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A Novel Biosensor Array with a Wheel-like Pattern for
Glucose, Lactate and Choline Based on
Electrochemiluminescence Imaging

Zhenyu Zhou, Linru Xu, Suozhu Wu, Bin Su*

An ECL imaging biosensor was fabricated for detecting glucose, lactate and choline,
as well as simultaneous multicomponent assay.
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Electrochemiluminescence (ECL) imaging provides a superior approach to achieve array detection
because of its ability for ultrasensitive multiplex analysis. In this paper, we reported a novel ECL imaging
biosensor array modified with enzyme/carbon nanotubes/chitosan composite film for the determination of
glucose, choline and lactate. The biosensor array was constructed by integrating a patterned indium tin
oxide (ITO) glass plate with six perforated poly(dimethylsioxane) (PDMS) covers. ECL is generated by
the electrochemical reaction between luminol and hydrogen peroxide that is produced by enzyme
catalysed oxidation of different substrates with molecular oxygen, and ECL images were captured by a
charge-coupled device (CCD) camera. The separated electrochemical micro-cells enabled a simultaneous
assay of six samples at different concentrations. From the established calibration curves, the detection
limits were 14 uM for glucose, 40 uM for lactate and 97 uM for choline, respectively. Moreover,
multicomponent assays and cross reactivity were also studied, both of which were satisfied for analysis.
This biosensing platform based on ECL imaging shows many distinct advantages, including
miniaturization, low cost, and multi-functionalization. We believe that it has potential applications in
clinical diagnosis, medicine and food inspection.

Introduction and biological compounds testing,

Electrochemiluminescence (ECL), known as a powerful and
attractive method of detection, can be defined as
chemiluminescence (CL) initiated and manipulated by
electrochemistry.! It possesses the intrinsic advantages of both
electrochemistry and CL, including simplicity, high sensitivity,
low cost and wide dynamic range.? In addition, ECL allows both
temporal and spatial control, and simultaneously collection of
two parameters (light intensity and current) versus potential,®*
leading a great selectivity and controllability over the reaction.
Consequently, it has received significant attention in analytical
chemistry and clinical diagnostics in recent years.2>¢ So far, all
commercially available ECL analytical instruments are based on
coreactant ECL technology® which includes two primary systems,
i.e., ruthenium complex with amine-containing compounds as
coreactants”® or a luminol-H,0, system.*

ECL signals can be collected by a photomultiplier tube (PMT)
and a CCD camera alternatively. Even though most of the ECL
analysis utilize the former to achieve high sensitivity and a low
detection limit, ECL imaging (generally recorded by a CCD)
offers remarkable superiorities over ECL intensity (recorded by a
PMT), in particular for high-throughput analysis.**2 Furthermore,
ECL imaging can be measured with a mobile camera phone,*® or
even naked eyes,* without complicated detecting systems and
time-consuming data processing. Over the past two decades, ECL
imaging has been extensively investigated and applied in various
areas, including the metabolic toxicity screening,
immunoassay,*®!" latent fingerprints visualization,'®*° inorganic
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A Novel Biosensor Array with a Wheel-like Pattern for Glucose, Lactate

electron-transfer kinetics,?
and microfluidic system with bipolar electrodes.?®
so  Glucose is widely distributed in the human body, and a
significant fluctuation of blood glucose levels in diabetics can
cause serious complications.®* Lactate is a key product in the
anaerobic glycolytic pathway, which also has found applications
in food and pharmaceuticals.?®% Choline is found in many organs,
ss and is the precursor molecule for acetylcholine which involved in
memory and muscle control.?’ Consequently, detection of the
three biomolecules has great value in diagnostic assay, medicine
and food inspection. Electroanalytical methods based on the
amperometric enzyme technology play a leading
measuring the concentrations of these species,?®*2 however, the
challenges still remain because of interference from coexisting
electroactive compounds and incompatibility of multiplexed
assays. Marquette and coworkers addressed these two issues by
introducing an elegant ECL imaging approach.®*3* Different
oxidases specific to the biomolecules were non-covalently
immobilized on Sepharose beads, embedded in poly(vinyl alcohol)
bearing styryl-pyridinium groups (PVA-SbQ) photopolymer, and
then spotted on the surface of a glass carbon foil. On the basis of
a similar entrapment concept, they have also presented another
multi-parametric ECL biochip by entrapping two oxidases on a
screen-printed graphite electrode microarray.® Unfortunately,
these sensing platforms suffered from complicated enzyme
immobilization or adopting a sophisticated device. Herein we
1215 developed a novel ECL imaging biosensor array to accomplish
75 the analysis of glucose, choline and lactate. The biosensor array
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was fabricated by integrating a patterned indium tin oxide (ITO)
glass plate with six perforated poly(dimethylsioxane) (PDMS)
covers. Carbon nanotubes have been considered as an attractive
material and often used to fabricate electrochemical sensors

