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Abstract

This paper proposes and demonstrates a novel
microcalorimetric sensor for detecting BCG (Bacillus
Calmette-Guerin). In order to eliminate additional he-
ating structures and calibration steps, a split-flow
microchannel is integrated with the microcalorime-
ter. The split-flow microchannel keeps the output of
the microcalorimeter constantly near a zero level
without any heating elements when there is no bio-
chemical reaction. By using the split-flow micro-
channel, an active heating element such as a heater
is no longer required. And, in order to improve the
sensitivity of the microcalorimeter, a thermal sensing
component, a thermopile in this case, has been fa-
bricated on a high thermal resistivity layer, which re-
duces a parasitic heat transfer to the silicon sub-
strate and makes released thermal energy concen-
trated to the thermopile. The characteristics of the
proposed microcalorimeter were investigated by
measuring the reaction heat of the biotin-strepta-
vidin pairs. The sensitivity was measured to be 0.8
W . sec/cal. Then, a biological reaction between BCG
and its antibody was detected using the proposed
microcalorimeter. In order to verify the reliability of
the measurement, exactly the same amount of BCG
was reacted with its antibody, and the optical den-
sity was measured using an enzyme-linked immuno-
sorbent assay as a known reference.
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Introduction

BCG (Bacillus Calmette-Guerin) has been reported
to be one of the types of mycobacterium tuberculosis
that causes most cases of tuberculosis. There are

several standard methods for detecting BCG such as
amicroscopic examination with acell culture, ELISA
(enzyme-linked immunosorbent assay), and PCR-
based detection'. These methods are widely used,
but generally require a one-working-day procedure
for detection. Considering that the clinical progress
of BCG infection is so fast and induces high mor-
tality after a delayed treatment, a real-time detection
of BCG will be very helpful toward an early treat-
ment for a better prognosis.

Various MEM S-based biosensors have been deve-
loped based on surface plasmon resonance (SPR)*,
fluorescence®, mechanical bending®, and nano-mater-
ials’ for afast and real-time diagnosis. These MEMS-
based sensors have the advantages of a small size,
fast detection, and high sensitivity, although they
require bulky optical instruments or need complex
fabrication steps. For simpler and faster BCG dete-
ction, a MEM S-based microcalorimeter can be consi-
dered as a strong candidate. It produces an electrica
potential upon detection of a release or absorption of
thermal energy due to biochemical reactions®. Fur-
thermore, it does not need any immobilization pro-
cess, and can be reused with a ssimpler biomolecule
detection process.

Most of the researches related to the microcalori-
meter have focused on high sensitivity and an accu-
rate measurement. The electrical potential is proport-
ional to temperature differences between the hot and
cold junctions of the thermopile. For higher sen-
sitivity, it is important to maximize the temperature
differences between the junctions. Thus, there have
been various efforts to minimize parasitic heat trans-
fer to a substrate in order to maximize these tempera-
ture differences'®™. However, the hot junctions of the
previous microcalorimeters still contacted with a
high-thermal-loss substrate, a thin silicon diaphragm.

To achieve an accurate measurement, the hot and
cold junctions have to be set at a constant temperatu-
re before a biochemical reaction process'?. With resp-
ect to the feasibility of the junctions to maintain a
constant temperature, microcal orimeters can be class-
ified into two types: active and passive. Although a
passive type is simple to fabricate!®, most of the
microcalorimeters adopt an active heating element,
which can make the temperatures of both junctions
the same by heating the hot junctions'®. However, the
additional heating structure makes the fabrication and



measurement process more complex.

This work demonstrates an accurate passive micro-
calorimeter. To improve sensitivity, a high thermal
resistivity layer was used between the substrate and
thermal components. For accurate measurement, the
split-flow microchannel was introduced. The propos-
ed sensor was characterized by measurement of the
reaction heat of biotin-streptavidin pairs. Then, the
reaction heat of BCG and its antibody, o-BCG in this
case, was detected by the sensor.

Results and Discussion

The biochemical reaction between BCG and its
antibody, live BCG and a-BCG from a rabbit in this
case, was detected using the proposed device. A tota
of 14 pairs of microcalorimeter were used for the me-
asurements.

