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ABSTRACT: Cell surface glycans play critical roles in diverse biological processes, such as cell-
cell communication, immunity, infection, development and differentiation. Their expressions are
closely related to cancer growth and metastasis. This work demonstrates an organic electrochemical
transistor (OECT)-based biosensor for the detection of glycan expression on living cancer cells.
Herein, mannose on human breast cancer cells (MCF-7) as target glycan model, poly dimethyl diallyl
ammonium chloride-multiwall carbon nanotubes (PDDA-MWCNT) as loading interface,
concanavalin A (Con A) with active mannose binding sites, aptamer- and horseradish peroxidase co-
immobilized gold nanoparticles (HRP-aptamer-Au NPs) as specific nanoprobes are used to fabricate
the OECT biosensor. In this strategy, PDDA-MWCNT interfaces can enhance the loading of Con A,
and the target cells can be captured through Con A via active mannose binding sites. So the
expression of cell surface can be reflected by the amount of cells captured on the gate. Specific
nanoprobes are introduced to the captured cells to produce an OECT signal due to the reduction of
hydrogen peroxide catalyzed by horseradish peroxidase conjugated on Au nanoparticles, while the
aptamer on nanoprobes can selectively recognize the MCF-7 cells. It’s reasonable that more target
cells are captured on the gate electrode, more HRP-nanoprobes are loaded thus a larger signal
response. The device shows an obvious response to MCF-7 cells down to 10 cells/uL, and can be
used to selectively monitor the change of mannose expression on cell surfaces upon a treatment with
N-glycan inhibitor. The OECT-based biosensor is promising for the analysis of glycan expressions

on the surfaces of different types of cells.
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1. INTRODUCTION

Glycoproteins, which are widely found in eukaryotic cells, play the roles of cellular or molecular
biological identification in biological processes. Carbohydrate in glycoproteins on a cell surface is
involved in most physiological processes, including proliferation, differentiation, growth, information
transmission, death and progression of cancer.'® Variable glycosylation on cell surface also plays
important roles in biological processes. Generally, the main configurations of sugar chains in
glycoproteins are N-glycans and O-glycans. The special characteristic of N-glycans is the core
structure of pentasaccharide,” which represents the majority of protein glycosylation. As a result, the
dynamic monitoring of N-glycan on a cell surface gives a new insight into clinical diagnoses. Many
methods have been developed to realize dynamic analysis of cell glycans, such as high-performance
liquid chromatography (HPLC).® mass spectrometry (MS),’ nuclear magnetic resonance (NMR),"
Raman spectrum,'’ fluorescence'? and electrochemistry.'*™"* Although being successfully used, these
methods have some drawbacks for living cell analysis. For example, glycans, usually chemical
labelled, must be enzymatic cleave from living cells as its complex microenvironment to give an
exact signal in HPLC, MS and NMR spectrum. Therefore, it is necessary to develop a highly
sensitive approach to detect the glycan expression on cell surfaces based on non-destructive, low-cost
and convenient procedures.

Organic bioelectronics has attracted much attention recently for its promising applications in
various biological sensing.'®" Organic electronic devices that can monitor biological signals will
play an important role in understanding biological processes in real physical environment. In
particular, organic electrochemical transistors (OECTs) have demonstrated the great potential in
biological sensing owning to the high sensitivity of the devices, and have shown many other

advantages, including low cost, flexibility, easy fabrication and low working voltage (<1 V).2*%
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They have been successfully applied in the detection of some small molecules, such as dopamine,’
glucose,”® epinephrine,® gallic acid®® and alcohols,” as well as many macromolecules, including
DNA,*? protein, ™ bacteria® and cells.*® However, highly sensitive glycan sensors based on OECTs
have never been reported.

