 corresponding to (a) and the linear relationship between the concentration
of Con A and Fgyo/Fs10. (d) The photo of DXFMs reacting with different concentra-
tions of Con A under ultraviolet lamp (A =365nm).
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Fig. 5. The selectivity of the ratiometric fluorescent sensing method toward various
potential interfering substances.

Table 1
Analytical results of Con A in 10% serum samples.

Sample Spiked (ng/mL)  Found (pg/mL) RE (%) RSD (%) (n=3)
10% Serum 0 0 —_ —_

4 4.3 107.5 4.4

8 8.5 106.3 4.3

12 12.5 104.2 3.6

Na*, K*, histidine (His), L-proline (Pro), horseradish peroxidase
(HRP) and bovine serum albumin (BSA), and their concentrations
were 1 mmol/L. The fluorescence response of these interfering sub-
stances was much lower than that of Con A (Fig. 5). However, cis-
diols in glucose and sucrose may react with BCDs and interfere the
detection, so we chose 1 mmol/L glucose which was slightly higher
than that of the 10-fold diluted normal blood sugar concentration
to carry out the experiment. The results showed that 1 mmol/L glu-
cose and sucrose did not affect the detection, indicating that the
sensing system was not interfered by glucose in the actual sample
(10% serum).

To further investigate the practical application potential of this
method, Con A in fetal bovine serum was detected using a recov-
ery method. When 4, 8 and 12 pg/mL of Con A were added into 10%
fetal bovine serum, the recoveries were 107.5%, 108.8% and 104.2%,
and the relative standard deviations (n=3) were 4.4, 4.3 and 3.6,
respectively (Table 1). These results demonstrated that the ratio-

Chinese Chemical Letters 35 (2024) 108575

metric fluorescence biosensing method has the potential to quan-
titatively determine Con A in clinical serum samples.

In summary, we have successfully fabricated a novel and re-
liable ratiometric fluorescence sensing method for Con A detec-
tion. In this protocol, BCDs could bind with DxFMs via the cova-
lent interaction, resulting in the formation of precipitation. While,
Con A could preferentially bind to DxFMs through carbohydrate
recognition ability and suppress the subsequent assembly between
DxFMs and BCDs, leading to the simultaneous capture of DxFMs
and BCDs fluorescence in the supernatant. Since the BCDs con-
tent was superfluous, their fluorescence intensities were basically
constant. Based on the unchanged BCDs fluorescence signal and
target-dependent DxFMs fluorescence signal, the ratiometric signal
was easily obtained for Con A detection. Results showed that this
analytical method exhibited a lower detection limit with accept-
able simplicity. Notably, the ratiometric system was applied to the
determination of Con A in serum with satisfactory results, which
suggests a promising possibility towards detecting diverse biologi-
cal molecules.
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