At first, 6 uL of BCG was injected into both cham-
bers. 3uL of the injected BCG was applied to the re-
action chamber, which included 1.0 x 10°, 1.0 x 10°,
1.0x 107, 1.0x 108, and 1.0x 10° Colony Forming
Units (CFU) of BCG. Then, 3 uL of 300 ng/uL a-
BCG was applied into the reaction chamber only. Fi-
nally, output signal changes due to the biochemical
reaction between BCG and o-BCG were recorded us-
ing a voltage meter.

Detection of BCG

In order to investigate the effects of the impact of
biomolecule injection, BCG was injected three times
before the injection of a-BCG. Insignificant changes
in the output signals due to the BCG injection itself
were observed when there was no biochemical reac-
tion. But there was a noticeable signal change only
when o-BCG was injected into the reaction chamber.
Figure 1(a) shows the measured output voltages acco-
rding to the amount of BCG. When a-BCG was in-
jected, apeak in the output voltage changes occurred,
and this change was recovered after about 20 seconds.
The measurements for each amount of BCG were re-
peated 30 to 40times.

The measured output voltages can be transformed
into generated energies, which are called output sig-
nals, by calculating the area of the measured output
voltages. The output signals according to the amount
of BCG were 5.01x107%2, 2.07x 1071, 5.74x 107%,
2.20x 107 and 5.13x 107° W - sec as shown in
Figure 1(b). And the reaction heats of BCG and its
antibody can be calculated. The calculated reaction
heats of BCG according to its amount were 1.19 x
107%?,4.93x 10", 1.37x 10", 5.24x 10", and
1.22 x 1071 calories. And the reaction heats per CFU
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Figure 1. Results of BCG detection; (a) The measured
output voltages according to the amounts of BCG, (b) the
calculated output signals according to the amounts of BCG.

of BCG decreased from 1.19x 10™% to 1.22x 10™1°
cal/CFU as the amount of BCG increased. This me-
ans that the number of binding sites per bacteria de-
creases as the ratio between the injected amounts of
BCG and 0-BCG decreases. Table 1 lists the cal-
culated reaction heats from the measured output vol-
tages.

Verification of the Detection Results by the
Split-flow Microcalorimeter

The measured results using the proposed micro-
calorimeter were verified by demonstrating several
control experiments. The control experiments could
be classified into two types, largely. The first type
was for checking whether the output signals were ori-
ginated from only the biochemical reaction. For this,
the effects by a solution injection, non-specific bind-
ing, and different buffered solution were examined.
And the second type was for checking the feasibility
of the proposed microcalorimeter as a biosensor by
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Table 1. Measured output signals and calculated reaction
heats of BCG-antibody reaction according to the amounts of
BCG.

Measured output

The amount signal (W - sec) Calculated

o(fC ?:8()3 Sendard reaction heat
cal
Average variation (ca)
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Figure 2. Results of the cases of negative control; Antibody
for E. coli instead of BCG was used, and the measured out-
put signals were very insignificant compared with the results
of BCG detection.

comparing it with ELISA.

First of al, in order to examine the effects due to
solution injections themselves and non-specific bind-
ings, a control antibody, which is a specific antibody
for E. coli, was used instead of o-BCG, and its re-
sulting heat was then measured.

As shown in Figure 2, the output signal changes
due to the non-specific binding and solution injection
are insignificant compared with the results of BCG
detection. This means that the thermal energy and
considerable output voltage changes were originated
from only the biochemical reaction of BCG and its
antibody.

Furthermore, the BCG detection results of the pro-
posed microcalorimeter were verified using ELISA,
which is one of the most popular immunoassays. The
exact same amounts of BCG were reacted with o-
BCG, and the optical density was measured using
ELISA. As shown in Figure 3, the two experimental
results correspond well, showing the possibility of
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Figure 3. Comparison of results between the microcalo-
rimeter and ELISA.

low-cost quantization of biomedical materials.

