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Short Abstract:
Here, we present three protocols for thermal measurements in microfluidic devices.

Long Abstract:

Thermal measurement techniques have been used for many applications such as thermal
characterization of materials and chemical reaction detection. Micromachining techniques
allow reduction of the thermal mass of fabricated structures and introduce the possibility to
perform high sensitivity thermal measurements in the micro-scale and nano-scale devices.
Combining thermal measurement techniques with microfluidic devices allows performing
different analytical measurements with low sample consumption and reduced measurement
time by integrating the miniaturized system on a single chip. The procedures of thermal
measurement techniques for particle detection, material characterization, and chemical
detection are introduced in this paper.

Introduction:

Three different micro-scale thermal measurement techniques are presented in this article. The
three different configurations of microfluidic devices are used for thermal particle detection
(TPD), thermal characterization (thermal conductivity and specific heat), and calorimetric
detection of chemical reactions and interactions.


http://www.editorialmanager.com/jove/download.aspx?id=260252&guid=c28f0746-c37d-428a-b0cd-27aff37d5cca&scheme=1

Thermal Particle Detection.

Detecting and counting particles in microfluidic devices is widely used for environmental,
industrial, and biological applications®. TPD is one of the novel applications of thermal
measurements in microfluidic devices®. Using heat transfer for detecting and counting particles
based on the particle size reduces the complexity, cost, and size of the system. In other
methods, complex optics or complex electrical measurements and advanced signal processing
software are used for detecting particles.

Thermal Characterization of Liquid Substances Using Micro-Calorimeter.

Liquid sample thermal characterization is the second application of thermal measurement in
microfluidic devices. Performing micro-scale calorimetry will reduce the sample consumption
and increase the precision by offering higher repeatability compared to conventional, bulk
calorimetry methods. The procedures for thermal conductivity and specific heat measurement
using the on-chip micro-calorimeter device are presented elsewhere®. The details of the heat
penetration time technique for thermal conductivity measurement and the thermal wave
analysis (TWA) for specific heat measurements in microfluidic devices are described in the
protocol section.

Calorimetric Bio-Chemical Detection in Paper-Based Microfluidic Device.

Another application of thermal measurement is biochemical detection in paper-based
microfluidics. The capillary action in the porous structure of paper carries the liquid and avoids
bubble initiation problems in micro-channels. The most common detection mechanisms in
paper-based microfluidic devices are optical or electrochemical techniques. Optical detection
suffers from high complexity and the necessity of advanced image processing software to
guantize the detected signal. Electrochemical detections are also limited because they can only
be applied to reactions that produce active byproducts. The recently introduced calorimetric
paper-based biochemical sensor platform* takes advantage of the paper-based microfluidic
system and the label-free thermal detection mechanism. The procedures of calorimetric
detection of glucose using glucose oxidase (GOD) enzyme in a paper-based microfluidic
platform are presented in the protocol section.

The goal of this paper is to demonstrate the capabilities of thermal measurement techniques in
microfluidic devices. The device preparation, liquid sample handling and resistance
temperature detector (RTD) sensor excitation and measurement are presented in the next
sections.

Protocol:
1. Thermal Particle Detection (TPD)
1.1. Prepare the micro-fabricated silicon device with a thin-film silicon nitride membrane

and integrated temperature sensor by micromachining, using standard semiconductor
processing technology’. Rinse the fabricated device with deionized (DI) water.



Note: The fabrication method for thermal particle detector microfluidic device is explained in
prior publicationz.

1.2.  To produce polydimethylsiloxane (PDMS) substrates with micro-channels, create an SU8
mold using standard lithography processes®.

Note: The channel size is designed for each specific particle’s dimension.

1.2.1. Make PDMS by mixing a 10:1 ratio of base (30 mL) and curing agent (3 mL). Pour the
PDMS on to the mold and remove the bubbles by briefly exposing it to a vacuum (5-10 min).

Note: The vacuum level is not a critical value to the degasification and it should continue until
gas bubbles are totally removed from mixed PDMS.

1.2.2. Place the mold on a hotplate (=70 °C) for 2 hours to cure the PDMS. Then peel off the
PDMS very carefully so as not to damage the mold.

Note: The Vacuum level is not a critical value.

1.3.  Using a manual punch, punch a tight hole (1 mm) for the PTFE tube at one end. Use a
large punch (2 mm) at the other end to make the PDMS a reservoir. Place the punched micro-
channel on top of the device under the microscope and align the RTD at the center of the
micro-channel (Figure 1A).

1.4. Inthe electrical interface, connect the electrical pins at the contact pad positions and
tighten up the locking screws. Make sure the height-adjustable pins (Pogo pins) sit at the
correct electrode pads on the device.

