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effect of flow rate and injection sample volume on the 
thermopile response. Results indicated that increasing the 
flow rate and decreasing the substrate injection volume 
decreased the magnitude and the duration of the thermo-
electric response, but also accelerate the time required for 
sample analysis. The optimization of the flow rate and sub-
strate injection volume is discussed herein.

1  Introduction

Enzyme-linked immunosorbent assay (ELISA) is an ana-
lytical technique in which the concentration of antigen, 
antibody, or analyte is determined by enzymatic activity 
measurements. It is based on the application of enzymes 
as labels and subsequent detection of an enzymatic reac-
tion using luminescent (Mirasoli et  al. 2014), chemilu-
minescent (Heyries et  al. 2008), absorbance (Zhou et  al. 
2012), and electrochemical detectors (Pinacho et al. 2014). 
ELISA technology is used for accurate quantification of the 
amount of antigens (Haque et al. 2012) and miRNA (Tran 
et  al. 2014) in clinical samples as well as pesticides and 
chemicals in environmental samples (Bibi et al. 2014).

While conventional ELISA techniques that are based on 
absorbance and fluorescent detection of analytes in plate 
reader instruments are well established, the measurement 
time is long. Some microfluidic solutions, such as lateral 
flow strip methods (Posthuma-Trumpie et  al. 2009), have 
proven to be faster; however, the increased measurement 
speed in those techniques comes at the sacrifice of sensitiv-
ity that for some applications can be undesirable. ELISA 
technology based on electrochemical detection of the enzy-
matic reaction offers superior sensitivity. The disadvantage 
of the electrochemical detection method is the complexity 
of the electrochemical immunosensor coupled with limited 
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options for enzymatic labels that can generate electroac-
tive enzymatic products (Ricci et  al. 2012). Thermoelec-
tric sensing of the heat product of the enzymatic reaction 
between a substrate and an enzyme linked to a detection 
antibody eliminates the need for complex optical systems 
while offering good sensitivity and fast response time.

Thermopiles are used as sensors in thermoelectric detec-
tion systems for detection of biochemical reactions because 
they have high common-mode thermal noise rejection and 
are well suited for miniaturization (Tangutooru et al. 2012). 
Thermoelectric methods have been used successfully in 
the past to measure small amounts of heat released during 
enzymatic reaction due to the remarkable sensitivity and 
room-temperature stability of thin-film thermopiles when 
operated in laminar flow streams. Levels of glucose (Guil-
beau et  al. 1987a, b; Muehlbauer et  al. 1990), urea, and 
penicillin (Bataillard et al. 1993; Xie and Danielsson 1996) 
were measured by detecting the heat of the enzymatic reac-
tion using thermopiles. Exothermic heat for glucose oxida-
tion in the presence of glucose has been previously meas-
ured using antimony–bismuth thermopiles. The exothermic 
heat that is generated is estimated to be -79 kJ mol−1. Glu-
cose was detected thermoelectrically in both water (Tan-
gutooru et al. 2012) and blood flowing under laminar flow 
conditions (Guilbeau et  al. 1987a, b). The chemical reac-
tion for oxidation of glucose in the presence of glucose oxi-
dase is:

Microfluidic calorimeters with integrated thermopiles 
detect the exothermic heat released during a chemical reac-
tion and can be used to characterize a variety of chemical 
processes that do not require labeling of the analyte. Micro-
fluidic calorimeters have the advantages of fast response 
and low application cost, combined with the capability of 
analyzing a small quantity of sample. They also provide the 
opportunity for portability and possible parallel process-
ing. Calorimetry is an excellent tool for analysis of a broad 
spectrum of biochemical reactions. The output of the calo-
rimeter depends on the flow rate, the concentration of the 
reactants as well as where the reaction occurs with respect 
to the hot junction of the thermopile (Zhang and Tadiga-
dapa 2004). Measurement of small temperature changes 
using thermopiles requires control of the thermopile ref-
erence junction temperature to accurately differentiate the 
thermal signals from the noise (Lerchner et al. 2006).

