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Electrode with optical shapes is appreciated in microfluidics. In this article, we reported a flexible
poly(dimethylsiloxane) (PDMS)-based gold electrode for ascorbic acid detection. Gold nanoparticles were
chemically deposited on PDMS and the composite film was applied as working electrode. The electrode
could undergo deformation and display good response performance without damage. This biosensor
could give quick response to ascorbic acid (AA) (<5 s) and the currents were linear with concentrations of
AA in range of 0.023-7.00 mM and 30-100 mM, respectively. Limit of detection was 0.008 mM (S/N=3).
This biosensor has been applied to determine ascorbic acid content in vitamin C tablets and the results
were consistent with traditional iodometric method.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ascorbic acid (AA, vitamin C) is a vital water-soluble substance
in human bodies, fruits, pharmaceuticals, vegetables, etc. It plays
an important role in preventing diseases like scurvy and scav-
enging free radicals. AA is widely used as an anti-oxidant in food
processing, pharmaceutical formulations, and clinical applications.
Many analytical methods have been developed for determination of
AA, including titrimetry [1], enzymatic methods [2,3], spectropho-
tometry [4,5], chemiluminescence [6] and electroanalysis [7-11].
Point-of-care detection of AA is of great interest. Carvalhal et al.
reported a low-cost and simple electrochemical detection method
in paper-based device [12]. This research implied us that devel-
oping a flexible, biocompatible and disposable electrode would be
popular among point-of-care devices.

Poly(dimethylsiloxane) (PDMS) is an attractive polymeric
matrix due to its many favorable properties such as chemical inert-
ness, biocompatibility, mechanical flexibility, nontoxic, stability,
high dielectric constant, optical clarity in the visible and ultraviolet
region and importantly, ease of processing [13]. It has been applied
in many fields including biomedical implants and devices, chemical
separation, microstructure fabrication and it also has been widely
used in lab-on-chip and microfluidic devices. Chen group [14,15]
prepared PDMS-AuNPS composite films and patterned Au/PDMS
substrate with chemical gold plating method on native PDMS. Wu
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etal.[16] demonstrated the gold layer could be applied as electrode
for electrochemical application.

This article describes fabrication and performance of flexible
PDMS-based gold electrode for sensing AA. Working electrode is
PDMS-gold film which can be bent or folded into different shapes
and other two electrodes are Pt (counter electrode) and Ag/AgCl
(reference electrode). We characterize the electrode and demon-
strate the application on AA quantification, the results show high
sensitivity, the detection limit of AA is 0.008 mM, which is the
approximately to the results of traditional modified gold electrodes
[17,18]. Linear range is 0.023-7.00 mM and 30-100 mM. This elec-
trochemical sensor is simple and flexible for quantitative detection
of analytes in aqueous solutions.

2. Experimental
2.1. Chemical reagents

Poly(dimethylsiloxane) (PDMS) was obtained from Dow Corn-
ing (midland, MI, USA). HAuCl4-4H,0 was from Shanghai
Chemical Reagent Company (Shanghai, China). Ascorbic acid (AA),
K3[Fe(CN)g], KCl was from Yizheng Second Chemical Reagent Com-
pany (Yangzhou, China). Sodium acetate, vitamin C tablets were
purchased from Northeast Pharmaceutical Group Co., Ltd., acetic
and KHCO3 were obtained from Shanghai Shenxiang Chemical
Reagent Company (Shanghai, China). Supporting electrolyte was
0.1 M acetate buffer. All solutions were prepared with deionized
water. All reagents were of analytical grade, and triple distilled
water was used throughout.
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Fig. 1. Production process of flexible PDMS-based working electrode.

2.2. Instrumentation

All the electrochemical experiments were performed with a
CHI840c electrochemical workstation (Shanghai Chenhua Com-
pany, Shanghai, China).

