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Abstract
A competitive strategy for glycan determination on cell surface with organic electrochemical transistors (OECTs) has been developed.
The carboxylic multi-wall carbon nanotubes were firstly immobilized on the gate interface to cross-link the specific monose with
adipic dihydrazide as the linker, which could then competitively recognize horseradish peroxidase (HRP)–labeled lectin with the target
monose on the cell surface. The HRP captured on the gate interface through the affinity of lectin to monose finally catalyzed the
reduction of hydrogen peroxide to produce the output current signal for detection of cell surfacemonose under the optimal gate voltage
of 0.9 V. Using mannose and galactose groups as the target models, HRP-labeled concanavalin A and peanut agglutinin were used to
competitively recognize these groups on both cell surface and gate interface, respectively. The amounts of mannose and galactose on
HeLa cells were measured to be 3.41 × 108 and 2.92 × 108 molecules per cell, respectively. The changes of the mannose and galactose
expressions upon external stimulation were also observed with the proposed biosensors, which showed consistent results with flow
cytometric analysis, indicating that the OECT-based biosensor is suitable for analysis of different glycan expressions on cell surface.
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Introduction

Glycans, which decorate on the mammalian cell surface
through the glycosylation of proteins, play important roles in
intercellular processes [1–4]. Various glycan binding sites on
proteins lead to their complex structures on cell surface, and
abnormal expression of glycans on cell surface is associated
with the certain disease status [5–7]; thus, the quantitative
analysis of glycan on cell surface may provide valuable infor-
mation for disease diagnoses, and the cell surface glycan anal-
ysis has been quickly developed with different detection tech-
nologies such as Raman spectrometry [8], mass spectrometry
[9, 10], fluorescence imaging [11], and electrochemical
methods [12–14].

As a detection platform, the organic electrochemical tran-
sistors (OECTs) are consisted of gate, drain, and source elec-
trodes with an organic semiconductor film between drain and
source electrodes [15, 16]. This detection technology pos-
sesses high sensitivity owing to the inherent amplification
function of transistors [17] and stable performances in liquid
electrolytes under low working voltage [18]. It can be used for
detecting both electroactive [19–21] and electro-inactive mol-
ecules [22–24] or biomacromolecules [25, 26] through the
electrostatic interactions or affinity bindings between targets
and functionalized channel or gate interface. To extend the
application of OECTs in cytosensing and glycan analysis,
our previous work used concanavalin A to modify the gate
electrode for capture of target cells, and then introduction of
nanoprobe functionalized with aptamer and horseradish per-
oxidase (HRP) onto electrode surface through the recognition
of aptamer with specific cell surface protein, which produced
detectable signal via HRP-catalyzed reduction reaction of hy-
drogen peroxide (H2O2) on gate interface [27]. Obviously, this
method was rather complex and could not quantitatively de-
tect the cell surface glycan expression. Thus, we designed a
facile sensing strategy for quantitation of glycans on cell sur-
face through covalent ly binding target ce l ls on
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mercaptopropionic acid–modified gate electrode for the rec-
ognition of HRP-labeled lectin (HRP-lectin) and simulating
the cells with glycan-modified microspheres for obtaining
the calibration curves [28]. These works indicated the practi-
cal application of the OECT-based biosensors in cell surface
glycan expression analysis.

To simplify the quantitative detection of cell surface gly-
cans and avoid the relative complex synthesis of modified
microspheres [28], this work designed monose-modified gate
electrodes for competitive capture of HRP-labeled lectins with
cell surface glycans, which directly produced the detectable
signal in the presence of H2O2 and greatly accelerated the
quantitation procedure of cell surface glycans. The monose
functionalized gate electrode could be conveniently prepared
by binding monose to carboxylic multi-wall carbon nanotubes
(CNTs) immobilized gate interface with adipic dihydrazide
(ADH) as the linker. Thus, the corresponding HRP-lectin
could be used to competitively recognize the monose bound
on gate interface and target glycan on cell surface. The pres-
ence of cell surface glycan decreased the amount of HRP-
lectin bound to electrode surface and thus the output signal.
Interestingly, the calibration curves could be easily obtained
with the monose standard solutions. As a proof-of-concept,
the designed biosensing strategy realized the analysis of man-
nose and galactose on HeLa cells. This work provided a new
feasible strategy for the quantitative analysis of cell surface
glycan expression.

