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Abstract

This study reports a microfluidic system for detecting morphine (MO) using a combination of a molecularly imprinted polymer (MIP) and
electrochemical sensing techniques. A monomer, called 3,4-ethylenedioxythiophene (EDOT), was used to mix with morphine molecules through
an electropolymerization process on a sensing electrode. The modified MIP-PEDOT (poly-ethylenedioxythiophene as the imprinting polymer
with MO as the template) electrode was then used for detecting the morphine via the amperometric method. Key components including MIP
films, a PDMS (polydimethylsiloxane)-based microchannel, a peristaltic micropump, microvalves and sensing microelectrodes were integrated to
form a new microfluidic system for morphine sensing utilizing MEMS (micro-electro-mechanical-systems) technologies. The morphine samples
were automatically transported to the MIP-PEDOT sensing electrode using the peristaltic micropump. Then, the morphine was detected using
the electrochemical method. Experimental data show that the sensitivity of the MIP-PEDOT morphine sensor is 171.5 pA/cm? mM in detecting
morphine concentration ranging from 0.01 to 0.2 mM at a flow rate of 92.3 pl/min. The novel combination of microfluidics, MIP, and electrochemical
sensing technologies provides a promising approach for highly sensitive, highly selective morphine sensing with a low sample consumption rate.
More importantly, the whole process can be performed in an automatic format by using the enabling microfluidic technology. A multi-functional
electrochemical detection system is feasible using similar microfluidics/MIP/electrochemical technologies.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction Alternatively, immunoassays (IA) which utilize antibody-
antigen affinity for detecting bio-samples are another pop-

Many methods to detect morphine (MO) have previously  yjar method for morphine detection [11]. Enzyme-linked
been developed, including gas chromatography (GC) [1], liquid  jmunosorbent assay (ELISA) is one of the most popular meth-
chromatography (LC) [2], high performance liquid chromatog- 45 for these immunoassays [12]. With this approach, the sam-
raphy (HPLC) [3], ultraviolet (UV) spectroscopy [4], GC—mass ple preparation is much simpler and more convenient. More
spectroscopy (GC-MS) [5], fluorimetry [6], chemiluminescence  jmportantly, it is a cost effective method for morphine sens-
[7], surface plasmon resonance (SPR) [8], and electrochemical ing. However, it is a labor-intensive process and its relatively
methods [9]. The morphine molecules are usually purified using |y accuracy may hinder its practical applications. Test papers
liquid-liquid extraction or solid phase extraction [10]. Even  .4e by the GC and the immunochromatography methods have

though chromatography and GC-MS are well-developed meth- been reported with a detection limit of 300 ng/ml [13]. How-

ods for morphine detection with a low detection limit, the bulky  ever, the range of morphine concentration in human beings

and expensive apparatus still hinder their practical applications.  changes greatly. For example, the concentration of morphine

There still remains a great need for a fast and user-friendly device ranges between 8 and 80 ng/ml when curing [3] and the con-

for morphine sensing. centration of morphine in the urine would also change with

time [14]. Thus the major shortcoming for these easy testing
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Morphine also can be detected using electrochemical meth-
ods. Among them, amperometric detection is promising for
a portable and fast morphine sensor since it provides current
outputs in response to morphine concentrations [15,16]. In
vivo detection can also be performed using the amperometric
method [9]. The amperometric detection of morphine is basi-
cally achieved by electrocatalytic oxidation. Such a process
is also compatible with HPLC [17] and MIP [18] techniques
with high sensitivity and selectivity. Modified electrodes are
usually adopted for electrochemical sensing. After modifica-
tion, the selectivity and sensitivity of the sensing device can
be significantly improved. As far as morphine detection is con-
cerned, it was reported that a cobalt hexacyanoferrate-modified
glassy carbon electrode can implement the electrocatalytic oxi-
dation of morphine with high stability [9]. Morphine sensing
at a Prussian blue (PB)-modified electrode was also reported
[19]. In this case, PB acts as an artificial peroxidase of mor-
phine. However, the fabrication process is complicated and time-
consuming.

