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ABSTRACT 1 

We report a low-power, thermally actuated, and 2 
elastomer-based microvalve, which is integrated in a thermoplastic 3 
microfluidic device for multiplexed immunoassays.  The 4 
thermal-actuating material used in this valve also enables a latching 5 
capability.  Thirteen microfluidic valves have been integrated in a 6 
microfluidic device, enabling a network of fluid channels for 7 
reagent manipulation and sequential delivery.  With a unique 8 
combination of antibodies, the device is able to analyze six proteins 9 
simultaneously.  The total energy consumption for a device during 10 
the immunoassay is only 4 mWh. 11 

 12 
INTRODUCTION 13 

Immunoassays are extensively used in biomedical research, 14 
clinical diagnostics, and food/water safety testing [1-3].  Although 15 
they can be performed in a microplate to increase sample 16 
throughput, immunoassay in each well is generally limited to one 17 
analyte per test.  Such a format is inefficient and not cost-effective 18 
for the requirement of detecting multiple analytes in one sample.  19 
For instance, a set of biomarkers should be detected for a particular 20 
disease to enhance the accuracy and reduce false positives or 21 
negatives.  Similarly, a spectrum of pathogens should be 22 
simultaneously monitored in foods and drinking water.   23 

A microfluidic network (µFN) has potential to achieve 24 
multiplexed immunoassay in a microfluidic device [4, 5].  Figure 1 25 
shows the process of µFN for protein patterning.  First, multiple 26 
antibodies are introduced into each channel respectively (Figure 1a) 27 
Then sample solutions are introduced through other sets of channels 28 
perpendicular to the previous ones (Figure 1b). Each intersection 29 
area is a detection area for a specific protein.  Although multiple 30 
target proteins can be detected simultaneously, many 31 
time-consuming steps of manual control of flows still required.  A 32 
microvalve can be utilized to solve the problem. 33 

 34 

 35 
 36 
Figure 1: Microfluidic networks for protein patterning.  (A) Each 37 
antibody is immobilized on each channel (blue).  (B) The channel 38 
set for samples (in pink) is oriented perpendicularly to the previous 39 
set (in blue).  Each intersection area (in black) is an assay site for a 40 
specific analyte. 41 
 42 

Among all microvalve designs, an electrically controlled and 43 
thermally actuated microvalve is the most compact, hence portable 44 
[6-9].  However high power consumption is a drawback of this type 45 
of microvalve, especially when multiple valves are required in one 46 
device for multiplexing.  Moreover, utilizing thermal actuation in a 47 
low-cost plastic device is a challenge because the maximum 48 
temperature that plastic can withstand is lower than silicon or glass. 49 

In this study, we design a low-power, thermally actuated 50 

microvalve array which is featured by the latching capability.  The 51 
average energy consumption per valve during an immunoassay is 52 
only 0.31 mWh, which is about 300-500 times less than other 53 
thermoelastic microvalves [10, 11].  With such a low-power valve, 54 
we are able to integrate the valves into an all-plastic microfluidic 55 
device that enables portable operation.  We have demonstrated a 56 
multiplexed immunoassay on 6 assay sites in the device.   57 
 58 
MATERIALS AND METHODS 59 
Reagents and Materials 60 

COC resin and film (Zeonor 1020R and 1420R) were 61 
purchased from Zeon Chemicals (Louisville, KY, USA).  62 
Polyurethane elastomer (Bayhydrol 110) was purchased from Bayer 63 
Material Science (Pittsburgh, PA, USA).  COC sheet (8007) from 64 
Topas Advanced Polymer Inc.  (Florence, KY).  Paraffin wax (MP 65 
47˚C-65˚C) was purchased from Spectrum Chemicals (New 66 
Brunswick, NJ, USA).  UV curable epoxy is purchased from 67 
McMaster-Carr (Atlanta, GA, USA).  Avidin was purchased from 68 
Fisher Scientific and the proteins C-reactive protein (CRP), 69 
transferrin (TfR), resistin (Res), and erythropoietin (EpoR) with 70 
their respective biotinylated capture and detection antibodies were 71 
purchased from R&D systems (Minneapolis, MN, USA).  The dyes 72 
Alexa Fluor 647 was purchased from Life Technologies (Carlsbad, 73 
CA, USA).   74 

 75 
Device Design and Fabrication 76 

A low-power, electrically controlled thermoelastic-based 77 
thermoplastic microvalve consists of 4 layers, which are channel, 78 
cavity, elastomer, and heater layers, as illustrated in Figure 2a.  The 79 
channel layer is formed by compression molding COC resins to 80 
1.5-mm thick.  The microchannels in this layer are 100 μm wide, 35 81 
μm deep.  The elastomer layer is a 4-μm-thick polyurethane 82 