s because of their unique properties including flexibility, chemical
stability and high electrical conductivity.***" It was aligned with
chitosan, a natural biopolymer with excellent film-forming ability
and high mechanical strength,**® to entrap enzymes in order to
keep high activity and good stability.*® After microliter-sized

w0 liquid droplets containing luminol and substrates were loaded into
micro-cells, the ECL reaction between enzymatically generated
hydrogen peroxide (H,O,) and luminol can occur under an
appropriate externally applied potential. Multiple optical signals
from micro-cells could be captured by a CCD camera. This ECL

15 imaging-based biosensor array showed a satisfying performance
for detecting of the three biomolecules, as well as simultaneous
multicomponent assays in complex samples.

Experimental

Chemicals and materials

20 All chemicals of analytical reagent grade were used as received
without further purification. Luminol, choline chloride and
chitosan (CS, >95% deacetylation, MW ~1 x 10°) were bought
from Aladdin Chemical Reagents. Choline oxidase (COD, EC
1.1.3.17, from Alcaligenes species, >10 U mg™), lactate oxidase

2 (LOD, EC 1.13.12.4, from Pediococcus species, >20 U mg™) and
L-(+)-lactate lithium salt (96%) were obtained from Sigma-
Aldrich. Glucose oxidase (GOD, >100 U mg™) was purchased
from Sangon Biotech Co. Ltd. Multiwall carbon nanotubes
(MWCNTSs) were bought from Nanjing XF NANO Materials

% Tech Co. Ltd. Glucose was received from Sinopharm Chemical
Reagent Co. Ltd. 0.1 M phosphate buffer solution (PBS, pH 7.4)
containing 0.15 M NaCl was prepared as the supporting
electrolyte. PDMS and curing agent were purchased from Dow
Corning (Midland, MI, USA). Positive photoresist AZ-P4620 was

~~ 1. Spin-coat +

ITO coated glasses (ITO thickness: ~100 nm, resistance: <15
Qfsquare) were bought from Kaivo Electronic Components Co.,
20 Ltd (Zhuhai, China). Prior to use, the ITO glass was washed
sequentially in acetone, ethanol and ultrapure water by sonication
(each for 15 min).

Fabrication of the hybrid materials of enzymes, MWCNTSs
and CS

s The hybrid GOD/MWCNTS/CS solution was prepared as
previously described by Liu et al.** Briefly, a 10 mg mL™ CS
solution was prepared by dissolving CS power in 1% (v/v) acetate
acid with ultrasonication for ca. 40 min. Then 4 mg of MWCNTSs
was dispersed in 2 mL of CS solution under ultrasonic agitation,
resulting in a viscous and black suspension. Next, 200 pL of the
resultant suspension was mixed thoroughly with 100 uL of GOD
solution (5 mg mL™, 0.1 M PBS). The COD/MWCNTS/CS and
LOD/MWCNTS/CS mixtures were prepared in a similar way,
except that the pH of CS solution was adjusted to 5.0 with a 0.1
ss M NaOH solution, and the final concentration of COD and LOD
was 1 mg mL™.

Fabrication of GOD/MWCNTS/CS/ITO electrodes

51

S

20 pL of the mixture containing GOD/MWCNTS/CS prepared as
aforementioned was pipetted on an ITO glass chip (available area:

60 1.2 cm x 2.5 cm) and spread over the surface. Finally, the
modified ITO electrode was allowed to dry at 4 °C overnight to
achieve a robust film containing GOD/MWCNTS/CS.

