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Abstract Integrating PDMS channels and chips containing
pre-functionalized biosensors into microfluidic devices with
irreversible sealing has been challenging because the integra-
tion process requires use of an O, plasma treatment that usually
destroys the biosensors. In this study, we examined the useful-
ness of introducing a shadow mask into the process as a method
of protecting the pre-functionalized biosensors. Single nano-
wire sensors were pre-functionalized with fluorescently labeled
biomolecules and then subjected to O, plasma with and without
the shadow mask. Results from the two groups were then
compared. Those sensors without a shadow mask were
destroyed, giving the sensor an infinite resistance and reduced
fluorescence intensity. In contrast, the sensors with the shadow
mask were protected and exhibited little changes in the resis-
tance and fluorescence intensity. Then two different nanowires,
aptamers incorporated polypyrrole nanowire (entrapment) and
antibodies immobilized polyaniline nanowire (surface covalent
binding), were used to investigate their detection performance
before and after the plasma treatment in the presence of shadow
mask. The protected samples showed a good sensitivity to the
targets with a slight reduction in response compared with the
as-prepared samples. After the O, plasma treatment, the micro-
fluidic channels were integrated with single nanowire biosen-
sors. This microfluidic biosensor showed a high sensitivity
with about ~0.5 % change in conductance at the lowest IgE
protein concentration of 10 pM.
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1 Introduction

Microfluidic devices are of considerable interest for use in
biosensors because of several advantages that they provide,
including reduced consumption of sample, protection of the
sensor by the microchannels from the environment, and
comparatively fast and more sensitive reactions (Kwakye
and Baeumner 2003). Consequently, microfluidic devices
have been used in various areas, such as biological and
chemical analysis (Liu et al. 2005), point-of-care testing
(Soper et al. 2006), clinical analysis (Bange et al. 2005),
and medical diagnosis (Goral et al. 2006). Numerous appli-
cations found in the current literature include the detection
of pathogens (Zaytseva et al. 2005), the quantification of
nucleic acid sequences (Goral et al. 2006), and analysis of
multiple ions (Liao et al. 2006). While most microfluidic
biosensors use fluorescence (Chan et al. 2004; Liu et al.
2005; Pregibon et al. 2007) or surface plasmon resonance
(Kanda et al. 2004; Kurita et al. 2006; Psaltis et al. 2006) for
signal generation, utilizing electrical detection offers the
advantages of simplicity and high sensitivity (Goral et al.
2006; Liao et al. 2000).

Poly(dimethylsiloxane) (PDMS) based microfluidics are
most popular (Gijs et al. 2010; McDonald and Whitesides
2002) because the microfabrication of PDMS is easy and
inexpensive. The basic microfabrication process of a PDMS
based fluidic chip involves patterning of the channel struc-
ture, sealing of the open channel, and sensor fabrication
(Arora et al. 2010; Dittrich et al. 2006). Typically, a
PDMS is used to replicate microchannels using inverse
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microfluidic structures from a mold (or master), which can
be obtained by photolithography. It is easy to release the
PDMS replica from the mold without damaging it or the
mold because of its low surface free energy and elasticity.
Finally, enclosed microchannels can be obtained by sealing
the PDMS replica to a flat surface.

A PDMS can reversibly or irreversibly seal to itself or to
other surfaces without distorting its shape (Jo et al. 2000;
McDonald et al. 2000). Usually, reversible seals provided by
simple Van der Waals contact can not withstand fluid pres-
sures higher than 5 psi (McDonald et al. 2000). When using
high viscosity liquids (e.g. human blood or serum, oil) or
multi-phase mixtures (e.g. gas-liquid mixture, solid-liquid
mixture), a seal between the PDMS and the substrate is
required to withstand high pressure that is applied to flow
the solution (Thorsen et al. 2001). The oxygen (O,) plasma
treatment becomes necessary to obtain seals that can hold
higher pressures. Because O, plasma treatment could damage
the biosensors, surface modifications are performed after the
device assembly of many irreversibly sealed microfluidic
biosensor devices, in which the microfluidic channels would
be contaminated by the solutions used for surface modifica-
tion. Hence, it is necessary to prevent damages on the bio-
functionalized nanomaterial-based sensors using plasma
treatment for the integration of microfluidic devices.