 83 

 84 
 85 
Figure 2: (a) Illustration of a microvalve consisting of 4 layers 86 
indicated.  (b) Top-view picture of the electrically controlled 87 
thermolelastic valve array in a microfluidic device.  Thirteen valves 88 
and 6 inlet/outlet were integrated in the device.  The metallic wire is 89 
the electrical pattern of the heater layer.  The channels were filled 90 
with a red dye solution to show the channel layout. 91 
elastomer, which is made by spin-coating a polyurethane solution 92 
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on a sacrificial layer, and then bonding it chemically with the 93 
channel layer as described in our previous work [12].  The cavity 94 
layer is a 254-μm-thick COC sheet containing 1-mm-radius cavities, 95 
which are made using a cutting plotter (Graphtec America, Irvine, 96 
CA, USA). This layer is chemically bonded to the elastomer layer 97 
[12] as well.  The heater layer consists of a thin copper film 98 
patterned in a serpentine shape by photolithography on a COC film.  99 
One mg of paraffin wax is placed in the cavities, and melted by 100 
putting the device on a hot plate (75˚C) until wax fill the cavities 101 
entirely.  The cavity layer is then bonded to the heater layer with UV 102 
curable epoxy.   103 

Figure 2b shows the top-view of the device with a microvalve 104 
array.  The device consists of 13 valves and 6 inlets/outlets.  To 105 
visualize channels, a red dye solution is introduced into the device.  106 
The dark metallic line is the pattern of the copper wire on the heater 107 
layer.  The size of device is only 2.25 inch x 1.25 inch. 108 
 109 
Principle of Valve Operation  110 

Figure 3 illustrates the valve operation including closing, 111 
latching, and opening as we recently reported [13].  When power is 112 
on, the wax changes from solid to liquid, expands, and deforms the 113 
elastomer to close the channel (Figure 3b).  As the power is off, the 114 
wax returns to solid while the elastomer is still under deformation.  115 
Consequently, the valve remains closed or latched (Figure 3c).  The 116 
valve is reopened by applying a short power pulse with a 117 
pressurized fluid from a syringe pump (Figure 3d).   118 

 119 

 120 
 121 
Figure 3: Principle of valve operation.  (a) Initial state of a valve.  122 
(b) When the heater is on, wax melts, expands, and deforms the 123 
elastomer layer to close the channel.  (c) As the heater is off, wax 124 
changes to the solid phase faster than elastomer recovery.  125 
Consequently, the valve remains closed without power.  (d) A pulse 126 
of power and a pressurized flow in the channel are simultaneously 127 
supplied to open the valve. 128 
 129 
Multiplexed Immunoassay 130 

To achieve simultaneous immunoassays of 6 proteins (4 target 131 
proteins and 2 control sites) in our device, the scheme of valve 132 
operation and immunoassay process are described as follows.  First, 133 
1 mg/ml avidin solution is introduced into all channels and 134 
incubated for 30 min.  Then by controlling an appropriate set of 135 
valves as shown in Figure 4a, two vertical channels are accessible.  136 
Two mixtures of 10 µg/ml capture antibody solutions (antibody 1,2 137 
and antibody 3,4) are then introduced into each channel and 138 
incubated for 30 min.  Next, by controlling another set of 139 

microvalves as shown in Figure 4b, three horizontal channels in the 140 
device are open.  The sample solution which contains all target 141 
proteins is introduced in top and bottom channels, while the control 142 
solution which is bovine serum albumin (BSA) is introduced in the 143 
middle channel.  After incubation for 30 min, three mixtures of 2.5 144 
µg/mL fluorescently labeled detection antibody solution (dAb 1,3, 145 
dAb 2,4 and dAb 1,2,3,4) are introduced to each channel as shown 146 
in Figure 4b.  Note that washings with a PBS buffer are performed 147 
among different steps.  As a result, each target proteins can only be 148 
detected in one assay site, which is the intersection area of channels.  149 
Moreover, the total energy consumption for a device during the 150 
immunoassay process is 4 mWh. 151 

 152 

 153 
 154 
Figure 4: Immunoassay scheme for simultaneously detection of 4 155 
proteins with 2 assay sites as negative controls.  The device consists 156 
of 13 valves (solid blue circles and open circles with a cross), and 6 157 
wells as fluid inlets/outlets.  (a) As specific valves close (circles with 158 
cross), the capture antibodies flow in the vertical direction of pink 159 
arrows and are immobilized on the channels.  (B) As the valve 160 
layout changes, the sample and detection antibodies flow in the 161 
horizontal directions as indicated by pink arrows.  Due to the 162 
unique combination of antibodies indicated at the inlet, 4 proteins 163 
are distinctly detected at the 4 assay sites (red circles).  The number 164 
at each red circle indicates the presence of a particular protein if a 165 
signal is detected there.  The middle picture illustrates the sandwich 166 
immunoassay scheme at each assay site. 167 
 168 
RESULTS AND DISCUSSION 169 
Valve Performance Test 170 

