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A B S T R A C T

Discrimination of glycoproteins and cell types is a significant but difficult issue. Herein, we presented a
novel fluorescence sensor array for the detection and identification of glycoproteins and cancer cells
based on the specific affinity between boronic acid-containing carbon dots (BA-CDs) and cis-diol residues
of polysaccharides. The differential binding affinity of three BA-CDs to various glycoproteins resulted in a
different fluorescence turn-on signal pattern caused by aggregation-enhanced emission (AEE), along
with negligible response from other proteins. Therefore, BA-CDs encompassing sensing elements and
signal indicator into one can enable a fast and accurate discrimination of glycoproteins with simple and
easy operation. Seven glycoproteins could bewell discriminated at a very lowconcentration of 10 nmol/L.
The discriminating capability of glycoproteins is not sacrificed in both human urine and serum. Notably,
different glycoprotein compositions of cancer cells provide more recognizable features for identification
of cancer cells, comparing to the total protein. Five cell types could be identified in 15min at a low
concentration of 1000 cells/mL. This method is fast, accurate, and easy operation, and has a potential
application in cancer diagnosis.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Glycosylation is one of the most common and essential protein
post-translational modifications (PTM) in cells, containing a
wealth of information related to cellular development and
diseased statuses [1]. Glycoproteins have been proved to be
abnormal expression in Alzheimer's disease, cancer and so on [2].
Some of glycoproteins in serum and/or tumor tissues are clinically
used as biomarkers for cancer diagnosis, malignant development
and prognostic assessment, including CEA (colon cancer) [3,4].
MUC1(breast cancer), MUC16 (ovarian cancer) and prostate-
specific antigen (PSA, prostate cancer) [5,6]. Some of glycoproteins
involvemultiple cancers, such as CA19�9 [7]. Although the use of a
single biomarker for the diagnosis and monitoring of disease
progression is an attractive prospect, research shows that the
whole glycome profile might be better than a single glycosylation
pattern for the assessment of disease progression. Nevertheless,
such multiple glycoprotein analysis methods rely on large
instrument, i.e., matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MSI) [8], which is costly, time-consuming
and require sophisticated instrumentation. Comparing with
titute of Materia Medica, Chinese
proteins, cancer cells have become newly more effective biomark-
ers for cancer diagnosis [9]. Therefore, the development of
inexpensive, rapid, simple, accurate and high-throughputmethods
for identification of multiple glycoproteins and cell types is a
meaningful research topic.

Array-based sensing approaches have been created and tuned
to specific sensing challenges [10]. In recent years, a series of array-
based sensing platforms have been used as alternative analytical
tools for the identification of proteins [11–16] and cells [17–22].
However, it is still a great challenge to identify glycoproteins that
have a class of proteins with similar PTM, due to the indiscernible
signal difference from these protein species. Besides, total protein-
driven sensing methods for identification of cancer cell types still
have some disadvantages such as low sensitivity, because different
cancer cells are often only associated with subtle changes in the
expression level of a single or few protein molecular components.
Considering that some glycoproteins have been clinically used as
cancer biomarkers, we envisioned that glycoproteins could be
potentially used asmore representative components for cancer cell
identification. Our group has developed an array sensing platform
by exploiting pyrene-derived amphiphile/surfactant assemblies,
for identification of eight glycoprotein species at a 50 nmol/L level
[23]. However, this fingerprint-based glycoprotein-sensing system
is based on micelle, limiting the operability and versatility of its
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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applications, especially for cell analysis. To create simpler and
more practical systems, it is desirable that the recognition
elements themselves exhibit a selective turn-on response toward
glycosylation events, and to generate distinct responses for each
glycoprotein by cross-reactive receptors of sensor array.

Herein, we developed three boronic acid-containing carbon
dots (BA-CD1, BA-CD2, BA-CD3) as recognition elements to
fabricate sensor array for identification of glycoproteins and
cancer cells, as shown in Scheme 1. The BA-CDs can covalently
interact with the cis-diols moiety of the glycoproteins to form a
rigid structure aggregate, restricting intramolecular rotation and
causing fluorescence signal to turn on. Due to the difference in the
glycosylation content, molecular weight and other chemical
composition of glycoproteins, the BA-CDs produced different
aggregation degrees and aggregation-enhanced emission (AEE)
responses. The map of discriminative fingerprints was gathered
and can be recognized by linear discriminant analysis (LDA).
Therefore, an effective identification of the glycoproteins can be
achieved. Moreover, the proposed array could be applied in cell
identificationwith several significant advantages of easy construc-
tion, low cost and simple procedure.

