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A microfluidic sensor for detecting chlorophenols
using cross-linked enzyme aggregates (CLEAs)
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Chlorophenols have a strong medicinal smell and can be detected by the human nose at parts-per-million

levels. Therefore, continuous monitoring of chlorophenols in water supplies is highly important. Herein, we

reported a microfluidic sensor which can be used to detect 2,4-dichlorophenol (2,4-DCP) in real time with

a limit of detection of around 0.1 ppm. The microfluidic sensor is a membrane-less galvanic cell which

consists of two laminar flows running in parallel inside a straight channel. The sensor measures the poten-

tial difference between a solution containing 2,4-DCP and a reference solution containing acetate buffer.

In a continuous-flow mode, the cell potential is proportional to the concentration of 2,4-DCP. To render

specificity for the sensor, we incorporate a pre-treatment section where the incoming solution containing

2,4-DCP is split into two streams. One of the streams is brought into contact with cross-linked laccase ag-

gregates (which catalyzes the hydrolysis of 2,4-DCP) and the second stream is taken as a reference solu-

tion. By comparing the potential difference between the two streams, we can determine the concentration

of 2,4-DCP with high specificity. The microfluidic sensor platform is potentially useful for real-time detec-

tion of micropollutants present in aquatic systems with high sensitivity and specificity.

1. Introduction

Chlorophenols are commonly used as pesticides, herbicides
and disinfectants in modern societies. They can also be pro-
duced through chlorination of phenols during water disinfec-
tion processes.1 The main issue of chlorophenols in drinking
water is that they have a strong medicinal taste and smell.
Even at trace levels, chlorophenols in drinking water can be
tasted (0.1 μg L−1 for 2-chlorophenol or 0.3 μg L−1 for 2,4-
dichlorophenol) by consumers.2 In the literature, it was also
reported that chlorophenols may damage the liver and kid-
neys after a long-term exposure.3,4 Hence, there is a need for
continuous monitoring of chlorophenols in domestic water
supplies. Gas chromatography (GC) is the most commonly
used method for the detection of chlorophenols.5 Even
though GC can be used to detect chlorophenols, the tech-
nique is not real-time, and the limit of detection is too high
for drinking water standards. For example, after liquid–liquid
extraction (LLE) and derivatization, GC can detect 0.58–2.2 μg
L−1 of 11 phenolic compounds using an electron-capture de-
tector.6 To lower the limit of detection, pre-concentration is
required. Detection limits can be lowered to 0.01–0.25 μg L−1

by using solid-phase extraction cartridges, trimethylsilyl deriv-
atization, and pre-concentration.6 A colorimetric method by
using Folin–Ciocalteu (FC) reagent can also be used to deter-

mine the amount of chlorophenols quantitatively.7 The FC re-
agent reacts with chlorophenols which yields a blue product
whose concentration can be determined spectrometrically.
The colorimetric method is low-cost and convenient. Multiple
samples can also be handled by using a 96-well plate and a
microplate reader. However, the colorimetric method is also
not suitable for real-time detection of chlorophenols.

Alternatively, electrochemical sensors can be used for the
detection of chlorophenols. Many types of electrodes, such as
gold, platinum, glassy carbon and boron doped diamond,
have been used for various sensing applications.8 Electro-
chemical sensors also have a wide range of applications in
biosensing, clinical diagnosis and environmental monitor-
ing.9,10 The main advantage of electrochemical sensors is
that they can provide real-time responses; therefore, they are
ideal for continuous monitoring purposes. For the detection
of phenolic compounds, many amperometric and potentio-
metric sensors have been reported in the literature. These
sensors have a sensitive layer coated on the electrode surface
to render specificity for phenolic compounds. Enzymes such
as tyrosinase or laccase are often used for this purpose since
they catalyze the oxidation of phenolic compounds. In the
presence of oxygen, phenols are oxidized to quinone or small
organic acids.11 Depending on the technique, either an elec-
tric current or potential is generated as a function of pheno-
lic compounds. For amperometric sensors, they have high
sensitivity and low limits of detection. In contrast, potentio-
metric sensors are robust and suitable for long-term usage,
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but an ion selective membrane for phenolic compounds is re-
quired. For instance, less than 1 μM of phenolic compounds,
such as catherol, can be detected by using an electrode func-
tionalized with laccase.12 After modification of the electrodes
with nanostructured microparticles and tyrosinase, 10 nM of
phenol can also be detected.13 However, activities of enzyme
can be compromised by temperature, pH, storage conditions
and immobilization methods.14,15 Electrode fouling is an-
other problem, which prevents the practical application of
the electrochemical sensor. Despite the fact that a lot of ef-
forts have been made to address the issues mentioned above,
there are still no commercially available phenol sensors for
continuous monitoring of phenolic compounds in aqueous
solutions.

