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A  novel  enzyme-linked  DNA hybridization  assay  on  an  interdigitated  array  (IDA)  microelectrode  inte-
grated into  a microfluidic  channel  is demonstrated  with  sub-nM  detection  limit.  To  improve  the
detection  limit  as  compared  to  conventional  electrochemical  biosensors,  a recyclable  redox  product,
4-aminophenol  (PAP)  is  used  with  an  IDA  microelectrode.  The IDA  has  a modest  and  easily  fabricated
inter-digit  spacing  of  10 �m, yet  we  were  able  to  demonstrate  97% recycling  efficiency  of  PAP due  to  the
integration  in  a microfluidic  channel.  With  a 70 nL sample  volume,  the  characterized  detection  limit  for
PAP of 1.0  × 10−10 M is  achieved,  with  a  linear  dynamic  range  that  extends  from  1.0  ×  10−9 to  1.0  ×  10−5 M.
This  detection  limit,  which  is  the  lowest  reported  detection  limit  for PAP,  is due to  the  increased  sensitiv-
ity  provided  by  the  sample  confinement  in the  microfluidic  channel,  as  well  as  the increased  repeatability
due  to perfectly  static  flow  in the  microchannel  and  an  additional  anti-fouling  step  in the protocol.  DNA
sequence  detection  is  achieved  through  a hybridization  sandwich  of  an immobilized  complementary
NA hybridization probe,  the target  DNA  sequence,  and  a second  complementary  probe  labeled  with  �-galactosidase  (�-
GAL); the  �-GAL  converts  its  substrate,  4-aminophenyl-d-galactopyranoside  (PAPG),  into  PAP.  In this
report  we  present  the  lowest  reported  observed  detection  limit  (1.0 × 10−10 M)  for  an  enzyme-linked
DNA  hybridization  assay  using  an  IDA  microelectrode  and  a redox  signaling  paradigm.  Thus,  we  have
demonstrated  highly  sensitive  detection  of a  targeted  DNA  sequence  using  a  low-cost  easily  fabricated
electrochemical  biosensor  integrated  into  a microfluidic  channel.
. Introduction

Electrochemical biosensors are excellent candidates for minia-
urization using microfabrication techniques, as well as for
ntegration with other functions through microfluidics. Micro-
lectrodes can be fabricated on-chip with higher yield and
ower cost as compared to other biosensing modalities under
nvestigation, including optical waveguide, surface plasmon res-
nance, nanowire, and field effect transistor sensors. Furthermore,
icrofluidics can easily be integrated onto surfaces containing
icroelectrodes without interfering with the signals. As a result,
iniaturized and integrated electrochemical biosensors hold great

otential for bio-analysis systems.
In particular, electrochemical immunoassays utilize the selec-

ivity and sensitivity of immuno-recognition and can be applied to
 number of critical applications, including biomolecular detection

or disease diagnosis, protein quantification in cellular and molec-
lar biology research, and protein–protein interaction studies.
imilar to an immunoassay is a DNA hybridization assay, in which
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specific DNA sequences are detected by using complementary
sequences as probes; the complementary probes are analogous to
the antibodies in an immunoassay. For electrochemical immunoas-
says or DNA hybridization assays that employ enzyme labeling,
the enzyme is conjugated to the biorecognition probe, and thus
is immobilized onto the sensor surface upon biorecognition of
the analyte. After a substrate is introduced, the enzyme cat-
alyzes the conversion of the substrate to a product. The analytical
signal gradually increases with time because of the continuous
reaction between each enzyme and the substrate. The enzyme-
generated product is quantified with an adequate electrochemical
method, e.g., potentiometry, voltammetry, chronoamperometry, or
impedance analysis, etc. (Diaz-Gonzalez et al., 2005; Ronkainen-
Matsuno et al., 2007; Skladal, 2005; Wang et al., 2001; Warsinke
et al., 2000). More recent developments applied magnetic beads
for both immobilization and bio-molecule carriers in electrochem-
ical immunoassays for lower detection limit and higher throughput
(Choi et al., 2002; Do and Ahn, 2008). Enzymes such as alka-
line phosphatase (ALP), �-galactosidase (�-GAL) and horseradish