Experimental section

Materials and apparatus

CNTs were purchased from XFNANO Materials Tech Co.,
Ltd. (Nanjing, China). PEDOT:PSS (Clevios™, PH 1000)
was provided by Heraeus (Germany). The other materials
and apparatus are described in the Electronic Supplementary
Material (ESM†).

Modification of gate electrode

The OECTs were prepared according to the previous work
(ESM†) [28]. The commercial CNTs were firstly dispersed
under ultrasonication, and then 10 μL of CNTs dispersion
wasdropped on gate electrode to form a thin layer at room
temperature. Afterward, 10 μL of the mixture of 3 mg/mL
EDC and 2 mg/mL ADH dissolved in DMSO was dropped
on the CNT-modified gate electrode and incubated at room
temperature for 6 h. Next, 10 μL of mannose or galactose
solution was dropped on the gate interface for another 12 h
to covalently immobilize mannose or galactose on the gate
interface. Finally, 10 μL of 1% wt BSA was dropped on the
gate interface to block the active surface at room temperature

for 30min. After rinsing the modified gate interface with PBS,
the OECT-based biosensor was obtained.

Cell surface glycan detection

For glycan analysis on cell surface, 10 μL of HRP-lectin mixed
withmonose or cells was dropped on theOECT-based biosensor
(functionalized gate electrode) for competitively binding of lectin
to specificmonose at 4 °C for 1 h. After rinsing themodified gate
interface with PBS, themeasurement of the drain-source channel
current was performed at the gate voltage of 0.9 V and the drain-
source voltage of 0.05 V by immersing the OECT-based biosen-
sor in pH 7.4 PBS containing 100 μM H2O2.

Results and discussion

Biosensing strategy for cell surface glycans analysis

TheCNTs coated on the gate electrodewere firstly activatedwith
EDC to covalently binding with ADH, and the mannose or ga-
lactose was then introduced to the gate surface with ADH as the
linker (Fig. 1). TheHRP-lectin was captured on the gate interface
through the specific recognition of lectin to mannose or galac-
tose. Reasonably, the amount of HRP-lectin captured on the gate
interface was related to the immobilized glycan. When the mix-
ture of HRP-lectin and cells or corresponding monose was incu-
bated on the gate interface, some HRP-lectin molecules were
captured by the corresponding glycan on cell surface or bound
with the monose in solution, which led to the decrease of HRP-
lectin captured on the gate interface. Thus, the output signal
resulted from the HRP-catalyzed reduction of H2O2 on gate/
electrolyte interface decreased, leading to a simple biosensing
strategy for glycan analysis on cell surface. Furthermore, the
calibration curves for quantitative detection of cell surface gly-
cans could be obtained with the monose standard solutions.

Characterization of gate electrodes

The fresh OECT was tested in PBS to obtain the typical transfer
curve. The drain-source current showed the change of more than
one order of magnitude under the gate voltage ranging from 0 to
1.2 V (Fig. 2a). The transconductance (gm), which is defined as
the differentiation of the channel current against gate voltage,
showed the maximum value of 0.85 mS at the gate voltage of
0.9 V. This work measured the steady channel currents before
(I0) and after (I) addition of 100 μMH2O2 within 500 s to obtain
the detection signal by fixing the drain-source voltage at 0.05 V.
Here the detection signal is defined asΔI/I0, andΔI is the chan-
nel current change upon addition of H2O2. The optimized gate
voltage for the analysis of cell surface glycans also appeared at
0.9 V (Fig. S1).
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The Zeta potentials were detected to examine the charge
changes of CNTs after binding ADH and linking glycans.
After ADH was bound to CNTs, the Zeta potential became a
positive value due to the presence of -NH2 group of ADH.
After mannose was linked to ADH functionalized
CNTs, the Zeta potential decreased owing to the
amino-based ligation (Fig. S2a).