Mathematical models of calorimeters with integrated 
thermopiles have proven to be helpful in specifying impor-
tant parameters for optimal sensor design and perfor-
mance. The effect of flow rates on the thermopile output 
of thermoelectric biosensor for glucose monitoring was 

(1)
Glucose+ O2 + H2O

GlucoseOxidase
−→ GluconicAcid+ H2O2 + 79 kJmol

mathematically modeled (Wang and Lin 2005). Results 
indicated that increasing the flow rates increases the heat 
loss via convective heat transfer and forced convection 
and as a result decreases the magnitude of the thermopile 
response. The effects of oxygen concentration, enzyme 
concentration, and flow rates on the thermoelectric signal 
for a glucose sensor were mathematically and experimen-
tally analyzed (Muehlbauer et al. 1989). The magnitude of 
the thermopile output was proportional to the concentration 
of oxygen and enzyme and was inversely correlated with 
the velocity of the flow. Finite element methods have been 
used to optimize the thickness of the channel wall, length 
of reaction zone, and insulation to increase the signal for a 
thermoelectric enzyme sensor (Yiqun et al. 1995).

In this paper, we present an unsteady-state mathemati-
cal model that describes the temperature distribution and 
thermopile response in a microfluidic system for perform-
ing thermoelectric ELISA. In thermoelectric ELISA, the 
concentration of the analyte is determined by measuring 
the heat of the enzymatic reaction between a substrate and 
enzyme-linked reporter antibody using a thin-film ther-
mopile. It is a new, rapid, easy-to-use, and inexpensive 
method for detection and quantification levels of analytes 
in biological and environmental matrixes. Lab-on-a-chip 
thermoelectric ELISA decreases the cost of the reagents 
and increases the potential for miniaturization and paral-
lel processing by connecting multiple thermopiles. Mul-
tiple biological samples can be analyzed simultaneously 
by incorporating the array of thermopiles with a replace-
able support for immobilization of the antigen or analyte. 
Additionally, the thermoelectric ELISA offers versatility in 
selecting the enzymatic label since the principle of opera-
tion is based on detecting the heat of the reaction.

Mathematical simulation of the thermopile response 
correlates with experimental results obtained by detecting 
8-hydroxydeoxyguanosine (8OHdG) in mouse urine sam-
ple. 8OHdG is a biomarker of generalized oxidative stress 
and is linked to a number of aging-associated degenerative 
diseases such as cancer, diabetes, and atherosclerosis (Wu 
et al. 2004). In prior experimental study of thermoelectric 
ELISA, levels of 8OHdG were measured by binding to a 
monoclonal anti-8OHdG antibody that is immobilized to 
the surface of the lower channel wall of the microfluidic 
device and subsequent detection using glucose oxidase-
conjugated secondary antibody. Glucose was introduced 
in the microfluidic system, and the heat of the enzymatic 
reaction was detected using thin-film antimony–bismuth 
thermopiles (Nestorova et al. 2015). While in the previous 
experimental work, the thermopile reference junctions were 
not under temperature control, the experimental result pre-
sented in this manuscript is obtained using Sb/Bi thin-film 
thermopile sensor that had reference junctions in contact 
with an aluminum heat sink. This experimental setup does 
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not allow heat dissipation from the measuring junctions to 
the reference junctions of the sensor and is relevant to the 
heat transfer mathematical simulations presented in this 
work.