In this paper, we present an OECT-based biosensor for the detection of a glycan on a cell surface.
The device contains an organic channel based on poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonic acid) (PEDOT:PSS) and a gate electrode modified with concanavalin A (Con A) loaded by
PDDA-MWCNT that can specifically bind mannose and capture cancer cells. Specific nanoprobes
prepared by co-immobilizing horseradish peroxidase (HRP) and aptamer on gold nanoparticles
(HRP-aptamer-Au NPs) are then used to specifically modify human breast cancer (MCF-7) cells,
which enables the gate electrode to be electrochemically active. Therefore, the designed OECT-based
glycan biosensor gives direct current signals with the cells loaded on the gate electrode and the
amount of mannose on cell surfaces can influence the number of captured cells and thus the device
performance. The sensors show obvious current responses to MCF-7 cells through the HRP-catalyzed
reduction of hydrogen peroxide even when the cell concentration is as low as 10 cells/uL, and the
signal is dramatically decreased upon N-glycan inhibitor stimulation due to the decrease of mannose
expression on cells. Moreover, the devices can be used in the analysis of other glycans and cancer
cells by changing the binding lectin and the aptamer sequence. The work indicates that the OECT-
based glycan biosensor can be developed as a promising technique for biological analysis and the

diagnosis of related diseases.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Multi-wall carbon nanotubes (MWCNT) was supplied by Nanjing

XFNANO Materials Tech Co. Ltd.. Poly dimethyl diallyl ammonium chloride (PDDA, Mw = 20000

ACS Paragon Plus Environment
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~ 35000), HAuCls4H,0, citrate sodium, NaCl, Na,COs3, tris (2-carboxyethyl) phosphine (TCEP),
horseradish peroxidase (HRP), concanavalin A (Con A), bovine serum albumin (BSA), tunicamycin
(TM) and benzyl 2-acetamido-2-deoxy-a-D-galactopyranoside (BG) were purchased from Sigma-
Aldrich, USA. To prepare OECTs, acetone, isopropanol (IPA), dimethylsulfoxide (DMSO) and
glycerin with ACS grade were used. Poly (3,4-ethylenedioxythiophene) doped with poly (styrene
sulfonate) (PEDOT:PSS, Clevios™, PH 500) was bought from Heraeus, Germany. Phosphate
buffered saline (PBS), tris (hydroxymethyl) aminomethane (Tris-HCI), cell culture medium
(Dulbecco’s modified eagle medium, DMEM) and fetal bovine serum were bought from Thermo
Fisher Scientific Inc. The aptamer to MCF-7 cells was obtained from Shanghai Sangon Biological
Engineering  Technology & Services Co. Ltd.. Its sequence  was 5'-

GCAGTTGATCCTTTGGATACCCTGGTTTTTTTTTT-SH-CeH 2-3".

2.2. Characterization and Apparatus. The three electrodes of an OECT were connected to two
Keithley source meters (Keithley 2400) and measured under different gate voltages. The output
signals were recorded and saved by the customized Labview software. Shimadzu 2550 was applied
for UV-Vis characterization of Au NPs. Transmission electron microscope (TEM) and high-
resolution TEM (HRTEM) (JEOL-2100F) and scanning electron microscope (SEM) (JEOL Model

JSM-6490) were used to characterize the nanomaterials and the biological modification. The Zeta
potential was obtained by the 90 Plus DynaPro nanostar (Brookhaven Instrument Corporation,

USA). The optical images were obtained under a Nikon Eilipse 801 microscope.

2.3. Preparation of PDDA-MWCNT. MWCNT sample was first treated with the mixture of

HNO3/H,SO4 (1:3 v/v). The mixed dispersion was sonicated for 4 h, followed by centrifugation at
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13000 rpm and washing with water till the pH was neutral. The procedure generated carboxylate
groups on the surface of MWCNT. PDDA was used to change the charge state on carbon nanotubes.
0.5 mg/mL of carboxylated MWCNT dispersion was mixed with 0.2% wt PDDA solution in
ultrasound for 30 min. Excess PDDA was removed by centrifugation at 13000 rpm, and the complex

was washed with water to obtain PDDA-functionalized MWCNT (named PDCNT).