The EIS measurements were used to characterize the mod-
ification and recognition process on gate interface (Fig. 2b).
CNT-modified gate electrode showed a relatively low
electron-transfer resistance around 500 Ω (curve a) and a
well-dispersed structure of CNTs film with the form of small
bundles or single tubes (Fig. S2b). The resistance greatly in-
creased to ~1200 Ω after the mannose was linked to CNTs via
ADH (curve b). The electron-transfer resistance further in-
creased to 1800 Ω after BSA was adsorbed on the electrode
interface (curve c). The recognition of HRP-Con A with poor

electrical conductivity to the mannose on electrode surface
also increased the electron-transfer resistance up to 3000 Ω
(curve d), which showed the aggregates of proteins on the
CNTs (Fig. S2c). These results demonstrated the immobiliza-
tion of monose and the lectin recognition on the gate interface.

Optimization for biosensor preparation and mannose
detection

The detection signal increased with the increasing amount of
CNTs for biosensor preparation and reached the maximum
value at the CNTs concentration of 1.0 mg/mL (Fig. S3a
and S3b), indicating the full coverage of CNTs on gate inter-
face for saturation binding of mannose via ADH. Thus, 10 μL
of 1.0 mg/mL CNTs was used for preparation of CNT-
modified gate electrode, at which the optimal concentration
of mannose (10 μL) was selected as 2 μg/mL for the

Fig. 1 Schematic illustration of (a) of OECT modification and (b) OECT-based biosensing for glycan analysis on cell surface

Fig. 2 (a) Transfer and
transconductance curves of fresh
OECT tested in PBS electrolyte.
(b) EIS of a, CNTs; b, Man/ADH/
CNTs; c, Man(BSA)/ADH/
CNTs; and d, HRP-Con A-
Man(BSA)/ADH/CNT-modified
gate electrodes in 0.1 M KCl
containing 5 mM K4[Fe(CN)6]/
K3[Fe(CN)6] (1:1). Frequency
range: 100 kHz to 0.01 Hz; am-
plitude: 10 mV
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preparation of OECT-based biosensor (Fig. S3c). After the
modified gate interface was blocked with BSA, the detection
signal increased with the increasing HRP-Con A concentra-
tion in the detection solution and trended to a steady value at
80 μg/mL due to the saturated recognition of the bound man-
nose (Fig. S3d). Thus, 80 μg/mL HRP-Con A was used for
analysis of cell surface mannose.

Quantitative analysis of mannose on cell surface

To obtain the calibration curve of mannose, the mannose-
modified gate electrodes were incubated with the mixtures
of 80 μg/mL HRP-Con A and different concentrations of
mannose, respectively. The normalized current response de-
creased with the increasing mannose concentration (Fig. 3a).
The plot of the response versus the concentration of mannose
showed a linearity with the equation of ΔI/I0 = 0.542–0.254
cMan (Fig. 3b), and the limit of detection was calculated as
0.135 μg/mL (3σ/m). Besides, the change of effective gate
voltage (ΔVg

eff) of mannose sensor, which could be exacted
from the transfer curve of device and the current response, also
showed linear decrease with the increasing mannose concen-
tration (Fig. S4). Since the detected device was the same as
that for competitive analysis of cell surface glycan, these re-
lationships could be used as the calibration curves for man-
nose analysis on cell surface.

For mannose analysis on cell surface, the mixture of 80 μg/
mL HRP-Con A and different amounts of HeLa cells was
incubated on mannose-modified gate interface. After compet-
itive recognition, the current response decreased with the in-
creasing amounts of cells (Fig. 3c). The plot of detection sig-
nal versus the cell number also showed a linearity with the
equation of ΔI/I0 = 0.501–2.60 × 10−6 Ncell (Fig. 3d). From
the plot and the calibration curve, the amount of man-
nose expressed on each HeLa cell was calculated to be
3.41 × 108, which was close to the values reported pre-
viously [28–31].

The recognition selectivity of lectin to mannose was eval-
uated with several monoses (Fig. S5). The mannose sensor
showed negligible response to galactose, glucose, lactose,
and sucrose, confirming the excellent specificity of the de-
signed sensor.