The BA-CDs are synthesized through a one-pot solvothermal
method at an optimum condition of 180 �C for 8 h, as shown in
Scheme 1A. Under this situation, 3-aminophenylboronic acid is
employed as boronic acid (B) doping sources, while citric acid (CA),
3-hydroxy-3-methylglutamate, and 3-hydroxy-3-methylpenta-
noic acid are used as variant precursors for modulating physico-
chemical properties of the BA-CDs. By changing the precursors,
three BA-CDs are synthesized, namely BA-CD1, BA-CD2, and BA-
CD3. The TEM images (Figs. S1A-C in Supporting information)
revealed that the BA-CD1, BA-CD2, and BA-CD3 were spherical
structurewith the similar size of 3–6 nm, favorable uniformity, and
well dispersed. The fluorescence and UV–vis spectra were shown
in Figs. S1D-G (Supporting information), and the emission
locations of three carbon dots were at 336, 420, and 374 nm,
respectively [24]. The results of XPS spectra (Figs. S1H and S2A-F in
Supporting information) and FT-IR spectra (Fig. S1I in Supporting
information) confirmed boronic acid groups containing on the
surface of BA-CDs during the process from precursors to final
carbonization products at high temperature [25,26]. ICP-MS
measurements (Fig. S2G in Supporting information) and zeta
potential analysis (Fig. S2H in Supporting information) indicated
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Scheme 1. Scheme diagram of (A) one-step synthesis strategy for fabrication of BA-C
glycoproteins and cells.
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that different/diverse precursors of three BA-CDs resulted in
variations of boronic element content (ICP-MS: 18.8%, 12.6%, 8.8%;
XPS: 8.96%, 5.34%, 4.33%) [27,28] and surface charge (�13.5mV,
�5.3mV, and �15.4mV). Diverse surface states of three BA-CDs
were derived from different pH-dependent emission behaviors
induced by protonation–deprotonation (Fig. S2I in Supporting
information). Hence, three BA-CDs have different surface charge
and boronic element content, facilitating them to be artificial
receptors in a sensor array for target analysis.

The fluorescence signal response of this sensor array against
glycoprotein samples was investigated. Seven glycoproteins,
including Ovalbumin (Ova), immunoglobulin (IgG), g-Globulin
(g-Glo), glucose oxidase (GOD), fibrinogen (Fbg), transferrin (Trf),
horseradish peroxidase (HRP), were employed with different
carbohydrate contents (around 3%�18%), molecular weights (MW,
around 40-340 kDa), and isoelectric points (pI, around 4.7-8)
(Table S1 in Supporting information). The fluorescence spectrumof
BA-CDs was significantly enhanced after interacting with seven
glycoproteins (Figs. 1A-C). Dynamic light scattering data (Figs. 1D-
F) revealed that BA-CDs and glycoproteins form a large of
aggregates with diameter of 8�120 nm, due to the presence of
the oligosaccharide and large molecular weight of the glycopro-
teins. Due to the larger saccharinity andmolecular weight, the size
and fluorescence response of aggregates of BA-CDs with GOD and
Fbg are larger than other glycoproteins. The linear concentration
range for the quantification of individual glycoproteins is 10–
80 nmol/L (Figs. 1G-I). These results well suggest that this array
sensing platform is sensitive enough for the quantitative detection
of glycoprotein at a nanomolar level.