1.1 � Overview of thermoelectric lab‑on‑a‑chip method 
for performing ELISA

The thermoelectric method for performing ELISA ana-
lyzed in this paper measures the heat generated in reaction 
(1). The analyte is bound to a capture antibody, and the 
concentration of the analyte is determined using enzyme 
labeled detection antibody. The primary antibody is immo-
bilized to the microfluidic device channel wall to form a 
capture antibody/analyte/detection antibody complex. This 
complex is then exposed to a laminar flow stream of liquid 
to which the substrate for the enzymatic reaction is added. 
The heat released during the enzymatic reaction increases 
the temperature of the analyte/antibody complex, causing 
a transfer of heat from the complex to the fluid flowing in 
a laminar flow over the complex and toward the thermopile 
sensor. The temperature of the lower channel wall, under 
the reaction zone, increases when glucose is oxidized. The 

temperature change is detected by the measuring junctions 
of the thermopile, but not by the reference junctions. The 
change in the thermopile emf resulting from the increased 
temperature difference is measured with a nanovoltmeter. 
The magnitude of the thermoelectric signal is related to 
the concentration of the captured analyte.

Thermoelectric detection of the enzymatic reac-
tion between the glucose oxidase labeled detection anti-
body and glucose was performed in a microfluidic device 
(Fig.  1a). The microfluidic chip consisted of two inlets 
and a single outlet. The lower channel wall consisted of 
a 25  mm  ×  75  mm streptavidin-coated glass cover slip. 
The upper channel wall consisted of a 25  mm ×  75  mm 
microscope glass slide. The thickness of the glass slide was 
1 mm, and the thickness of the cover slip was 175 μm. The 
channel was fabricated using 100-μM-thick double-sided 
Kapton® tape. The measuring junctions of the thermopile 
were positioned over an aluminum heat sink, while the ref-
erence junctions were positioned over an air gap built in 
the aluminum holder. This experimental setup prevents the 
temperature of the reference junctions to increase due to the 
heat released during the enzymatic reaction (Fig. 1b). Dur-
ing operation, simultaneous laminar flow at inlet 1 and inlet 
2 restricts the substrate mixture to the middle of the region 
of the flow channel, in the vicinity of the sensing thermo-
pile junctions. The chemical reagents are transported in the 
microfluidic device via the motion of fluids. The motion of 
fluids inside the channel could be efficiently controlled by 
flow focusing. Hydrodynamic focusing of fluids is achieved 
when the sample flow from inlet 2 is constrained laterally 
within the center of the channel by the flow of inlet 1 chan-
nel. The width of the focused stream can be controlled by 
adjusting the relative flow rates of inlet 1 and inlet 2 (Lee 
et al. 2006). The integration of the microfluidic components 
with the fluid handling and the data acquisition system was 
described in previously published work (Nestorova et  al. 
2015).

2 � Experimental section

2.1 � Mathematical model

A mathematical model that simulates the heat transfer 
within the microfluidic device as a result of the enzymatic 
reaction between glucose conjugated to an IgG detection 
antibody and glucose oxidase was developed and solved 
using fundamental numerical methods. A side view sche-
matic of the microfluidic device is shown in Fig.  2. The 
model predicts the output voltage change of a thin-film 
thermopile attached to the lower channel wall of the device. 
The model assumes that the mass flow rate and the physi-
cal properties of the materials and the solution are constant 

Fig. 1   a Schematic of microfluidic device with integrated thin-film 
thermopile. A is inlet 1 that supplies the buffer solution that hydro-
dynamically constrains the glucose solution, B is inlet 2 that supplies 
glucose, C is outlet/waste, D is Kapton tape that forms the channel 
wall, and E is the thermopile. b Exploded view of microfluidic device 
and aluminum holder. A is the top of the holder, B is the microflu-
idic device, C is the bottom part of the holder, and D is the air gap. 
The reference junctions of the thermopile are in contact with the alu-
minum block that serves as a heat sink and maintains constant tem-
perature. The area of the reaction zone is located above the measuring 
junctions of the thermopile which is positioned over the air gap
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and the system is well insulated. Other assumptions that are 
included in the model are homogeneous heat generation 
and negligible axial mass diffusion.