Recently, microfluidic electrochemical sensors have been
developed for point-of-care applications due to their high
sensitivity and fast response.16–18 These microfluidic sensors
only require a small amount of solution for operation.19

Among them, potentiometers attract a lot of attention due to
their simplicity and robustness.20,21 In a traditional potenti-
ometer, the potential difference between two solutions hav-
ing different chemical potentials is measured. In this config-
uration, a membrane is needed to separate the two solutions.
However, in a microfluidic device, no membrane is required
to separate the solutions. Two streams can join together at a
junction and continue to flow in parallel (laminar flow) with-
out turbulent mixing. Ions can also diffuse freely across the
liquid–liquid interface. This principle can be used in micro-
fluidic glucose fuel cells and glucose sensors.22,23 However,
there is still no report of microfluidic sensors which can be
used to detect chlorophenols in real time.

In this study, the objective is to develop a microfluidic
sensor which can detect 2,4-DCP with high sensitivity and
long-term stability. Microfluidic sensors have many advan-
tages compared to traditional electrochemical sensors.
Firstly, it only requires a small sample volume and the
surface-to-volume ratio is high. Thus, the diffusion distance
is short and mass transfer is fast. Secondly, the electrodes
are immersed in solutions under a tangent flow. Thus, the
surface can be constantly cleaned by the flow. To address the
specificity issue, we employed cross-linked enzyme aggregates
(CLEAs) of laccase as the sensitive layer for oxidizing
2,4-DCP. Unlike traditional biosensors where enzymes are
immobilized directly on the electrode surface, we
immobilized CLEAs of laccase in a separate tubing to oxidize
2,4-DCP before it enters the microfluidic sensor. A separate
stream without going through the laccase functionalized tub-
ing was used as a reference to obtain the potential difference
between the two streams.

2. Experimental
2.1 Materials

Fluorinated ethylene propylene (FEP) tubing (I.D. = 1/32″)
and Tygon tubing (I.D. = 1/32″) were purchased from Cole-
Parmer (USA). (3-Aminopropyl)triethoxysilane (APTES), glutar-

aldehyde, dextran powder from Leuconostoc spp., laccase
powder from Trametes versicolor, sodium periodate, 2,2′-
azino-bisĲ3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), FC
phenol reagent (2 N), sodium carbonate and 2,4 dichlorophe-
nol (2,4-DCP) were purchased from Sigma-Aldrich (Singa-
pore). Phosphate buffered saline (PBS) (10×) buffer was pur-
chased from Vivantis (Malaysia). HEPES buffer (1 M in water)
was purchased from 1st BASE (Singapore). Borate buffer (20×)
was purchased from Fisher Chemicals (Singapore). Trypan
blue solution (0.4% wt/v, filtered through 0.2 μm membrane)
and acetonitrile were purchased from Thermo Scientific (Sin-
gapore). Acetic acid was purchased from Merck (Singapore).
Sodium acetate was purchased from Alfa Aesar (Singapore).
All chemicals were used as received without further
purification.