1.5.  Dilute 10 uL of the concentrated PS beads in 100 uL of DI water in a 1.5 mL tube.

1.6.  To ensure the PS beads remain neutrally buoyant, add 2.7 uL of glycerol (1.26 g/cm3) to
DI water to match the fluid density to the polystyrene (PS) bead density (1.05 g/cm?).

1.7. Connect the PTFE tube to the channel at one end and the other end to a 1 mL glass
syringe. Fill the glass syringe with 0.5 mL of DI water.

Note: Tight fitting made by selecting the right punch size will avoid leakage in tubes.
1.8.  Place the DI water filled syringe on the computer-controlled syringe pump. Push the
water (5-20 pL/min) into the channel to fill the whole channel with fluid all the way to the

reservoir.

1.9. Load 10 pL of balanced bead solution to the reservoir and introduce the bead solution
to the micro-channel by changing the flow direction on syringe pump.



1.10. Turn on the RTD by biasing 1 mA of DC current through the computer controlled
source/meter while measuring the resistance by source/meter and sorting the measured data
(Figure 2).

Note: During the experiment, the sensor is biased; therefore, the temperature is continuously
measured until the end of the counting experiment. The RTD sensor is electrically biased by
applying a DC current in the range from 100 YA to 1 mA to continuously measure the
temperature until the end of the counting experiment. It is critical to select the correct current
level since there is a trade-off between noise level and the detected signal amplitude. The
syringe pump is used to generate the flow in micro-channel. Selecting an appropriate flow rate
to perform the TPD experiment is limited to the speed of the measurement. This speed is a
function of the thermal time constant of the device and electrical measurement speed. The
results of thermal particle detection experiment are shown in Figure 3.

1.11. Use the developed data processing software (LabVIEW) to convert the measured
resistance data to temperature using the Callendar—Van Dusen equation®.

2. Thermal Characterization of Liquid Substances Using a Micro-Calorimeter

2.1.  In this process, use the on-chip calorimeter device (Figure 4A) > to measure the thermal
diffusivity and the specific heat of the samples.

Note: On each die, there are 2 micro-calorimeter chambers (Figure 4B). Each chamber has 2
inlets and one outlet. And each chamber has a heater and a RTD sensor integrated.

2.2.  Place the micro-calorimeter device on the device holder (Figure 4C). Align the device to
the microfluidic inlets and outlets with the holder fittings. Place the PDMS seal layer on top of
the device.

2.3. Install electrical connection pins on the device holder and lock the holder screws.

Note: Make sure the height-adjustable Pogo pins are aligned with the electrical contact pads.
2.4. Install the microfluidic interface layer with magnetic latches to the device holder (Figure
4D). Connect the PTFE tubes to both inlets and the outlet. Connect one inlet to the sample-

loaded syringe pump and close the other one, as the enthalpy is not measured in this case.

2.5. Use a developed computer-controlled program to load the sample into the micro-
channel and chambers.

Note: The program will use discontinued flow to release excessive pressure on the thin-film
suspended chamber.



2.5.1. Load the 300 pL sample into the glass syringe and place it on the syringe pump. Use very
slow (0.25 pL/min) constant flow rates for high viscosity samples (e.g., glycerol and ionic
liquids). Use a glycerol sample for thermal diffusivity measurements and ionic liquids for
specific heat measurements.

2.6. For thermal diffusivity measurements, connect the measurements setup as shown in
Figure 5A. Load the glycerol sample to the micro-calorimeter chamber. Run the modified
computer controlled program for heat penetration time measurement.

2.6.1. Use the calibrated heat penetration equation to calculate thermal diffusivity from the
measured heat penetration time’:

(Lx p)2

16

Vs
where ¢ is thermal diffusivity, L is thickness of the chamber, p is the thickness calibration factor
due to fabrication process variation, and t; is heat penetration time.

a =

2.7.  For specific heat measurements, use the TWA measurement setup as shown in Figure
5B. Use the same sample loading program and load the ionic liquid in the chamber. Run the
TWA program to get the amplitude of the AC temperature fluctuations (JT,. ) and use the
specific heat equation to calculate the specific , ¢, heat for each ionic liquid sample®:
COPin

C,=7— 1 —

20m (0T, )
where C,is input power calibration factor, P, is input power, wis frequency of the actuation

in

signal, and m is the mass of liquid sample.
3. Calorimetric Bio-Chemical Detection in Paper-Based Microfluidic Device

3.1. Use microfabricated thin film (40-50 nm nickel) RTD sensor. Fabrication steps for the
RTD sensor are explained in previous works”.

3.2.  For paper-based channel fabrication®, use a knife plotter to cut the paper microfluidic
channels with a designed pattern (L-shape). Place the paper on top of the cutting mat, load the
paper and the cutting mat to the knife plotter, and use the appropriate recipe to cut the
microfluidic paper channels®.

