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Abstract Differential scanning calorimetry (DSC) is one
of the few techniques that allow direct determination of
enthalpy values for binding reactions and conformational
transitions in biomolecules. It provides the thermody-
namics information of the biomolecules which consists of
Gibbs free energy, enthalpy and entropy in a straightfor-
ward manner that enables deep understanding of the
structure function relationship in biomolecules such as the
folding/unfolding of protein and DNA, and ligand
bindings. This review provides an up to date overview of
the applications of DSC in biomolecular study such as the
bovine serum albumin denaturation study, the relationship
between the melting point of lysozyme and the scanning
rate. We also introduce the recent advances of the
development of micro-electro-mechanic-system (MEMS)
based DSCs.

Keywords differential scanning calorimetry, biomole-
cule, MEMS, thermodynamic

1 Introduction

Differential scanning calorimetry (DSC) as a thermoana-
lytical technique was developed by Watson and O’Neill in
1966 [1]. Since then, a lot of research has been focused on
developing high throughput, high sensitivity DSC and

Received November 6, 2016; accepted March 9, 2017

Shifeng YU, Lei ZUO (X))

Department of Mechanical Engineering, Virginia Tech, Blacksburg, VA
24061, USA

E-mail: leizuo@vt.edu

Shuyu WANG
Department of Mechanical Engineering, Stony Brook University, Stony
Brook, NY 11794, USA

Ming LU
Center for Functional Nanomaterials, Brookhaven National Laboratory,
Upton, NY 11973, USA

applying it into different research areas such as polymer
study, biomolecular study, and drug design. A differential
scanning calorimeter consists of twin cells (sample and
reference) in which temperature sensor and heating module
are integrated and operate in differential mode. During a
differential temperature scanning process, the difference in
temperature (power consumption) between the sample and
reference material is measured as a function of linear
temperature cycle. The difference directly reveals the heat
release or absorption of the sample over temperature which
further indicates the heat capacity change. There are
mainly two types of DSCs based on the working principle:
Power compensated DSC and heat flux DSC. For the
power compensated DSC, the temperature of the sample
and reference material are always kept the same by varying
the heat flow to the sample and reference during the linear
temperature scanning process. While in a heat flux DSC,
the temperature difference is directly recorded during the
same procedure. Together with the thermal resistance, the
temperature difference can be converted to the heat flow
difference [2]. Recently, another type of DSC was
developed which is called temperature modulated differ-
ential scanning calorimetry (TMDSC) or alternative
current differential scanning calorimetry (AC DSC) [3—
5]. The basic idea of the TMDSC is to add a controlled
temperature modulation to the conventional linear heating.
The heating process of TMDSC can be divided into two
parts. The first part is to heat the sample at a certain
temperature scanning rate just like the conventional DSC.
In the second part, the heat capacity component of the heat
flow is obtained by applying a controlled oscillating
temperature modulation with a zero net temperature-
change. In a TMDSC thermal analysis, the average
scanning rate, the period of modulation and the tempera-
ture amplitude of modulation are three important variables
that are tuned to optimize the experiment.

Virtually all biological phenomena depend on molecular
interaction. A basic biology problem is to understand the
folding and denaturation processes of a protein, i.e., the
kinetics and thermodynamics how a protein unfolds and
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folds back into its native state [6]. Both folding/unfolding
and denaturation processes are associated with enthalpy
changes. The intermolecular interactions such as protein-
ligand association, protein/DNA interaction [7,8], antigen-
antibody binding processes are either enthalpically or
entropically driven, depending upon the binding modes of
the small molecules [9]. The determination of the affinity
thermodynamics of binding compounds helps greatly to
understand the nature of such molecules [10]. The
specificity of binding reactions has fascinated biologists
from the very beginning to quantitatively describe the
driving forces that govern the formation of biomolecule
[11]. This has great significance to the development of
vaccines, new drugs and other molecular compounds [12].
There is a rapid growing number of high resolution crystal
structures of biomolecules. However, the theoretical
concepts which are developed in the tradition of
physical-organic chemistry is not enough to understand
such driving force of the large complex biomolecular
structure straightforwardly. The proteins behave coopera-
tively and undergo structural rearrangements during the
binding reactions. Such binding process has a complicated
energy profile involving different energetic expenditures in
going from free components to the final complex which
can be detected directly by DSC [13].