Energy balances were performed for the fluid flowing 
within the channel of the device, the channel wall adjacent 
to the respective reaction zone, and the thermopile support. 
The general form of the energy balance equation is:

The rate of accumulation of thermal energy within the 
system = the net rate at which thermal energy enters 
the system as a result of bulk fluid flow + net rate at 
which thermal energy enters the system via conduc-
tion and/or convection +  volumetric rate of thermal 
energy generation by the enzymatic reaction.

The temperature difference detected by the thermopile 
(polyimide temperature below the reaction zone–polyim-
ide temperature below the rinse solution) depends on the 
geometry of the microfluidic device, the physical proper-
ties of the system, the rate of flow through the chip, and the 
concentration of the substrate and the enzyme. The result-
ing mathematical model consisted of five ordinary differ-
ential equations that predict the change in the temperature 
of the fluid above the reaction zone, the two walls of the 
microfluidic channel above and below the reaction zone, 
the polyimide thermopile support film which is in contact 
with the measuring and reference junctions of the thermo-
pile, and the acrylic tape that protect the thermopile. The 
equations were solved using the Radau numerical integra-
tion method for stiff systems. The thermopile output as a 
function of time was calculated by multiplying the theo-
retical thermopile sensitivity and the predicted variation 
in wall temperature assuming a 60-junction antimony–bis-
muth thin-film thermopile with a theoretical sensitivity of 

7.14 µV mK−1. A summary of the simulation parameters is 
given in Table 1.

The model assumes that the enzymatic reaction occurs 
at the inner surface of the lower channel wall, directly atop 
the measuring junctions of the thermopile. The upper chan-
nel wall of the microfluidic device is a 1.0-mm-thick glass 
microscope slide. The lower channel wall consists of a 
175-μm-thick glass cover slip. The thermopile is fabricated 
on 125-micron-thick polyimide tape and is protected with 
acrylic tape. The hydraulic diameter of the channel was cal-
culated using Eq. (2):

where h1 is the height of the microfluidic device channel 
and w is the width of the reaction zone.

The thermal convection coefficient assuming the proper-
ties of pure water was calculated using Eq. (3):

where the Nusselt number for fully developed laminar flow 
in a rectangular flow channel when the ratio of width to 
height of the channel is infinity is equal to 7.54. (Incropera 
2011) The values for the overall heat transfer coefficients 
for each layer were calculated according to Eqs.  (4), (5), 
(6), (7), (8), and (9).

The area where the enzymatic reaction occurs is labeled as 
As. The heat generated by the enzymatic reaction, labeled as 

(2)Dh =
2wh1

w+ h1

(3)H1 = 7.54
kwater

Dh

(4)
U0 =

1

1

H0
+

h0
2

k0

(5)
U1 =

1

1

H1
+

h0
2
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(6)
U2 =

1

1

H1
+
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2
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2
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+
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2
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1
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2
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+
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2
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U5 =

1

1
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+
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Fig. 2   Side view schematics of the microfluidic device. Upper chan-
nel wall is formed of glass slide; lower channel wall is formed of 
glass cover slip. The channel is filled with the buffer. Thin-film Sb/
Bi thermopile is fabricated on polyimide support and attached to the 
outer surface of the lower channel wall using highly thermally con-
ductive silver compound. The thermopile is protected with thin layer 
of acrylic tape. T1, T2, T3, T4, and T5: temperatures in the middles 
of each layer. H1, H2, H3, H4, and H5 and convection and conduc-
tion coefficient. U1, U2, U3, U4, and U5 are the overall heat transfer 
coefficients for each layer. h1, h2, h3, h4, and h5 are the thickness of 
each layer
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Table 1   Values of parameters used in the mathematical simulations