2.2 Preparation of microfluidic sensors

A schematic diagram of the microfluidic sensor is shown in
Fig. 1. The main body of the sensor is made of three pieces
(bottom, channel and top) of plastic film.24 The size of the
channel was approximately 3000 μm × 10 000 μm × 100 μm. A
pair of platinum electrodes (one for the cathode and one for
the anode, 2000 μm × 8000 μm) was deposited on the bottom
plastic film by using a sputtering method.25 Both electrodes
were connected to a potentiostat (eDAQ, e-corder 401) by
using copper wires. The microfluidic sensors have two inlets
and two channels. The two streams joined together in a
Y-junction and continued to flow in parallel as shown in
Fig. 1a. There was no membrane to separate the two chan-
nels as the solutions in the two channels were in a laminar
flow region and did not exhibit turbulent mixing. The first
channel contained the analyte solution (either trypan blue or

Fig. 1 (a) Schematic diagram of a microfluidic chemical sensor. (b) A
blue stream and a colorless stream formed two laminar flows inside
the microchannel without turbulent mixing.
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2,4-DCP), whereas the second channel contained the refer-
ence solution (0.05 M acetate buffer, pH 4.5). The flow rates
of both solutions were controlled at 20 μL min−1 by using a
syringe pump (PhD Ultra, Harvard apparatus, USA). The volt-
ages between the two channels were monitored constantly by
using a potentiostat.

2.3 Functionalization of plastic tubing

The tubing was modified with APTES which cross-linked and
formed a stable layer on the inner surface of the Tygon tub-
ing. An aldehyde coating layer was formed by incubating the
APTES-modified tubing with dextran polyaldehyde (DPA). The
DPA was firstly prepared by oxidizing 5% (wt/v) dextran solu-
tion with 50 mM sodium periodate for 3 h at 60 °C. At the
end of the reaction, the residual sodium periodate was re-
moved by using a concentrator (Pierce, molecular weight cut-
off: 100 kDa). A piece of Tygon tubing (10 cm) was incu-
bated in 5% (v/v) APTES solution for 1 h to functionalize the
tubing surface with APTES. Next, the tubing was rinsed with
PBS buffer and DI water, and then blow-dried with nitrogen
gas. The functionalized tubing was cured at 100 °C in a vac-
uum oven for 30 min. Finally, the tubing was incubated in
5% (wt/v) DPA solution for 12 h. After a rinsing process with
PBS buffer and DI water, the tubing was cured at 100 °C in a
vacuum oven for 30 min.

2.4 Immobilization of CLEAs-laccase

Cross-linked enzyme aggregates of laccase (CLEAs-laccase)
were immobilized inside the Tygon tubing through covalent
bonding. The procedures for preparing the solution
containing CLEAs-laccase can be found elsewhere. To ensure
the uniformity of the coating throughout the tubing, we first
prepared colloids of CLEAs-laccase in a millifluidic reactor
with uniform size.26 Briefly, acetate buffer containing 5 mg
mL−1 of laccase was injected into the millifluidic reactor to
precipitate and cross-link with the mixture of acetonitrile and
20 mM glutaraldehyde.26 The CLEAs-laccase from the milli-
fluidic reactor were collected in acetate buffer with a final
concentration of 1 mg mL−1.

For the immobilization of CLEAs-laccase or laccase on the
tubing surfaces, a solution containing 1 mg mL−1 of CLEAs-
laccase or laccase was incubated in the DPA-functionalized
tubings overnight at room temperature to ensure the satura-
tion of laccase and CLEAs-laccase on the surface of the tub-
ing. CLEAs-laccase were immobilized via a Schiff-base reac-
tion between the aldehyde groups on the surface and the free
amine groups of laccase. Next, the tubing was rinsed a few
times by using acetate buffer. The presence of CLEAs-laccase
inside the tubing was confirmed by using scanning electron
microscopy (SEM). After that, acetate buffer containing 1 mM
of ABTS was injected into the tubing at 10 μL min−1 to test
whether laccase was successfully immobilized on the surface
of the tubing. When laccase was successfully immobilized,
the color of the ABTS solution turned to dark green due to
the presence of oxidized ABTS (ABTS*). The activity of the

immobilized laccase and CLEAs-laccase was compared by
measuring the ABTS* concentration.

2.5 Surface characterization

Microscopy images of CLEAs-laccase were taken by using a
scanning electron microscope (JSM 5600LV). To observe the
CLEAs-laccase particles on the inner surface of the DPA-
modified tubing, the tubing samples were freeze-dried for 12
h and the inner surface of the laccase-modified tubing was
coated with platinum by using a sputtering coater (JEOL LFC-
1300).