peroxidase (HRP) are the most commonly used labeling enzymes
in immunoassays (Skladal, 2005; Warsinke et al., 2000). Good
candidates for enzymatic reactions for electrochemical immunoas-
says include 4-aminophenyl phosphate (PAPP) and 4-aminophenol

dx.doi.org/10.1016/j.bios.2011.04.044
http://www.sciencedirect.com/science/journal/09565663
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-d-galactopyranoside (Niwa et al., 1993; Purushothama et al.,
001). Various compounds, e.g. �-fetoprotein, thephylline, mouse

gG and avian influenza virus (AIV) have been electrochemically
ssayed via PAPP (Wang et al., 2001; Ohtsuka et al., 2008). Also,
-d-galactopyranoside (PAPG) has been used to assay human

mmunodeficiency virus (HIV) with microelectrodes (Laczka et al.,
009).

When oxidized on the anode, PAP goes through a 2-electron
ransfer process and loses 2 protons. Its oxidized form, para
uenone imide (PQI), can either be reduced back to PAP, or further
xidized to quinone in acidic environments (Snead and Remick,
957). The electrochemically reversible nature of PAP can be uti-

ized for signal amplification when detected with an interdigitated
rray (IDA) microelectrode. Since the reversibility of the PAP redox
eaction depends on the pH of the solvent and its electrochemical
inetics depend on electrode materials, different electrochemical
echniques have been used to detect PAP.

Several groups have reported on the detection of PAP and its
pplication with various methods of measurement, such as enzy-
atic recycling in the PAP/PQI redox system, colorimetry, rotation

isk electrode method, adsorptive stripping voltammetry, differ-
ntial pulse voltammetry, or amperometry. The utilized electrodes
re typically bare Au electrodes, glassy carbon, or carbon nanotube
odified carbon electrodes. Despite the high number of reported

pproaches, the best detection limit reported so far is 500 pM and
he most impressive dynamic range achieved is between 5 nM and

 �M (Niwa et al., 1993; Purushothama et al., 2001; Ohtsuka et al.,
008; Yamaguchi et al., 1992; Bocxlaer et al., 1997; Huang et al.,
003; Wyszecka-Kaszuba et al., 2003). A comparison of these vari-
us methods is shown in Table S1 in Supplementary Material.

To improve upon the reported detection limit, there are two
rimary factors to be considered: increasing the sensitivity to the
nalyte concentration, and decreasing the variation in the mea-
urement of the analyte. First, the sensitivity for detection of PAP
ith an IDA can be improved by increasing the recycling efficiency

f PAP. This can be accomplished by decreasing the spacing of the
igits in the IDA; however, doing so increases the fabrication costs
nd decreases the yield of the biosensor. Alternatively, the recycling
fficiency can be increased by preventing the loss of available sig-
aling species at the electrode surface. This can be accomplished by

ntegrating the IDA into a microfluidic channel with a low height;
ecause of the confinement, species that are recently oxidized will
emain close to the electrode where they can be reduced, and vice
ersa. Furthermore, this integration step does not have a major
mpact on cost or yield; in fact it leads to better integration of the
iosensor with other functions, such as sample preparation. There-
ore, in this work, we have integrated the IDA into a microfluidic
hannel in order to improve the detection limit of our enzyme-
inked electrochemical assay.

In addition, we investigated methods of minimizing the varia-
ion in the measured signal from PAP in order to further improve
he detection limit. One important characteristic of electrochemical
ensors using microband electrodes is that the signal is dependent
pon the flow rate. In a microchannel, the limiting current mea-
ured on a microband electrode can be presented with a modified
evich equation (Girault, 2004):

lim = 0.925nFcL(lD)2/3

(
Q̇

h2d

)1/3

(1)

here n is the number of electron transfers, F is the Faraday
onstant, c and D are the bulk concentration and the diffusion coef-

cient of the redox compound, l and L are the width and length of
he band, Q̇ is the volumetric flow rate, and 2h and d are the height
nd width of the channel, respectively. The flow rate dependency
or microelectrodes in a microfluidic channel has been verified
electronics 26 (2011) 4375– 4381

previously (Amatore et al., 2004, 2005, 2006; Compton et al., 1993;
Ordeig et al., 2008). Therefore, to reduce measurement variability
while at the same time minimizing the consumed sample volume,
it is advantageous to detect analytes at a perfectly static state after
the microchannel is filled with sample solution.