In order to test the valve performance, a single valve testing 171 
setup was designed as shown in Figure 5a.  A resistor is connected 172 
in series with the channel containing a sodium chloride solution.  173 
The electrical current (I) indicates whether the valve is open (I ≠ 0) 174 
or closed (I = 0) since a closed valve can prevent the current passing 175 
though the solution in the channel.   176 

Figure 5b shows the result of the valve testing.  The red curve 177 
indicates the electric power for the heater, and the blue curve 178 
indicates the measurement of an electrical current.  First, the valve is 179 
closed with a power of 56 mW in 24 s.  After power is off, the valve 180 
remains closed (latched) as the current is around zero.  To reopen 181 
the valve, a pulse of power is supplied for 5 s with a 1 µL/min flow.  182 
The valve is reopened as the current indicated ~0.5 µA. 183 

 184 
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 185 
 186 

Figure 5: (A) Experimental setup for valve performance test.  187 
Electrical current (I) determines whether the valve is closed (I = 0) 188 
or open (I ≠ 0).  (B) Cyclic operations of microvalve.  The blue 189 
Y-axis (left) and blue curve represents the state of the valve; the red 190 
Y-axis (right) and red curve shows the power for the heater.  The 191 
valve closes in 24 s with power at 56 mW and reopens with the same 192 
power in 5 s (pulse). 193 

 194 
Assay Calibration Curve 195 

In order to verify the immunoassay protocol in our device, a 196 
CRP regression analysis is performed.  The CRP concentrations of 197 
20, 40, 70, 140, and 250 ng/mL are used to for this analysis.  The 198 
detection antibody is labeled with Alexa Fluor 647.  The 199 
immunoassay protocol is the same as described above, except that 200 
only one protein is detected.  Figure 6 shows the calibration curve of 201 
CRP detection.  The negative control in this analysis is BSA, and the 202 
data at zero CRP concentration is included in the calibration curve.  203 
The recorded data points are fitted well to a reverse exponential 204 
curve with an R2 value of 0.99.   205 

 206 

 207 
 208 
Figure 6: Graph of CRP calibration curve.  Each data point 209 
represents the fluorescence intensity from CRP measurement (20 - 210 
250 ng/ml).  Data point at 0 ng/ml CRP is the negative control using 211 
BSA.  The curve is fitted with reverse exponential curve 212 
(y=4970-4828e-0.0046x) with a R2 value of 0.99. 213 

 214 
Multiplexed Immunoassay 215 

Our microfluidic device is capable of detecting 6 different 216 
proteins simultaneously.  To demonstrate the multiplexed 217 
immunoassay, 4 assay sites are used to detect 4 target analytes 218 
(CRP, transferrin, resistin, and erythropoietin) and the remaining 2 219 
assay sites are used for negative controls (BSA).  Since the real 220 
biological sample always contain multiple analytes, we mimic this 221 
situation by mixing all target proteins and BSA together as the 222 
sample solution.  Figure 7 shows the fluorescence intensity in 6 223 
assay sites.  The signal-to-noise ratio for CRP (100 ng/ml), TfR (300 224 
ng/ml), Res (198 ng/ml), and EpoR (134 ng/ml) are 5.4, 2.2, 3.0, and 225 
3.1 respectively.  Furthermore, as the fluorescence intensity of CRP 226 
is fitted with the calibration curve from Figure 6, the corresponding 227 
CRP concentration is 85 ng/ml, which gives 15% forecast error.   228 

 229 

 230 
Figure 7.  Fluorescence intensity of each assay sites with their 231 
corresponding protein concentration. 232 
 233 
CONCLUSION 234 

A thermoelastic microvalve using wax as the actuation 235 
material has been fabricated and characterized by investigating its 236 
latching behavior of the microvalve.  The thermoelastic microvalve 237 
is controlled electronically, making the device portable as compared 238 
to pneumatic valves which require bulky accessories such as a gas 239 
tank.  The latching capability reduces the power consumption, 240 
enabling us to integrate these valves in a low-cost, all-plastic 241 
microfluidic device.  Using a microfluidic network strategy, we 242 
have successfully demonstrated a multiplexed immunoassay in the 243 
device.  Moreover, the total energy consumption during the 1 hour 244 
immunoassay process was 4  mWh, which can be provided by a 9 V 245 
lithium battery.  The low power, low cost, compact, and electrically 246 
controlled microvalve has a potential to enable portable, battery 247 
operated, disposable microfluidic devices for point-of-care 248 
diagnosis. 249 
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