There are several commercial DSCs for large biomole-
cular study. One is the MicroCal VP-DSC developed by
Malvern. It can directly measure the intramolecular
stability of structured macromolecules as well as the
intermolecular stability of complexes such as proteins,
nucleic acid duplexes and lipid and detergent micellar
systems. It consumes 700 puL sample for each test and has a
high enthalpy resolution as 0.01 J/°C. The sample
concentration typically ranges from 0.1 to 2 mg/mL. As
a capillary DSC, it is important to clean the reservoir each
time after the test and this limits the concentration of the
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bio-sample since high concentration protein sample would
stick on the wall of the capillary after denaturation and it is
hard to be washed away. The maximum scanning rate of
the MicroCal VP-DSC is only 1.5 °C/min which leads to
relatively low throughput. Another typical commercial
DSC is the TA DSC. As the most cost-effective DSC in
industry. It has a different sample preparation strategy
compared to the MicroCal VP-DSC. Unlike the VP-DSC
which use a syringe to inject the liquid sample to the
reservoir through a capillary system, the TA DSC utilizes
aluminum pan for the sample preparation and sealing. The
sample pan and reference pan are then put on the pedestals
in the test chamber for temperature scanning. It can
measure protein sample with high concentration as 100
mg/mL. It can also be used to conduct thermoanalysis of
polymers, solid crystals, etc. One limit of the TA DSC is its
relatively low temperature accuracy (0.025 °C for DSC
2500). Figure 1 shows two commercial DSCs [14,15].
Although the commercial DSC can provide high
repeatability and reliability for biomolecular study, one
major drawback of such macroscale DSC is the large
thermal mass of the calorimetric cell itself and its
associated hardware. Consequently, the required energy
input may be large compared with the energy associated
with the thermal transitions to be measured. Hence, they
usually require large amount of sample. This can pose
problems in cases where only minute sample quantities are
available for testing. There has been a strong demand to
develop high throughput and high sensitivity calorimeter
for rapid detection of biomolecular interaction for decades
[16-19]. The microfabrication and nanofabrication tech-
nologies allow the miniaturization of the conventional
bench-top scale instrument for the building of micro/nano
DSC with microfluidic embedded systems, micro tem-
perature sensors and heaters [20]. Such miniaturized DSC
has many advantages compare to the current commercial

(b)

Fig. 1 Two typical commercial DSCs. (a) The MicroCal VP-DSC, it consists of the sample array, robotic arm for sample handling and
the temperature scanning system [14]; (b) the TA DSC, it consists of a sample tray, robotic arm for sample handling and the chamber for

thermal analysis [15]
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DSC such as parallel operation, less sample consumption,
and higher sensitivity. The current commercial DSC
consumes tens to hundreds of minutes to test one sample.
It would take months to do the thermal analysis for 1000
compound samples with the current commercial DSC in
drug development industry. The micro-electro-mechanic-
system (MEMS) based DSC has the potential to shorten
the measurement time from months to days by offering
higher scanning rate and parallel test. The MEMS based
calorimeter usually consumes micro littler or even
nanolitle of sample per test which is more than 10 times
less than the commercial DSC [21]. This can help to save
the cost for biomolecular sample consumption. Protein
samples such as MAN-9 Glycan would cost 43 billion
USD/mol, the miniaturized MEMS DSC would help to
save a lot of budget in the study of such expensive
compound. On the other hand, since the sample consump-
tion is much less, the total thermal mass of the MEMS DSC
is significantly reduced which permits higher scanning rate
[22,23]. The miniaturized DSC unit will also allow us to
integrate multiple DSC on one silicon wafer or polymer
substrate. There were already some attempts to develop
such calorimeter array [18,24,25].

In this review, we will firstly discuss about the basic
thermodynamic relationship in the binding process of
biomolecular sample during the temperature scanning test,
then typical DSC thermogram will be analyzed. We will
review the most up to date progress in the development of
MEMS based DSC and its challenges at last.

2 Thermodynamics in DSC test

Differential scanning calorimetry can characterize the
complete thermodynamic profile for both intermolecular
binding and intramolecular folding by measuring the
enthalpy AH, specific heat AC,,, and the melting tempera-
ture T,,. The thermal model is shown in Fig. 2. In Fig. 2(b),
T is the temperature of the environment. C, and C; are the
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heat capacity of the sample and reference material
respectively (in the real test, it will also include part of
the heat capacity of the material holder). P, and P, are the
heat flux to the sample and reference respectively to
achieve linear temperature scanning. G, is the heat
conduction between the sample cell and the environment
while G, is the heat conduction between the reference cell
and the environment. G, is the heat conduction between
the sample cell and reference cell.