2.6 Quantification of 2,4-DCP concentration

The concentration of 2,4-DCP was quantified by using the FC
method with a 96-well plate. In each well, 70 μL of the sam-
ple solution containing 2,4-DCP was mixed with 70 μL of the
FC reagent (0.2 N) and incubated in the dark for 5 min. Sub-
sequently, 140 μL of sodium carbonate (15% wt/v) was added
into each well and then incubated for 1 h in the dark to de-
velop the color. Finally, the absorbance of the solution at 750
nm was measured by using a UV-vis spectrometer (Varian
Cary 50) and compared with a calibration curve.

3. Results and discussion
3.1 Microfluidic sensor for a model compound

To determine if the two streams experienced turbulent
mixing in the microfluidic channel, the blue dye trypan blue
was chosen as the model compound. As shown in Fig. 1b,
the blue stream remained blue after it emerged from the
microfluidic channel while the reference stream remained
colorless. The result suggests that there was no turbulent
mixing in the microfluidic channel. Because of a small Reyn-
old's number, both streams were under the laminar flow re-
gion. In this configuration, the two streams form a
membraneless galvanic cell, and a cell potential is
established. Assuming a simple oxidation reaction for trypan
blue, we can express the oxidation reaction for trypan blue as
follows:

Trypan blue + 4H+ + O2 → Trypan blue* + 2H2O

Thus, the cell potential E can be determined as:

E E RT
nF

A

A
 

 
  



0
4ln

H

*
(1)

where A and A* are trypan blue and oxidized trypan blue, re-
spectively. E0 is the standard reduction potential of trypan
blue, R is the gas constant, T is the temperature, n is the
number of electrons transferred and F is the Faraday con-
stant. The cell potential of the reaction can be measured by
using a potentiostat. Fig. 2a shows the cell potential under a
constant flow rate of 20 μL min−1. According to eqn (1), the
cell potential is a function of the trypan blue concentration
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and pH. When the pH was maintained at 4.5, the cell poten-
tial increased from 12.6 mV to 82.4 mV with increasing
trypan blue concentration from 0.1 ppm to 50 ppm. Higher
voltage can be obtained when the concentration of trypan
blue was increased.27 The effects of pH on the cell voltage
were also studied by using HEPES and borate buffers at pH
7.0 and pH 9.0, respectively. The results in Fig. 2a show that
the voltage increased from 5.1 mV to 25.5 mV at pH 7.0 and
from 2 mV to 9.9 mV at pH 9.0, respectively. However, the in-
crease in the voltage was not as high as that at pH 4.5. By
comparing the cell voltages under different pH, we can con-
clude that the sensor should be operated under acidic condi-
tions. This is consistent with eqn (1), which shows that [H+]
is consumed in the oxidation of trypan blue.

3.2 Microfluidic sensor for 2,4-DCP

Subsequently, the same microfluidic sensor was used to de-
tect 2,4-DCP as shown in Fig. 2b. The cell voltage for 2,4-DCP
was also the highest at pH 4.5. As shown in Fig. 2b, the volt-
age increased from 9.2 mV to 22.5 mV when the concentra-
tion of 2,4-DCP was increased from 0.1 ppm to 50 ppm.
When a blank solution without 2,4-DCP was injected into the

sensor, the mean cell voltage reading and the standard devia-
tion were equal to 1.5 mV and 0.8 mV (n = 8), respectively.
Thus, the practical limit of detection for 2,4-DCP was around
0.1 ppm at pH 4.5. Compared to trypan blue, the voltage pro-
duced by 2,4-DCP was lower. This is probably because
2,4-DCP has a lower oxidation potential.