Symbols Parameters Values Units

Glass slide Glass

 ρ0 Glass density 2.6 gm cm−3

 C0 Glass heat capacity 0.2 cal gm−1 K−1

 K0 Glass thermal conductivity 0.96 W m−1 K−1

 h0 Glass slide thickness 1 × 10−3 m

 T0(0) Initial glass slide temperature 298 K

Fluid Water

 ρ3 Water density 1.0 gm cm−3

 C3 Water heat capacity 1.0 cal gm−1 K−1

 K3 Water thermal conductivity 0.58 W m−1 K−1

 Tin Inlet water temperature 298 K

 T1(0) Initial water temperature 298 K

 H1 Water convection coefficient 22,590 W m−2 K−1

 h1 Channel height 1 × 10−6 m

Glass coverslip Glass

 ρ0 Glass density 2.6 gm cm−3

 C0 Glass heat capacity 0.2 cal gm−1 K−1

 K0 Glass thermal conductivity 0.96 W m−1 K−1

 h0 Glass coverslip thickness 175 × 10−6 m

 T2(0) Initial glass coverslip temperature 298 K

Thermopile Polyimide tape

 ρ2 Polyimide density 1.42 gm cm−3

 C2 Polyimide heat capacity 0.26 cal gm−1 K−1

 K2 Polyimide thermal conductivity 0.155 W m−1 K−1

 h3 Polyimide thickness 125 × 10−6 m

 T3(0) Polyimide initial temperature 298 K

Protective tape Acrylic tape

 ρ4 Acrylic density 1.2 gm cm−3

 C4 Acrylic heat capacity 0.35 cal gm−1 K−1

 K4 Acrylic thermal conductivity 0.2 W m−1 K−1

 h4 Acrylic thickness 109 × 10−6 m

 T4(0) Acrylic initial temperature 298 K

Air Air

 ρ1 Air density 1.29 × 10−3 gm cm−3

 C1 Air heat capacity 0.239 cal gm−1 K−1

 K1 Air thermal conductivity 0.0227 W m−1 K−1

 H0 Air convection coefficient 25 W m−2 K−1

 Tinf Air temperature 298 K

Q Flow rate 25 μL min−1

 As Area of reaction zone 24 × 10−6 mm−2

 Surf_heat Power of reaction 1.22 × 10−6 J s−1

 Scoef Seebeck coefficient 7.2 μV mK−1

 J Energy of the reaction 73.3 × 10−6 J

Glass slide Glass

 ρ0 Glass density 2.6 gm cm−3

 C0 Glass heat capacity 0.2 cal gm−1 K−1

 K0 Glass thermal conductivity 0.96 W m−1 K−1

 h0 Glass slide thickness 1 × 10−3 m

 T0(0) Initial glass slide temperature 298 K
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surf_heat, was calculated by considering the activity of glu-
cose oxidase according to the vendor (Abcam, Cambridge, 
MA), moles of capture antibody, and analyte immobilized 
within the reaction zone. The rate of energy conversion per 
unit time is calculated according to the equation below:

where J is the energy released during the enzymatic reac-
tion. One unit of the enzyme oxidizes 1 µmol of glucose to 
gluconic acid per minute. Due to steric interactions of the 

(10)Surf_heat =
J

sec

surface immobilized antibodies, 928  fmols can be immo-
bilized within the reaction zone, directly above the meas-
uring junctions of the thermopile. The maximum concen-
tration of 8OHdG captured within the area of the reaction 
zone is 928 fmols. It corresponds to 0.93 × 10−3 units of 
glucose oxidase immobilized over the reaction zone (Wise-
man and Frank 2012). The concentration of the enzyme 
limits the amount of glucose that can be oxidized per unit 
time. Based on the specific activity of glucose oxidase, it 
is calculated that 930  pmols of glucose can be converted 
to gluconic acid per minute. Oxygen concentration during 