In addition to measurement variations caused by convection
flow in a channel, microelectrode-based assays are notorious for
a lack of repeatability due to electrode fouling. While utilizing PAP
with an IDA microelectrode in an electrochemical immunoassay
can increase the detected signal, PAP polymerizes in acidic, neutral
or basic solutions during electrochemical reactions or interactions
with an enzyme such as HRP (Aizawa and Wang, 1996; Eddy et al.,
1995; Reihmann and Ritter, 2002). The conductivity and other elec-
trochemical properties of the electrode are then altered after the
thin film is formed (Eddy et al., 1995; Vieira et al., 2006; Ferreira
et al., 2008; Tsuchida et al., 1970). The poly-PAP film fouls the
electrode surface and reduces the sensitivity and reproducibility.
Therefore, an effective cleaning procedure between measurements
must be introduced. Low molecular weight oxidative polymer of
PAP is soluble in organic solvents, such as methanol and acetone,
and can further reduce back to PAP (Tsuchida et al., 1970; Lewis
et al., 2010). This technique can be adapted to an IDA microsystem
to improve the repeatability between measurements, which leads
to better detection limit.

In this work, we  implement an IDA in a microfluidic chan-
nel under static flow with an electrode regeneration protocol to
improve the detection limit for PAP as compared to previous
reports. The flow rate dependence of the signal with our IDA
microelectrode is experimentally verified. The improvement in
measurement variability when implementing our electrode regen-
eration protocol is demonstrated. Utilizing all of these advances
in our assay, our system achieves an excellent detection limit and
dynamic range for PAP detection on a gold IDA electrode. Build-
ing upon this result, we first immobilize the enzyme directly onto
the microchannel surface and perform high sensitivity enzyme
activity detection. Further, we  implement an enzyme-linked DNA
hybridization assay using a �-GAL-labeled probe and a PAPG sub-
strate. Our results show a measured detection limit of 100.0 pM of
target DNA. To the best of our knowledge, we are presenting the
first redox/enzyme coupling assisted single stranded DNA detec-
tion with a sub-nM detection limit.

2. Materials and methods

2.1. Fabrication of electrochemical detector

The electrochemical detector is integrated into a microflu-
idic system. Rectangular microchannels with the cross-section of
35 �m height, 200 �m width, and a 1-cm length are made with
polydimethylsiloxane (PDMS) via soft lithography methods. PDMS
(Sylgard 184) is purchased from Dow Corning, MO.  A sample port
and a waste port (� = 1.0 mm)  are punched at the two ends of the
microchannel with a UniCore hole puncher (as shown in Fig. 1A).
The PDMS slab is sonicated in 190-proof ethanol (111USP190,
Pharmco-Aaper, Brookfield, CT) and blow-dried with air before
being assembled with the electrode chips. The microchannel is
connected to a syringe pump at the waste port. Unless specified
otherwise, the PDMS is not modified and remains hydrophobic.

Electrode chips are produced in the FabLab at the University
of Maryland. A Pyrex 7740 wafer (Corning, NY) is first cleaned
with piranha solution (3:1 H2SO4:H2O2) for 5 min, followed by

the sputtering of 100 Å chrome and 1000 Å gold layers with the
AJA Sputtering System (Scituate, MA). Electrode patterns are made
by photolithography using Shipley 1813 (Marlboro, MA)  photore-
sist. A chrome-on-glass mask (PhotoplotStore, Denver, CO) with
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Fig. 1. Setup of electrode chips. (A) The electrochemical detectors are composed
of  electrodes patterned on a glass chip and a PDMS microchannel. The electrode
set  includes Ag|AgCl reference electrode, IDA working electrode, and Au counter
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lectrode. The microchannel of 35 �m height, 200 �m width and 1 cm length is
onnected to a syringe pump. (B) Micrograph of the 25-pair Au IDA with 10 �m-wide
icrobands and 10 �m gaps.

