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	 We present a novel chemical sensor based on electroosmotic flow (EOF) for the simple 
detection of chemical adsorption in an aqueous solution.  Fundamental investigations for the 
optimization of a microfabricated electroosmotic pump (EOP) revealed the relationship between 
the applied electric condition and pumping performance of EOPs.  The optimized EOP had an 
improved minimum driving voltage of only 9 V, which could be driven with a portable battery.  
The EOP after surface modification by molecular imprinting, such as a method with ionic 
complexes, changed the pumping performance by the adsorption of chemicals on its surface.  
We also investigated the relationship between the change in pumping rate and the chemical 
species of adsorbate using quaternary ammonium cations with different alkyl chains.  The 
pump showed a change in pumping performance depending on the length of the alkyl chains.

1.	 Introduction

	 An electroosmotic pump (EOP) is a small pump based on electroosmotic flow (EOF), which 
was operated by a low voltage without pulsation and mechanical noise.  For practical application, 
many types of EOP, such as polymer-based,(1–5) inorganic,(6–9) and microfabricated(10–18) EOPs, 
have been developed so far.  In particular, the microfabricated EOP has great potential as the 
micropump of point-of-care testing devices because microfluidic techniques can integrate 
various experimental operations on a small substrate.
	 The cause of EOF is the diffusion layer formed near the solid–liquid interface.(19,20)  In the 
case of a solid with a negatively charged surface, some cations bind strongly to the surface 
and partially neutralize the negative charge of the surface.  The remaining negative charge 
attracts more cations, forming the diffusion layer.  The diffusion layer neutralizes the net charge 
gradually to zero at the bulk liquid.  Because cations in the diffusion layer interact loosely 
with the surface, they can be moved by Coulomb force under an electric potential along the 
liquid.  This motion of the cations causes the bulk liquid near material surfaces to flow from the 
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cathode to the anode.  Porous materials and microfabricated devices generate EOF effectively 
owing to their high specific surface area and they are suitable materials for EOPs.
	 The velocity of EOF is proportional to the magnitude of electric field (E) and also depends 
on the zeta potential (ζ).  It is given by

	 veof = εζE / η,	 (1) 

where veof is the velocity of EOF, ε is the liquid permittivity, and η is the viscosity of the liquid.  
When some ionic compounds are mixed in the liquid and adsorb on the material surface, the 
velocity of EOF should be changed by varying the zeta potential (Fig. 1).  The change in EOF 
velocity can be applied to adsorbate sensing.
	 In this study, we describe a novel method of chemical substance detection in an aqueous 
solution by evaluating the change in the pumping rate of the EOP.  The EOP can integrate 
two crucial functions for a portable analysis system, i.e., a pump and a sensor.  The effects 
of microstructures and surface functional groups on pump performance are investigated to 
improve the basic pumping performance.  The concept of chemical sensing is demonstrated 
after the optimization of the microfabricated EOP.

2.	 Materials and Methods

2.1	 Device design and fabrication

	 The microfabricated EOP had a microstructure array region that divided a wide microfluidic 
channel into several narrow channels to increase surface area [Fig. 2(a)].  The width of 
narrower channels was 10 µm and the length and number of narrower channels were changed 
to investigate structural effects on pump performance.  The width of the wide microfluidic 
channel increased from 1510 up to 3010 µm with increasing the number of narrower channels.

Fig. 1.	 Schematic illustrations of the working principle of molecular detection. EOF (a) before and (b) after 
adsorption.

(a) (b)



Sensors and Materials, Vol. 31, No. 1 (2019)	 47

	 Microfluidic devices were made from poly(dimethylsiloxane) (PDMS) by conventional soft 
lithography.  A photoresist (SU-8 3050, MicroChem Corp.) was used to form a mold for casting 
the PDMS devices by photolithography.  The photoresist was diluted with cyclopentanone 
to reduce viscosity to create a 15-µm-thick mold.  A two-component kit (Sylgard 184, Dow 
Corning Toray Co., Ltd.), including a prepolymer of PDMS and a curing agent, was used 
for PDMS fabrication; the two components were mixed in a 10:1 weight ratio.  The resulting 
mixture was thoroughly degassed in vacuum, poured into the mold, and degassed in vacuum 
again and cured for 30 min at 100 °C.  The PDMS and a glass slide were bonded covalently 
after 1 min of plasma treatment.