Conclusions

A novel split-flow microcalorimeter was designed
and fabricated using polymer-based micromachining.
Even though the proposed microcalorimeter is of a
passive type without a heating structure, the output
signal was maintained at a nearly zero level by using
the split-flow microchannel when there was no bio-
chemical reaction. At the same time, the split-flow
microchannel reduced the measurement time because
the calibration steps were eliminated. The thermal
sensing component was fabricated on a high thermal
resistivity layer to improve sensitivity. The split-flow
microcalorimeter was characterized by measuring the
reaction heat of biotin-streptavidin pairs. Its sensiti-
vity was 0.8 W - sec/cal. After its characterization,
BCG of various amounts was detected. The measured
reaction heats of BCG and its antibody were from
1.19%x 10712, 4.93x 10 to 1.22x 10 %° calories.
The measurement results were compared to those
obtained by a commercially available system. The
proposed microcalorimeter has a smple structure and
measurement process. The microcalorimeter is also
compatible with most polymer-based microfluidic
components, which can be applied to various fields of
research such as Lab-on-a-chip.

Materials and Methods

Figure 4 shows conceptual and cross-sectional
views of the microcalorimeter. The proposed micro-
calorimeter consists of a thermopile with copper and
chrome pairs, one reaction chamber, two reference
chambers, and a PDMS microchannel. Details of the
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Reference chamber
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dimensions are as follows: (1) overal dimensions, 16
mm (L) x 8 mm (w); (2) width of the thermopile, 50
um; (3) length of the thermopile, 2.7 mm; (4) the
number of thermocouples, 42; (5) size of the reaction
chamber, 5mm (L) x 3mm (w) x 300 um (h); (6) size
of the reference chamber, 5mm (L) x1mm (w) X
300 um (h); (7) thicknesses of the 1% and 2™ SU-8
(SU-8 2100, MicroChem. Corp., USA) layers, 100
um and 300 um, respectively; (8) thickness of the
chrome and bismuth layer, 1 um; and (9) thickness of
the polyimide layer for insulating the thermopile, 2
um. Table 2 lists the geometrical parameters.

High Thermal Resistivity Layer for
Enhancing the Sensitivity of the
Microcalorimeter

Thermal energy due to a biochemical reaction is
transferred into the air, substrate, and thermal sensing
component, simultaneously. To enhance the sensiti-
vity of the sensor, it is important to make a concen-
trated transfer of the thermal energy into the thermal
sensing component, only.

The efficiency of a microcalorimeter is gauged by
the dimensionless figure of merit (Z - T), asshown in
Eq. 1.
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Z - T: Thefigure of merit

S: Seebeck coefficient (V - KtorV - °C™?)

o.: Electrical conductivity (Q™* - m™)

k: Thermal conductivity of the sensor (W/m - °C)
T: Temperature (°C)

Z-T

T (Eq. 1)
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Figure 4. Conceptua and
cross-sectional views of the
microcalorimeter.

Table 2. Geometrical parameters of the split-flow microcal-
orimeter.

Parameter Dimesion
Overall size 8 mmx 16 mm
Width of the thermopile 50um
Length of the thermopile 2.7mm

Reaction chamber
Reference chamber

3mmx 5mmx 300um
I mmx5mmx 300 um

The Seebeck coefficient (S) and electrical condu-
ctivity (o) are 19.97 uV - Kt and 1.45x 10’ Q' -
m~! in the case of copper and chrome pairs, which
are fixed by metal type. And the efficiency of the
microcalorimeter (Z) is inversely proportional to the
thermal conductivity of the sensor (k). Therefore, the
thermal conductivity, which consists of the thermal
conductivities of the substrate and PDMS channel,
has to be minimized to enhance the efficiency of the
microcalorimeter. In this case, since the thermal
conductivity of the substrate is much higher than that
of the PDMS microchannel (0.15W/m°C), it is
important to reduce the thermal conductivity of the
substrate. In this study, the thermal sensing com-
ponent is thermally isolated from the substrate by
using a high thermal resistivity (low thermal con-
ductivity) layer. It is inserted between the thermal
sensing component and the substrate layer to reduce a
parasitic heat transfer to the substrate. SU-8 is used
for the material of the high thermal resistivity layer.
Its thermal conductivity of 0.2 W/m°C is much less
than that of silicon (130 W/m°C).

