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Development of microfluidic LED sensor platform
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Abstract

We developed the microfluidic light emitting diode (LED) sensor for methanol detection. The linear gradient-generating
microfluidic device consists of two inlet and four outlet microchannels. The concentration gradients of methanol were
stably generated in the microfluidic platform in a temporal and spatial manner. The methanol harvested from microfluidic
platforms was analyzed by measuring electrical conductivity, showing that currents were decreased with the methanol
content. The methanol in the microfluidic device was also observed by LED sensor. Therefore, this microfluidic LED device
could be a powerful platform for methanol sensor applications.
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1 Background

Methanol, the simplest alcohol and organic solvent, has
widely been used for fuel cell and biochemical applica-
tions [1-3]. The direct methanol fuel cell is of great
benefit for portable electronic devices, because it enables
increase of power density and decrease of operating
temperature [4-6]. The physical and chemical properties
of methanol are also similar to gasoline, showing that
methanol is a good candidate as a fuel cell in automotive
engines [7-9]. Despite many methanol-based industrial
applications, the major problem is still remained, such
as methanol toxicity, which can cause severe disease of
metabolic acidosis, nerve disorder, olfactory mucosa, and
blindness [10]. Although small amount of methanol is
inhaled, methanol becomes toxic formic acid via formal-
dehyde as previously described [11]. In general, the vola-
tile organic compound (e.g., methanol), which can be
conventionally detected by gas chromatography tech-
nique, has low boiling point and high reactive property.
Thus, the development of the platform technology to de-
tect the methanol at room temperature has become im-
perative [12].

Microfluidic devices have previously been developed to
generate concentration gradients and detect biomolecules
[13-15]. Recently, an integrated microfluidic device has
been developed to quantify methanol concentrations [16].
The methanol and methanol oxidase infused into the poly
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(methyl methacrylate) (PMMA)-based microfluidic device.
The injected solutions were heated at 45°C to generate
formaldehyde and methanol concentrations were subse-
quently observed by ultraviolet (UV) spectrophotometer.
The accuracy of microfluidic device-based methanol de-
tection was approximately 93% compared to gas chroma-
tography method. Integrated microfluidic device has been
developed to detect methanol concentrations [17]. The
system consisted of light emitting diode (LED) photom-
ete, PMMA-based microfluidic device, photodiode,
voltmeter, and temperature controller. The samples were
loaded and were subsequently mixed by a vortex stirrer in
the microfluidic device. The colorimetric reaction of the
mixtures was performed by thermoelectric cooler and
micro-hotplate systems. LED photometer system detected
methanol concentrations in the microfluidic device. Fur-
thermore, microfluidic device has been developed for dir-
ect methanol fuel cell applications [18]. For the fuel cell,
methanol and oxygen was employed as an anode and
cathode, respectively. The microfluidic device containing
anode flow fields enabled the generation of liquid—gas me-
niscus. It showed that the interfacial mass-transfer resist-
ance was largely generated by evaporation of the small
meniscus, resulting in inhibition of methanol delivery to
anode catalyst layers. The flow field enabled the formation
of passive direct methanol fuel cells containing higher
methanol concentrations. However, previous approaches
have used complex integrated microfluidic devices to de-
tect methanol gas at high temperature. To overcome these
limitations, we developed the linear gradient-generating
microfluidic device to monitor and quantify the methanol
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Figure 1 Microfluidic LED sensor platform. (A) Schematic of microfluidic device. (B) Computational simulation of methanol concentration
gradients in the microfluidic device. (C) Linear gradient profile of methanol in the microfluidic device. The gradient graph is obtained from the
dotted box in Figure 1B.
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Figure 2 Electrical circuit diagram controlled by MCU. It consists of resistor, LED, and 3 digits FND system.
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at room temperature using programmed microcontroller,
LED sensor, and electrical conductivity analysis. There-
fore, this microfluidic LED device could be a powerful tool
for methanol sensor applications.