Another issue for morphine sensing is the selectivity of the
sensing methods. The compositions of bio-samples such as
urines, serums, and body fluids are complicated. The devel-
oped method must have a high selectivity for morphine sensing.
MIP has been known to have a high selectivity for bio-sensing
[20]. Alternatively, morphine MIP films can be formed using
a polymerization process. The performance of MIP films has
been extensively investigated [21]. However, these morphine
MIP films have not yet been applied for morphine sensing. The
current research group has also reported that MIP films could be
used for electrochemical detection of morphine [22].

There are several popular methods to fabricate chemically
modified electrodes, including adsorption, covalent binding, car-
bon paste electrodes, and polymerization. Recently, the MIP-
modified electrode has been reported and integrated with the
electrochemical techniques, such as amperometry, potentiom-
etry, voltammetry, and conductometry [23]. Since MIP has a
high selectivity to specific samples, MIP-modified electrodes
have attracted considerable interests.

A cheap, user-friendly, highly sensitive, highly selective
method is still in great demand for morphine sensing. The con-
ducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT),
was previously utilized to prepare the MIP-PEDOT thin film at
the ITO electrode to enhance the selectivity of the modified elec-
trode in detecting morphine [22]. In this study, a MIP-PEDOT
film formed on a Pt electrode was acted as the recognition site
with a high selectivity in combination with an electrochemical
transducer. Besides, a microfluidic system capable of transport-
ing a small amount of bio-samples has been used for automation
of sensing process. MEMS and microfluidic techniques have
enabled the miniaturization of biochemical devices and systems.
The advantages of microfluidic analytical and detection systems
include high sensitivity, disposability, low reagent and sample
consumption, portability, low power consumption, and low cost.
Significantly, the functionality and reliability of micromachined
biochemical devices can be improved by integrating mature inte-
grated circuits (IC) technology with various microfluidic devices
to form a micro-total-analysis-system [24].

2. Materials and methods
2.1. Design

In this study, a MIP film was formed on the surface of sensing
electrodes to enhance the selectivity of sensing. An electro-
chemical method was then used for detection of morphine. An
electro-polymerization process was used to form the MIP films
on the surface of electrodes directly. The fabrication process is
simple and easy, and the thickness of the membrane is accu-
rately controllable to the nanometer level [25]. Fig. 1(a) shows
a schematic diagram of the microfluidic MIP—morphine sens-
ing system. The sample injection can be automated by using
micropumps and microvalves. Samples with different concen-
trations can be injected sequentially from either reservoir. The
purpose of the buffer reservoir is for washing. A MIP—-morphine
electrode was integrated into the microfluidic chip. The sam-
ple flow passing through each reaction region was kept uniform
by using a “spider-web” micropump developed by the current
research group [24]. Three electrodes consisting of a Pt work-
ing electrode, a Pt counter electrode, and a silver (Ag) reference
electrode [26] were used for electrochemical sensing of mor-
phine, as shown in Fig. 1(b).

2.2. Fabrication

The microfluidic MIP-morphine sensing system was com-
posed of three essential components. The first one was the micro-
electrodes fabricated using thin-film deposition techniques. The
second one was the MIP-morphine film made by electropoly-
merizing a PEDOT film on the Pt electrode. The last one
was the microfluidic system, including microchannels, microp-
umps and microvalves, which were fabricated using MEMS
technology.
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Fig. 1. (a) A schematic diagram of the microfluidic MIP-morphine sensing
system with a combination of microfluidics, MIP and electrochemical sensing
electrodes. (b) The sensing zone includes the working electrode (Pt), the ref-
erence electrode (Ag), and the counter electrode (Pt). (c) Fabrication process
for double-layer PDMS fluid control devices. (c-1) SU-8 spin-coating, (c-2)
photolithography, (c-3) PDMS casting, (c-4) PDMS de-molding, (c-5) PDMS
bonding.
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2.2.1. Fabrication of microelectrodes