Moreover, controllable functionalization may be obtained
if completing the surface modifications before the micro-
fluidic device integration. To achieve this goal without
deactivation of the biomolecules immobilized on these
nanomaterial-based sensors, methods such as mechanical
fixation (Zaytseva et al. 2005) and UV-curable adhesives
(McDonald and Whitesides 2002) have been utilized.
However, the use of screws in mechanical fixation limits
the simplification and miniaturization of microfluidic devi-
ces. As a result, assembling a PDMS replica to a pre-
functionalized chip via irreversible sealing is an important
challenge to construct the most effective nanomaterial-based
microfluidic biosensors.

Herein, for the first time to our knowledge, we have
investigated the use of a low-cost and facile approach that
could protect the pre-functionalized biosensor throughout
the irreversible sealing process — the use of a shadow mask.
Physical masks have been widely applied in microfabrica-
tion processes to make patterns on substrates (Egger et al.
2005; Geissler and Xia 2004; Luthi et al. 1999; Schallenberg
et al. 2002; Yanagi and Morikawa 1999). In photolithogra-
phy, optical masks are employed to transfer patterns to
photoresists (Geissler and Xia 2004; Rogers et al. 1997).
In fact, photoresists are also masks that can be used to
transfer patterns onto substrates by preventing underlying
materials from being dissolved or removed by etchants (e.g.
liquid and plasma etchants) (Hua et al. 2002; Menke et al.
2006; Srituravanich et al. 2004). Furthermore, physical
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masks are also utilized to prevent self-assembled mono-
layers (SAMs) being exposed to UV radiation thus the
SAMs could not be removed form the protected regions
(Ratliff et al. 1999). Inspired by these approaches, we em-
ploy a shadow mask for the purpose of preventing damage
on functionalized biosensors caused by O, plasma treat-
ment. Such a process is similar to reactive ion etching
(RIE), but rather than using photoresist, which involves spin
coating, UV exposure, and removal steps, the mask intro-
duced in this report is very simple which can be manually
placed over the underlying substrate and manually removed
after the process. The effects of the shadow mask on the
electrical measurement, the fluorescence intensity, and the
detection ability of as-prepared and O, plasma treated nano-
wire (NW) biosensors are evaluated in this report. In addi-
tion, an integrated microfluidic biosensor device for the
detection of Immunoglobulin E (IgE) is demonstrated for a
proof-of-principle, which confirms our assumption that the
utilization of a shadow mask can protect pre-functionalized
biosensors during the plasma treatment.

2 Experimental
2.1 Chemicals

Pyrrole, aniline, NaCl, bovine serum albumin (BSA),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
and N-Hydroxysuccinimde (NHS) were purchased from
Sigma Aldrich. 6-carboxyfluorescein (FAM) dye-labeled
aptamer (5'-GGGGCACGTTTA- TCCGTCCCTCC
TAGTGGCGTGCCCC-3") was synthesized by Integrated
DNA Technologies. IgE was provided by Athens Research
& Technology. Goat anti-rabbit immunoglobulin G (IgG,
2 mg/mL, containing 0.1 M NaP, 0.1 M NaCl, and 5 mM
azide, pH7.5) antibodies (Abs) and IgG protein (purified
rabbit IgG, 5.0 mg/mL, in 10 mM PBS, pH7.4, containing
0.1 % sodium azide) were obtained from Invitrogen.
Phosphate buffered saline solution (PBS, 10 mM phosphate,
pH7.4) was used to prepare the BSA, IgE, EDC, NHS, and
IgG solutions with different concentrations.

2.2 Nanowire preparation and functionalization

Two different kinds of single NWs were fabricated in this
work for comparison. One was polypyrrole NWs incorpo-
rated with aptamers (aptamer-PPy) during the NWs growth
(entrapment), and the other was polyaniline (PANI) NWs
that were surface modified by Abs after their growth (cova-
lent binding). These two bio-components (aptamers and
antibodies) were used because they are two typical types
of receptors in biosensor applications (aptamers are oligo-
nucleic acids, and antibodies are proteins). Details about the
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fabrication of the addressable single polymer NW can be
found in our previous reports (Hu et al. 2009; Yun et al.
2004). Pre-patterned polymethylmethacrylate (PMMA)
nanochannels (about 100 nm in width and 15 um in length)
between the electrode pairs (~5 um gap) were used to guide
the growth of the NWs while a constant current was applied
using a semiconductor analyzer (Agilent B1500A). The
growth of the NW was monitored using the potential be-
tween the electrode pair. The NW growth was completed
when the potential decreased to ~500uV. There were six
groups of Au electrode pairs on one chip. Each group had
two electrode pairs. In each group, only one electrode pair
was used for NW growth while the other pair acted as a back
up pair. Hence, a total number of 6 NWs were grown on one
chip. An electrolyte solution consisting of pyrrole monomer
(5 mM), NaCl (10 mM) and aptamer (2uM) was used to
prepare the aptamer-PPy NWs. The obtained samples were
rinsed with deionized water three times after the preparation
of the NWs.