2.3. Design and fabrication of PDMS based flexible
electrochemical sensing device

PDMS film was prepared similar as the described procedure
in Refs. [15,16]. Briefly, PDMS monomer and the curing agent
were firstly mixed in a proportion of 1:0.1 and cured at 120°C for
30 min. Chemical gold plating solution containing 0.03 M HAuCly,
2MKHCO3, and 9.9 M glucose (v/v, 2:1:1) was prepared just before
use. Plexiglass frame with inner area 3 cm x 4 cm was sandwiched
between two native 2-mm-thick PDMS films named ‘cover chip’
and ‘base chip’, and then the solution for chemical gold plating
was injected into this sandwich architecture. It was then incu-
bated at room temperature for 4h to ensure the elemental gold
deposit completely. All resulting PDMS-gold films were washed
with deionized water for three times, and stored at room tempera-
ture when not in use. A piece of PDMS-gold film of 2.5 cm x 0.4cm
was cut as working electrode, working electrode area was defined
as 1.5 cm x 0.4 cm controlled by transparent adhesive tape and con-
nected by indium tin oxide (ITO) conductive glass. The counter
electrode is Pt and reference electrode is Ag/AgCl. The Production
process of flexible PDMS-based working electrode was shown in
Fig. 1

3. Results and discussion
3.1. Fabrication and connection of PDMS-based gold electrode

The growth of gold on PDMS was considered to follow a two-
step as reported [15] as follows: residual Si-H in PDMS can start
to reduce HAuCly directly as soon as they contact to each other, so
that gold nanoparticles were imbedded into PDMS matrix or adhere
to the PDMS surface firstly. Then these gold nanoparticles acted as
cores for subsequent gold metal deposition orderly, which led to
the formation of a compact and continuous gold layer on PDMS
films.

PDMS-based gold electrode was soft and flexible, the electrode
and wire should be connected via a hard ITO glass, this connection
method insured the stability of long lifetime of working electrode.
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ITO glass

Fig. 2. Schematic connection method of PDMS-based gold electrode with ITO glass,
and the working electrode area defined with transparent adhesive tape.

Working electrode area was defined with transparent adhesive
tape. The schematic connection was shown in Fig. 2.

3.2. Characterization of PDMS-based gold electrode

Electrochemical behavior of PDMS-gold working electrode was
investigated by cyclic voltammetry in 0.5M H,SO,4 solution. As
shown in Fig. 3, the CV profile exhibited a typical redox peaks
of gold, which corresponds to the surface gold oxidation and the
consequent reduction of gold oxides, respectively.

K3[Fe(CN)g] aqueous solution was employed as a model redox-
active compound to characterize electrochemical behavior of our
PDMS-gold film (Fig. 4). The insert showed anodic and cathodic
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Fig. 3. Cyclic voltammogram with flexible PDMS-gold working electrode sensor in
0.5 M H;,S04. Scan rate is 100mVs~1.
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Fig. 4. Cyclic voltammograms of 0.01 M Ks[Fe(CN)g] aqueous solution at various
scan rates (ascending along Y-axis): 50, 100, 150, 200, 250, 300, 350, 400, 450 and
500 mV s~!. The insert is the relationship of redox currents and the square root of the
scan rates. Solid lines represent a linear fit to both oxidation current and reduction
current with the regression equation: upper data, Y=0.3397 + 0.1812X (R? =0.9996);
lower data, Y=—0.417 — 0.1424X (R? =0.9966).

peak currents were directly proportional to the square root of the
scan rate between 50 and 500 mV s~ . The solid lines represented a
linear fit to both oxidation current and reduction current with the
regression equation: upper data, Y=0.3397 +0.1812X (R? = 0.9996);
lower data, Y=-0.417 —0.1424X (R? =0.9966). The linearity indi-
cated the mass transfer in this system was a diffusion controlled
process. The peak shape of CVs showed a typical reversible elec-
trochemical reaction in which the rate of reaction was governed
by diffusion of the electroactive species to the surface of a planar
electrode.