2 Methods

2.1 Fabrication of the microfluidic device to generate
methanol concentration gradients

We developed the microfluidic device to generate
methanol concentration gradients (Figure 1A). Briefly,
SU-8 50 (Microchem, USA) negative photoresist was
spin-coated onto a silicon wafer to make microchannels
with 100 pm in thickness. The wafer was pre-baked on a
hot plate and the photoresist layer was exposed to ultra-
violet (UV) light for 60 seconds through the photomask
thin film. The photoresist-patterned silicon wafer was
subsequently micromolded using a poly(dimethylsilox-
ane) (PDMS) elastomer and curing reagent (10:1 mix-
ture). The microfluidic device was bonded to a glass
slide after oxygen plasma treatment (Femto Science,
Korea).
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Figure 3 Analysis of electrical conductance of methanol. (A) |-V
characterization to detect methanol in PBS. The methanol was
harvested from four outlet microchannels of microfluidic device.

(B) Conductance of methanol in PBS at 5 V.
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2.2 Experimental set-up

The microfluidic device containing two inlets and four
outlets allowed streams of solutions to generate laminar
flow in parallel without any convective mixing. To gener-
ate concentration gradients in the microfluidic device, the
methanol and buffer solutions were injected with a uni-
form flow rate (66 pl/min) using a syringe pump (Harvard
Apparatus, USA). The methanol was analyzed by measur-
ing current-voltage (I-V) curve using source meter and
Labview programming.

2.3 Computational simulation

We conducted the mathematical analysis to optimize the
optimal flow rate. The velocity profiles of the fluid as
well as convection and diffusion between the flows
injected from two inlets were simulated by COMSOL
Multiphysics 3.4 software (Figure 1B,C). To simulate the
behavior of the fluids within the microchannel, two par-
tial differential equations were used as follows:

(i) Navier—Stokes equation
(ii) Convection-diffusion equation
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Figure 4 Analysis of conductivity of methanol. (A) I-V
characterization to detect methanol in deionized water. The methanol
was harvested from four outlet microchannels of microfluidic device.

(B) Conductivity of methanol with deionized water at 5 V.
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75 v/V% methanol.

Figure 5 Sensor operation system containing three LED colors (green, yellow, and red) and 3 digits FND to determine methanol
harvested from microfluidic device. (A) The photograph of LED circuit system. (B-D) Photograph of operating LED sensor at 0, 25, and

GreenLED
(0 v/iv% methanol)

Yellow LED
(25 vIv% methanol)

Red LED
(75 viv% methanol)

The velocity profiles of fluids in the microchannel
were described by solving Navier—Stokes equations de-
rived from the conservation law of mass and momentum
in fluid dynamics. These equations for an incompressible
Newtonian fluid with constant fluid density (p) and kin-
etic viscosity (v) are given by

ou 1 9
§+(u~V)u— —EVp—F vV u (1)
Vu=0 (2)

where u represents a vector of the flow velocity of the
fluid particles in the x, y, and z direction and p is pres-
sure acting on the particles. At two inlets, the velocity
generated from syringe pumps in the in-plane direction
was set to a constant value (4 um/sec). Z-directional vel-
ocity should be zero due to small thickness of the micro-
channel compared to its in-plane dimensions. The
viscous and normal stress of the outlet was zero and no-
slip conditions were applied at all the walls of the micro-
channel. The convection-diffusion equation used for
concentration analysis described the convective and dif-
fusive transport of the molecules in the microchannel.

0
a_(t: + (u-V)C = DV*C (3)

C is the concentration, u is the velocity vector calculated
by the Navier—Stokes equations (1) and (2). D is the diffu-
sion coefficient (2.19 x 10™°) at the condition of 0.1 MPa
and 298.5 K [19]. The number of elements of mesh used in
this simulation was approximately 116,632. Consequently,
the optimal flow rate (66 pl/min) generated by a syringe
pump was calculated.

2.4 Electrical circuit diagram for LED sensor

We designed the electrical circuit diagram to investigate
the methanol harvested from four outlet microchannels of
microfluidic device (Figure 2). The methanol sensor con-
sisted of LEDs with three colors (green, yellow, and red)
and 3 digits flexible numeric display (FND) to determine
the methanol. The methanol LED sensor was controlled
by 8 bit microcontroller unit (MCU, ATmegal28, USA).
The microcontroller, which held analog to digital con-
verter (ADC), was operated by computer programming
using advanced virtual RISC (AVR) based on C language
(Additional file 1). 74HC47 integrated circuits we used for

Table 1 Analog/digital (A/D) conversion voltage used in a microcontroller

Methanol Conductance Resistance Theoretical Experimental
(v/v%) (uS) (MQ) A/D voltage (V) A/D voltage (V)
0 1.24 081 28 33

25 061 1.64 1.9 26

75 023 345 1.1 15

100 0.29 345 1.1 13
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LED sensor could convert binary to decimal number to
display through FND.