Table 1   continued

Symbols Parameters Values Units

Fluid Water

 ρ3 Water density 1.0 gm cm−3

 C3 Water heat capacity 1.0 cal gm−1 K−1

 K3 Water thermal conductivity 0.58 W m−1 K−1

 Tin Inlet water temperature 298 K

 T1(0) Initial water temperature 298 K

 H1 Water convection coefficient 22,590 W m−2 K−1

 h1 Channel height 1 × 10−6 m

Glass coverslip Glass

 ρ0 Glass density 2.6 gm cm−3

 C0 Glass heat capacity 0.2 cal gm−1 K−1

 K0 Glass thermal conductivity 0.96 W m−1 K−1

 h0 Glass coverslip thickness 175 × 10−6 m

 T2(0) Initial glass coverslip temperature 298 K

Thermopile Polyimide tape

 ρ2 Polyimide density 1.42 gm cm−3

 C2 Polyimide heat capacity 0.26 cal gm−1 K−1

 K2 Polyimide thermal conductivity 0.155 W m−1 K−1

 h3 Polyimide thickness 125 × 10−6 m

 T3(0) Polyimide initial temperature 298 K

Protective tape Acrylic tape

 ρ4 Acrylic density 1.2 gm cm−3

 C4 Acrylic heat capacity 0.35 cal gm−1 K−1

 K4 Acrylic thermal conductivity 0.2 W m−1 K−1

 h4 Acrylic thickness 109 × 10−6 m

 T4(0) Acrylic initial temperature 298 K

Air Air

 ρ1 Air density 1.29 × 10−3 gm cm−3

 C1 Air heat capacity 0.239 cal gm−1 K−1

 K1 Air thermal conductivity 0.0227 W m−1 K−1

 H0 Air convection coefficient 25 W m−2 K−1

 Tinf Air temperature 298 K

 Q Flow rate 25 μL min−1

 As Area of reaction zone 24 × 10−6 mm−2

 Surf_heat Power of reaction 1.22 × 10−6 J s−1

 Scoef Seebeck coefficient 7.2 μV mK−1

 J Energy of the reaction 73.3 × 10−6 J
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the enzymatic reaction was 0.2  mM that corresponds to 
atmospheric levels of oxygen. The amount of heat that is 
generated by the enzymatic reaction for 8OHdG surface 
concentration of 928  fmols is 1.22  µJ  s−1. The duration 
of the enzymatic reaction is defined by the volume of the 
injection sample containing glucose and the flow rate.

Five differential equations were developed and solved 
using fundamental numerical method, Eqs.  (11)–(15). For 
the mathematical simulations presented below, the heat 
source is included within the cover slip. While the reaction 
zone sits atop the coverslip, due to its small thickness, the 
model simulates it as part of the glass. Assigning a zone of 
its own will not lead to significant changes in the tempera-
ture distribution in the system.

Glass equation:

Fluid equation:

Cover slip equation:

Polyimide tape equation:

Acrylic tape equation:

Simulations were performed using different flow rates and 
different volume of injected glucose (55 mM; Table 2).

2.2 � Experimental methods

Materials and methods for the detection of 8OHdG are 
described in previously published work (Nestorova et  al. 
2015). Briefly, anti-8OHdG capture antibody conjugated 

(11)

ρ0c0V0

(

d

dt
T0(t)

)

= U1As(T1(t)− T0(t))

− U0As(T0(t)− Tinf)

(12)

ρ3c3V1

(

d

dt
T1(t)

)

= U2As(T2(t)− T1(t))

+ Qρ3c3(Tin(t)− T1(t))

− U1As(T1(t)− T0(t))

(13)

ρ0c0V2

(

d

dt
T2(t)

)

= surf_heat(t)− U2As(T2(t)− T1(t))

− U3As(T2(t)− T3(t))

(14)

ρ2c2V3

(

d

dt
T3(t)

)

= U3As(T2(t)− T3(t))

− U4As(T3(t)− T4(t))

(15)

ρ4c4V4

(

d

dt
T4(t)

)

= U4As(T3(t)− T4(t))