The relationship between the rate of parasitic heat
transfer to the substrate per temperature change and
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the thermal resistance of the substrate can be exp-
ressed using Eqg. 2 and Eq. 3%.

R=L/(k - A)
R;: Thermal resistance (°C/W)
Thickness of alayer (m)

L
k : Thermal conductivity of alayer (W/m - °C)
A : Areaof alayer (m?

(Eq.2)

o} 1

S B Eq. 3
AT~ R,+R,, (Ea.3)

q

g : Therate of heat transfer per temperature chan-
ge (W/°C)

g : Therate of heat transfer (W)

AT : Temperature difference (°C)

R;,: Thermal resistance of the SU-8 layer (°C/W)

R;,: Therma resistance of the silicon substrate
(°c/w)

The thicknesses (L) of the silicon substrate and the
SU-8 layer are 500 and 100 um, respectively. The
area (A) of each layer is 15 mm?, which is the same
as that of the reaction chamber. Using Eq. 2, the the-
rmal resistances of the SU-8 layer (R,) and the sili-
con substrate (R;,) are calculated as 33.33 and 0.26°C
/W, respectively. At the same time, the rate of the
parasitic heat transfer to the substrate per tempe-
rature change is 3.85 W/°C when only a silicon sub-
strate is used. On the other hand, when the SU-8 lay-
er is used for the thermal resistivity layer, the rate of
the parasitic heat transfer to the substrate per temper-
ature change is calculated as 0.03 W/°C using Eq. 3.
This value is just 0.8% of that when only a silicon
substrate is used.

Meanwhile, it is also important to consider the ther-
mal conductivity of the thermal sensing component,
the thermopile in this case, for enhancing the sensi-
tivity of the sensor, since a highly thermal conducti-
vity of the thermopile reduces the temperature dif-

Capture biomolecule injection
into only reaction chamber and
electric potential changed

Figure 5. Measurement pr-
ocesses of the split-flow mi-
crocalorimeter.
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Figure 6. Performance of the split-flow microchannel. Ther-
mal noises due to the solution injection itself are compen-
sated by using the split-flow microchannel. This graph shows
the recovery of output voltages to a zero level through the sp-
lit-flow microchannel.

ference between hot and cold junctions. In this study,
the thermopile composed of 56 thermocouples has a
width of 50 um, thickness of 1 um, and length of 2.7
mm. And its thermal conductivity isabout 380W/m°C.
By using these parameters, Eq. 2 and Eq. 3, the
thermal resistance of the thermopile can be cal-
culated as 3,350°C/W, and the rate of the heat transfer
per temperature change through the thermopile can
be calculated as 2.99 x 10" *W/°C, which is much less
than that in the case of the substrate previously men-
tioned. This means that there is only an insignificant
heat transfer thorough the thermopile, so the thermal
conductivity of the thermopile is negligible.

Principle of the Split-flow Microchannel for
Removing an Additional Heating Element
Thermal calibration is an additional step required
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(1) Silicon substrate

(2) SU-8 spin-coating and patterning for a

high thermal resistivity layer

(3) Thermopile deposition and patterning by
using Cr and Bi

(5) SU-8 spin-coating and patterning for
defining chambers

for the elimination of thermal noises due to the
temperature of the injected solution itself when there
is no biochemical reaction. By using the thermal
calibration step, only signa changes due to the bio-
chemical reaction can be extracted. Generally, a
heater inserted under the hot junctions in the reaction
chamber has been used for thermal calibration. When
the output voltages are changed not by biochemical
reaction, but by the temperature of the solution itself,
the heater can compensate the changes. However, a
precise heater controller and additional fabrication
steps are required for using the heater. In this study,
the reference chamber on the cold junctions and the
reaction chamber on the hot junctions are integrated
within a single chip. Fluidic streams to each chamber
are controlled by the split-flow microchannel. The
microcalorimeter with the split-flow microchannel
can be self-compensated without an additional heat-

(6) PDMS channel integration with the thermal
components

(4) Polyimide spin-coating and patterning
for ainsulation layer

Figure 7. Simplified fabr-
ication process for the pro-
posed microcalorimeter; 4
masks are required for the
fabrication.

ing element, which makes the calibration steps no
longer required.

