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A dynamic reversible phenylboronic acid sensor
for real-time determination of protein–
carbohydrate interactions on living cancer cells†
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Real-time detection of glycosylation on label-free cancer cell

surfaces is of significance for the diagnosis and treatment of cancer.

In this work, we have successfully developed a novel dynamic

reversible sensor based on pH-sensitive phenylboronic esters to

determine in real-time the binding kinetics of protein–carbohy-

drate interactions on suspension cancer cell surfaces using a quartz

crystal microbalance (QCM) technique.

Cell surface glycosylation is involved in many important phy-
siological processes of organisms, including cell proliferation,
differentiation, migration, cell–cell recognition, immunomodu-
lation and signal transduction.1–4 The abnormal expression of
glycosylation is closely associated with many pathological con-
ditions including cancer, as it regulates the development and
progression of cancer and also serves as an important biomar-
ker for cancer diagnosis and treatment.5–9 Therefore, it is of
great significance to determine cancer cell surface glycosylation
for the investigation of carcinogenic mechanisms and thera-
peutic approaches.10,11 Currently, there are already some meth-
ods and techniques to study cell surface glycosylation like
electrochemistry,12 fluorescence spectroscopy13,14 as well as
biosensor technologies, such as microarray,15 microfluidic
control,16,17 surface plasma resonance (SPR)18,19 and quartz
crystal microbalance (QCM) techniques.20,21 However, conven-
tional methods usually require the separation and purification
of glycosylated molecules on cell surfaces, which is not only
complicated and time-consuming, but also has a risk of

destroying the glycosylated molecule structures, leading to a
lack of authenticity and accuracy in the data.

In order to directly detect cell surface glycosylation, various
strategies involving many dynamic reversible chemical bonds
(hydrogen bonds, electrostatic effects, reversible boronic esters,
benzoicimine bonds and photosensitive nitrophenyls, etc.) to
construct chemosensors have been exploited.22–26 QCM cell-
based biosensors have the characteristics of showing high
sensitivity, without the need to purify them and they are also
label-free.27 Cells can be immobilized on the sensor surface
directly, which provides more authentic and accurate data for
cell surface glycosylation studies.28 In our previous studies,
suspension cancer cells were captured onto the sensor surface
by the interaction of Concanavalin A (Con A) and cell surface
carbohydrates.29 Insufficiently, the exposed Con A on the
sensor surface (without being completely covered by cells)
would interfere with the detection of biomolecules with glu-
cose/mannose structures. Furthermore, suspension cells were
immobilized directly onto a polydopamine-coated sensor by
Michael addition and Schiff base reactions.30 Compared to the
above method, this method does not interfere with the detec-
tion of biomolecules, but it leads to cell-death through covalent
bonding. Therefore, it is highly desirable to develop a QCM
living cell biosensor with non-interference for real-time detec-
tion of cell surface glycosylation.

Boronic acid can realize the site-specific bioconjugation of
glycoproteins through reversible covalent bonding with
glycosylation sites, which depend on the fast and stable for-
mation of boronic esters (five- or six- membered cyclic com-
plexes) between boronic acid and 1,2-/1,3-cis-diol structures in
cell surface bioligands. Among of them, phenylboronic esters
have been frequently used to fabricate sensor chips for glycopro-
tein analysis,31 glucose detection,32 and controllable cell
adhesion.33,34 Hence, we designed a dynamic reversible
phenylboronic acid sensor, which can capture living suspension
cells through the phenylboronic ester biomaterial interfaces
formed by dynamic reversible covalent complexation between
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cis-diol-containing structures on cell surfaces by glycosylation. In
addition, the sensor could be regenerated by fructose competi-
tion due to the fact that fructose has a particularly high affinity
for aryl boronic acids in the range of pH 7–9. The bound fructose
was then removed by treatment with phosphate at low pH due to
the pH-sensitive boronic esters. This has greatly improved the
potential applications of the sensor and has reduced the cost of
use.35 Two kinds of suspension cancer cells, human acute
lymphocytic leukemia Jurkat cells (Jurkat cells) and human acute
myeloid leukemia K562 cells (K562 cells) were measured with
several lectins to evaluate the cell surface glycosylation, and the
binding kinetics of the lectin–glycan interactions were analyzed
in real-time by the cell-based QCM biosensor (Scheme 1).