Controlled heat flux is added both to the reference and
sample material to achieve linear temperature scanning.
Part of the heat flux is absorbed by the tested material, the
other is lost to the surrounding air by convection,
conduction and radiation and most of the heat loss is
through heat convection in typical DSC test. The thermal
equation for heating single unit is expressed in Eq. (1)

Cd—T+G(T7T0) =P, @)
dt

where C is the heat capacity of the heating sample, G is the
thermal conductance, which can be expressed by /s
where / is the coefficient of thermal convection and s is the
effective area of thermal convection since convection is the
main heat transfer mechanism in a DSC test, T is the real-
time temperature of the sample, and T is the temperature
of the environment. Generally, T, can be regarded constant
then, the system is first order system. For MEMS DSC, the
sample consumption is from nanoliter to microliter which
means the heat capacity would be quite small. To achieve
high sensitivity, it is essential to increase the thermal
insulation of the system which means minimize the
thermal conductance G. In general, G, is small enough
to be neglected then we can have Eq. (2) [26]:

dr
(Cs*Cr)E'i‘ (Cs—C)(T-Ty) = P, 2)
where Py is the differential heat flux between the sample
and reference material which is recorded directly during
the scanning test. In Eq. (2), (C;—C,)(T—T,) is a linear
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i
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Fig. 2 The general model for DSC. (a) The schematic diagram for DSC which consists of sample and reference cells (the cells are
located in a well-designed test chamber); (b) the thermal model for the DSC
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part and can be removed simply by baseline subtraction,
d77dt is the scanning rate which is fixed during the linear
temperature scanning process. A temperature domain
differential heat capacity between the biomolecular sample
and reference can be evaluate by dividing the differential
heat flux Pg;r by the scanning rate after baseline
subtraction. To obtain the heat capacity of the sample,
precise knowledge of the reference material (chemical
buffer for biomolecular test) is needed for the correction.
The differential power Py is usually small. In MEMS
based DSC, the sample consumption is from nanoliter to
microliter, higher concentration is needed to get detectable
Pgaie compared to the current commercial DSC. More
thermodynamic parameter of the biomolecule during the
reaction such as denaturation and binding in the scanning
process can be derived from the heat capacity change.

Among all the thermodynamic parameters, the Gibbs
free energy change AG is the key parameter since its value
under particular reactant concentrations dictates the
direction of biomolecular equilibria and it is the balance
between enthalpy and entropy [27]. It is temperature
depended and can be described by Eq. (3).

AG = AH(T,) + f ACAT ~TAS(T,)~T f ACd(InT),
3)

where AH is the enthalpy change under constant
temperature 7,, which can happen during phase change,
AS is the entropy change, and AC is the heat capacity
change (C,—C,). If AC is temperature independent during
the temperature range, Eq. (3) can be simplified to Eq. (4).

AG = AH(T,)~TAS(T,) + AC (T— T,— TlnTl) . @

C

If AG is negative, the reaction or transition will proceed
spontaneously to an extent governed by the magnitude of
AG. Otherwise, AG specifies the energy needed to drive
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the reaction to happen. The enthalpy change AH which is
described in Eq. (5) reflects the energy needed to transfer
the material to a new state. 7 is the absolute temperature in
Kelvin. The entropy can be simply described as an index to
show how easily the energy might be distributed among
various energy levels [28]. For protein binding reactions,
the enthalpy is usually negative which reflects the tendency
for the system to fall to lower energy levels by bond
formation. In a DSC test, the enthalpy change AH can be
directly obtained from the DSC curve shown in Fig. (3)
[29], then the Gibbs free energy change is derived using

Eq. (4).