Microelectrodes were fabricated by using a standard pho-
tolithography process. First, a Pt (1000 A)/titanium (Ti, 300 A)
electrode with a dimension of 1.45 cm x 0.57 cm was deposited
and patterned as a pre-separator on the glass substrate using
an E-beam evaporation process, followed by a standard lift-off
process. Meanwhile, three microelectrodes, including a work-
ing electrode, a reference electrode and a counter electrode,
were designed to sense morphine. Note that the morphine-MIP
was formed on the working electrode by using an electropoly-
merization process. The working electrode and the counter
electrode were fabricated by depositing and patterning a Pt
(1000 A) layer with an adhesion layer of Ti (300 A). The refer-
ence electrode was fabricated by depositing and patterning Ag
(1000 A)/Au (300 A)/Ti (300 A) layers. Note that the Au/Ti lay-
ers were used to promote adhesion. The electrodes were formed
using similar photolithography and E-beam evaporation pro-
cesses as described above. Finally, the microelectrodes were
immersed in a 0.1 M FeCls solution for 2 min to generate an
oxidation—reduction reaction on the Ag electrode forming AgCl
as the Ag/AgCl reference electrode.

2.2.2. Fabrication of MIP films

The fabrication process of MIP films involves three steps,
including combination, polymerization, and extraction [15]. The
monomer and the template were first formed as a complex.
Then macroporous sites of microspheres were formed by using
monomer polymerization or cross-linkers. Finally, the template
was extracted to form molecularly imprinted polymer films. The
MIP-PEDOT modified electrode was prepared by electropoly-
merizing an EDOT monomer onto the working electrode in an
acetonitrile (MeCN) solution in which 0.01 M EDOT monomer,
0.1 M lithium perchlorate (LiClO4), and morphine molecules
were dissolved. Prior to the electropolymerization, the solution
was deoxygenated by aerating with nitrogen. A cyclic voltam-
metry method was used to deposit MIP-PEDOT films onto the
working electrode. After electropolymerization, the surface of
the MIP-PEDOT modified electrode was washed with MeCN.
MeCN was then volatilized in an air exhauster. After soaking
the modified electrodes in deionized water (DIW), the morphine
trapped in the modified electrodes was removed by methanol.
Cyclic voltammetric scanning was performed in 0.1 M KCl
every 10 min to verify that a morphine reaction was not observed,
indicating that morphine has been completely extracted. By
preparing the MIP-PEDOT modified electrode, morphine was
imprinted and specific reaction sites were formed in the working
electrode.

Two sets of microelectrodes were designed for detecting mor-
phine. The first set of microelectrodes was designed to adsorb
AA (ascorbic acid) as a pre-separator since the AA is known to
have a high interference for morphine detection [27]. Thus the
usage of a pre-separator electrode to adsorb AA could enhance
the performance of the morphine sensor. In this study, an AA
Nylon—-MIP film was coated upstream of the microchannels as a
pre-separator to adsorb AA. The molecularly imprinted Nylon-6
film was prepared by the phase inversed method [28]. Nylon-6
(20 wt.%) and ascorbic acid (8 wt.%) were dissolved in formic

acid at 50°C and cast on the microelectrode substrate in the
pre-separator region. After the formation of the Nylon-6 film
at room temperature, the AA MIP-Nylon 6 was immersed in
DIW to wash out the AA template batch-wise for 30 min and the
extraction procedure was repeated for five times. Non-imprinted
polymer (denoted as AA NMIP—Nylon 6) was prepared on
another microelectrode substrate in the pre-separator region and
obtained in the same way except that the AA template was not
added in the re-solidification of the Nylon-6 film.

The second set of microelectrodes was designed to detect
morphine by electropolymerizing a PEDOT film on the Pt
electrode. To better understand the specific sites of MO on
the MIP-PEDOT layer, the reference layer (NMIP-PEDOT
layer) was prepared on a separate working electrode which was
placed in the upstream of the MIP-PEDOT electrode, as seen
in Fig. 1(a). The NMIP-PEDOT electrode was obtained in the
same way as that of the MIP-PEDOT electrode except that the
morphine template was not added in the electropolymerization
procedure.