Firstly, polydopamine was coated on the gold sensor chip
after dopamine incubation. The thickness of the polydopamine
film on the gold chip surface was 65.91 nm, measured by a PZ
2000 ellipsometer. Simultaneously, the surface morphology of
the sensor surface was characterized by AFM before and after
the polydopamine coating (Fig. S5 and S6, ESI†). After the
polydopamine coating, the Rq of the sensor surface changed
from 4.59 nm to 6.90 nm and aggregated polydopamine nano-
particles could be observed. Next, compound 3 (phenylboronic
acid derivative, PBA) was synthesized from 2,20-(ethylene dioxy)-
bis(ethylamine) and 4-carboxyphenyl boric acid (for details of
the synthesis see Fig. 1). Then, the PBA was fixed on the
polydopamine-coated chip by Michael addition and Schiff base
reactions, to prepare the PBA functionalized sensor chip (PBA-
chip). The PBA-chip morphology was determined by SEM–EDS

and SEM (Fig. S7, ESI†). Compared with a gold sensor chip
(Fig. S7(a) and (c), ESI†), the PBA-chip had more C, H, O, N and
B elements (Fig. S7(b) and (d), ESI†), which indicated that
polydopamine and PBA were successfully immobilized on the
chip surface. Moreover, the PBA functionalized sensor chip was
investigated by FT–IR spectroscopy (Fig. S8, ESI†), which
showed an absorption band at 3157 cm�1 corresponding to
the –OH stretching mode of the phenylboronic acid, confirm-
ing the presence of PBA units on the sensor chips.

Jurkat cells were captured by the PBA-chip and were
observed with SEM (Fig. S9, ESI†), then stained with Hoechst
33258 and observed under a fluorescence microscope (Fig. 2a).
The results showed that Jurkat cells were successfully captured
on the sensor surface with good activity and uniform distribu-
tion. PBA is able to immobilize cells by forming boronic esters
with cis-diol-containing structures on the cell surfaces.36,37 This
chemical bond is pH-sensitive, which is stable at pH 6.8–7.5
and breaks at pH o 5.5.38,39 Following the QCM measure-
ments, the QCM Jurkat cell sensor’s regeneration was examined
by competing with 20 mM fructose solutions at pH 8.5 and then
incubating with PBS (1 mL) at pH 3.0 for 1 h at room
temperature.40 The cells were stained again and observed with
fluorescence microscopy (Fig. 2b). As seen in the Fig. 2b, there

Scheme 1 Schematic illustration of the PBA-based suspension-cell QCM
biosensor for real-time detection of lectin–cells interactions.

Fig. 1 The synthesis route of compound 3 (PBA).

Fig. 2 Fluorescence images of (a) the PBA-based suspension-cell sensor
surface, on which the Jurkat cells were captured by boronic acid groups
and fixed on the chip, (b) the Jurkat cells that were eluted from the chip by
20 mM fructose; after the sensor chip was regenerated, (c) the Jurkat cells
were captured again and successfully fixed. (d) The SEM image of the
Jurkat cells that were captured again. As counted using ImageJ software,
the cell coverage had no significant changes before and after QCM
measurements (a: 2.16 � 105 cells per cm2, c: 2.19 � 105 cells per cm2).
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were a few cells on the surface, indicating that the cells were
successfully removed from the chip.12 Furthermore, the sensors
were regenerated (Fig. S10, ESI†), Jurkat cells were incubated
again on the PBA-chip surface, stained and observed by fluores-
cence microscopy (Fig. 2c) and SEM (Fig. 2d). Notably, there
was no significant change of the cell coverage on the sensor
surface after regeneration (a: 2.16 � 105 cells per cm2, c:
2.19 � 105 cells per cm2, counted with ImageJ software), which
indicated that the suspension cells that attached to the sensor
surface had excellent stability, capability and ability to be
regenerated for capturing cells. These results showed that
Jurkat cells were successfully captured again on the chip sur-
face with good activity and uniform distribution, indicating
that regeneration of the PBA chip was achievable and effective.

As an important tool for studying glycosylation on cancer
cell surfaces, lectins can recognize and bind the specific
structure of glycan.41–43 Cell surface glycosylation can be eval-
uated by detecting the interaction between a series of lectins
and cells using QCM biosensor techniques. Jurkat and K562
suspension cancer cell biosensors were docked into the QCM
instrument. Five lectins were introduced to the sensor surface
respectively, including Con A, wheat germ agglutinin (WGA),
peanut agglutinin (PNA), soybean agglutinin (SBA) and Ulex
europaeus agglutinin I (UEA-I) that specifically recognizes and
binds mannose, N-acetylglucosamine (GlcNAc), galactoside, N-
acetyl-galactosamine (N-GalNAc) and L-fucose. Each lectin was
injected and run for 400 s, then the corresponding glycose was
injected to competitively bind to the lectin. The process was
repeated 2–3 times. Fig. 3a showed the binding and dissocia-
tion process of the Jurkat cells with 50 mg mL�1 WGA which was
performed twice and the data was similar each time. The
results indicated that the Jurkat cell sensor chip was reprodu-
cible and the method was reliable. The interactions of each
lectin with the surface glycans of the Jurkat and K562 cells were
subsequently tested separately and the mean frequency shifts
were recorded and summarized (Fig. 3b). As can be seen, the
different frequency shifts produced from the interactions
between the lectins and the cell surfaces resulted from different
glycosylation on the cell surfaces. This measurement of the
responses obtained for each of the lectins to the living cell