3.3.  For device and channel integration, use an acrylic adhesive layer (5 um) to integrate the
paper on the RTD sensor. Use a clean blade to push the paper to the device and remove air
bubbles (Figure 6A). The acrylic film is an adhesive layer to hold the paper over RTD sensor.



3.4.  For enzyme activation, use 50 mM sodium acetate buffer to activate the GOD enzyme.
Add 1 mg of the GOD enzyme to 1 mL of sodium acetate buffer to make the 1 mg/mL solution.
Adjust the pH of the solution to 5.1.

Note: Adjust the amount of acetic acid in the sodium acetate buffer to maintain the PH of
solution 5.1.

3.5. Bias the RTD with 1 mA of DC current to activate the RTD and start measuring the
resistance source/meter continuously while the resistance settles down after the experiment
(=4 min).

Note: Figure 6B shows the measurement setup for the paper-based calorimetric test.

3.6. Introduce the 2 pL of the prepared GOD solution to the center of the paper micro-
channel (immobilization site) via pipette. The detected temperature (Figure 7A) must start to
decrease.

Note: This cooling effect is due to the higher operation temperature of the RTD and
evaporation of the sample together.

3.7. To measure the glucose concentration, introduce standard glucose control solution® to
the channel inlet and measure the resistance change caused by the reaction. Repeat this
experiment with all different glucose control solutions (high, normal and low concentrations)
and save the resistance data.

3.8.  Using the temperature coefficient of resistance (TCR) for nickel RTD and Callendar—Van
Dusen equation, convert the resistance change to the temperature. Calculate the concentration
of the glucose in each sample by considering the reaction enthalpy of glucose and the GOD
enzyme (AH =—-80kJ/mole) and using the concentration equation™®:

n,=C, el

where nis detected molar concentration, Cp is heat capacity of the system and AT is

calculated temperature.

Results:

Figure 3 shows the plot of the measured thermal signal. The generated signals in the presence
of the beads with corresponding optical images show the successful detection of the
microsphere PS beads in the micro-channel. The thermal conductivity of the liquid passing
through the micro-channel is changing due to the presence of PS beads. This change in the
thermal conductivity of the channel is affecting the heat transfer in the micro-channel. The
change in the heat transfer in the micro-channel is detected by RTD in the form of resistance
fluctuation (Figure 3 A and B).



The detected signal can also be affected by the change in the local flow field (Figure 3 C and D),
which will affect the heat transfer in the channel. The change in the thermal conductivity will
increase the temperature. Furthermore, the local velocity changes in the micro-channel based
on the comparable dimensions of the PS bead to the channel size, causing an increase in local
heat transfer. In this case, the effect of change in heat transfer is dominant as it appears as a
decrease in detected resistance. Therefore, the correspondence of channel size with particle
size is essential in TPD experiment. The present results demonstrate the capability of the TPD
technique to count and detect the size of particles.

The measured value of thermal diffusivity of glycerol is 9.94 x 10® m?/s, which is within 8% of
the theoretical value. Table 1 shows the measured values of different ionic liquid samples by
the introduced method. To verify the accuracy of the measurement, the specific heat of water
was measured using the same technique with less than 5% error.

The detected temperature signal due to the exothermic reaction of glucose and GOD is shown
in Figure 7A. The reaction area on the designed micro-channel is 45% of the total area. To
calculate the concentration, only this portion of glucose will be considered. The finite rate of
the glucose oxidation reaction is also considered as a reaction kinetics factor. Comparing the
detected concentration with available commercial glucose meter results (Figure 7B) shows
higher precision (<30%) in the fabricated device.

Figure 1. Microfluidic device for thermal particle detection. A) Device schematic. B) Cross-
sectional view of the particle detection using the thermal measurement method.

Figure 2. The experimental setup for the thermal particle detection (TPD). A computer-
controlled source/meter is used to bias the RTD and measure the resistance.

Figure 3. Results of thermal particle detection. A) The detected resistance change when the 90
um PS bead is passing the RTD sensor with flow rate of 5 uL/min. The explained change in the
thermal conductivity will increase the temperature and appear in the form of resistance change
in the RTD resistance measurement. B) The optical image of the same bead in Figure 3(A)
passing the sensor. C) The detected resistance change when the 200 um PS bead is passing the
RTD sensor with flow rate of 5 uL/min. D) The optical image of the same bead in Figure 3(C)
passing the sensor. This Figure has been modified with permission from [2].

