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Abstract

We report herein a simple device for rapid biosensing consisting of a single microfluidic channel
made from poly(dimethylsiloxane) (PDMS) coupled to an injector, and incorporating a biocatalytic
sensing electrode, reference and counter electrodes. The sensing electrode was a gold wire coated
with 5 nm glutathione-decorated gold nanoparticles (AuNPs). Sensitive detection of H,O, based on
direct bioelectrocatalysis by horseradish peroxidase (HRP) was used for evaluation. HRP was
covalently linked the glutathione-AuNPs. This electrode presented quasi-reversible cyclic
voltammetry peaks at —0.01 V vs Ag/AgCl at pH 6.5 for the HRP heme Fe!!!/Fe!! couple. Direct
electrochemical activity of HRP was used to detect H,O5 at high sensitivity with a detection limit of
5nM in an unmediated system.
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1. Introduction

Microfluidic devices have the ability to analyze very small quantities of sample, limit reagent
use, and do analyses at high resolution and sensitivity, low cost, and in short times [1]. They
have applications in biology, chemistry and medicine for measurements including diffusion
coefficients [2-5], fluid viscosity [6], binding constants [2], DNA analysis [7-9], cell
separation [10], cell patterning [11,12] capillary electrophoresis [13,14], and immunoassays
[15-19].

Implementing biosensors in microfluidic format provides a potentially more efficient approach
to control and automate sample introduction and steps such as washing and reagent addition.
By coupling with 6microfluidics, immunoassay procedures could potentially be made fast
enough for point-of-care diagnostics without sacrificing sensitivity [20].
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Microfluidic devices are commonly fabricated in glass, silicon, or polymers, with polymers
finding considerable recent attention. Poly(dimethylsiloxane) (PDMS) is used extensively to
fabricate these microfluidic devices using photolithography or more simply by polymer
deposition onto molds [21,22]. Recently, an electrochemical sensor was constructed by
integrating injection-molded electrodes into a polystyrene micro-flow channel [23].

In this communication, we report fabrication by mold deposition of a simple microfluidic
device for electrochemical biosensing, and validate it by sensitive detection of hydrogen
peroxide. The device features a single microfluidic channel made from poly(dimethylsiloxane)
(PDMS) coupled to a fixed volume injector, and incorporates a biocatalytic sensing electrode,
Ag/AgCI reference and Pt wire counter electrodes (Fig. 1). PDMS was chosen because it is
easily moldable, soft and readily integrated with outside components [24], and effective
protocols exist to inhibit biomolecular contamination [25,26]. The sensor was a gold wire
coated with 5 nm glutathione-decorated gold nanoparticles (AuNPs). Horseradish peroxidase
(HRP) was covalently linked to the glutathione-AuNPs. Highly sensitive amperometric
measurement of H,O, was achieved with an unprecedented detection limit of 5 nM for
unmediated biocatalysis.

2. Experimental Section

2.1. Chemicals

Horseradish peroxidase (HRP, MW 44000, 250-330 unit mg 1), 1-(3-(dimethylamino)
propyl)-3-ethylcarbodiimide hydrochloride (EDC), L-Gluthathione reduced (GSH, 99%),
HAuCI4-3H,0 (99.9%), sodium borohydride (99%) and poly(diallydimethylammonium
chloride) (PDDA, MW 20%) was from Sigma. Hydrogen peroxide (H,0,, 30%) was from
Fisher. The poly(dimethoxy)silane (PDMS) kit was from Dow Corning. 3-mercapto-1-
propanesulfonic acid (MPA) was from Aldrich.

2.2. Fabrication of the microfluidic channel and synthesis Au nanoparticles

Using the PDMS kit, PDMS base material and curing agent were mixed in 10:1 ratio, stirred
vigorously for 5 min, and then degassed for 30 min under dynamic vacuum to remove all air
bubbles. The clear solution was poured onto a Y-shaped negative mold and heated at 85 °C
for 2.5 h [27]. After cooling, the Y-shape PDMS was pealed off the mold, then placed between
two flat, machined poly(methylmethacrylate) (PMMA) plates to provide a microfluidic
channel (Fig. 1). The channel is ~1 mm wide, 3.6 cm long and 60 pL volume. The top PMMA
plate was machined with two inlets and an outlet and equipped with female ports (4 mm
diameter) for screwing in standard plastic fittings (1.5 mm i.d., Upchurch) to hold connecting
0.2 mm i.d. tubing (PEEK). Samples were injected by using a syringe pump (Harvard, no.
55-3333) connected to one inlet via an injector valve (Rheodyne, no. 9725i) via 0.2 mm i.d.
tubing (Fig. 1). The second inlet was not used, but is included for use in more complex
protocols. The top PMMA substrate is equipped with three holes (1 mm diameter) directly
above the microfluidic channel for plugging in sensor, Ag/AgCl reference and Pt counter
electrodes.