Fabrication of the biosensor array

The biosensor array consisted of PDMS covers and an ITO glass
plate with a wheel-like pattern. The PDMS covers were prepared
according to a previous report.*! Briefly, PDMS monomer and its
curing agent were uniformly blended with a ratio of 10:1 (w/w),
and degassed in a closed container connected to a vacuum pump
for 30 min. The solution was poured onto a glass mold and baked
o on a hot plate at 75 °C for 1.5 h. A slice of PDMS was then

peeled off and cut into small pieces, on which holes (6 mm in
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Fig. 1 Schematic procedure for fabrication of the biosensor array.

s bought from Clariant (Somerville, NJ, USA). Ultrapure water
(18.2 MQ cm) purified by a Millipore system was used
throughout the experiment.

diameter) were drilled for holding substrate solutions. The
average thickness of the PDMS cover was 3 mm.
The photolithographic technique and chemical etching were

2 | Journal Name, [year], [vol], 00—00
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employed to pattern the ITO glass plate, as shown in Fig. 1.
First, an ITO glass substrate (4 cm x 5 cm) was spin-coated with
a layer of positive photoresist (thickness: ~10 um), followed by
curing in an oven at 110°C for 3 min. Then the photoresist layer
was patterned by covering a photomask under UV irradiation
(365 nm, JKG-2A lithographic device, Photomechanical Co.
Shanghai, China). After being developed with a 0.7% NaOH
solution, the ITO glass plate was heated for another 30 min at 110
°C. Subsequently, the unmasked portion of the ITO layer was
removed by wet etching in an acid solution (HNOs/HCI/H,0 =
4:5:5, viviv), and the photoresist was cleaned up with acetone.
Then, 1 puL of GOD/MWCNTs/CS (LOD/MWCNTS/CS or
COD/MWCNTS/CS) hybrid solution was carefully spotted onto
each disk working electrode.

Finally, PDMS covers with small holes were combined tightly
to the patterned ITO glass plate after being treated with air
plasma for ~25 s. The biosensor array chip was stored at 4 °C
when not in use.

Electrochemical characterization and ECL measurements

Electrochemical measurements of the GOD/MWCNTSs/CS/ITO
electrode were performed on a CHI 832 electrochemical analysis
station (CH Instrument, Shanghai) with a traditional three-
electrode system. A piece of modified or bare ITO glass chip
(fixed area: ~0.13 cm?) was served as the working electrode, with
a platinum wire and a KCl-saturated Ag/AgCl electrode as the
auxiliary and reference electrode, respectively. ECL intensity
versus potential was measured by a MPI-E ECL analytical system

(PMT voltage: 600 V, Remex Analysis Instrument, Xi’an, China).

The ECL images were acquired by a CCD camera (Model
Clinx CIx210) equipped with a Model VFA2595H Macro Zoom
Iris Megapixel lens (Senko ADL, Japan) with an exposure time of
1 min. The ECL reaction on the biosensor array was triggered by
applying a constant potential of 2.0 V at two ends of the ITO
plate. The gray value analysis of CCD images was done using the
ImageJ software.

Results and discussion

Electrochemical and electrochemiluminescent properties of
the GOD/MWCNTS/CS hybrid film

The electrochemical properties of ITO electrodes with different
surface modification were studied by cyclic voltammetry (CV) in
an aqueous solution containing ferri/ferrocyanide redox couple,
as shown in Fig. 2A. It can be seen that the current magnitude of
CS covered ITO electrode (curve b) is larger than that of the bare
ITO electrode (curve a), which can be ascribed to electrostatically
attractive interaction between the redox probe [Fe(CN)g]*™ and
protonated amino groups of CS film.*> When MWCNTs was
added to the CS matrix, a further increase in the peak current was
observed due to its good conductivity (curve c). However, the
electrochemical response was suppressed after GOD molecules
were added (curve d), suggesting that GOD molecules served as
an inert electron and mass-transfer blocking units.

Fig. 2B compares the gray values of ECL images obtained for
different modified electrodes biased at a constant potential of 0.8
V. A pretty weak optical signal was recorded at the bare ITO
electrode due to the background ECL of luminol. When CS or
MWCNTSs/CS film was assembled on the ITO electrode surface,

the ECL intensity decreased apparently. It is reasonable since the
CS matrix might act as a barrier hindering the diffusion of
luminol to the surface of the underlying electrode. In contrast,
e after GOD was added to the MWCNTSs/CS composite, the ECL
intensity increased apparently, indicating that hydrogen peroxide
was enzymatically generated by GOD to promote the ECL of
luminol. A 60% decrease of gray value was observed on the
GOD/CS/ITO electrode compared to the
es GOD/MWCNTS/CS/ITO electrode, indicating that MWCNTSs
can facilitate the electron transfer and enhance the ECL intensity.
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Fig. 2 (A) CVs of different electrodes in 0.1 M PBS (pH 7.4) containing 2
mM [Fe(CN)s]*"*: bare ITO (a), CS/ITO (b), MWCNTs/CS/ITO (c) and

70 GOD/MWCNTSs/CS/ITO (d). The scan rate was 0.1 V s™'. (B) The ECL
image gray values of different electrodes biased at a constant potential of
0.8 Vin 0.1 M PBS (pH 7.4) containing 1.3 mM luminol and 1 mM
glucose.