2.4. Synthesis of Au Nanoprobe. Au nanoparticles (Au NPs) were synthesized in one-pot method.*’
Briefly, 3 mL of 1% wt trisodium citrate solution was quickly added into the 100 mL of boiling
0.01% wt HAuCly solution with stirring. The solution turned red when Au NPs were formed, then the
solution was stopped heating and left stirring to cool down. The Au NPs solution was stored at 4°C
for future use.

DNA aptamer (50 uM) was activated by ImM TCEP in 50 mM Tris-HCl buffer (pH 7.4) for 1 h
at room temperature before conjugating with gold nanoparticle. 5 mL of Au NPs colloids solution
was adjusted to pH 9.0 by 0.1 M Na,COs, then 50 pL of HRP solution (1mg/mL) was added and kept
stirring for 3 h at room temperature. 70 pL of aptamer was added into solution and kept for 24 h at
4°C. After incubation, 100 pL of 1 M NaCl was added to age the aptamer, the resulting solution was

placed at 4°C for another 24 h.

2.5. Cell Culture and Treatment. All cell lines were obtained from ATCC. Cells were cultured in a
DMEM medium containing 10% fetal bovine serum at 37°C with 5% CO, for proliferation. The
cultured cells were washed with PBS to remove the culture medium at 1000 rpm and counted to
obtain the certain concentration of PBS dispersion. To stimulate the glycan expression on cell

surface, MCF-7 cells were treated with the inhibitors of N-glycan expression (TM) and O-glycan
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expression (BG), respectively. In detail, TM- and BG-treated MCF-7 cells were obtained by
incubating cells in the cell culture medium with 1000 cells/puL containing different concentrations of

TM and BG for 48 h, respectively.

2.6. Biosensor Fabrication. The OECT devices were fabricated on glass substrates (Figure 1A). The
size of the glass substrate was 1.1 cm x1.2 cm. Cr/Au drain/source/gate electrodes were deposited on
the glass substrate by magnetron sputtering through a shadow mask. The channel width and length of
the device were 0.2 mm and 6 mm, respectively, while the area of the Au gate electrode was 3 mm x
3 mm. After the substrate was washed with acetone and treated with oxygen plasma, PEDOT:PSS
with 5% v/v glycerin and 5% v/v DMSO was spin-coated on the substrate to form an organic channel
between source and drain electrodes. The devices were annealed at 130 °C for 1 h in a glovebox
filled with high-purity N,. The bare Au gate electrode was then dropped with 5 uL of PDCNT
dispersion to form a thin layer at room temperature. 10 pL Con A solution (1 mg/mL) was finally
dropped on the PDCNT layer and to incubate for 1 h, followed by 10 pL of 0.1% BSA solution to
block the nonspecific binding sites for another 1 h to BSA/Con A/PDCNT/Au gate electrode as the

OECT-based biosensor.

2.7. Cell Surface Mannose Detection. After the biosensors were incubated with 10 puL of different
concentrations of cells for 1 h, the cells were captured via the specific binding between Con A and
surface mannose. 10 pL of nanoprobe solution was then dropped on the biosensor to incubate for
another 1 h, which introduced the nanoprobe to captured cells via the strong affinity between aptamer
and cell surface. After rinsing with PBS, the Au nanoprobe/cell/BSA/Con A/PDCNT/Au gate

electrode was obtained for detection of cell surface mannose by immersing it into 10 mL PBS

ACS Paragon Plus Environment
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electrolyte. The drain voltage was fixed at 0.05 V, and the V, was set at 0.9 V in the I;-time tests. 100

uM H,0, was quickly added into the PBS when the drain current reached steady.

3. RESULTS AND DISCUSSION

3.1. Design of OECT-based Mannose Biosensor. In this work, we used mannose (inset, Figure 1A)
as a target glycan. Mannose is one of the building blocks of all mammalian glycans and is the core
fragment of N-glycans on the cell surface.”® So, it is necessary to evaluate its expression on cancer
cell surface. However, mannose is not electrochemically active and its interactions with an organic
semiconductor can be very weak, which makes it difficult to be directly detected by OECTs. Unlike
glucose that has glucose oxidase enzyme to induce peroxidase reaction for an electrochemical signal,
mannose doesn't have such oxidase enzyme. On the other hand, because of its simple structure,
mannose cannot bind with two selective receptors and be tested by using a sandwiched type
biosensor that was reported in our previous work.” Therefore, it is a challenge to detect N-glycan

with an OECT.