Figure 4. The on-chip fabricated micro-calorimeter and the device holder. A) A photograph of
micromachined 3-dimensional on-chip suspended micro-calorimeter device. The chip has two
identical chambers, each of which has two inlets and one outlet. B) The schematic of the
micromachined micro-calorimeter chamber. The micromachined RTD is shown at the top
surface of the fabricated device. C) The micro-calorimeter device is placed on the device holder.
D) The final setup of the micro-calorimeter with electrical and microfluidic connections. The
result of TWA is used for the heat capacity calculation. This Figure has been modified with
permission from [3].



Figure 5. The electrical connections of the thermal measurement setup with the micro-
calorimeter device. A) The measurement setup for heat penetration time analysis. The
measured heat penetration time is used for thermal conductivity calculation. B) The
measurement setup for thermal wave analysis. The result of TWA is used for heat capacity
calculation. This Figure has been modified with permission from [3].

Figure 6. A) The schematic of the paper-based device. B) The measurement setup for paper-
based calorimetric detection of glucose. In this setup, a LabVIEW-controlled source/meter
(Keithley 2600) is used to bias the RTD and measure the temperature simultaneously. The
measured temperature and the time stem will be stored while being measured. In this
experiment Keithley 2600 is used for faster measurement.

Figure 7. The glucose detection results with paper-based calorimetric sensor. A) Output signal
of the glucose and GOD enzyme reaction. B) Final detection results of glucose control samples
with paper-based device compared with commercial glucose meter results. This Figure has
been reused with permission from [4]. “Given Data” is calculated concentration of the glucose
in the detection experiments.

Table 1. The measured specific heat of ionic liquids using TWA technique with on-chip micro-
calorimeter. This Table has been modified with permission from published data®.

Discussion:

Different thermal measurement techniques in microfluidic devices and their respective setup
procedures are presented in this work. These thermal measurement methods such as thermal
conductivity monitoring, thermal penetration time, amplitude of AC thermal fluctuations, and
amplitude measurement of the generated heat are used to detect specific substances and
investigate different reactions and interactions.

The thermal time constant plays a key role in the aforementioned thermal measurement
techniques. In microfluidic device design, the optimization of thermal time constants must be
considered. The thermal time constant is a function of the thermal mass and the thermal
conductivity of the fabricated device, which are dependent on the material of each component.
Using thin-film materials and micro-fabrication techniques allows reduction of the thermal
mass of the system. The thermal conductivity is improved by using suspended structures and
high thermal conductivity materials to reduce the thermal link to ambient conditions. Also it is
important to control the ambient temperature to avoid measurement disturbances by using a
thermal isolation.

The thin film RTD offers high sensitivity and linear temperature measurement in the introduced
devices over a wide range of temperatures. The thermal and the electronic measurement
noises are the constraints for the resolution with the introduced techniques.

Microfluidic devices with thermal measurement methods are capable of performing different
physical and chemical measurements within the RTD linear measurement range. These



techniques could also be useful for different chemical and bio-sample reaction and interaction
detection for point-of-care applications and sample characterization. The introduced
techniques are able to perform measurements from the tissue level to the single cell level.
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Polydimethylsiloxane (PDMS) Dow Corning Sylgard 184
PS beads - 90 um Corpuscular 100265
PS beads - 200 um Corpuscular 100271
Glycerol SigmaAldrich G5516
GOD enzyme SigmaAldrich G7141
Glucose Control Solution-Low Bayer contour Low Control
Glucose Control Solution-Normal Bayer contour Normal Control
Glucose Control Solution-High Bayer contour High Control
Chromatography filter paper Whatman 3001-845
Glass VWR 48393-106
Acrylic Film Nitto Denko 5600
Glass syringe (1 mL) Hamilton 1001
Syringe pump New Era NE-500
knife plotter Silhouette portrait
Current Preamplifier Stanford Research SR-570
Ocilloscope Agilent DSO 2420A
Signal Generator HP HP3324A
Lock-in Amplifire Stanford Research SRS-830
Source/meter 2400 Keithley 2400

Source/meter 2600 Keithley 2436A
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perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JOVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in_Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JOVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JOVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in-a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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%Chung Hoon Lee
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Rebuttal Comments
Click here to download Rebuttal Comments: RebuttalLetter_V2.docx

Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

The manuscript is entirely proofread and few corrections are applied and highlighted different color
(blue) in the text.

2. In step 1.1 please clarify how to create the device. If it is from the reference, it should state it. Also an
image of the device would be helpful.
As suggested, it is clarified that the device fabrication is presented in prior publication [2] in lines 89-90.

3. In step 2.1 - What should the device be used to do?
A brief description for the applications of calorimeter device is added to the lines 154-155.

4. In step 3.4 - How much GOD enzyme is used (concentration)?
GOD enzyme (Sigma Aldrich G7141) is in the form of dry powder. To activate the enzyme, 1 mg of GOD
is mixed with 1 mL of sodium acetate buffer (50 mM), as described in the text.