Single PANI NWs were obtained by the same method
using an electrolyte solution consisting of aniline monomer
(10 mM) and HCI (0.1 M). Surface modifications were
performed to immobilize IgG Abs onto the PANI NWs as
follows. A mixture solution of EDC/NHS (0.2/0.2 M) with
IgG Abs (100 pug/mL) was placed on top of the PANI NWs
and incubated at room temperature in a dark room for 3 h.
The Abs-immobilized PANI (Abs-PANI) NWs were then
rinsed using a PBS solution and deionized water to elimi-
nate any non-immobilized IgG Abs. After the surface mod-
ification, the PANI NWs were soaked in a high
concentration of BSA (2 mg/mL) for 30 min to block non-
specific protein interactions with the NWs.

2.3 Oxygen plasma treatment and microfluidic device
integration

A PDMS microfluidic structure with six channels was fab-
ricated through a replica molding process with a SU8 master
(silicon elastomer base and curing reagent were mixed in a
10:1 ratio, degassed for 1 h, and then cured at 85 °C for 3 h).
While shadow masks can be fabricated and integrated into a
device using photolithography (Aljada et al. 2010), in our
experiment, the shadow mask is only needed for the O,
plasma treatment, thus a reusable, simple, and cheap mask
was preferred. The mask was machined from an aluminum
plate using computer numerical control (CNC) microma-
chining. The mask had six cantilevers along its top and
bottom sides, with each cantilever capable of covering an
area with a length of 6.2 mm and a width of 0.8 mm —
enough to protect the NW under it (Fig. 1a). Such a design
allows the maximum portion of the chip to be exposed to the
O, plasma without damaging the NWs. The shadow mask
was aligned and fixed on top of the silicon chip using

stereomicroscopy before the plasma treatment. Figure 1b, ¢
schematically show that the shadow mask can completely
cover the NWs. The plasma treatment was performed using
plasma cleaner (Harrick PDC-32G) for 1 min (200 mTorr,
18 W). For comparison, several samples were treated with
O, plasma under the same conditions without the shadow
mask.

After the plasma treatment, the shadow mask was quickly
removed from the chip and the PDMS replica was then
aligned and stacked on the silicon chip to form an irrevers-
ible seal. Holes were punched through the PDMS replica on
both ends of each microchannel using a 20-gauge needle,
and tubings were inserted into the hole to complete the
microfluidic device. Typically, the total time for the integra-
tion of a microfluidic device was about 10 min. The

m Nanowire
Shadow mask
Substrate

© Jonized O, molecule
¢ Biomolecule
= Ay

Fig. 1 a Photo of an aluminum mask and a chip. The mask has six
cantilevers along its top and bottom sides and each cantilever can cover
an area with a length of 6.2 mm and a width of 0.8 mm. b Schematic
illustration of the O, plasma treatment of a shadow mask protected
chip. ¢ Enlarged side view. The bio-functionalized NW is protected by
the shadow mask from the plasma. Arrows indicate the motions of
ionized O, molecules
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successful injection of fluid into the microfluidic channel
through the tubing is shown in Fig. 2.

2.4 Characterizations

To study the protection effects of the shadow mask on the
NWs during the plasma treatment, the resistance and fluo-
rescence of both as-prepared and plasma-treated NWs were
measured using a semiconductor analyzer and fluorescence
microscope (Axioskop, Carl Zeiss). The fluorescence inten-
sities of NW samples were further examined using a micro-
spectrophotometer (CRAIC Technologies) at emission
wavelength of 365 nm. All of these measurements were
performed at room temperature.

2.5 Protein detection

To determine whether the activity of the biomolecules
can be preserved by the shadow mask after plasma
treatment, the target protein detection of the as-prepared
and plasma treated NWs were compared. Two different
biosensors, the aptamer-entrapped PPy NWs and the
surface modified PANI NWs, were used for the detection
of IgE and IgG respectively. The protein detections were
carried out by dividing the NWs into two groups for
each case: 1) as-prepared pre-functionalized NWs
(Group 1, G-1) and 2) O, plasma treated NWs in pres-
ence of shadow mask (Group 2, G-2). The conductance
of the NWs was monitored by applying a constant cur-
rent (100 4A) using a semiconductor analyzer. When the
conductance of the NW was stabilized in the PBS solu-
tion, a droplet of non-specific protein bovine serum
albumin (BSA) solution was added, followed by addition
of several droplets of target protein solution with differ-
ent concentrations.