Figure 5 shows the measurement processes of the
split-flow microchannel without the thermal cali-
bration steps. A fluidic stream containing target bio-
mol ecules splits into the reaction and reference cham-
bers through the split-flow microchannel. The tem-
perature of this fluidic stream itself makes the tem-
peratures of the hot and cold junctions the same, and
offsets the external noises in both chambers to pro-
duce near-zero output voltages. Then, another fluidic
stream with the capture biomolecules is applied to the
reaction chamber on the hot junctions, only. The app-
lied capture biomolecules produce a reaction heat
with the target biomolecules, which produces the
temperature differences between the hot and cold
junctions. Finally, the voltage due to the biochemical
reaction heat in the reaction chamber is measured.
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The effect of a split-flow microchannel scheme is
demonstrated in Figue 6. It shows that, with an
injection of the same solution into each chamber, the
output of the proposed microcalorimeter is soon re-
covered to the zero level. Thermal noises due to the
solution injection itself are compensated by using the
split-flow microchannel.

Fabrication of the Microcalorimeter with the
Split-flow Microchannel

The thermopile is fabricated on the SU-8 layer as a
high thermal resistivity material. And the split-flow
microchannel is bonded to the thermopile. Figure 7
shows the simplified fabrication process.

First of all, a 100 um-thick SU-8 layer is spin-
coated on a silicon wafer to produce a high thermal
resistivity layer. Secondly, a0.1 um-thick Cr layer are
deposited on the SU-8 layer using a sputtering system
and patterned. After this patterning, 1 um-thick Bi is
deposited and patterned as crossed with the Cr pat-
terns. With these metal patterning processes, the

Probetip & micropositioner

thermopile, which is composed of 56 Cr-Bi pairs, is
realized. Then, a 2 um-thick polyimide (Pl-2611,
DuPont, USA) layer is spin-coated and dried for 6
hours at 95°C. And the polyimide layer is patterned
for exposing the contact pads of the thermopile using
areactive ion etcher. After the patterning of the poly-
imide layer, a 300 um-thick SU-8 layer is spin-coat-
ed. The SU-8 layer is patterned to define the reaction
and reference chambers. Lastly, the split-flow micro-
channel realized by using SU-8 and PDMS is bonded
to the substrate with the fabricated thermopile. The
overall dimensions of the microcalorimeter with the
split-flow microchannel were 16 mm in length and 8
mm in width. Figure 8 shows optical photographs of
the fabricated microcalori-meter and its package.

Characterizing the Microcalorimeter through
Measurement of Reaction Heat of Biotin and
Streptavidin Pairs

In order to verify the characteristics of the fabri-
cated microcalorimeter, generated heat due to the

Figure 8. The fabricated mi-
crocalorimeter and its packa-

ge

|-V meter

) ) Nano-
Microcal orimeter voltagemeter

I -V meter
H }/§= Figure 9. Measurement set-

[ ] up.
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Figure 10. The measured output signals according to the
concentration of streptavidin; the sensitivity of the sensor
was 0.8 W - sec/cal.

biotin-streptavidin reaction was measured using the
sensor. Figure 9 shows the measurement setup.

First, 6 uL of biotin was injected into both cham-
bers at a concentration of 400 uM. Only 3uL of bio-
tin among the injected solution was applied to the
reaction chamber. Then, 3 uL of streptavidin with
various concentrations of 1, 5, 10, 50, and 100 uM
was applied into the reaction chamber only. Finally,
the output signal changes due to the biochemical re-
action between the biotin-streptavidin pairs were re-
corded using a voltage meter (Semiconductor Chara-
cterization System 4200, Keithley). The measured
output signals of the microcalorimeter ranged from
5.68x 1072 to 3.85x 10 ° W - sec according to the
concentrations of streptavidin as shown in Figure 10.
By comparing the results with a known reference’®,
the output signals per generated heat can be calcul-
ated. The calculated output signals, which are the
sensitivity of the sensor, were 0.8 W - sec/cal.
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