To understand the electrochemical behavior of gold electrode
with different shapes, 0.01 M K3[Fe(CN)g] aqueous solution was
applied as model for testing. Electrochemical response of the flex-
ible PDMS-gold working electrode was measured upon bending
inward to angles of 90°, 180°, twist for 360°, 90° and straight, CV
profiles were consistent, as shown in Fig. 5. The results showed
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Fig.5. Cyclic voltammograms of PDMS-gold working electrode with various shapes

of straight, twisting 360°, 90° and bending 90°, 180° in 0.01 M K3[Fe(CN)s | aqueous
solution. Scan rate is 100mVs~'.
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Fig. 6. Current-time plot of subsequent spiking of 0.1 mM AA on PDMS-based gold
electrode.

that the PDMS-gold working electrode can be bent and folded to
different shapes to adapt to various situations.

3.3. Amperometric response of AA

Our home-made PDMS-based gold electrode was used to
construct an amperometric sensor for AA. The parameters of
AA detection with common Au gold electrode [12,19] were
applied. Current-time response curves were observed at 0.4V
(vs. Ag/AgCl) with subsequent spiking of 0.1 mM AA in 0.1M
HAc-NaAc (pH 4.5). The i-t calibration curve and relationship
between catalytic current and concentration of AA were shown in
Figs. 6 and 7, respectively. The linear relationship between cat-
alytic current and concentration was observed in the range of
0.023-7.00mM and 30-100 mM. The linear regression equation
were expressed as Y=14.3823 +33.6262X (R2=0.9972, n=11) and
Y=372.9091+1.0527X (R? =0.9962, n=38), with the detection limit
of 0.008 mM at a signal to noise ratio of 3. The response time was
about 55, which indicated a generally fast electron-transfer pro-
cess in this PDMS-based gold electrode. Stability of the electrode
was investigated after it was stored in refrigerator (4°C) for two
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Fig. 7. Calibration plots for AA in 0.1 M HAc-NaAc (pH 4.5) at applied potential of
0.4V (vs. Ag/AgCl).
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Fig. 8. Detection of AA by PDMS-AuNPs electrode with different shapes.

Table 1
Detection of AA in vitamin C tablet® with provided electrochemical method and
iodometric method.

Vitamin C tablet Provided lodometric Labeled content
sample electrochemical method (gL~') (gL )
method (gL1)
S1 1.0029 + 0.0863 1.0205 + 0.0508 1.0
S2 0.5105 + 0.0445 0.4997 + 0.0573 0.5
S3 0.0982 + 0.0107 0.0964 + 0.0085 0.1

2 Five repetitive measurements, mean value 4+ expanded uncertainty.

weeks, amperometric response signal was equal to that of freshly
prepared PDMS-based gold electrode.

Electrochemical detection integrated in the microfluidics has
been widely applied. In order to match the detection cell, the elec-
trode needs to be deformed. Especially, the electrode with optional
shapesis appreciated in the case ofin vivo detection. AAis an impor-
tant biomolecules in living beings. Detection of AA by PDMS-AuNPs
electrode with different shapes was shownin Fig. 8, the results were
consistent.

4. Detection of AA in tablets of vitamin C

Ten tablets of vitamin C (labeled net content of 100 mg vitamin
C per tablet with total weight 120 mg) were completely ground

and homogenized, 330 mg of which was accurately weighed and
dissolved with ultrasonication in 20 mL of triple distilled water,
then was diluted with water in a 50 mL flask. Pipette a certain vol-
ume of the solution into 10 mL buffer solution. The results from
provided method were consistent with that from traditional iodo-
metric method and labeled content (shown in Table 1).

5. Conclusions

We described a flexible PDMS-based gold electrode for sensing
AA, the electrode could withstand mechanical deformation with-
out damage and showed stable electrochemical properties. PDMS
has many advantages such as chemical inertness and flexibility,
especially biocompatible. It can be applied as implantable sensing
devices for in situ diagnosis. And the gold surface is bioaffinity,
it also has the potential to be modified with enzyme or aptamers
even cells for further biosensing. The electrode has the property of
ease-of-fabrication will enable mass production.
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