Quantitative analysis of galactose on cell surface

The galactose-modified gate interface and HRP-PNA were
used to realize the quantitative analysis of cell surface galac-
tose. The optimal concentration of galactose for biosensor
preparation was also 2.0 μg/mL (Fig. S6a). Similarly, 80 μg/
mL HRP-PNA was used for full recognition of the
immobilized galactose (Fig. S6b). The channel current re-
sponse decreased with the increasing galactose concentration
in incubation solution (Fig. S7a). The plots of both the channel

Fig. 3 Normalized current
response of mannose sensor in
pH 7.4 PBS containing 100 μM
H2O2 to (a) mannose and (c) cells
used for competitive recognition
to 80 μg/mL HRP-Con A with 1-
h incubation. Plot of (b) ΔI/I0
versus mannose concentration
and (d) ΔI/I0 versus cell number.
The drain-source voltage and gate
voltage were fixed at 0.05 V and
0.9 V, respectively.
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current response andΔVg
eff versus the concentration of galac-

tose (Fig. S7b and S8) could be used as the calibration curves
for galactose analysis on cell surface. The detection limit was
calculated as 0.159 μg/mL (3σ/m). This biosensor showed
high selectivity towards galactose detection (Fig. S9). As an-
other proof-of-concept, the HeLa cells were detected with the
galactose biosensor (Fig. S7c and S7d), which showed the
galactose amount of 2.92 × 108 expressed on each HeLa cell.

Expression changes of glycans on cell surface

The changes of glycan expressions on cell surface upon TMor
AZT treatment were detected with the proposed OECT-based
biosensors. After HeLa cells were cultured with 0.2 μM TM
for 24 h, different amounts of cells were mixed with HRP-Con
A or HRP-PNA to competitively recognize mannose or galac-
tose immobilized sensor surfaces. As shown in Fig. 4, the TM
treatment led to obvious increase of detection signal for man-
nose analysis on cell surface, while the signal for galactose
analysis on cell surface did not show significant change
(Fig. 4a), indicating that the TM inhibited the mannose ex-
pression, but did not affect the galactose expression on HeLa
surface. On the contrary, the mannose expression did not
change, and the galactose expression increased upon the
AZT treatment (Fig. 4b). The results demonstrated that the
expressions of mannose and galactose were sensitive to TM
and AZT, respectively, which were consistent with the report-
ed results [32–34]. These results were also confirmed by the
flow cytometric analysis (Fig. S10), showing the potential
application of the proposed strategy for glycan analysis on cell
surface.

Application of OECT-based biosensors for analysis of
serum samples

The proposed OECT-based biosensor could also be used for
analysis of serum samples. The mannose level in human se-
rum samples is generally in the range of 50 to 100 μM [35].
After five-times diluting the serum samples with PBS for

competitive recognition, the detection results with the pro-
posed mannose and galactose sensors are listed in Table S1.
In comparison with commercial ELISA kit, the OECT-based
mannose sensor showed the relative errors ranging from 2.94
to 3.64%. The galactose analysis demonstrated the recovery
from 97.3 to 104.6%. Thus, the proposed OECT-based bio-
sensor also possessed excellent reliability and accuracy in se-
rum sample analysis, indicating its more extensive application
compared to other methods developed previously (Table S2).

Conclusion

This work proposes monose-modified OECTs for quantita-
tive biosensing of glycan expressions on cell surface with a
competitive strategy. This strategy can obtain the calibra-
tion curves with the monose standard solutions, thus greatly
simplifies the quantitative detection of cell surface glycans.
By using different HRP-lectins to competitively recognize
corresponding glycans on cell surface and monoses on gate
electrode interface for obtaining the detectable signals in the
presence of H2O2, the quantitation of both mannose and
galactose expressions on HeLa cell surface has successfully
been achieved. The designed biosensors can be used to monitor
the changes of glycan expressions on cell surface upon different
treatments. This work extends the convenient application of
OECTs in cell surface glycan analysis and cytosensing.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04918-7.
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Fig. 4. ΔI/I0 values of mannose
(a) and galactose (b) sensors after
competitive recognition to 80 μg/
mL HRP-Con A (a) or HRP-PNA
(b) with different numbers of cells
or TM and AZT-treated cells. The
drain-source voltage and gate
voltage were fixed at 0.05 V and
0.9 V, respectively.
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