Figure 1A shows the design of the gate electrode of an OECT. The Au gate electrode is modified
with PDCNT, Con A and BSA, sequentially, by solution processes. PDCNT was utilized to enhance
the loading amount of Con A on the electrode due to large recognition interfaces of carbon
nanotubes. Con A with an isoelectric point of around 5 was negatively charged in PBS with pH 7.0.
As PDCNT was positively charged, Con A could be conveniently adsorbed on the surface of PDCNT
due to an electrostatic interaction. The extra active sites are then blocked with BSA to avoid
nonspecific absorption on PDCNT.* The Con A adsorbed on the gate electrode can selectively bind

mannose site in cell surface glycans.

ACS Paragon Plus Environment
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1

2

z 1 The capture of MCF-7 cancer cells is performed by incubating different concentrations of cells on
5 . .

6 2 Con A adsorbed biosensor surfaces. The number of captured cells is dependent on the amount of cell
7

8 3 surface mannose, thus the treatment of MCF-7 cancer cells with N-glycan inhibitor tunicamycin
9

10 4 (TM)* can decrease the number of captured cells (Figure 1B). Then nanoprobes are introduced on
5  the surface of captured cells due to the specific binding of the aptamer on the nanoprobes to the cell
15 6  surface,” leading to an electrochemically active gate electrode. The OECT is then characterized in
17 7  PBS solution with an addition of hydrogen peroxide (H,O;) of 100 uM (Figure 1C). The reduction of
H,0O, catalyzed by HRP immobilized on the nanoprobes can lead to a change of the effective gate
22 9  voltage (Vgeff) and consequently a change of the channel current of the OECT. Therefore, mannose

24 10  expression on cancer cell surface can be analyzed.
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Figure 1. Biofunctionalization of OECTs for glycan sensing. (A) Schematic illustration of

general device design. Inset: chemical structure of mannose.

(B) Schematic for gate

modification procedure with Con A to capture mannose on cell surface and recognition of

nanoprobe to captured cancer cells. (C) Schematic of OECT-based biosensor and the

electrochemical reaction at the gate electrode in PBS solution.
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3.2. Characterization of Nanoprobes and PDCNT. Au NPs were synthesized using a typical one-
pot method, which showed an average size of about 13 nm (Figure 2A). Clear lattice fringe of gold
planes can be observed under HRTEM (Figure S1A),*” indicating the successful fabrication of Au
NPs. The UV-vis spectrum of bare Au NPs showed an obvious absorption peak around 520 nm,
while nanoprobes showed an absorption peak near 530 nm. The conjugation of HRP and aptamer on
the surface of Au NPs increased the localized refractive index, thus a visible red-shifted peak could
be distinguished in the spectrum (Figure 2B).*** As mentioned before, PDDA was introduced to
change the charge state of carboxylated carbon nanotubes(COOH-MWCNT). The Zeta potential was
changed from -31.64 mV to 12.88 mV after PDDA was wrapped on the nanotube, which confirmed
the PDCNT being positively charged (Figure S1B). After PDCNT was coated on a gate electrode, the
film was observed to have a well-dispersed structure under SEM (Figure 2C), which could provide a
good micro-environment for biomolecule loading. The loading of Con A and BSA on PDCNT
modified gate electrode greatly changed its surface morphology (Figure 2D), and the film became

thicker, indicating effective immobilization of Con A on the gate electrode.
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Figure 2. (A) TEM image of Au NPs. (B) UV-vis spectra of bare Au NPs and nanoprobe.

SEM images of (C) PDCNT and (D) BSA@Con A modified gate electrodes.