− U5As(T4(t)− Tinf)

to biotin was immobilized to the streptavidin-coated lower 
channel wall of the microfluidic device, in the area directly 
above the measuring junctions of the thermopile. The ana-
lyte, 8OHdG, was captured by the primary antibody and 
detected using secondary IgG antibody conjugated to glu-
cose oxidase. A 50  mM citrate/phosphate buffer, pH 5.3, 
was introduced through inlet 1 of the microfluidic device. A 
50 mM citrate/phosphate buffer, pH 5.3, buffer solution con-
taining glucose was introduced through inlet 2 of the micro-
fluidic chip. The glucose-containing solution was hydrody-
namically focused over the reaction zone, and the heat of the 
enzymatic reaction between glucose and glucose oxidase 
was detected by the thermopile. The flow rates used for the 
experiment were 100 μL min−1 for inlet 1 and 25 μL min−1 
for inlet 2. The size of the reaction zone was 3 mm × 6 mm, 
and the concentration of glucose was 55 mM. The volume 
of the injected glucose sample was 52 μL.

While previously published work was done using ther-
mopile sensor that are not under a temperature control, 
the experimental results presented in this manuscript were 
obtained using a microfluidic device with integrated Sb/Bi 
thin-film thermopile that had have reference junctions in 
contact with an aluminum heat sink to prevent heat dissipa-
tion toward the reference junctions of the thermopile.

3 � Results and discussion

Mathematical simulations were performed using a flow 
rate of 25 μL min−1 through inlet 2 and a glucose sample 
volume of 52 μL. The model predicts a maximum surface 
heat of 1.22 μJ that produces a maximum thermopile ther-
moelectric emf change of 2.45 μV (Fig.  3a, b). The pre-
dicted thermopile signal duration is 250  s. The maximum 
thermopile output is reached 80 s from the initiation of the 
enzymatic reaction between glucose and glucose oxidase. 
The experimental value of the thermopile signal response 
obtained using the same parameter was 2.2 μV. The values 
of the predicted and the experimental values for the peak 
height of the signal are in close agreement and validate the 
accuracy of the mathematical model (Fig. 3b).

Reducing the sample injection volume from 52 to 26 μL 
and the flow rate from 25 to 12.5 μL min−1 decreased the 

Table 2   Parameters used for mathematical simulations of heat trans-
fer in the microfluidic system

Simulation number Inlet 2 flow rate 
(μL min−1)

Glucose (55 mM) 
volume (μL)

1 25 52

2 25 26

3 12.5 52

4 12.5 26
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total amount of heat that is generated by the reaction, the 
duration of the thermopile response, and the magnitude 
of the thermopile response peak height. The duration of 
the predicted thermopile response decreases from 250 to 
190  s as the volume of introduced substrate is decreased 
from 52 to 26 μL, while the flow rate was maintained at 
25  μL  min−1. Under the same experimental conditions, 
the peak height of the predicted thermopile response 
decreased from 2.45 to 1.9 μV (Fig.  4a). Decreasing the 
volume of injected glucose while maintaining flow rate of 
12.5 μL min−1 reduces the peak of the thermopile signal 
from 3.8 to 3.1 μV and the duration of the thermoelectric 
response from 400 to 300 s (Fig. 4a). Reducing the volume 
of glucose decreases the duration of the reaction, and as a 
result less heat is detected by the thermoelectric sensor and 
can be dissipated faster. The rate of heat dissipation can 
be further increased by increasing the flow rate, but at the 
expense of signal strength.