An integrated microfluidic biosensor based on aptamer-
PPy NWs was also developed for the detection of IgE
protein. The BSA solution was first flowed into the

Fig. 2 Demonstration of the microfluidic device integration. It is clear
that the fluid can be successfully injected into the microfluidic channel
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microchannel, followed by several IgE solutions with
different concentrations. The same conductance measure-
ment conditions mentioned above were employed.

3 Results and discussion
3.1 Resistance

The I-V curves of aptamer-PPy NWs with and without
the protection of the shadow mask when treated by O,
plasma are shown in Fig. 3. The as-prepared NWs
measured resistances were about 200 € and 320 €.
The NW which underwent O, plasma treatment with
no mask showed no current in the /-V curve. On the
other hand, the resistance of the shadow mask protected
NW remained similar (~600 ) to its resistance before
the plasma treatment. It is well known that plasma has
been widely used for surface cleaning, in which process
energetic ionized gas molecules are used to break organ-
ic bonds and remove organic contaminates. Therefore,
without any protection, it is easy to create breaks on
NWs with O, plasma. These breaks can be prevented via
the use of a shadow mask, which is confirmed by the
results demonstrated above. Conducting polymers are
very sensitive to humidity changes, and many conduct-
ing polymers based humidity sensors have been reported
(Jain et al. 2003; Parvatikar et al. 2006). Therefore, the
resistance increase observed in the NW protected by the
shadow mask is believed to have resulted from the low
humidity in the vacuum during the plasma treatment.

10.0 =
As-prepared NW-1 -
754----- 0, plasma treated NW-1 &
(with shadow mask) "
5.04 As-prepared NW-2 ",—’
[ ERRER 0? plasma treated NW-2 _.-"
254 (without shadow mask) g
:‘3 0.0
-2.51
-5.0- g
5. g
-10.0 - ———

200 <75 50 25 00 25 50 75 100
V (mV)

Fig. 3 -V curves of aptamer-PPy NWs before (solid lines) and after
(dash lines) the plasma treatment with (red) and without (blue) the use
of shadow mask
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3.2 Fluorescence

Fluorescence images of the NWs functionalized with flu-
orescently labeled biomolecules were taken using fluores-
cence microscopy, as shown in Fig. 4a. To some extent,
the damage on the NWs caused by plasma treatment can
be represented by their fluorescence intensity changes. It
can be observed from the images that, in the absence of
the shadow mask, a clear bright line (aptamer-PPy NW)
was broken into two short lines with reduced fluorescence
intensity after the plasma treatment. Conversely, in the
presence of shadow mask, the NW showed non-
appreciable changes in fluorescence intensity after the
plasma treatment. Quantitative characterization on the
fluorescence of the NWs was further performed using a
microspectrophotometer. The results are shown in Fig. 4b.
The significant reduction in fluorescence intensity of the
unprotected NW indicates that plasma treatment can in-
deed easily damage the NW and the biomolecules. In
contrast, the small intensity reduction observed for the
shadow mask NW indicates the protective effectiveness
of the shadow mask.

3.3 IgE and IgG protein detection without microfluidic
device

In order to determine whether the bioactivity of the biomo-
lecules on individual NWs can be preserved by using a
shadow mask during the plasma treatment, protein detec-
tions were carried out with aptamer-PPy NWs and Abs-
PANI NWs respectively. Each type of NWs contained two
groups — functionalized NWs before plasma treatment
(as-prepared NWs, G-1) and shadow mask protected sam-
ples treated with O, plasma (G-2). Bioactivity results for
these groups were compared. IgE detection using aptamer-
PPy NWs (Fig. 5a) showed that the response changes in the
NWs in G-2 decreased a little compared to the NWs in G-1.
The average of the normalized conductance decreases from
G-1 to G-2 for different IgE concentrations from 0.1 to
1,000 nM was ~0.42 % with a standard deviation of
0.16 %. Nevertheless, the measured values of G-2 remain
within the distinguishable level for IgE detection. In the case
of IgG detection for Abs-modified PANI NWs, the same
phenomenon was observed except at high IgG concentra-
tions (Fig. 5b). The large error bars were due to the variation
in some synthesized nanowires. Nevertheless, a trend of
conductance change increase with increase in concentration
can be observed. An insufficient concentration of active Abs
on the PANI NWs could be the main reason for the de-
creased sensitivity in high IgG concentrations. Antibodies
are very sensitive to environmental changes, thus in the
absence of protectants (e.g. sucrose), they could become
dehydrated in a dry environment created by a vacuum
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Fig. 4 Fluorescence characterizations of the NWs. a Fluorescence
images of aptamer-PPy NWs before and after the plasma treatment
with and without the use of shadow mask. b The fluorescence intensity
of samples before (solid line) and after (dash line) plasma treatment
with (red) and without (blue) the use of shadow mask