3.3. Transistor Performance of OECT-based Biosensor. The transfer curve of an OECT with a
Con A-modified gate electrode in PBS solution showed the channel current change of one order of
magnitude under the gate voltages varied from 0 to 1.2 V (Figure 3A). The transconductance (gp)
reached the maximum value of 0.4 mS at V, of around 0.9 V, suggesting good transistor performance
even after the modification of Con A. V, = 0.9 V was selected as the operation condition for the
following measurements due to the maximum transconductance. After loading living MCF-7 cancer
cells (1000 cells/uL) on Con A-modified gate electrodes of OECTs, this device showed very low
response to 100 uM H,O, at Vg 0f 0.05 V and V, 0f 0.9 V, and 1-hour incubation of the cell loaded

device with PBS did not change the background (Figure 3B). However, 1-hour incubation of the cell
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loaded device with nanoprobes led to an obvious response to 100 uM H,O,, indicating that the

nanoprobes could effectively recognize the living MCF-7 cancer cells to catalyze H,O, reduction.
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Figure 3. (A) Transfer curve and transconductance (g,) of Con A -modified OECT
biosensor in PBS at V4 of 0.05 V. (B) Ij-time curves of Au nanoprobe/cell/BSA/Con
A/PDCNT/Au gate electrode and cell/BSA/Con A/PDCNT/Au gate electrode with and
without PBS incubation for 1 h in PBS upon addition of 100 uM H,0O; at V4 of 0.05 V and

V,0f09 V.

3.4. Cancer Cell Detection with OECTs. According to the device design, OECTs were ready for
mannose analysis on living MCF-7 cancer cells by recording channel currents of Au
nanoprobe/cell/BSA/Con A/PDCNT/Au gate electrodes as a function of time (I4-time) at the V4 of
0.05 V and V, of 0.9 V in PBS upon addition of 100 pM H,0O,. As shown in Figure 4A, the current
response increased with the increase of MCF-7 concentration, indicating that more cells were
attached to the gate electrode. The current response is due to the change of the effective gate voltage

(AVgeﬂ) of the transistor. The AVgeff could be calculated from the channel current change and the
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transfer curve, and fitted with the following equation, which was similar to other types of OECT-

based biosensors:*'

AV, o< aLog[Neeul. (M
where « is a constant. The least square fitting (dash line) showed the a value of 11.37 mV/decade
(Figure 4B). Notably, the device showed similar responses towards the concentration of 10* cell/uL
and 10° cell/pL, indicating that the device reached saturation. So the concentration over 10* cell/pL

was out of the linear range. The device could detect cell concentration down to 10 cells/pL.

To obtain the best performance, the amount of nanoprobes used in the experiments was optimized.
The optimum condition was found to be 10 pL. Further increase of nanoprobe volume could not
enhance the response (Figure 4C). We also tested other types of cells (MDA-MB 231, MCF-10A and
H9C2) by using same OECTs to show the device selectivity. MDA-MB 231 cells are ER-negative
breast cancer cells. MCF-10A cells are normal mammalian cells and H9C2 cells are another kind of
normal cells. Compared to MDA-MB 231, MCF-10A and H9C2 cells, MCF-7 cancer cells as one
kind of ER-positive cancer cells showed a much greater response due to the binding of nanoprobes
on their surfaces via aptamer (Figure 4D).*' Therefore, the OECT biosensor showed good selectivity

to mannose expressed cells, which is of great importance in the analysis of some special cells.
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Figure 4. (A) Ips-time curves of OECT biosensor at different concentrations of MCF-7 cells upon
addition of 100 uM H,0O, at V4 0f 0.05 V and V, 0of 0.9 V. (B) Plot of AVgeff vs 10g(Neens). Dash line
corresponds to the fitting of the data by equation (1) for cell concentrations lower than 10* cell/pL.
(C) Current change towards nanoprobe volume for measurements of Ips-time curves. (D) Selectivity

of OECT biosensor towards different cells. Cell concentration in (C) and (D) was 1000 cells/uL.