To test if the sensor can be used to detect the concentra-
tion of 2,4-DCP in real time, 2,4-DCP was injected into the
microfluidic sensor periodically as a segmented flow (30 min
of 2,4-DCP solution followed by 30 min of acetate buffer).
The segmented flow was generated by using two syringe
pumps (one for 2,4-DCP and one for acetate buffer) with an
intermittent flow profile as shown in Fig. 3a. Meanwhile, the
two syringe pumps were used to create an acetate buffer
stream as a reference stream. The flow rates of both streams
were maintained at 20 μL min−1 with a corresponding resi-
dence time of 2.5 min in the FEP tubing. When this type of
segmented flow entered the microfluidic sensor, the cell po-
tential showed a periodic pattern as shown in Fig. 3b. How-
ever, the transition response from 2,4-DCP solution to pure
acetate buffer (at 30 min) was not sharp at the flow rate of 20
μL min−1. A possible explanation is that the axial diffusion
caused the mixing of 2,4-DCP and acetate buffer at the solu-
tion boundaries, and the original step-like profile was
compromised. To alleviate the problem, the flow rate was in-
creased to 50 μL min−1. In this case, the residence time was

Fig. 2 Detection of (a) trypan blue and (b) 2,4-DCP by using a micro-
fluidic sensor under different pH conditions (pH 4.5, 7.0 and 9.0). The
limit of detection was approximately 0.1 ppm.

Fig. 3 (a) Periodic injection of 2,4-DCP solution into the microfluidic
sensor as a “plug” by using two syringe pumps. Each pump controlled
two channels with the same injection frequency of 30 min. (b) Real-
time response of the sensor to 2,4-DCP at 20 μL min−1 (red) and 50 μL
min−1 (black) as a function of time. Lower cell voltage at 20 μL min−1

was caused by axial diffusion of 2,4-DCP in the microchannel.
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shortened from 2.5 min to 1 min, and the axial diffusion of
2,4-DCP was reduced.

As shown in Fig. 3b, the transition was sharper when the
solution was switched from 2,4-DCP solution to pure acetate
buffer. The result is consistent with our proposition that the
transient behaviour was caused by the axial diffusion and
mixing (rather than the sluggish response of the sensor).
However, the transition response due to the axial diffusion of
2,4-DCP and acetate buffer was still visible when the solution
was switched from 2,4-DCP to acetate buffer. By comparing
the transition response of 2,4-DCP at 20 μL min−1 and 50 μL
min−1, we found that a sharper and faster response can be
obtained if a higher flow rate is used. Therefore, the flow rate
of the microfluidic sensor should be set to 50 μL min−1 or
above to prevent the axial diffusion issues.

3.3 Specific detection of 2,4-DCP

Even though the microfluidic sensor mentioned above can be
used to detect 2,4-DCP, the sensor is also responsive to
trypan blue and there is no specificity. To render specificity
to the sensor, we employed laccase as a sensitive layer for the
detection of 2,4-DCP. Laccase was chosen because it can use
2,4-DCP as a substrate and oxidize it with dioxygen. However,
if free laccase is immobilized directly on the electrode sur-
face, the surface area of the electrode is too small, and the
contact time between the 2,4-DCP solution and the laccase is
too short. The immobilized laccase can also be affected by
the electric potential. Thus, we proposed to immobilize the
laccase in the Tygon tubing in which 2,4-DCP can be oxidized
by the immobilized laccase before entering the microfluidic
sensor.

Because of the limited surface area of the tubing, laccase
was immobilized as cross-linked enzyme aggregates (CLEAs)
on the surface, as shown in Fig. 4a. A SEM image of the tub-
ing surface in Fig. 4b confirmed the successful immobiliza-
tion of the laccase as CLEAs. From the figure, it can be esti-
mated that the average size of each CLEAs-laccase was
around 200 nm, and the distribution of CLEAs was very uni-
form. After the immobilization, the activities of the
immobilized laccase and CLEAs-laccase were compared by
using ABTS as the substrate. When the laccase was
immobilized directly without forming the aggregates, the ac-
tivity was 0.0156 U. In contrast, if laccase was immobilized as
CLEAs, the activity was 0.0782 U. The results show that the
activity of the CLEAs-laccase is approximately 5 times higher
than that of free laccase due to a larger number of laccase
molecules on the tubing surface. Because of its high activity,
the CLEAs-laccase functionalized tubing was used in the se-
quential experiments.