surfaces enabled a real-time analysis of the lectin–cell interactions. In
addition, it is well known that Con A can recognize and specifically
bind to mannose. In this study, D-mannose was used as a competitive
inhibitor to study the competitive inhibition of D-mannose on the
binding of Con A to carbohydrates on the Jurkat cell surfaces. A
mixture of 50 mg mL�1 Con A and a series of concentrations of
D-mannose (0–495 mM) were injected onto the surface of the
suspension-cell sensor. The binding of Con A gradually decreased
with the increase of D-mannose due to the competitive effect of
D-mannose (Fig. 4a). The result indicated that Con A was bound to
mannose on the Jurkat cell surface, and the binding was specific. The
half inhibitory concentration IC50 was 8.5 mM.

The kinetic study of the interactions between biomolecules
and cells gave an insight into the cell surface glycosylation
structures, which is important in the fields of disease diagnosis
and drug development. The kinetics of the interactions
between lectins and the cell surface glycans were measured
by injecting WGA and SBA onto the sensor surface at 25, 50, 75
and 100 mg mL�1, respectively. Fig. 4b showed the kinetic study
of SBA and Jurkat cells. The experimental data were fitted using
a 1 : 2 binding model,44 indicating uneven clustering of the
targets on the Jurkat and K562 cell surfaces, locally favoring
multivalent interactions. The kinetic parameters like the asso-
ciation rate constant (kon), the dissociation rate constant (koff)
and the dissociation equilibrium constant (KD = koff/kon) of the
interactions were calculated and the results of the interactions
of WGA and SBA with Jurkat and K562 cells are shown in
Table 1. The results show that the kinetic parameters are
significantly different due to the difference between the kon of
WGA interacting with Jurkat and K562 cell surface glycans,
which was much larger than that of SBA, whereas the koff

difference was smaller. The KD of SBA interacting with both
cells is significantly larger than that of WGA, showing the
complexity and variability of cancer cell surface glycosylation.

In summary, we fabricated a dynamic reversible phenylboronic
acid sensor for the real-time determination of protein–carbohydrate
interactions on living cancer cell surface glycans. The living Jurkat
and K562 cells were successfully captured onto the PBA-chip surface
using the phenylboronic ester biomaterial interfaces that were
generated by phenylboronic and cis-diol-containing structures on
the cell surfaces. The QCM cell biosensor was used to study cell

Fig. 3 (a) Frequency shift recorded during the binding and regeneration
of WGA to Jurkat cell sensor surfaces. (b) Lectins (Con A, WGA, PNA, SBA
and UEA-I) were injected over two different cell surfaces (Jurkat and K562
cells), respectively. The maximum frequency shift observed at the end of
the injection phase was monitored. The data are representative of
3 independent experiments from 3 chips and are presented as the
mean � s.d.

Fig. 4 (a) Competitive inhibition of the interaction of Con A with Jurkat
cells using D-mannose as the competitor. (b) Kinetic evaluation of the
interaction of SBA with Jurkat cells. SBA at 25, 50, 75 and 100 mg mL�1

(0.12, 0.24, 0.48 and 0.96 mM) were tested. The responses were recorded
(black curves) and were globally fitted to a theoretical 1 : 2 binding model
with a mass transport parameter (red curves).
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surface glycosylation with several lectins, which exhibited good
reproducibility. In addition, the QCM cell biosensor could be
regenerated by fructose competition and PBS (pH 3.0) treatment
to release the cells, which shows good regeneration for capturing
different cell lines. This study provides a new method for studying
living suspension cell surface glycosylation, which is of great
significance for molecular recognition, cancer diagnosis and drug
development.
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Table 1 Dynamics and affinity of WGA and SBA interactions with Jurkat and K562 cells

Lectin

Jurkat K562

kon (M�1 s�1) koff (s�1) KD (nM) kon (M�1 s�1) koff (s�1) KD (nM)

WGA 1.04 � 106 2.88 � 10�3 2.77 1.53 � 106 1.21 � 10�3 0.79
SBA 4.38 � 104 5.27 � 10�4 11.9 7.42 � 104 3.76 � 10�4 5.07
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