3 Results and discussion

We developed the linear gradient-generating microfluidic
device to investigate the effect of the methanol on electrical
conductivity (Figure 1A). Computational simulations have
widely used to analyze concentration gradients in microflui-
dic device [20,21], temperature gradient of microwave [22],
and current distribution in conductor [23,24]. We used the
computational simulation to optimize the fluidic vel-
ocity (66 pl/min) that could generate linear concentra-
tion gradients of methanol inside the microfluidic device
(Figure 1B,C). We could not use the fluorescent dye which
should be similar molecular weight to methanol, because
molecule weight (32.04186 g/mol) of methanol was lower. It
has been known that the conductance was affected by
methanol concentrations in a gas phase [25]. However, it is
still not clear the relationship between conductance and
methanol solutions at room temperature. We investigated
the conductance change of methanol solutions harvested
from the microfluidic device. First, we analyzed the conduct-
ance of methanol using phosphate buffered saline (PBS)
solution (Figure 3). We observed that the current was pro-
portional to voltage (Figure 3A). The conductance was de-
creased with increasing methanol solutions (Figure 3B). It
was probably due to ions inside PBS. We also observed the
conductivity of methanol with deionized water using a
conductivity meter (Figure 4). Similar to previous PBS-
based results, the conductivity was inversely proportional to
methanol content (Figure 4B). However, we interestingly
observed that the conductivity of 75 v/v% methanol was not
significantly different to that of 100 v/v% methanol due to
chemical binding between methanol and water molecules.
Water and methanol was generally bound by hydrogen
bonding (2:5 ratio) as previously described [26]. When
methanol percentage was increased, the molecular binding
that could inhibit ionization of molecules was occurred. As
a result, the conductivity was decreased until 75 v/v%
methanol. However, solutions were fully saturated around
75 v/v% methanol, because two water molecules and five
methanol molecules were bound. There were no water mol-
ecules that could bind methanol molecules above 75 v/v%
methanol. Thus, methanol could be ionized, because metha-
nol molecules could not bind with water molecules. How-
ever, the effect of methanol ionization on conductivity might
be too subtle to recognize. As a result, the conductivity of
100 v/v% methanol was approximately similar to that of
75 v/v% methanol. We also developed the MCU-based LED
sensor to detect the methanol harvested from four outlet
microchannels of the microfluidic device (Figure 5A). 0, 25,
and 75 v/v% methanol was visualized by green, yellow, and
red LED color, respectively. Their numbers of methanol per-
centage were also shown by FND system of LED sensor
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(Figure 5B-D). We observed that LED signal of 100 v/v%
methanol was similar to that of 75 v/v% methanol, because
their conductance was approximately equal (Figure 4B). The
methanol LED sensor depended on the voltage input. Thus,
we theoretically and experimentally observed the voltage
(Table 1). We used 10 bit ADC that could recognize
0.005 V as a minimum voltage. 10 bit ADC converted ex-
perimental voltage presented in Table 1 into binary number
in MCU. When the voltage input was larger than the binary
number corresponding with 0 v/v% methanol, LED sensor
system recognized that solution did not contain methanol.
It showed green LED color and FND system subsequently
displayed number 0. This LED sensor process was the same
as 25 and 75 v/v% methanol. Therefore, this methanol LED
sensor could be a useful system to easily detect the metha-
nol contents.

4 Conclusion

We developed the microfluidic LED sensor for methanol
detection. The linear gradients of methanol were generated
in the microfluidic device. The methanol harvested from
the microfluidic device was analyzed by electrical conduct-
ivity and LED sensor. We demonstrated that the electrical
conductivity was decreased with increasing the methanol
and each percentage of the methanol was also observed by
LED sensor. Therefore, this microfluidic LED device for
methanol detection could be a powerful tool for methanol
sensor applications.
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