3.5. Mannose Expression on Cell Surface upon Inhibitor Treatment. The OECT biosensors were
used to detect the change of mannose expression on cell surface upon treatment with N-glycan
inhibitor. TM is an N-glycan inhibitor that can block the first step in the biosynthesis of N-
glycosylation in cells, which greatly affects the expression of mannose on cell surface. At the MCF-7

cells concentration of 1000 cells/uL, these cells were firstly treated with 0.05 to 10 pg/mL TM for 48
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h, and then purified by centrifuging at 1000 rpm for 5 min. Notably, the current response decreased
with the increasing TM concentration from 0.05 pg/mL to 5 pg/mL (Figure 5A), which led to lower
mannose expression on cancer cells. When the TM concentration reached 10 pg/mL, the current
response showed little change owing to the saturated inhibition effect of TM. This result was similar
to the cases for many other inhibitors previously studied, and the half-maximal inhibition value was
estimated to be around 0.08 pg/mL (Figure 5B).*® We can find that the error bars calculated from 3
parallel modified sensors shown in Figure 5B are rather short, which also show high reliability and
stability of the devices. The results are consistent with our previous works of OECT-based
biosensors.*""

To explore the binding specificity of Con A and mannose, an O-glycan inhibitor, benzyl 2-
acetamido-2-deoxy-a-D-galactopyranoside (BG), was used to treat the cells. After MCF-7 cells were
treated with 50 pg/mL BG for 48 h, the current response did not show significant change in
comparison with untreated or solvent DMSO treated MCF-7 cells (Figure 5C), indicating high
mannose expression on BG-treated cells and that solvent DMSO did not influence the measurement.
With the increasing treatment time with TM, the current response decreased (Figure 5D), indicating

the continuous decrease of mannose expression on the cell surface. Thus the OECT biosensors could

be used to monitor the change of mannose expression on a cell surface.
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Figure 5. Current responses to MCF-7 cells (A) treated with different concentrations of TM, (B) Plot
of AV, vs different concentrations of TM. The error bar was calculated from 3 parallel modified
sensors. (C) untreated or treated with DMSO, 0.05 pg/mL TM or 50 pg/mL BG in DMSO for 48 h,

and (D) treated with 0.1 pg/mL TM for different times.

3.6. Optical Monitoring of Cells Captured on Gate Electrodes. The binding of Con A to MCF-7
cells was finally confirmed by fluorescence imaging. Living MCF-7 cells were stained with green
fluorescence dye (SYTO green fluorescent nucleic acid stain from Thermo Fisher Co.) at 37 °C for
15 min and washed with PBS for three times. After the stained cells were incubated on the gate
electrode for 1 h, the electrode showed the fluorescence of SYTO green, while bare Au electrode did
not show obvious fluorescence (Figure 6A and 6B). Moreover, the fluorescence intensity increased

with the increased concentration of SYTO green-stained MCF-7 cells (Figure 6B and 6C), indicating
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more cells were captured on the gate electrode. It was reasonable to conclude that the amount of cells

captured on the gate electrode increased with the increase of cell concentration.

Figure 6. Fluorescence images of (A) gate electrode and (B) BSA/Con A/PDCNT modified
gate electrode incubated with 100 cells/uL SYTO green-stained MCF-7 cells for 1 h, and
(C) BSA/Con A/PDCNT modified gate incubated with 1000 cells/uL SYTO green-stained

MCF-7 cells for 1 h.

4. CONCLUSIONS

In summary, we successfully used OECTs for the analysis of mannose expression on living cancer
cells based on the interaction between Con A immobilized on the gate electrode and mannose sites on
the cell surfaces. The devices were used to selectively detect cancer cells with a concentration down
to 10 cells/uL due to the high expression of mannose on the cell surface. More importantly, the
change of mannose expression on cell surfaces upon the treatment of glycan inhibitors were
successfully monitored. This strategy provides a convenient and versatile sensing platform for the

analysis of various glycans on a cell surface.
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