Reducing the flow rate of inlet 2 from 25 to 
12.5 μL min−1 while maintaining the same volume of glu-
cose affected the magnitude and duration of the predicted 
thermopile signal. Simulations using a 26 μL glucose sam-
ple volume predicted that the magnitude of the thermopile 
signal will decrease from 3.1 to 1.9 μV as the flow rate is 
increased. The same trend was observed when the glucose 
volume was 52 μL. Under those experimental conditions, 
the signal increased from 2.45 to 3.8 μV as the flow rate 
decreased (Fig. 4a). Additionally, as the flow rate decreases, 
the temperature change of the polyimide thermopile sup-
port is reduced from 0.55 to 0.25 mK (Fig. 4b). The tem-
perature of the fluid in the channel will increase from 0.35 
to 0.55 mK as the velocity of the fluid is reduced (Fig. 4c). 
This is caused by a combination of two factors. Lower flow 

rate allows for longer time of diffusion of the substrate to 
the lower channel wall, and as a result more glucose mol-
ecules react with the enzyme. After the enzymatic reaction 
is completed, the temperature of the reaction zone starts to 
decrease. When the flow rate is reduced, the rate of heat 
efflux through the flow stream also decreased. This leads 
to lower rate of heat dissipation from the reaction zone and 
increase in the thermoelectric signal response.

The mathematical model assumes that there is no lateral 
heat transfer from the reaction zone toward the reference 
junctions of the thermopile. Because the reference junc-
tions of the thermopile were positioned over a heat sink, 
the heat that dissipated toward the reference junctions of 
the thermopile was transferred toward the aluminum heat 
sink. As a result, the reference junctions are under constant 
temperature control (Fig. 1b). Since the output of the ther-
mopile is a function of the difference between the measur-
ing and reference junctions, maintaining the reference junc-
tions over a heat sink increases the sensitivity of the sensor.

Oxygen concentration is an important factor that 
affects the efficiency of the enzymatic reaction. The 
number of glucose molecules that are converted to glu-
conic acid depends on the number of enzyme molecules 
that are immobilized within the area of the reaction 
zone and the activity of the enzyme. The enzymatic 
reaction converts 930 pmols of glucose to gluconic acid 
that consumes 930 pmols of oxygen per minute. For a 
flow rate of 25 μL min−1 and atmospheric oxygen lev-
els, 5000 pmols of oxygen is introduced in the system 
per minute. According to these calculations, atmos-
pheric levels of oxygen are not a limiting factor in our 
experiments. Oxygen concentration becomes a limit-
ing reaction factor when the concentration of oxidized 

Fig. 3   a Mathematical simulation of surface heat change as a func-
tion of time. The flow rate of the substrate (glucose, 55  mM) is 
25 μL  min−1, and the injection sample volume is 52 μL. b Math-
ematical simulation and experimental results for thermopile signal 

response. Substrate flow rate is 25 μL min−1, and glucose (55 mM) 
injection volume is 52 μL. The temperature difference between the 
measuring and the reference junctions of the thermopile is recorded 
by a nanovoltmeter and processed using LabView software
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glucose molecules per minute increases to more than 
5 nmols. This is a function of reaction zone size, spe-
cific activity of enzyme, and concentration of glucose.

The optimal conditions for performing ELISA are a 
balance between signal strength that relates to sensitiv-
ity of detection and the duration of the signal. The math-
ematical simulations reveal that higher flow rate coupled 
with decreased sample injection volume decreased the 
time it requires for the signal response to reach maximum 
height while maintaining measurable signal response.

4 � Conclusions

The mathematical model, described in this manuscript, 
is a valuable tool that can be used to maximize the sig-
nal output and optimize the parameters and design of the 
microfluidic device for performing thermoelectric ELISA. 
Experimental results correlate with the predicted values for 
the thermopile voltage output. Mathematical simulations 

confirm that the duration of the enzymatic reaction and 
the velocity of the fluid have significant effect on the ther-
mopile response. Future work will include improving the 
design of the microfluidic device to reduce heat loss and 
increase sensitivity and magnitude of the signal. This will 
include selecting and testing of materials for fabrication 
of the upper channel that have lower thermal conductivity. 
Reducing the thermal conductivity and heat capacity of the 
material that forms the lower channel wall decreases the 
loss of heat toward the thermopile. In a second generation 
of the lab-on-a-chip device, the thermoelectric sensor will 
be deposited on the inside of the lower channel wall and 
protected by a thin layer of insulating material.
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