In order to prove the AEE phenomenon of BA-CDs, BA-CDs
aggregates are fabricated by dissolving BA-CDs in 10%, 30%, 50%,
70%, 90% poor solvents of DMSO and glycerol. The investigation on
hydration particle size (Figs. S3 and S4 in Supporting information)
showed a comparable assembling tendency with the increase of
the poor solvent concentrations for both DMSO and glycerol.
However, the results of fluorescence intensity (Figs. S3 and S4)
showed the glycerol had significantly higher AEE efficiency than
DMSO, due to the effect of hydroxyl groups. Similarly, the cis-diols
groups combined with BA-CDs to form a rigid structure, restricting
the non-radiative transition of the BA-CDs, and significantly
impacting the signal response. We further measure the fluores-
cence lifetime (Fig. S5 in Supporting information). Fluorescence
Ds, and (B) fluorescence sensor array based on three BA-CDs for identification of
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Fig.1. (A-C) Fluorescence response curves of three BA-CDs to seven glycoproteins; (D-F) DLS results of three BA-CDs in the presence of glycoproteins; Fluorescence titration of
(G) BA-CD1, (H) BA-CD2 and (I) BA-CD3 with increasing the concentration of glycoproteins (10–80 nmol/L).
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lifetimes of three BA-CDs are 4.59 ns, 4.72 ns and 5.38 ns, while
they become 6.31 ns, 5.70 ns and 5.46 ns in the presence of
glycoproteins. The increased fluorescence lifetime can be attribut-
ed to the restriction of CDs non-radiative transitions after the
addition of glycoproteins. The boronic acid groups of BA-CDs
ensure that selective interactions occur only when the complex is
close to analytes (glycoproteins) with cis-diols structure. The BA-
CDswill alter theirfluorescence properties to glycoproteins viaAEE
effect differently, when forming different degrees of aggregation
impacted by the molecular weight of saccharides and different
local environmental factors, such as chemical compounds and
change. Moreover, three BA-CDs show different surface states and
boronic acid group contents (Figs. S2G and H), resulting in the
different degrees of aggregation and non-radiative transition
varying. This sensor array based on three BA-CDs is ensured with
cross-reactivity, selectivity and sensitivity, and should be suitable
for fingerprint-based sensing.

The responses of the three signal channels of BA-CDs to each
analyte were recorded, and then the relative signal change in FL
responses was quantified by (I-I0)/I0, where I and I0 are the
emission intensities with and without analytes, respectively. The
glycoproteins had very different ratios in each signaling profile,
thus the responsefingerprints of each glycoproteinwere generated
in Fig. 2A. The signal responses are negligible for the blank and
non-glycoproteins (e.g., BSA, Hb, Cyt-c and CS), compared to the
obviously enhanced responses for all the glycoproteins, verifying
the well selectivity of this BA-CDs sensor. To clearly demonstrate
the fingerprint response patterns of each analyte, we converted the
response pattern to a heat map (Fig. 2B). The results prove that the
sensing array can discriminate different glycoproteins by intuition.

The resultant fluorescence response pattern was then analyzed
using LDA, a widely used mathematical statistical method in
sensing array system to maximize the separation ability of the
sensor array. Three replicates were tested for each glycoprotein in
each BA-CD, producing a training matrix (3 BA-CDs � 7
glycoprotein � 3 replicates) (Table S2 in Supporting information).
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Then, the matrix was handled by the IBM SPSS (version 22.0). A 2D
plot was generated using the first two most significant discrimi-
nation factors (Fig. 2C), where each point represents the
fluorescence response of three CDs to one glycoprotein.

To further announce the discriminating capability of BA-CDs-
based sensor array to various concentrations of glycoproteins, LDA
calculations were conducted to plot the discrimination results.
Seven glycoproteins and blank & other proteins were clearly
separated into eight clusters without overlap even at a very low
concentration (80 nmol/L, 60 nmol/L, 40 nmol/L, 20 nmol/L and
10 nmol/L) (Fig. S6 in Supporting information), and the discrimi-
nation accuracy was 100% for each glycoprotein according to
Jackknife classification (Table S3), indicating the effective discrim-
ination ability of the CDs-based sensor array against glycoprotein.
As shown in Fig. 2D and Fig. S7 (Supporting information), this
sensor array is sufficiently sensitive to detect glycoproteins at a
nanomolar concentration level. Therefore, the discrimination
sensitivity of this sensing array platform is deduced to be
10 nmol/L. The sensing of large biological entities is of great
importance in biomedical research. For example, detecting the
presence of marker proteins is crucial for the early diagnosis and
treatment of diseases. Glycoproteins in urine/serum are frequently
regarded as significant biomarkers for disease prevention and
treatment [7]. The discrimination ability of glycoproteins is not
sacrificed in human urine/serum (Figs. 2E and F). Glycoproteins are
easily clustered into seven groups regardless of the complexity of
urine/serum composition. Thus, this array sensing platform
exhibits the excellent stability, and is promising for early disease
diagnosis in complex matrix environments.