5. Please define RTD with first use.
The definition of the RTD is added to the manuscripts. The mentioned change is in lines 77—78.

6. JoVE reference format requires that DOIs are included, when available, for all references listed in the
article. This is helpful for readers to locate the included references and obtain more information. Please
note that often DOls are not listed with PubMed abstracts and as such, may not be properly included
when citing directly from PubMed. In these cases, please manually include DOls in reference
information.

DOls for all cited journal papers are included in references, as suggested except for reference [7] which
was not available.

Reviewers' comments:

Reviewer #1:

Minor Concerns:

Please try to add exact directions to peel the pdms, and the vacuum level needed to pump the bubbles
out. Also, simple estimates of the maximum temperature achieved in the microchannel would be useful.
The exact level of vacuum is not essential for degasification; it is added to the text. The operating
temperature range of this device is limited by the linear range of Nickel RTD sensor as mentioned in the
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text (Line 334).

Reviewer #2:

Major Concerns:

Overall, this manuscript is lacking depth that allows a reader (or viewer) to understand more than the
fact that there are microfluidic-based techniques to make these measurements. It seems that one of the
main requirements for correctly executing this technique is to have correctly-designed and functioning
RTD and microfluidic devices. Because this is a methods publication, with the aim of improving
repeatability by visually describing methods, it is not sufficient to simply reference methods described in
previous publications without explicitly describing those methods. Therefore, | suggest that the salient
device design aspects be discussed, and that methods to ensure proper behavior of the devices be
included. In order to dive deeper into the methods, one or more of the particular measurement types
may need to be omitted.

Additionally, this manuscript would benefit from added context in terms of other methods or
instruments that are available for making similar measurements. What are the benefits to using the
microfluidic-based measurements? What are the drawbacks to using microfluidic-based measurements?
For what applications are the microfluidics-based measurements best-suited, and what applications or
sample types are better characterized using a different method? Also, what does one need to be
especially careful of when using the described techniques for thermal measurements? What can lead to
incorrect results?

Thank you very much for your deep attention and valuable comments. This manuscript is presenting
three different thermal measurement techniques in micro-scale. Due to the nature of this journal, the
subject matter primarily focuses on details of experimental method and sample preparation.

Benefits of microfluidic device are addressed in various parts of the text body. The key point as it
mentioned in discussion section, is considering the thermal time constant of the system and optimizing
the design parameters to achieve an acceptable speed and limit of detection.

Minor Concerns:

-There are many typos and mis-spellings in the list of materials and equipment (Sylgard 184, Glucose
Control Solution, Pre-amplifier). There are also mis-spellings in the text, so please carefully proofread.
The manuscript is proofread and the mentioned typos as well as other text typos are corrected.

-The list of materials and equipment does not include the RTD devices
The RTD sensors are fabricated on the micromachined devices. We did not use any discrete RTD sensors

in the experiments discussed.

-Why are there two different Source/meters used (Keithley 2400 and 2600)?



The Functions of source/meters in the explained thermal measurement techniques are the same. For
the paper-based device, we used Keithley 2600 for high speed measurements, as mentioned in the
caption of Figure 6.

-Figure 7b has a typo in the legend.
The Figure 7B legend type is corrected.

-Step 2.6.1: how do you determine p (thickness calibration factor)?
The calibration factor is calculated by measuring a sample with known thermal diffusivity. Deionized
water is used for calculation of calibration factor for this device. The details are explained elsewhere [3].

-Caption for Figure 4: replace "The real picture" with "A photograph"
The suggested correction is applied to Figure 4 caption.

-More detail in the test setup diagrams would be helpful
The setup diagrams are updated (Figure 2, 5) by adding more information, as suggested by reviewer.

-Please provide example data for Section 2.
The measured data of thermal diffusivity and specific heat are provided in the result section.

Reviewer #3:

Minor Concerns:

It would benefit the reader and flow of the document to have figures appear in order of introduction
throughout the paper and to have figure labels. A small introduction of 2-3 sentences to introduce the
investigator about the protocol to follow would aid in understanding and cue for expected contents.
The figures with the labels are addressed in order in the text, however. The manuscript format dictates
to have figures after the text.

Line 77: please introduce RTD.
The RTD is introduced, as suggested.

1.1 In rinsing the device, is there a specific time/manner the deionized water should introduced to the
wafer, i.e. through water bottle in a sheeting action from top to bottom, is there a need for sonication,
or post rinse with other substance such as methanol (lower polarity than di-water).

In rinsing, there is no specific time or manner. The only purpose is to remove particles and
prepare a clean surface for bonding.