condition, resulting in a loss of biological activity upon
rehydration (Allison et al. 1998). Relatively higher chamber
pressures may be a solution to improve the performance of
Abs-PANI NWs (e.g. use atmospheric-pressure O, plasma)
(Da Ponte et al. 2011; Kamel et al. 2011; Xie et al. 2011). In
either case, this result still shows that the shadow mask
plays an important protective role in preserving the bioac-
tivity of Abs-PANI NWs. Specifically, the shadow mask can
preserve the bioactivity of functionalized single NW which
has undergone the O, plasma treatment.
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Fig. 5 Comparison of biofunctionalized NWs before plasma treatment
(G-1) and after plasma treatment with the protection of shadow mask
(G-2). a IgE detection responses from two groups of aptamer-PPy
NWs. b IgG detection responses from two groups of Abs-PANI
NWs. Gy is the stabilized conductance of the NWs upon addition of
PBS solution, and G is the stabilized conductance of the NWs upon
addition of target solutions (IgE or IgG) with different concentrations.
The average of normalized response changes and error bar were
calculated from three different NWs for each protein concentration

3.4 Microfluidic biosensor for IgE detection

Previous results show that the O, plasma treatment has a
greater impact on antibody modified PANI NWs; therefore
only aptamer-PPy NWs were integrated into the microflui-
dic biosensor device. As shown in Fig. 6a, a stepwise
response was observed upon the injection of IgE solutions
into the microchannel. As the IgE concentration increased
from 0.01 to 100 nM, the conductance changes of this
microfluidic biosensor consistently increased from 0.58 %
to 1.56 %. Remarkably, the response and stabilization times
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Concentration (nM)

Fig. 6 IgE detections using aptamer-PPy single NWs based micro-
fluidic biosensors. a Normalized real-time response of microfluidic
biosensor (red) and PPy NW (blue) to BSA and IgE solutions. Arrows
indicate the points of injecting protein solution. b Normalized conduc-
tance changes of the microfluidic biosensors as a function of IgE
concentration

for this microfluidic biosensor were very fast (a few sec-
onds), which is desirable for biosensors. Moreover, the
slight changes in the negative control of PPy NW
corresponding to BSA and IgE solutions indicate an excel-
lent specificity for this microfluidic biosensor.

The sensitivity of this microfluidic biosensor was calcu-
lated using three biosensors. Results are shown in Fig. 6b. A
dynamic range from 0.01 nM (2 ng/ml) to 100 nM
(20 ug/mL) was obtained. This type of microfluidic biosen-
sor showed high sensitivity, with a ~0.5 % change in con-
ductance at the lowest IgE concentration of 0.01 nM
(2 ng/mL). These results demonstrate the applicability of
this microfluidic biosensor to detect IgE concentrations
below and above 1.2 nM (240 ng/mL), which has been
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established as the normal level of IgE in non-allergic adults
(Cole et al. 2007; Kim et al. 2009).

4 Conclusions

We have successfully demonstrated that employing a shad-
ow mask protects pre-functionalized NWs during O, plasma
treatment and enables the integration of irreversibly sealed
microfluidic devices. Significant differences were observed
between the bio-functionalized nanowire sensors treated
with O, plasma with and without using a shadow mask. In
the absence of a shadow mask, NWs are destroyed after
plasma treatment, as shown by the increase in resistance and
decrease in fluorescence intensity. On the other hand, NWs
with the shadow mask were protected, maintaining a low
resistance and high fluorescence intensity post plasma treat-
ment. The detection of proteins by aptamer-PPy and Abs-
PANI NWs further demonstrated that the shadow mask can
preserve the bioactivity of the immobilized biomolecules
and that a microfluidic biosensor can be fabricated after
the plasma treatment. The integrated microfluidic biosensor
developed in this work exhibited fast response and rapid
stabilization times. This simple but novel approach provides
a significantly easy way to assemble irreversibly sealed
nanomaterial-based microfluidic devices without deactivat-
ing the pre-functionalized detection elements. Therefore this
technique can be widely applied to nanomaterial-based
microfluidics for the purposes of biomolecule detection
and clinical diagnostics.
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