Optimized conditions for the GOD/MWCNTs/CS/ITO chip

75 The concentration of luminol was optimized on an ITO electrode
modified with GOD/MCNTSs/CS hybrid film. Fig. 3 shows the
ECL intensities of the luminol-glucose mixtures with different
volume ratios, from which we can see that the ECL intensity
increased rapidly with the content of luminol before saturating at

g0 & volume ratio of 0.15 (blue). Meanwhile, luminol is nearly non-
luminescent when dissolved in PBS without glucose (red).
Furthermore, the control experiment without applying an external
voltage indicates that the contribution of CL to the overall
luminescence intensity can be also neglected (see Fig. S1).

ss Therefore, 0.15 was selected as the optimal volume ratio of
luminol solution to the substrate solution.

gwo— { {
.
g 50 - s
o ¢
o *® : e o o o o o

0.00 0.04 0.08 0.12 0.16 0.20
V1V (luminol / glucose)

Fig. 3 The effect of volume ratio of luminol versus glucose on the gray
value of the ECL image in 0.1 M PBS with (blue) or without (red)

90 glucose. The concentrations of luminol and glucose solutions are 10 mM
and 1 mM, respectively.

In addition, it is important to apply a suitable potential in order
to facilitate the sensitivity of this approach. The ECL-voltage
curve with corresponding cyclic voltammogram of a PBS

ss solution containing glucose and luminol was measured in the
potential range from 0.2 V to 1.2 V vs. Ag/AgCl (Fig. 4). An

This journal is © The Royal Society of Chemistry [year]
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apparent oxidation peak can be found at ca. 0.5 V (red line),
corresponding to the oxidation of luminol to a radical anion at the
surface of the GOD/MCNTs/CS-modified 1TO electrode.*
However, the maximum ECL emission occurred at potential of

5 0.8 V, as seen from the ECL-voltage curve (blue line). Therefore,
0.8 VV was applied for the following ECL imaging experiments on
the GOD/MWCNTSs/CS/ITO electrode.

1400
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0.15 1 1000 -
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Fig. 4 CV (red line) and ECL-voltage curves (blue line) recorded in 0.1 M
10 PBS (pH 7.4) containing 1.3 mM luminol and 1 mM glucose with the
GOD/MWCNTS/CS/ITO electrode. The scan rate was 100 mV s™.

Quantitative detection of glucose on the
GOD/MWCNTS/CS/ITO chip

Under the optimized conditions, ECL images of the

15 GOD/MWCNTS/CS/ITO electrode were recorded in solutions
containing different concentrations of glucose. By analyzing the
gray value in each digital image, it is clear that the ECL intensity
increased sharply with the concentration of glucose, and reached
a plateau at a concentration higher than 5 mM (see Fig 5). The

2 calibration curve displayed a good linear relationship between
gray value of ECL images and the glucose concentration in the
range from 0.05 to 2 mM with the regression equation of G =
6.4563 + 68.348 [glucose] (mMM) (n =6, R = 0.9957), where G is
the gray value of ECL images. The detection limit of the substrate

25 was found to be 5 uM, which was calculated as the blank value
plus three times the standard deviation.

)
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1

Gray value / (a.u.
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R e S A S
0 5 10
[Glucose] / mM
Fig. 5 Calibration curve for glucose detection wusing the

GOD/MWCNTs/CS/ITO electrode in 0.1 M PBS (pH 7.4) containing 1.3
30 mM luminol.