2.2	 Evaluation of pump performance

	 A schematic diagram of the measurement system is shown in Fig. 2(b).  The PDMS devices 
are connected to a fused silica capillary with a platinum pipe and a poly(tetrafluoroethylene) (PTFE) 
tube.  The fused silica capillary works as a resistance tube and reduces the pressure generated 
from the microfluidic device.  The other end of the fused silica capillary has a detection window 
and is connected to a sample reservoir.
	 The fused silica capillary is filled with buffer or deionized water.  Once electric field 
is applied to a microfluidic EOP, 200 µM fluorescein diluted with methanol at the sample 
reservoir is introduced into the capillary.  The fluorescence intensity variation is measured 
with a fluorescence microscope at the detection window to calculate the pumping rate.  The 
fluorescence intensity increases gradually and finally reaches a steady value.  The maximal 
value of the first derivative of fluorescence intensity variation is defined as the detection time 
of fluorescein.  The pumping rate is obtained by dividing the capillary volume from the sample 
reservoir to the detection window by the detection time.  The length of the capillary is changed 
to control the pressure drop (∆P).  The pumping rate is plotted against the pressure drop.  The 
pressure drop in the fused silica capillary and PTFE tube calculated using Eq. (2) is the sum of 
Hagen–Poiseuille equations for the capillary and PTFE tube.

Fig. 2.	 Schematic illustrations of (a) the microfluidic EOP and (b) the measurement system for the evaluation of 
pumping function.

(a) (b)
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	 ∆P = 128 ηQl / (πd4) 	 (2) 

Here, ∆P is the pressure drop at the capillary, Q is the pumping rate, l is the length of the 
capillary, and d is the diameter of the capillary.  The x- and y-intercepts of the ∆P–Q plot 
indicate the intrinsic pumping pressure and maximum pumping rate of the microfluidic EOP, 
respectively.

2.3	 Surface modification

	 Microf luidic channel surfaces were modified with various functional groups.  A 
microfluidic EOP was flushed with 1 M HCl aq.  for 10 min and deionized water for 5 min.  It 
was filled with 10% (v/v) 3-aminopropyltriethoxysilane (APTES)/ethanol for 1 min at room 
temperature to introduce amino groups on the surfaces.  A 20 mM ionic complex composed of 
benzyltributylammonium chloride (BTBA) and 4-sulfobenzoic acid in methanol was reacted 
with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) for 
48 h at room temperature.  The ionic complex was obtained by mixing BTBA (2.0 g) and 
4-sulfobenzoic acid potassium salt (1.7 g) in water (50 mL) in our previous study.(21)  After the 
reaction of the ionic complex and amino groups on the surface, BTBA was removed by flushing 
a 2 M NaCl aqueous solution overnight at room temperature.

2.4	 Adsorption test

	 Ammonium chloride (AC), tetraethylammonium chloride (TEAC), and tetrabutylammonium 
chloride (TBAC) were used as adsorbates.  An optimized microfluidic pump has a 6.0 mm 
length with a 4.0-mm-long microstructure array region, a 3010 µm width, and a 15 µm depth.  
The microstructures were 10 µm in width and were arrayed with 10 µm gap distances.  The 
number of arrayed microstructures in the microfluidic pump was 150.
	 Each 10 mM adsorbate aqueous solution was filled into the optimized microfluidic pump for 
1 min to interact with the adsorbate and surfaces.  Free adsorbate molecules in the microfluidic 
pump were flushed with water.  After the absorption of molecules, the pump performance was 
characterized with a 54-mm-long fused silica capillary (I.D. 100 µm) and an applied voltage of 
100 V.

3.	 Results and Discussion

3.1	 Evaluation of structural effects of microstructures on pump performance

	 Figure 3(a) shows ∆P–Q plots for a 30-mm-long pump and a 60-mm-long pump.  The 
shorter pump generates a twofold higher pumping rate than the longer pump at the same applied 
voltage.  This is because the EOF velocity is proportional to the electric field strength according 
to the Helmholtz–Smoluchowski equation, and the electric field strength in the shorter pump is 
two times higher than that in the longer pump.
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	 The noteworthy point is that two pumps of different lengths indicate approximately the same 
maximum pressure at the same applied voltage.  The maximum pumping pressures generated 
under different strengths of the electric field were proportional to the electric field strength.  
Substituting Eq. (2) into Eq. (1) and rearranging yield, we obtain

	 ΔP = 32 εζEl / d2.  	 (3) 

	 The pressure drop is the difference between the pumping pressure (P) and the pressure at 
the end with the sample reservoir (Pin) in this case.  The substitution of this relation into Eq. (3) 
gives

	 P = 32 εζEl / d2 + Pin.  	 (4) 

	 The x-intercept of the P–Q plot gives the maximum pumping pressure (Pmax) that is 
proportional to the electric field strength, because Pin is equal to 0 at that point.  By contrast, 
connecting pumps in series improves the pumping pressure and the total pumping pressure is 
the sum of those of each pump.  If a long pump is regarded as a series of shorter pumps, the 
maximum pressure should have a linear relationship with the pump length (L).

	 Pmax = 32 εζELl / d2 = 32 εζVl / d2 	 (5) 

That is why the maximum pumping pressure is proportional to the applied voltage (V) between 
the two ends of the microfluidic pump.
	 Figure 3(b) shows the performances of microf luidic pumps with different numbers 
of microstructures.  Although the maximum pumping pressure was independent of the 
number of microstructures, the maximum pumping rate was proportional to the number of 
microstructures.  The increase in the number of microstructures increases the cross-sectional 
area in the microfluidic pump.  A larger cross-sectional area generates a higher pumping rate at 
the same EOF velocity, which is determined by the applied electric field.