Glutathione-decorated gold nanoparticles (AuNPs) with diameter 5.0 + 1.4 nm (TEM) were
prepared by the reduction of gold salt using sodium borohydride in the presence of glutathione
as reported earlier [28]. Nanoparticles were characterized by UV-Vis and IR spectroscopy and
atomic force microscopy confirmed nearly complete coverage of the electrode surface after
deposition [29] described below.
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2.3. Preparation of HRP electrodes

Gold wires (0.5 mm diameter) were first with piranha solution for 5 min., washed with pure
ethanol and water, then immersed in 4 mM ethanolic MPA for 12 h to chemisorb a MPA
[30]. These electrodes were alternately immersed in cationic PDDA solutions (2 mg mL™1,
0.05 M NaCl) and AuNP solutions (2 mg mL™1 in 20 mM HEPES pH 8.0) for 30 min with
intermediate water washing, to form Au/PDDA/AuUNP electrodes [29]. HRP was attached onto
the carboxylated gold nanoparticles by amidization between the carboxyl-terminated gold
nanoparticles and HRP lysines [29] using freshly prepared 5 mg mL~1 EDC and 3 mg mL ™1
HRP in pH 6.5 buffer (PBS) at volume ratio 1:2 for 4 h at room temperature. They were then
washed with pH 6.5 buffer. When inserted into the microfluidic channel, 1 mm of this Au/
PDDA/AUNP/HRP electrode contacts the solution, with an active area of 1.4 x 102 cm?
estimated using the Randles-Sevcik equation and the slope of peak current vs. square root of
scan rate for soluble 1 mM ferrocyanide in 0.1 M KCI.

2.4. Instruments and procedures

Cyclic voltammetry (CV) and amperometry utilized a CHI 660 potentiostat, a Ag/AgCI
reference, a platinum wire auxiliary, and the Au/PDDA/AUNP/HRP electrode within the
microfluidic device (Fig. 1). Flow rates between 50 and 500 uL min~1 were evaluated for the
amperometric detection using 50 puL and 100 uL injector sample loops. The largest, narrowest
peaks were at 200 uL. min~1 and 50 pL sample loop. Amperometry gave optimum response at
—0.2 V. Thus, amperometry was done at 22 + 2 °C, 200 uL min~1, 0.2 V vs. Ag/AgCl with
50 uL injections of H,O, samples. Buffers and hydrogen peroxide solutions were
deoxygenized by bubbling with purified nitrogen.

3. Results and Discussion

3.1. Cyclic voltammetry (CV) of AuUNP/HRP electrodes

The sensing Au/PDDA/AUNP/HRP electrode transferred to the microfluidic channel filled
with pH 6.5 buffer, then cyclic voltammetry (CV) was done. A well-defined, nearly reversible
reduction-oxidation peak pair occurred at —0.01 V vs Ag/AgCI (Fig. 2Ac), characteristic of
the HRP heme Fe!!//Fe!! couple [31,32] Bare Au and Au/PDDA/AUNP electrodes without HRP
showed very small oxidation peaks that may be due to residual surface oxidations (Fig. 2A, a
and b). The AuNPs resulted in an increase in charging current consistent with an increase in
surface area compared to bare Au wire. The electrochemical surface area increased 35% for
Au/PDDA/AUNP electrode compared to the bare Au.

CVs of Au/PDDA/AUNP/HRP electrodes (Fig. 2Ac) showed nearly equal heights of reduction-
oxidation peaks. Peak currents increased linearly with scan rate (25-300 mV s1). These results
are indicative of non-ideal surface-confined voltammetry characteristic of immobilized iron
heme proteins like peroxidases [31,33]. Integration of CV reduction peaks gave total charge
for reduction of the peroxidase, gave an estimated the surface concentration of HRP on Au/
PDDA/AUNP/HRP of 0.43 + 0.05 nmol cm~2. Addition of 0.1 mM H,0 to the buffer caused
disappearance of the HRP oxidation peak and catalytic increase in the reduction peak (not
shown), characteristic of peroxidase-catalyzed electrochemical reduction of H,0O, [31,33].
Qualitatively similar results were found for HRP on PDDA/AUNP layers on pyrolytic graphite
electrodes [29]. CVs of the Au/PDDA/AUNP/HRP electrode in a conventional cell were similar
to those in the microfluidic channel (Fig. 2B), suggesting that little additional cell resistance
is contributed by the microfluidic system.
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3.2. Detection of H»O5 using the microfluidic system