he resolution of 0.6 �m is used to pattern S1813. After developing
1813 with Shipley CD-30 for 30 s, TFA gold and chrome etchant
olution (Danvers, MA)  is used to dissolve the exposed Au and Cr.
hen S1813 is stripped from the wafer and a 1100 Å thick silicon
ioxide insulation layer is deposited on the electrode wafer with an
xford plasma enhanced chemical vapor deposition system (Oxon,
K). The second photolithography step and etching of silicon diox-

de with 10:1 HF (EMD, Brookfield, WI)  are performed to expose the
lectrode areas. Electrode wafers are then cut into 1.5 cm × 2 cm
hips with a dicing saw. The S1813 is removed in 1165 stripper
Rohm and Haas, Midland, MI)  and 2-propanol (JT Baker cat #9079,
hillipsburg, NJ) after the chips are diced.

Interdigitated electrodes are composed of two  sets of inter-
onnected microband electrodes. Each microband is 10 �m wide
nd 540 �m long, with the gap of 10 �m between each band (as
hown in Fig. 1B). Two rectangular electrodes with the dimension
f 200 �m × 600 �m are used as reference and counter electrodes.
he Ag|AgCl reference electrode is electroplated on the Au surface
ith Techni Silver Cyless II Ag plating solution (Cranston, RI) at the

urrent density of 10 mA/cm2 for 10 min, followed by the oxidation
f Ag in 0.1 M HCl (BDH 7647-01-0, West Chester, PA) at the current
ensity of 10 mA/cm2 for 5 min.

.2. Characterization of microelectrodes

Cyclic voltammetry is used to characterize the IDA integrated
nto the microfluidic channel (inside of the microchannels under
tatic condition). The cyclic voltammograms of the IDA electrodes
ere recorded by scanning the anode array (generating electrode)

n 10−3 M 4-aminophenol hydrochloride (PAP, Sigma, cat # A6161,
t. Louis, MO)  between −0.2 and 0.3 V against the on-chip Ag|AgCl

eference electrode at the rate of 10, 20, 50, 100 and 200 mV/s,
hile keeping the cathode array (collecting electrode) potential

t −0.15 V. A CHI 820A (CH Instrument, Austin, TX) is used for
lectrochemical analysis. All aqueous solutions are prepared with
electronics 26 (2011) 4375– 4381 4377

deionized water at the resistivity of 18.2 M� freshly generated from
a Purelab Ultra water purification system (ELGA, Woodridge, IL).
All electrodes are electrochemically cleaned by cycling in 0.05 M
H2SO4 followed by cycling in 0.1 M NaOH and conditioning in phos-
phate buffer for 3 min  before use. All PAP solution is prepared
freshly prior use in pH 7.0 background solution (phosphate buffer)
containing 20 mM dibasic phosphate (JT Baker cat #3828).

2.3. Impact of flow velocity on microfluidic IDA performance

Two  sets of experiments are performed for detecting the
flow rate effect on current when integrating electrodes into a
microchannel. In the first set of experiments, currents are recorded
at a steady flow. The 4-aminophenol at the concentration of
1.0 × 10−5 M in phosphate buffer is primed through the chip by a
syringe pump at the flow rates of 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 mL/h
for a 70 s period of time. Sixty seconds after the pumping starts, a
potential is applied on the working electrodes for 10 s. In the second
set of experiments, sample is primed at 1.2 mL/h for a 30 s period
of time. A potential is applied on the working electrodes for 10 s
after 0, 5, 10, 20, 30, 45 and 60 s from when the pump is stopped.
Based on the results of cyclic voltammograms (as shown in Fig. S1
in Supplementary materials),  the oxidation and reduction poten-
tial are kept at 0.15 and −0.1 V, respectively. The current signals
acquired in between 9.75 and 10 s are averaged to represent a single
point of measurement. Each flow rate is repeated 3 times.

2.4. Impact of electrode regeneration on microfluidic IDA
performance

PAP solution in the concentration range of 1.0 × 10−10 M to
1.0 × 10−7 M is primed into the microchannel at the rate of 1.2 mL/h
for a 30 s time period and then idles for 30 s before a potential is
applied on the working electrodes. Two sets of experiments are
used to demonstrate the effect of the cleanliness of the electrode
surface. On the electrode where the surface is not regenerated,
15 �L of buffer is primed through the channel after each measure-
ment. On the electrode where the surface is regenerated, 7.5 �L of
ethanol and 7.5 �L of buffer are primed through the channel after
each measurement.