Next, we aimed to determine if 2,4-DCP can be degraded
after it passed through the tubing functionalized with CLEAs-
laccase. In this experiment, acetate buffer containing 100
ppm of 2,4-DCP (pH 4.5) was continuously injected into a
piece of tubing functionalized with CLEAs-laccase for 6 h.
The concentration 2,4-DCP at the outlet of the tubing was

measured each hour as shown in Fig. 4c. After 1 h, the con-
centration of 2,4-DCP at the outlet was ∼24 ppm, and after 6
h, the concentration of 2,4-DCP was ∼29 ppm. The slight
drop in the degradation efficiency after 6 h was possibly due
to the decrease in the enzyme activity. The immobilized
CLEAs-laccase might detach from the tubing surface due to
the shear stress under the high flow rate operation. Even
though 2,4-DCP could not be degraded completely, the cur-
rent setup is sufficient to degrade about 70–75% of 2,4-DCP
and create a concentration difference for the detection of
2,4-DCP downstream as shown in the next section.

To render specificity for 2,4-DCP to the microfluidic sen-
sor, we proposed a different configuration with a pre-
treatment section as shown in Fig. 5a. The pre-treatment sec-
tion is a piece of tubing connected to the inlet of the sensor.
The incoming solution containing 2,4-DCP was split into two
streams before entering the sensor. One of the streams was
directed to the CLEAs-laccase functionalized tubing (the pre-
treatment section) while the other stream was used as a self-
referencing solution. The two streams from the laccase-
functionalized tubing and reference tubing were connected
to the two inlets of the microfluidic sensor downstream, re-
spectively. When 2,4-DCP was present in the incoming

Fig. 4 (a) Schematic of enzyme immobilization on the inner tubing
surface as CLEAs. (b) SEM image of the tubing surface showing the
presence of CLEAs. (c) Continuous degradation of 100 ppm 2,4-DCP
after it passed through the tubing functionalized with CLEAs-laccase.
The stream of 2,4-DCP flowed continuously though the tubing for 6 h.
Samples were taken at the outlet of the tubing at different time points.
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solution, it can only be degraded by the CLEAs-laccase in the
pre-treatment section. It cannot be degraded in the reference
stream. As a result, a cell voltage is produced because the
concentrations of 2,4-DCP in the two streams are different. If
no 2,4-DCP is present in the incoming solution, then there is
no concentration difference and no cell voltage is produced.
The detection results for 2,4-DCP, glucose and acetate solu-
tions are shown in Fig. 5b. When the incoming solution
contained 50 ppm of 2,4-DCP, a cell voltage of 20 mV was
measured. From Fig. 4, we can estimate that approximately
70–75% of 2,4-DCP was degraded after it passed through the
tubing. In contrast, the cell voltages for the acetate buffer
and the solution containing 50 ppm of glucose were almost
zero as there was no concentration difference between the
reference stream and the stream passed though the laccase-
functionalized tubing. In another control experiment, when
the pre-treatment section was replaced by blank tubing, there
was also no cell voltage produced even when the solution
contained 50 ppm of 2,4-DCP. This result is expected, be-
cause there is no concentration difference between the two
streams. From these results, it can be concluded that cell
voltage was generated due to the difference in the 2,4-DCP
concentrations after passing though the laccase-
functionalized tubing, and the cell voltage was proportional
to the 2,4-DCP concentration in a real-time manner.

4. Conclusion

A real-time microfluidic sensor for the detection of trypan
blue and 2,4-DCP was demonstrated in this study. The practi-
cal limit of detection was ∼0.1 ppm for both trypan blue and
2,4-DCP. To render specificity for 2,4-DCP, a piece of tubing
was functionalized with laccase enzyme to degrade 2,4-DCP

and yield a potential difference in the microfluidic sensor. To
increase the surface density of the laccase enzyme, CLEAs-
laccase were prepared and then immobilized on the surface
of the tubing. Because the laccase enzyme is specific to
2,4-DCP, no response was observed when the solution
contained glucose. The microfluidic sensor can be used to
monitor 2,4-DCP and other chlorophenols which are notori-
ous pollutants in wastewater.
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