2.2.3. Fabrication of microfluidic systems

The microfluidic device was fabricated by using PDMS (Sil-
More Industrial Ltd., Sylgard 184A and Sylgard 184B, USA)
casting methods to produce inverse structures of microfluidic
devices from a SU-8 thick-photoresist mold on a silicon substrate
[24]. As shown in Fig. 1(c), two SU-8 molds were first formed,
one for the air control channels and another for the microfluidic
channels. In order to generate the mold masters, thick photore-
sist (SU-8-50, MicroChen, Newton, MA, USA) was patterned on
a Si wafer by using a photolithography process. The microflu-
idic channel layer was obtained by spin-coating the PDMS at
700 rpm for 30 s on the corresponding mold. The PDMS curing
process was performed at 95 °C for 120 min. The thick PDMS
layer was then mechanically peeled off from its mold. The two
PDMS layers were bonded together using an oxygen plasma
treatment. Finally, the PDMS structures and the glass substrate
containing sensing electrodes were aligned and bonded at 90 °C
for 20 min. A microfluidic device that combines the microchan-
nels with the micropumps and the microvalves is shown in Fig. 2.
The dimensions of the chip are 4.5cm x 11.5 cm.

2.3. Experimental setup

The control system for the MIP—morphine sensing chip was
composed of a control circuit, five electromagnetic valve (EMV)
switches (SMC Inc., SO70M-5BG-32, Japan), and an air com-
pressor (JUN-AIR Inc., MDR2-1A/11, Japan). An 8051 micro-
controller (AT89C51, ATMEL, USA) was used to provide sig-
nals to control the five EMV switches so that compressed air
could be injected into appropriate air channels to activate peri-
staltic micropumps. The pumping rate of the micropumps was
regulated by adjusting the operating frequency of the EMVs
and the applied pressure of the compressed air [24]. The valving
effect was achieved by providing compressed air to completely
shut off the flow channel. A potentiostat (Model 263A, EG&G
Instruments, USA) was used to acquire amperometric signals
from the sensing electrodes. The electrical signals were then
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Fig. 2. (a) Photograph of the integrated microfluidic chip with a dimension of 11.5cm x 4.5 cm. (b) The SEM images of SU-8 templates, including (b-1) the bottom

of fluid-pumping zone, (b-2) the air control channel, and (b-3) the fluidic channel.

converted into analog signals and acquired by a commercially-
available dual-channel 24-bit ADC module (Model 0224-2,
SISC, Taipei, Taiwan) using a personal computer.

3. Results and discussion

The Pt electrode modified by electropolymerization of
PEDOT could easily oxidize morphine at a lower potential and
achieve a higher current response. It indicated that the PEDOT
could serve as an electrocatalyst for morphine oxidation. There-
fore, we utilized PEDOT to prepare the MIP-PEDOT thin film
at the Pt electrode to enhance the selectivity of the modified
electrode in detecting morphine. The oxidation of morphine
in aqueous solution has been studied extensively. The oxida-
tion of morphine could be considered to occur in two steps;
one arose from a one-electron oxidation of the phenolic group,
followed by another one-electron loss from the oxidation of
pesudomorphine. The oxidation of morphine could be described
by the mechanism as described as follows [22]. Morphine oxi-
dation could occur on the MIP-PEDOT modified electrode
before the template was extracted. After template extraction, the
MIP-PEDOT modified electrode revealed the capacitive feature
of PEDOT. As PEDOT films oxidized morphine at alower poten-
tial than that on the Pt electrode and exhibited a higher current
response, one could fabricate a morphine sensor with the PEDOT
film based on the molecular imprinting technique. Before amper-
ometric detection, the operating potential was determined using
a polarization curve. The net steady-state current was obtained
by subtracting the background current of 0.1 M KCI from the
current of a sample containing 1 mM morphine at each poten-
tial. Based on the polarization curve, the plateau between 0.40

and 0.50 V was identified as the limiting current zone, which
was generated from mass transport. The operating potential was
thus set at 0.45 V. By applying the potential within this range,
the current recorded was proportional to the morphine concen-
tration. In general, amperometric detection at steady state with
limited current outputs led to the most-reliable analysis. Amper-
ometric measurement could be carried out to examine the current
responses for the MIP-PEDOT modified electrode.