2.5. Electrochemical detection

Amperometry is used to characterize the detection limit and
dynamic range of the IDA inside of the microchannel. The IDA
is first conditioned with amperometry at 0.15 V for 30 s in back-
ground solution before measurements. 10 �L of sample solution is
delivered into the channel by pumping at the flow rate of 1.2 mL/h
for 30 s. The pump is then stopped for 30 s to allow the fluid to
reach stationary status before the currents are collected by apply-
ing 0.15 V and −0.1 V potential on the generating and collecting
electrodes, respectively. To regenerate the electrode surface to its
initial status and remove residual sample solution from the chan-
nel, 7.5 �L ethanol and 7.5 �L background solution are primed
through the microchannel after each measurement of PAP.

2.6. Immobilization of beta-galactosidase on the microchannel
surface

�-GAL of different concentrations is prepared in phosphate
buffered saline (PBS, Sigma P4417) solution. The PDMS channel
is first functionalized with amine groups via 3-aminopropyl-

trimethoxysilane (3-APS, Aldrich 28177-8) followed by the
activation by 2% glutaraldehyde. �-GAL solution is then introduced
into the channel for immobilization. The activity of the immobi-
lized �-GAL is assessed by introducing 1.0 × 10−3 M PAPG (Sigma
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Fig. 2. (A) Flow rate effect on the measured current. Sample containing 1.0 × 10−3 M
PAP is purged into the microchannel at different flow rates between 0.3 and 1.8 mL/h
by a syringe pump. The correlation follows the cubic root of the flow rate with
correlation coefficient of 0.984 (mean ± �, n = 3). (B) Impact of idle time on measured
current after pump is stopped. Sample is pumped at 1.2 mL/h for 30 s. After 0, 5,
10, 20, 30, 45 or 60 s, oxidation current is collected for 10 s (mean ± �, n = 3). (C)
Comparison of measured current at different PAP concentration with (solid bars)
378 I.-J. Chen, I.M. White / Biosensors a

9545) in 2.0 × 10−2 M phosphate buffer and allowing it to react
or up to 120 s. Amperometric detection is then conducted at the
otential of 0.15 and −0.1 V on the anode and cathode, respectively.
his protocol is described in detail in Supplementary Material.

.7. Enzyme-linked DNA hybridization assay

DNA hybridization is performed on the PDMS microchannel
urface, which is integrated with the electrode chip to form a
icrofluidic system. The target DNA sequence is 41 bases in length

see Supplementary Material for sequence). A 20 nt probe (primary
robe) with an amine 5′ end that is complementary to a portion
f the target is immobilized onto the amino-silanized microchan-
el surface with a glutaraldehyde cross-linker. 10 �L of target DNA
olution with the concentration of zero, 1.0 × 10−10 M,  1.0 × 10−9 M
r 1.0 × 10−8 M are then primed into the channel where the primary
robe DNA is immobilized. A second ssDNA (secondary DNA probe),
hich is 20 nt in length and is complementary to another region

f the target, is conjugated with �-galactosidase via a thiol group
n the 3′ end and an SPDP cross-linker. The hybridization of these
hree elements results in the immobilization of �-GAL onto the
hannel surface, as illustrated in Fig. S2 in Supplementary Material.
he entire assay time takes less than 30 min. The complete proto-
ol and DNA sequences are described in detail in Supplementary
aterial.

. Results and discussion

.1. Microfluidic IDA characterization and collection efficiency

The combination of an IDA microelectrode and the recyclable
AP signaling molecule was chosen because of the potential sig-
al gain due to multiple redox cycles of a single PAP molecule at
djacent digits of the microelectrode. To characterize the collection
fficiency of the IDA, cyclic voltammograms (CVs) were recorded
y scanning the potential on one of the electrode arrays while
eeping the potential of the other at −0.15 V. Both the generating
nd collecting electrodes showed relatively steady state voltammo-
rams at the scan rate lower than 50 mV/s. The collection efficiency
f the redox-recycling process on the IDA electrode is given by
he ratio of the steady state currents measured on the constant
otential (collection) and scanned (generation) electrodes. The cal-
ulated collection efficiency increases (i.e., higher recycling occurs)
s scan rates get lower. As shown by the results summarized in
able S2 in Supplementary Material, 97% collection efficiency is
bserved at the scan rate of 10 mV/s. This high recycling efficiency
mplies an improved sensitivity to a particular concentration of PAP
s compared to conventional electrochemical constructs, which
ltimately leads to a better detection limit. The detailed CVs are
epicted in Fig. S1 in Supplementary Material.