1.2.1 Should the PDMS mold have a specific height or thickness above the sensor or for the reservoir? Is
5-10 minutes sufficient, other groups have suggested up to 1 hour in a desiccator.



The degasification can be visually inspected and be used as soon as the gas bubbles are removed from
the PDMS. This time depends on the vacuum level in the desiccator and could vary from a few minutes
to several minutes. The procedure for degasification is updated in the text (lines: 100-101).

1.6 It would be beneficial to list a target specific gravity of the final solution that would maintain the
beads buoyancy. What about using fluids with higher density? Are there any questions about if a particle
can tolerate high density? Is manual mixing of the PS beads acceptable, or use of a magnetic stirring
rod?

The target density of the carrier liquid should match the bead density to maintain the buoyancy, as
described in this section. It will require further investigation to give precise comment on the buoyancy
requirement of this experiment. However, based on the practical data, the matching density with
manual mixing will yield in acceptable samples.

1.8 Should the user load the syringe with Di-water?
Yes. This point is added to the protocol in line 127.

1.10 Does the system have any transient effect or hysteresis, does it make a difference if measurements
are performed immediately or after some time?

As it is a thermal measurement technique, the speed of measurement is limited by the thermal time
constant of the system. This limitation introduces the a measurement lag or in some cases hysteresis
and during this lag we will have transient .As explained (lines 329-335), the microfabrication techniques
are used to increase the speed of measurement by reducing the time constant of structure, but it will be
a finite speed for this technique.

Line 127-133: Suggest moving the notes section to the intro period of this protocol. It has several key
pieces of information and a great lead in.

Yes, the mentioned paragraph has key information and the reason we decided to present it after the
explanation of the protocol is to get the reader familiar with the steps first, then point out the key
points.

2.2 Is the PDMS secured to the device in any fashion? Are the electrodes reusable?
The PDMS layer is acting only as a seal and is fixed between device and an acrylic holder layer. Yes, the
micro-calorimeter devices with electrical components are reusable.

2.3 It appears that the second sentence should be first on this step. Perhaps referring to the figure
would help understanding.
The structure is changed and updated to clarify the section 2.3.

2.5.1 A viscosity range for accurate results would be useful.
The exact viscosity limit is not experimentally or theoretically determined, although the flow rate
limitation (0.25 uL/min) is practically found during the experiments.



3.3 How is the acrylic layer introduced? Spin-coat?
The acrylic layer is a 5 um double-sided adhesive film. We just need to place it on the top of the RTD
device, as explained in section 3.3.

3.4 Please specify what solution or method to adjust the pH of the solution. Also, for those new to the
method, please introduce GOD enzyme.

The pH of the buffer is controlled by the amount of acetic acid in the sodium acetate buffer. The note is
added to lines 211-212 of the text.

3.6 Introduction to paper is via pipette.
The text is updated with suggested correction in line 229.

Line 316: Over what range can an experimenter expect the temperature linearity exist?

The temperature measurement linearity depends on the linear range of the RTD. For nickel, it is
between 0-150 °C [3]. The linearity limitation for temperature measurement range is mentioned in the
discussion section, line 344.

Fig 2. Label "beads" in diagram
Figure 2 is updated with suggested corrections.

Fig 3. In the description, "B)..." the author uses "the same bead" twice, seems like this is a minor
grammar error.
The Figure legend is modified and updated.

Fig 4. Label "pins" and "device holder" in diagram for clarity.
Figure 4 is updated with the suggested descriptions.

Fig 6. Please describe and introduce the Keithley 2600 and 2400 in the body of the article.

The source/meters are used for measuring resistance of RTD sensor by applying constant current (Bias
Current). At various points within the text, the function of the source/meters are explained (lines 135
and 223).Also, the reason for using two different types is mentioned in Figure 6 caption.

Fig 7. There are three data groups listed, but only two are in view on the graph.
In Figure 7B, “Given Data” and “Calorimetric Detection” are very close with minimal error and almost
overlapping.

In the list of equipment amplifier is spelled wrong.
The list of materials and equipment are corrected and updated.



Reviewer #4:

Line 26: Replace 'micro-scale and nano-scale' with 'microfluidic devices'. There was no nano-scale data
presented in the details of the three methods.

Suggestion is applied to the text.

Line 48: Consider changing 'Using heat' to 'using heat transfer'.
Suggestion is applied to the text.

Line 77: RTD was never spelled out. 'resistance temperature detector (RTD)'
RTD is defined as suggested.

Line 56: "compare to" should be "compared to"
Suggestion is applied to the text.

Line 82: Recommend adding the acronym TPD after Thermal Particle Detection since the acronym is
used in this section.
Suggestion is applied to the text.

Line 86: Should add the words "processing technology as previously described in (2)."
This point is described in lines 89-90.