Quantitative detection of glucose, choline and lactate on the
biosensor array

A biosensor array composed of six working electrodes covered
with oxidase/MWCNTS/CS hybrid films was employed to detect
s different concentrations of biomolecules simultaneously. Before
applying a proper voltage, 30 uL of aqueous droplets containing
various concentrations of one substrate were counterclockwise
introduced into micro-cells with a microsyringe (from 1 to 6 in
Fig. 6A). Here taking glucose as an example, ECL signals were

a0 spatially localized at the surface of the working electrode array.
Moreover, thanks to the sufficient distance between two micro-
cells, ECL signals would not be disturbed by the adjacent one,
hence improving the accuracy. As seen in Fig 6A and 6B, the
gray value of spots increased proportionally with the glucose

ss concentration, and a linear response to concentration was
observed between 0.02 mM and 2 mM (Fig. 6C). The regression
equation can be described as G = —0.8035 + 105.76 [glucose]
(mM) (n = 6, R = 0.9944) with a detection limit of 14 uM (S/N =
3). Importantly, the blank was undetectable under the

so experimental condition, thus a lower detection limit may be
achievable with a longer exposure time.

This device was also applied to determine choline chloride and
lactate (details in EIST, Fig. S-2, Fig S-3 and Table S-1). From
the constructed calibration curves, the detection limits of choline

ss chloride and lactate were 40 uM and 97 uM, respectively.

Gray value / (a.u.)
=]
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T T
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[Glucose] / mM

Gray value /a.u
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. . ."-‘ 9
0 mm 0.02 mM
L] =

Fig. 6 (A) An ECL image of the biosensor array for different
concentrations of glucose (1-6: 0 mM, 0.02 mM, 0.1 mM, 0.5 mM, 1 mM,
2 mM); (B) The corresponding 3D-ECL image of (A); (C) Linear

60 relationship between gray value of ECL spots and the glucose
concentration. The solution was 0.1 M PBS (pH 7.4) containing 1.3 mM
luminol.

A. .
E ‘| F

Fig. 7 (A) Ilustration of the biosensor array with COD (blue spots), GOD
65 (green spots) and LOD (red spots) diagonally immobilized on the

working electrodes. ECL images captured for a blank solution (B) and

solutions containing 1 mM choline chloride (C), 2 mM lactate (D), 1 mM

glucose (E), and a mixture containing choline chloride, glucose and

lactate all at a concentration of 1 mM (F). The solution was 0.1 M PBS
70 (pH 7.4) containing 1.3 mM luminol.
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Cross reactivity evaluation and simultaneous multianalyte
detection on the biosensor array

To validate the resistance to the cross-talk, the cross-reactivity
between enzymes and biological compounds was studied. For this
purpose, three different oxidases (COD, GOD and LOD) were
immobilized diagonally onto six working electrodes of one
biosensor array (Fig. 7A). The performance was evaluated by
comparing the ECL images captured when the PDMS micro-cells
were all filled with a blank solution, choline chloride, glucose, or
lactate solution. As expected, no light emission was generated
with the blank solution, meanwhile, precisely localized ECL
signals could only be observed on the working electrodes
modified with the corresponding oxidase (Fig. 7B-E).

It is well-known that the simultaneous detection of a complex
solution composed of multiple targets has a high practical
significance. When a mixture containing three substrates (choline
chloride, glucose and lactate) was tested on this biosensor array,
as processed in Fig. 7A, three couples of working electrodes were
lighted up with different ECL intensities (Fig. 7F). The measured
concentrations of three substrates (calculated by the
corresponding regression equations) were 1.013 + 0.048 mM
(choline chloride), 1.016 + 0.137 mM (glucose) and 0.985 +
0.077 mM (lactate), which reached good agreement with the
standard value, namely 1 mM.

Conclusion

A flexible ECL imaging biosensor array based on the reaction of
luminol and enzymatically generated hydrogen peroxide was
proposed in this work. By assembling six PDMS covers and a
processed ITO plate, the biosensing platform was fabricated, and
employed to detect choline chloride, glucose and lactate. The
results showed a good linear relationship between the gray value
of ECL images and the concentration of each substrate. When
different types of oxidases were separately modified on the
electrodes, multianalyte solutions could be determined without
cross-contamination.  This  biosensing platform  processes
advantages of low cost, low-voltage DC power supply and high
throughput. Moreover, immunoassay can be accomplished by
immobilizing antigens or antibodies on MWCNTSs/CS/ITO
working electrodes via the cross-linking reaction.”® A larger
scaled array encompassing tens or even hundreds of electrodes
will be also feasible if the size of the PDMS covers and the
geometries of the electrodes can be fabricated properly. We
believe that this ECL biosensing array has potential applications
in clinical diagnosis, medicine and food inspection.
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