.2. Impact of flow velocity on microfluidic IDA performance

The detection limit can also be improved by reducing the mea-
urement variation. In an IDA microelectrode system, convective
ample movement can affect the measurement variation because
he compound generated on the anodic microband can be flushed
own to the cathodic microband for reduction and further flushed
own to another anodic microband for oxidation. As the flow rate

ncreases, the convection has a larger effect and therefore the sig-
al increases. The Levich equation (Eq. (1))  shows that the limiting

urrent of an IDA in a microchannel is dependent on flow veloc-
ty; we found that the amperometric current also follows a similar
elation. The current between 9.75 and 10 s of each measurement is
veraged and used to represent each single point of concentration.
or  without (open bars) regeneration of electrode by flushing ethanol in between
measurements (mean ± �, n = 3).

As Fig. 2A shows, the anodic current is linearly proportional to the
cubic root of flow rate between 0.3 and 1.8 mL/h. This dependence
of current on the flow rate illustrates the importance of apply-
ing consistent flow rate for reproducible analysis when integrating
IDAs in microchannels. Similarly, the oxidation current measured

under the stationary status is found to be dependent on the gap
between the time when the pump is stopped and the measurement.
As the flow rate decreases gradually after the pump is stopped due
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Fig. 3. Oxidation current vs. PAP concentration on log–log scale. A 15 �L sample
was delivered into the microchannel with a syringe pump. The detection limit is
1.0  × 10−10 M. The dynamic range is between 1.0 × 10−9 M and 1.0 × 10−5 M with a

resent no immobilized �-GAL in the channel (negative control). For
the chip with no immobilized �-GAL, a small increment in cur-
rent is observed when replacing buffer solution with PAPG solution.
However, no significant difference is observed when increasing the
I.-J. Chen, I.M. White / Biosensors a

o the inertia of the fluid, the detected current decreases to a steady
tate accordingly. Fig. 2B shows that the current drops rapidly after
he pumping is stopped and it does not change after the fluid is idle
or 20 s. To avoid the fluctuation of the signal caused by flow while

inimizing the consumed sample volume, we adopt the stationary
tatus for more consistent measurements to pursue a better detec-
ion limit and dynamic range. A minimum idling time is desired to
chieve a high turnover rate; therefore we chose the idling time of
0 s for further measurements.

.3. Impact of electrode regeneration on microfluidic IDA
erformance

Maintaining a clean electrode surface is critical for preserv-
ng low measurement variability, and thus also contributes to
mproved detection limit. To maintain a clean electrode surface,

e introduce a regeneration step into our protocol that has not
een reported in previous PAP detection work. A comparison of PAP
etection with and without electrode regeneration between mea-
urements is shown in Fig. 2C. In general, the oxidation currents
f PAP show higher signal magnitude when the chips are condi-
ioned with both buffer and ethanol than only with buffer after
ach measurement. Also, the standard deviation of the measured
urrent is much higher on the chips when the electrode surface is
ot flushed with ethanol. This result implies that the oxidation of
AP fouls the electrode surface and reduces the reproducibility of
he system. Therefore, we use this cleaning protocol for our fur-
her experiments on the detection on PAP and its application of
nzyme-linked biomolecule detection.