Line 88: The word fabrication should be removed and the sentence reworded, i.e. "To produce
polydimethylsiloxane (PDMS) substrates with microchannels, a SU8 male mold needs to be created
using standard lithography processes (5)"

The section 1.2 is reworded as suggested by the reviewer.

Line 100: This sentence is not clear. How is the manual punch "preparing the microchannel"? Please
reword.
The section 1.3 is reworded and updated.

Section 1.4 - A figure of the actual device should be shown and referenced to in this section.
Figure 3 shows actual photograph of device.

Section 1.5 & 1.6 - Since this liquid is used for all 3 detection techniques, it is recommended that the
preparation of the solution samples be listed as a separation section under Protocols, Section 1 Sample
Preparation, then list Section 1.5 and 1.6 as 1.1 and 1.2, respectively. The TBD section should be listed as
2., Thermal Characterization of Liquid Substances using a Micro-Calorimeter as 3., and Calorimetric Bio-
Chemical Detection in Paper-Based Microfluidic Device as 4.

Thank you for the suggestion. Since we are presenting thermal measurement and detection techniques
in each section, we are explaining sample preparation for each method within the protocol. Introducing
a separate section may add complexity and require further clarification for readers.



Line 109: Identify the acronym PS as polystyrene (PS).
Suggestion is applied to the text.

Line 111: Please reword this description to say, "To ensure the PS beads remain neutrally buoyant, 2.7 ul
of glycerol must be added to DI water to match the fluid density to the PS bead density (1.05 g/cm3).
Section 1.6 is reworded as suggested by reviewer.

Line 114: How is the PTFE tube connected to prevent leaking?
Tight fitting made by selecting the right punch size will avoid leakage in tubes. The description is added
to the text (Line 125).

Line 118: Recommend rewording to "...fill the whole channel with fluid all the way to the reservoir."
Section 1.8 is reworded, as suggested by reviewer (lines 128-129).

Line 120: If you add the "balanced" bead solution to the reservoir filled with DI water, won't this dilute
the "balanced" bead solution, which may result in the beads settling out of solution? Please verify this
will not be the case.

As explained in Section 1.8, the channel is filled all the way to the reservoir but not whole reservoir, so
there will be slight dilution, which won’t have any dramatic effect on buoyancy and the beads do not
settle.

Lines 127-133: Recommend rewording to "..., the RTD sensor is electrically biased by applying a DC
current in the range from 100 uA to 1 mA to continuously measure the temperature until the end of the
counting experiment. It is critical to select the correct current level since there is a trade-off between
noise level and the detected signal amplitude." The lines describing the flow rate vs speed of
measurement and/or electrical measurement speed is not clear. For example, is there a particular
method/protocol followed to "dial in" the counting signal? Please reword.

The mentioned section is reworded as suggested by reviewer. As explained in the following sentence,
the speed of measurement is a function of the thermal time constant of the device and it will be
affected by convective heat transfer through flow rate in microchannel.

Line 135: What is the "developed data processing software"? If described elsewhere in the manuscript,
please reference.

It is a LabVIEW code, which converts the resistance to temperature based on the Callendar—Van Dusen
equation, as explained in the text(lines 148-149).

Line 145: Suggest replacing the word "by" with "to"
Suggestion is applied to the text in line 160.



Lines 156-157: The computer controlled program is mentioned a few times. Is this program in LabVIEW
or some other platform? What specific parameters must be specified for the computer-controlled
program?

As explained earlier, it is a simple LabVIEW code to converts the resistance to temperature.

Line 159: Is there a flow profile programed? Steps, pulses, or ramps?
The flow profile is constant and a pump is used in Push Bottom mode, and the term “constant flow” is
added to section 2.5.1.

Line 167-170: How is heat penetration time measured? Is it by evaluating temperature vs time of a heat
pulse, if so please state the protocol/methods used to determine this parameter. Recommend clarifying
in Figure 5A which Keithley 2400 is used to supply power to the heating element and which is used to
measure the resistance of the RTD.

The circuitry for measuring the heat penetration time is presented Figure 5(A). The temperature
penetration time is the time difference between applying heat pulse to the heater and detecting
modulated pattern at the sensor. The Figure 5(A) is updated for more clarification.

Line 200: Please define acronym GOD, i.e. Glucose Oxidase (GOD) enzyme.
The GOD is described in the first use within the manuscript in line 73.

Line 202: Should specify how the pH of the solution was adjusted to 5.1?
A description is added in lines 219-220.

Line 211: Please expound as to why the "detected temperature must start to decrease"
Sections 3.6 & 3.7:
The temperature decrease is explained in lines 232-233 in the text.

Section 3.7 appears to be the calibration of the system with different glucose concentrations, if so,
shouldn't the calibration step come before the actual prepared sample measurement step?