Traditionally, cell discrimination by sensor array often relies on
the diverse expression of total proteins, and these subtle changes
result in the use of total protein-driven cell profile with a low
sensitivity. Considering that some glycoproteins have been
clinically used as cancer biomarkers, we envisioned that our BA-
CDs array could be able to differentially interact with these
representative components of cancer cell, which should
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Fig. 2. (A) Fluorescence response patterns of glycoproteins and non-glycoproteins
on the sensor array; (B) Heat map derived from fluorescence response pattern for
proteins; (C) Canonical plot for the first two factors of simplified fluorescence
response patterns. Glycoprotein concentration is at 80 nmol/L; (D) Identification of
Fbg at various concentrations based on this sensor array; LDA canonical score plots
for the response of the sensor array to glycoproteins (10 nmol/L) in (E) human urine
and (F) human serum. Human serum and urine samples were collected from
healthy volunteers at the Hospital of Northeastern University, and all relevant
ethical regulations were complied with.
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Fig. 3. (A) Fluorescence response patterns of cancer cells on the sensor array; (B)
Heat map derived from fluorescence response pattern; (C) Identification of K562
cells at various concentrations based on this sensor array; (D) Canonical plot for the
first two factors of simplified fluorescence response patterns. The concentration of
cells is 106 cells/mL.
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potentially lead to the generation of fluorescent signals reflecting
the interactions with overall glycoprotein biomarkers.

In order to assess the practicability of this array sensing
platform in clinic diagnosis, we choose five different cancer cells
(Table S4 in Supporting information) to evaluate this triple-
channel array sensing platform. The dynamics curve of incubation
at different times is plotted at the fluorescence intensity (Fig. S8 in
Supporting information). To obtain the stable fluorescence
response, 15min was chosen as the optimal incubation time.
After incubation with BA-CDs for 15min, living cancer cells
exhibited strong blue fluorescence as shown in Fig. S9 (Supporting
information), indicating that BA-CDs could bind to cancer cells.
Subsequently, we added the BA-CDs probes to different concen-
trations of the five cancer cells. We observed a concentration-
dependent fluorescence increase with increasing the concentra-
tions of all cancer cells ranging in 1�103–1�106 cells/mL (Fig. S10
in Supporting information). These results well suggest that this
array sensing platform is sensitive enough for the quantitative
detection of cancer cell at 103 cells/mL.

The distinct differences in FL response patterns for each cell line
were observed (Figs. 3A and B, Table S5 in Supporting information).
A score plot constructed using the canonical factors produced 6
non-overlapping clusters corresponding to the 5 cell lines and
blank (Fig. 3D), indicating excellent discriminatory capability of
this method. We use LDA to identify different numbers of one cell
and different cell types of one concentration (Fig. 3C, Figs. S11 and
S12 in Supporting information). The distinct and characteristic
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responses for each cell type demonstrate the sensitivity and
selectivity of the BA-CDs sensor to cell, indicating effective FL
response-basedfingerprinting of cell types. Overall, the differential
interaction of the sensor combined with the robust statistical
analysis suggest the feasibility of FL response-based identification
of diverse types of cells in a rapid, sensitive, and accurate manner.
Table S6 (Supporting information) summarizes some of the
commonly applied procedures for the discrimination of proteins
and cells. It is noticeable that the present approach offers a
favorable identification ability, which is the hitherto reportedmost
sensitive approach for the distinguishing assay, along with
favorable selectivity, which is highly important for practical
applications in the assay of real biological samples/systems.

In summary, a novel triple-channel nanoparticle sensing
platform is constructed with three aggregated fluorescence
enhancement BA-CDs to discriminate and detect glycoproteins
and cells. The BA-CDs are prepared through a simple one-step
method. Seven glycoproteins and five cancer cells are accurately
discriminated and detected by the sensing platform at a low
concentration of 10 nmol/L for glycoproteins and 1000 cells/mL for
cancer cells, respectively. This work provides a simple, rapid,
sensitive and low-cost method to determine glycoproteins and
cells. Taking into account the facile synthesis method for BA-CDs,
we anticipate that this new sensing platform would be widely
utilized with satisfactory performance for proteome research,
clinical diagnostics, and biomedical research in the future.
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