.4. Detection limit of PAP on the microfluidic IDA

Given the improvements in sensitivity and measurement vari-
tion due to our microfluidic design and measurement protocol,
e can expect an improved detection limit for PAP as compared

o previously reported results. To determine the detection limit,
e perform repeated amperometric detection of PAP, with fresh

ample flushed into the channel after each measurement. After
he potential is applied on the IDAs, the currents decrease grad-
ally until reaching steady state. The current between 9.75 and
0 s of each measurement is averaged and used to represent each
ingle point of concentration. When performing the detection in

 microchannel, between each measurement ethanol is purged
nto the channel to flush away polymerized PAP and to regenerate
he Au surface. The concentration dependence of the amperomet-
ic current is shown in Fig. 3 (mean + standard deviation, n = 3).
he background signal from buffer solution appears as low as
4.6 ± 0.482 pA (mean ± standard deviation). The current of PAP at
he concentration of 1.0 × 10−10 M is 600 pA, which is significantly
igher than the detection limit signal (IUPAC defines the detection

imit as background signal plus 3 times the background standard
eviation, i.e., 56.046 pA). A linear response between 1.0 × 10−9 M
nd 1.0 × 10−5 M with a correlation coefficient of 0.994 is measured,
s Fig. 3 shows. Results in Fig. 3 are collected from the same elec-
rode chip. Similar data of detection limit and dynamic range are
ollected from different electrode chips as well.

We believe that the improved detection limit is the result of sev-
ral factors that relate either to increased sensitivity or decreased
ignal variation. First, since the electrodes are integrated into the
icrochannel and form a flow injection system, as opposed to sen-

ors in beakers, the analyte is directed to the electrode surface with
igher efficiency and better control; the reproducibility is there-
ore increased (Niwa et al., 1990). Also, the microchannel limits the
iffusion of the redox compound, which leads to efficient amplifi-
ation of the IDA and thus contributes to the lower detection limit
Ruzicka and Hansen, 2000). In addition, the regeneration of the
correlation coefficient of 0.994. The points represent the average value of 3 parallel
measurements of the average current recorded between 9.75 and 10 s (mean + �,
n  = 3).

Au electrode surface by flushing ethanol through the microchan-
nel offers a consistent electrode condition for detection. We  also
carefully control the fluid at a static state for measurement, and
therefore the signal fluctuation due to flow velocity is avoided. The
result of all of these improvements is the lowest reported detection
limit for PAP, despite the modest and easily fabricated inter-digit
spacing of the microelectrode.

3.5. Detection of immobilized ˇ−GAL in the microfluidic channel

In order to demonstrate the potential detection performance
using �-GAL for enzyme-linked electrochemical immunoassays or
DNA hybridization assays in our microfluidic IDA, the detection
of PAP produced by surface confined �-GAL in a microchannel
was investigated. 1.0 nM �-GAL is flushed into the microchannel
and is immobilized via amine groups onto a 3-APS functional-
ized microchannel through a glutaraldehyde crosslinker. After the
immobilization of �-GAL, the microfluidic channel is exposed to
1.0 × 10−6 M PAPG for the enzymatic reaction for 30, 60 or 120 s.
The current responses of chips to (i) buffer solution, (ii) 1.0 × 10−3 M
PAPG and (iii) 1.0 × 10−6 M PAP standard solution are shown in
Fig. 4. Solid bars represent the current responses of chips with
1.0 × 10−9 M �-GAL used for immobilization, while empty bars rep-
Fig. 4. Oxidation current recorded on IDA after exposing to buffer, 1.0 × 10−3 M
PAPG or 1.0 × 10−6 M PAP. 0 M (open bar) and 1.0 × 10−9 M (solid bar) �-GAL had
been applied for immobilization on the microchannel surface (mean ± �,  n = 3).
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Fig. 5. A monotonic increase of generated PAP is found as target DNA concentration
increases from zero to 1.0 × 10−8 M.  A significant difference is found between control
and 1.0 × 10−10 M chips (P = 0.05). Error bards are the standard deviation of 3 parallel
measurements. Oxidation current is converted into equivalent PAP concentration
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sing zero and 1.0 × 10−6 M PAP as calibration points. Inset: On log–log scale (axes
re same as the big plot), equivalent PAP concentration shows a linear dependence
n  target DNA for concentrations between 1.0 × 10−10 and 1.0 × 10−8 M.