The performance of the micropumps was first investigated.
Briefly, the pneumatic pump was composed of three PDMS
membranes driven by three EMVs. The compressed air filled
up the cavities formed from PDMS membranes ordinally such
that the solutions could be pushed forward. The individual mem-
branes were deflected peristaltically by the compressed air by
adjusting the frequency of the EMV and the applied pressure of
the compressed air. Hence, the samples were driven in a spe-
cific direction. The pneumatic spider-web micropumps were
based on the peristaltic effect generated by resilient polymer
membranes and provided uniform flow with a higher pump-
ing rate. The “spider-web” pump was composed of an array
of PDMS membranes with a layout similar to a “spider-web”.
Notably, the spider-web micropump was designed to simulta-
neously pump the fluids through multiple microchannels. More
detail information could be found in our previous work [24].
Fig. 3 shows the pumping rates obtained from the pneumatic
micropump at different frequencies. It was observed that the
pumping rates could be precisely controlled by changing the
driving frequency. The micropump could continuously drive flu-
ids into the microchannel. The maximum pumping rate obtained
was 92.3 nl/min at a pressure of 10 psi and a driving frequency of
35 Hz. The pumping rate also depended on the applied pressure.
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Fig. 3. The relationship between pumping rate and driving frequency for the
peristaltic pneumatic micropump.

As the applied pressure increased, the pumping rate increased
accordingly.

The microvalve was also tested. As shown in Fig. 4, the
microvalve could block fluid flow completely. The deflection of
the PDMS membrane ensured that no fluid flew in the “closed”
state. Three flow rates (30, 60 and 90 wl/min) were tested. Exper-
imental data showed that 9 psi was required to block the fluid
flow.

The mass transfer of the morphine sample to the sensing
electrode plays an important role in this type of electrochem-
ical sensing device. Thus the effect of sample pumping rates
on the sensing device was explored. Different pumping rates
at different EMV switches driving frequencies did not change
appreciably the magnitude of the output signals. However, this
had enormous influence on the noise level from the morphine
sensing system. When the driving frequency of the pneumatic
micropump was low, the flow rate was relatively slow and the
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Fig. 4. The relationship between flow rates and control pressures applied on the
micro pneumatic valve.

time interval for any given slug of fluid to traverse the distance
between two membranes of the pneumatic pump was relatively
long. The step-wise flowing and stopping motion of the fluids
was obvious. Thus perturbation of the fluid was apparent, result-
ing in a higher noise level. If the fluid was pumped at a higher
flow rate at a higher driving frequency, the traverse time inter-
val between two membranes was shorter. A nearly continuous
motion of the fluid was generated. It could be seen that the per-
turbation of the fluid would be smaller and the noise level was
lower, accordingly. Thus it is found that a higher signal-to-noise
level existed for higher pumping rates. In this study, a driving
frequency of 35 Hz was chosen for morphine testing with a cor-
responding flow rate of 92.3 l/min at a pressure of 10 psi.
When the applied potential was set at 0.45V, which was
the potential between the working electrode and the reference
electrode, the oxidative current of MO was observed. The mag-
nitude of the detected current was dependent on the mass flow
rate at which morphine diffused to the surface of the sens-
ing electrodes inside the microchannel. When the MO con-
centration was low, its response current density was low. Cor-
respondingly, when the MO concentration was increased, the
mass flow rate became higher and its response current density
increased accordingly. Fig. 5 shows the transient current densi-
ties in response to morphine oxidation at 0.45 V with a step-wise
changed in concentration. The steady-state current densities of
the MIP-PEDOT modified electrode were reached after adding
0.01, 0.025, 0.05, 0.075, 0.10, and 0.20 mM morphine. The cur-
rent density returned to its original value after injecting the
phosphate buffered saline (PBS), indicating the reversibility of
the microsystem. Thus, the net current densities on the MIP and
NMIP microelectrodes were acquired over the morphine con-
centration range from 0.01 to 0.20 mM. The sensitivities for the
MIP-PEDOT and NMIP-PEDOT electrodes were found to be
171.5 and 144.0 wA/cm? mM, respectively. It was found that
the current density response of the MIP-PEDOT electrode was
higher than that of the NMIP-PEDOT electrode. This implied
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Fig. 5. The transient current densities in response to a step-wise increase of
morphine concentration. The applied potential is 0.45V and the flow rate is
92.3 pl/min.
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Fig. 6. The steady-state current densities of MO or AA collected on the
MIP-PEDOT microelectrode after flowing 0.1 mM MO or 0.1 mM AA over
the AA MIP-Nylon 6 and AA NMIP-Nylon 6 pre-separators. All other experi-
mental conditions are kept the same as those described in Fig. 5.