Amperometry using Au/PDDA/AUNP/HRP sensors at optimized conditions —0.2 V vs Ag/
AgCl and 50 pL injections of H,O, samples into the microfluidic gave sharp reduction peaks
from catalytic reduction of H,O, (Fig. 3A). Peak height increased linearly with H,O,
concentration from 10 nM to 1 uM (Fig. 3B). The detection limit (DL) measured as 3 times
the average noise was 5 nM H,0, (Fig. 4A, inset) with sensitivity 1.46 nA nM~1 cm—2
(electrochemical surface area (Ae) is 1.4 x 1072 cm~2). DL of the microfluidic sensor was
better than that found in a previous study of rotating disc PDDA/AUNP/HRP biosensors at
3000 rpm in a bulk electrochemical cell which gave DL 20 nM, but similar sensitivity of 1.37
nA nM~1cm™2 (Ae =0.2 cm?) [29]. This improvement in DL may be related to better control
of mass transport in the microfluidic system compared to the rotating disc, leading to better
signal-to-noise.

No peaks were observed for peroxide injections using a bare Au or Au/PDDA/AUNP electrode
in the microfluidic system. No change in amperometric current was seen in control experiments
injecting buffers containing no H,O,. PDMS is a gas-permeable polymer. and oxygen leaking
into the flow chamber may increase the background signal. However, the sensitivity of our
peroxide biosensor in the microfluidic system is similar to that in a conventional cell with
oxygen-free electrolyte, and the detection limit is considerably better [29]. Thus, oxygen
porosity does not seem to create significant problems in the microfluidic system.

To test the reproducibility, several concentrations of H,O, were repetitively injected under the
same conditions. Fig. 4 shows the amperometric response for three 50 uL injections of 5, 10,
100 and 1000 nM H,05 respectively. Repeatability of peak height for the electrode was 2-5%
for peroxide injections.

The microfluidic biosensor showed good stability and reproducibility. The Au/PDDA/AUNP/
HRP electrodes were stored either in pH 6.5 buffers or in air at 5 °C and tested periodically.
With both storage methods, after one week, CV peak currents and amperometric peaks for 1
uM H>0, maintained 90% of initial values.

3.3. Summary

A low cost microfluidic biosensor system was fabricated from PDMS and standard accessories,
and tested for rapid detection of H,0, using Au/PDDA/AUNP/HRP sensors. These sensors
presented the expected redox and biocatalytic activity of the enzyme, and were used in
mediatorless detection of H,O, at high sensitivity with an unprecedented detection limit for
an unmediated enzyme electrode. This microfluidic device is a general bioelectronic platform,
and applications can be fitted simply by changing the sensing electrode and using appropriate
experimental protocols. Different biosensing electrodes can be fabricated using amidization
chemistry to link virtually any biomolecule onto the carboxylated AuNP outer layer. We are
currently using this device to develop point-of-care diagnostic assays for cancer biomarkers,
by attaching capture antibodies to the sensing electrode and including appropriate washing and
detection steps similar to those used in established electrochemical immunoassays [20,29].
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Fig. 1.
Photographs of microfluidic chip and accessories.
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Fig. 2.

(A) CVs at 100 mV s~1 in pH 6.5 phosphate buffer of (a) Au/PDDA/AUNP/HRP, (b) Au/
PDDA/AUNP and (c) bare Au wire. (B) CVs at 50 mV s~1 in pH 6.5 phosphate buffer of Au/
PDDA/AUNP/HRP electrode (a) within the microfluidic channel (b) outside microfluidic
channel in a conventional electrochemical cell, unstirred solution.
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Fig. 3.
(A) Amperometric response of Au/PDDA/AUNP/HRP sensors in microfluidic device for

different H,O, concentrations at —0.2 V in pH 6.5 buffer. (B) Calibration curve showing peak
current (Ip) vs H,0; concentration.
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Fig. 4.

Reproducibility of amperometric responses of Au/PDDA/AUNP/HRP sensors in microfluidic

device at —0.2 V in pH 6.5 phosphate buffer.
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