Fig. 3.	 P–Q plots of microfluidic EOPs. (a) Dependence on electric field strength and (b) dependence on number 
of microstructures.

(a) (b)
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	 According to the above results, the high electric field strength and a large cross-sectional 
area in the microfluidic pump increase the pumping rate.  This means that the optimum 
microfluidic EOP is short to enhance the electric field strength and a large number of 
microstructures to provide a large cross-sectional area.  The optimized microfluidic pump 
generates 6.6 times higher pumping rates.  It was driven at only 9 V and generated 1.6 ± 0.1 nL 
against the 54 mm fused silica capillary.

3.2	 Evaluation of chemical effects of material surface on pump performance

	 The EOF velocity of the microfluidic pumps after modification with APTES was measured 
in order to evaluate the surface chemical condition.  The microfluidic pump modified with 
APTES generated the EOF from the cathode to the anode at pH 4.0.  This EOF was in the 
opposite direction to that caused by the silanol groups.  Furthermore, few silanol groups are 
dissociated at pH 4.0.  This EOF suggests that the surface modification with APTES was 
achieved to introduce amino groups on the internal surface of microfluidic EOPs.
	 Figure 4 shows the P–Q plots of microfluidic pumps modified with APTES of different 
concentrations.  The pump performance was increased by modifying the surface with a high 
concentration of APTES.  The surface has more amino groups owing to effective modification 
with the high-APTES-concentration solution.  The pumps modified with 10 and 100% APTES 
solutions gave approximately the same performance.  The number of amino groups on the 
modified surface reached the saturation point.  Although we cannot quantify the number 
of amino groups on the modified surface, this result suggests that the pump performance is 
dependent on the number of ionic functional groups.

3.3	 Detection of adsorbates on microfabricated structure surfaces

	 For the proof of concept, we evaluated the pumping performance of the sulfo-modified EOP 
against the 54 mm resistance fused silica capillary.  The sulfo-modified EOP without interaction 
with BTBA generated a pumping rate of 4.58 nL/s.  The pumping rate was reduced to 3.81 
nL/s after adsorbing BTBA.  The sulfo group was successfully introduced on the surface of the 

Fig. 4.	 P–Q plots of microfluidic EOPs modified with different concentrations of APTES.
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Fig. 5.	 Flow rates of microf luidic pumps with 
BTBA adsorption and without BTBA on its surface.

Fig. 6.	 Flow rates of microf luidic pumps with 
adsorption of different chemical species.

EOP and it interacted with the cationic sample, BTBA.  However, water in the EOP flows from 
the cathode to the anode, which is the opposite direction of what we expected.  The reaction 
between the ionic complex and the amino group on the surface was inadequate and the amino 
group remained on the surface.  The EOF from the cathode to the anode was caused mainly by 
the amino group and suppressed by the sulfo group.  When BTBA was adsorbed on the surface, 
the electric charge derived from the sulfo group was cancelled by the ionic interaction with 
BTBA and some amino groups were covered by the alkyl chain of BTBA.  This interaction 
between the sulfo group and BTBA reduces the surface positive charge.  The pumping rate of 
the microfluidic pump decreased whenever BTBA adsorbed on the surface (Fig. 5).  Although 
the surface modification and the material of the microfluidic EOP should be improved to realize 
more sensitive sensing, the microfluidic pump worked as an adsorbate sensor.

3.4	 Dependence of change in pumping rate on chemical species of adsorbates

	 The relationship between the change in the pumping rate and adsorbing chemical species was 
investigated using quaternary ammonium cations with different alkyl chains as the adsorbate 
(Fig. 6).  We predicted that the EOP with TBAC would show the lowest pumping rate, because 
the longer alkyl chains of the adsorbate have the potential to cover more amino groups on the 
surface.  However, AC and TEAC reduce the pumping rate, and the EOP with AC adsorption 
shows the lowest pumping rate.  This result indicates that steric effects or electron donation 
from adsorbates with a long alkyl chain hinders the interaction between adsorbates and amino 
groups.

4.	 Conclusions

	 In this study, we adopted a microfluidic EOP as a chemical sensor.  A short microfluidic 
channel with an array of a large number of microstructures could generate a high pumping 
rate.  The optimum microfluidic EOP with sulfo-modified surfaces interacted with ammonium 
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cations.  The adsorption of ammonium cations could be detected by evaluating the change in 
pumping performance.  The pumping performance was also changed by the chemical species of 
the adsorbate.  Since the optimum microfluidic EOP could be driven by only 9 V, it can be used 
as a portable device.  We expect that a combination of molecular imprinting technologies will 
realize the development of the new type of molecule-selective sensor.
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