that morphine’s molecular imprinting sites were formed during
electropolymerization of the MIP-PEDOT electrode. Since the
noise of the system was 18.8 nA/cmz, the detection limit was
calculated around 0.3 M at a signal-to-ratio (S/N) of 3 for the
MIP-PEDOT electrode.

The response time of the sensing electrode also was an impor-
tant parameter. As expected, the response time of our sensing
device decreased upon miniaturization. The major advantage
of the integrated chip comprised with multiple micro-pump
and morphine-sensing electrodes was its enhanced pumping
rate. Therefore, the sample transport time was reduced and the
response was correspondingly enhanced. Most current changes
occur within the first 25 s, and there was almost no change in
the following 100s. For example, for 0.1 mM morphine, the
response time was around 22 s (95% of saturation level). The
microelectrodes were washed with PBS after sensing. The recov-
ery time was measured to be 91.6s.

Another issue for morphine sensing was the interference from
other compositions existing in the samples. For example, the
interference caused by the AA in human blood could not be
ignored. Thus their influence on the detector must be removed.
In order to minimize the AA interference, AA MIP-Nylon 6
and AA NMIP-Nylon 6 were placed in the upstream of the
microchannel as a pre-separator to adsorb AA before sens-
ing morphine. The steady-state current densities, collected with
the MIP-PEDOT modified electrode, which was placed in the
downstream of the microchannel, by flowing 0.1 mM mor-
phine or 0.1 mM AA over the AA MIP-Nylon 6 and AA
NMIP-Nylon 6, were shown in Fig. 6. The reproducibility
of the data was verified three times as indicated by the error
bars. Two slash bars represent the current densities recorded
after flowing 0.1 mM morphine over the AA MIP-Nylon 6 and
AA NMIP-Nylon 6 pre-reactors (denoted as MO/AA MIP and
MO/AA NMIP); two grid bars represent the current densities
collected after flowing 0.1 mM AA over the AA MIP-Nylon

6 and AA NMIP-Nylon 6 pre-separators (denoted as AA/AA
MIP and AA/AA NMIP). The current densities only decreased
slightly with the uses of the MO/AA MIP and MO/AA NMIP
(slash bar) pre-separators, as compared to those without using
pre-separators. This implied that both the AA nylon-MIP and
AA nylon—NMIP pre-separators could not adsorb morphine. On
the other hand, as shown in the grid bar, AA was captured and
adsorbed by the AA nylon—-MIP pre-separator, which was placed
in the upstream of the microchannel. This results indicated that
AA adsorption in the pre-separator region reduced the interfer-
ence effect of AA and enhance the sensitivity for the detection
of morphine.

4. Conclusion

This paper presents a microfluidic chip capable of auto-
matically performing precise and continuous morphine mea-
surements. The novel combination of microfluidics, MIP, and
electrochemical techniques provides a promising system for
morphine detection. Using microfluidic technology, a precise
amount of samples inside multiple microchannels is transported
to the sensing zone using micropumps/microvalves. Experimen-
tal data show that the developed morphine—MIP microfluidic
system successfully detects morphine with concentrations rang-
ing from 0.01 to 0.2 mM. While compared to large-scale instru-
ments, the developed microfluidic system is compact in size, and
consumes fewer samples, decreasing the required sample vol-
ume from milliliters to microliters. More importantly, the whole
process can be performed automatically.
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