xposure time of the chip to PAPG solutions. We  can therefore con-
lude that the change in current between buffer and PAPG is caused
y the oxidation of PAPG in a very limited level. However, PAP is
ot generated in this system since the oxidation currents did not

ncrease as the reaction time increased. On the chip in which �-
AL is immobilized, the current shows a significant and monotonic

ncrease as the enzymatic reaction time increases. This implies the
uccessful immobilization of �-GAL on the surface and the high
vailability of its activity on the IDA. The detection of PAP standard
olution is used to calibrate the measured current of PAPG. The
mmobilized �-GAL (from a solution of 1.0 × 10−9 M �-GAL) gen-
rates about 3.0 × 10−9 M of PAP, which diffuses to the electrode
urface after 2 min  of reaction. Based on these preliminary results,
e have demonstrated the feasibility and high sensitivity of an elec-

rochemical assay via �-GAL on the IDA biosensor integrated into
 microfluidic system.

.6. Enzyme-linked DNA hybridization assay

Target DNA solution with the concentration of 0, 1.0 × 10−10,
.0 × 10−9 and 1.0 × 10−8 M are used as the samples for the
ybridization assay. To detect the hybridization of the target DNA
equence with the two probes, 1.0 × 10−3 M PAPG in 1.0 × 10−2 M
hosphate buffer is introduced into the channel for 90 s to allow
he hydrolyzation reaction. The dual working electrode mode is
sed for detection with the same parameters as the PAP mea-
urement described in Section 2.5. In between each measurement,
.5 �L of ethanol and DI water are flushed through the channel to
efresh the electrode surface. On each chip, oxidation currents of
.0 × 10−2 M phosphate buffer and 1.0 × 10−6 M PAP solution are
sed as calibration points and all the oxidation currents collected
rom the PAPG hydrolyzation are converted to the equivalent PAP
oncentrations. As Fig. 5 presents, the equivalent PAP concentration
hows a monotonic increase as target DNA concentration increases
rom zero to 1.0 × 10−8 M.  The current generated on the negative
ontrol chip is caused by the oxidation of the 1.0 × 10−3 M PAPG
nd is considered as background signal. A significant difference
etween chips with zero and 1.0 × 10−10 M target DNA immobilized
s observed (P value = 0.05); therefore, for 90 s of enzymatic reaction
ime, the detection limit of the enzyme-linked DNA hybridization
n our system is 1.0 × 10−10 M.  The inset in Fig. 5 shows the data
oints plotted on a log–log scale. A linear dependence of the equiv-
electronics 26 (2011) 4375– 4381

alent PAP and the target DNA concentration is found in the range
of 1.0 × 10−10 to 1.0 × 10−8 M with the correlation coefficient of
0.999. This implies that the PAP generated in the microchannel is
proportional to the target DNA. To the best of our knowledge, the
previously lowest reported detection limit for an enzyme-amplified
DNA hybridization assay on microelectrodes in a microfluidic sys-
tem is 1.0 × 10−9 M,  with the assay time over 170 min  (Liu et al.,
2004). In this report, we  demonstrate a much shorter assay time
(30 min) with lower observed detection limit (1.0 × 10−10 M) using
our microfluidic system and an optimized protocol.

4. Conclusion

In this work, we presented the detection of 4-aminophenol
(PAP) in a microfluidic system with a turnover time of 2 min
using a gold IDA with 10 �m inter-digit spacing, which is sim-
ple to fabricate with high yield and low cost. With well-designed
buffer conditions and proper sampling and cleaning procedures,
we achieve the lowest reported observed detection limit for PAP
of 1.0 × 10−10 M with broad linear dynamic range of 1.0 × 10−9 to
1.0 × 10−5 M.  The recorded current shows a strong dependence on
the flow rate of the sample, which emphasizes the advantage of
the precise flow control afforded by the microfluidic channel when
applying IDAs for sensing. The regeneration of the electrode surface
using ethanol prevents fouling and thus preserves the high sensitiv-
ity of the electrode and improves repeatability. The enzyme activity
is not hindered after flushing the ethanol through the microchan-
nel. The surface confined �-GAL activity detection confirms the
feasibility of using an IDA biosensor integrated into a microflu-
idic system for enzyme-labeled electrochemical assays. Finally, we
demonstrate detection of a 41 nucleotide DNA sequence in an
enzyme-linked DNA hybridization assay with the observed detec-
tion limit of 1.0 × 10−10 M with an assay time of less than 30 min.
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