Actually, we used different calibrated samples to measure our device accuracy, not to calibrate our
device. So we used the well-known control solutions to validate our measured values in this experiment.

Line 219: Should the word resistance "date" be "data"?
Mentioned typo is corrected to the text.

Line 231: Recommend rewording "optical corresponding images" to "corresponding optical images"
Suggestion is applied to the text.

Lines 238-245: It is unclear whether particle size or particle location relative to the heat source and
detector is being determined. Are the authors saying that the larger particle drops the resistance while



the smaller particle increases the RTD resistance? How do they distinguish the effect of particle location
within the channel verses particle size? If the smaller particle was closer to the bottom electrodes would
the RTD resistance still increase, or would it decrease like the larger particle? Is there a particle size
between the small and large particle that would produce no resistance change? Fluid flow will directly
effect thermal conductivity of the RTD, how are the authors able to clearly distinguish between the
effects of the particles and fluid flow on thermal conductivity? This paragraph should be expanded to
provide more detail on the actual detection system, which will hopefully clarify these questions. Also,
figure 5 shows the device in thermal isolation, but this was not adequately described in the text since
the ambient temperature would also have an effect on the system. Please add a description and discuss.
The heat transfer in the microchannel is direct function of the flow rate (lines 142-146). However, the
thermal conductivity (effective thermal conductivity) of the channel (beads + medium) is affecting the
heat transfer in the channel. As described in the results section, in the case of the smaller bead size to
the channel size ration the thermal conductivity will be a dominant phenomenon to affect the heat
conductivity (lines 249-255). By increasing the bead size to channel size ration, the local fluid velocity
change will be dominantly affecting phenomena (lines 257-264). The effect of the ambient temperature
isolation is mentioned in the discussion section (lines 333-335) and demonstrated in the experimental
setup Figures.

Lines 247-250: What is the significance of the data in table 1? The nomenclature for the Samples is not
relevant to the reader. Please define the differences between the types of samples listed in the table.
The Table data is republished with permission from prior publisher.

Line 274: The word "dimensional" in 3-dimentional is misspelled.
The correction is applied and can be found in line 293.

Line 279: Has the acronym TWA been defined?
Yes, The Thermal Wave Analysis (TWA) is defined in its first use within the article in lines 59-60.

Discussion section: The limitations and problems associated with the technique presented are not
adequately discussed in this section. Please expand.

The required thermal isolation from ambient temperature fluctuations (lines 335-337) and the RTD
sensors linear measurement limit (line 344) are added to the discussion part. The thermal time constant
design criteria are explained in the discussion section (lines 329-335). More details on heat transfer
parameters that were taken into account in design and fabrication of the on-chip calorimeter device
were explained in a prior publication and cited in references [3].



Figure 2: This schematic does not provide a lot of insight given the nature of this journal. An image of
the actual experimental setup would be more useful and this figure only shows one Keithley meter, is
this correct? Only one Keithley meter is used during the experiment? The description above suggests at
least 2 meters are used during the experiment.

Yes, only one source/meter (Keithley) is used in thermal particle detection. A single RTD is used in this
experiment as a heat source (heater) and temperature sensor as indicated in lines 138-142. The bias
current of RTD sensor is used as the input power (heat source) in this experiment.

Figure 5: How is the temperature from the heater shown in Figure 5 A and Figure 5 B monitored? How
much power is being supplied by the heater?

Our device uses RTD to measure the temperature, as indicated in line 158. For heat penetration
measurement DC current is being applied to the heater, however, the alternating voltage is being
applied for specific heat measurement. The details of the measurements are addressed in reference [3].

Figure 6: All other figures state a Keithley 2400 meter was used, yet this figure indicates a Keithley 2600
was used. Is this correct?

Yes, it is correct. In the first two experiments (thermal particle detection and micro calorimetry), we
used Keithley 2400. To measure the data faster in the paper-based calorimetric microfluidic device, we
used Keithley 2600. The measurement speed is mentioned in the Figure caption.

Figure 7b: The word "calrotimetric" is misspelled. Also, what is "Given Data" please define.
The misspelling is corrected in the Figure 7B legend and the “Given Data” is defined in the Figure
caption, as suggested by reviewer.

Table 1: Is the data in the third row of Table 1 correct? This value seems like an outlier. As a comparison,
it would be useful to know what the theoretical or standard values are.

Yes, values are correctly listed in the table. The Table data is republished with permission from prior
publication.

In the materials and equipment list, Sylgard and Glucose are misspelled.
The Materials and Equipment list are updated with the corrections.

Figure 3 is not referenced before figure 4 in the document.
Figure 3 is addressed before the Figure 4 on lines 146.
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