AH = AH(T,) + AC(T-T,). (5)

3 Applications of DSC to biomolecular
reactions

In DSC, the temperature difference between sample and
reference cells is monitored as the temperature of both is
increased linearly in a precisely controlled manner. A
thermally driven reaction in the sample cell leads to a
temperature imbalance between the cells. When that
occurs, power to the heaters on the cells is modulated to
bring the sample and reference back into balance. The
primary data recorded is compensation power as a function
of temperature (power compensated DSC). Power, as a
fundamental physical quantity, is readily converted to
energy units of joules or calories per second. Figure 3
shows typical DSC curves of bimolecular reaction.
Figure 3(a) shows the chicken hen lysozyme denaturation
process. It is a typical one thermal domain process which is
irreversible [30]. The grey area under the transition curve
defines the enthalpy change during the reaction process. A
difference between the pre- and post-transition baselines
results if there is a change in heat capacity. The degree of
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Fig. 3 Typical DSC curves of bimolecular reaction. (a) DSC thermogram for the hen lysozyme denaturation process; (b) schematic of
the DSC thermogram observed for BSA denaturation process with the raw data and the separated two thermal domains after baseline

subtraction (1 kcal =4.184 kJ) [29]
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the transition at any temperature may be defined by
integration of the transition curve. Such endothermic
process can be described by the onset temperature, 7, the
temperature where the transition starts to deviate from the
baseline. The extrapolated onset temperature, 7., is the
temperature at the intersection of extrapolated baseline
prior to the transaction with extrapolated leading edge of
the transaction [31]. T}, is often regarded as the melting
point or the midpoint of the transaction. It is the peak
temperature during the whole single thermal domain. In
some case, the biomolecule has no significant heat capacity
change before and after the reaction (AC & 0). In this case,
the baseline for the endotherm is simply obtained by
connecting the point at which the curve departs from the
baseline of the thermogram to where it rejoins the baseline.
However, in most cases, there is a significant heat capacity
change before and after the reaction. In this case, we
cannot simply connect the points from the beginning to the
end of the reaction process in the thermogram. Baseline
approximations such as sigmoidal baseline or extrapola-
tion of the high or low temperature baseline [32,33].
Figure 3(b) shows the denaturation process of bovine
serum albumin (BSA) using the MicroCal VPDSC. The
thermogram of BSA contains 2 thermal domains which
means two overlapping transactions happened in scanning
temperature range from 40 °C to 90 °C. The peak
temperature for the first domain is 7,,; which is 60.92 °C
while the peak temperature of the second domain T, is
66.36 °C. In such case, multiple thermal domains are
overlapped during the temperature scanning process, the
raw DSC data is in irregular shape. Each thermal domain
means a unique transaction with independent thermal
parameters (AH and T,,). There are different models
developed to separate the mixed thermal domains by data
fitting. The simplest model is the 2-state with zero AC. It
only uses 7}, and AH to do the deconvolution of the raw
data. The domain separation of BSA denaturation utilizes
this method since AC is zero.
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One defect of DSC is the studied sample would never be
in complete thermal equilibrium due to the continuous
heating strategy it applies. This limitation put certain
requirements for the samples and the DSC itself as well.
The temperature induced changes in the samples should
not be too sharp and the relaxation time at these changes
should be short. For the DSC, this requires the sample/
reference cell has minimal thermal gradient.

In irreversible denaturation process, an increase in
scanning rate is expected to shift the melting point T,
[34]. A simple model that is consistent with irreversible
protein denaturation is a reversible unfolding step followed
by an irreversible process that locks the unfolded protein in
a state from which it does not refold. Theoretically, the
relationship between the scanning rate and the melting
point can be illustrated by Eq. (6):

¥ AR\ E,
l‘l(r—a) ”“(E)‘er’ ©

where 9 is the scanning rate, 4 is the empirical frequency
factor which can be derived from the Arrhenius equation,
E, is the activation energy, R is the gas constant. The slope

)
of the plot 1n<
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In Fig. 4, the lysozyme sample is tested with the TA
DSC 2500 under different scanning rate. The y axis is the
normalized differential heat flow. The scanning rate has a
significant impact on the melting point of the lysozyme
sample. The melting temperature almost shifts 6 °C when
the scanning rate is increased from 2 to 20 °C/min.

) as a function of 1/}, equals E./R.

4 Development of MEMS based DSCs

MEMS based calorimeter applies the standard micro-
electro-mechanical system technique to scale down the
conventional benchtop size DSC to wafer or even smaller
size. A typical MEMS DSC consists of three parts: The
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Fig. 4 The DSC curves for lysozyme sample with different scanning rate ranges from 2 to 20 °C/min. (a) DSC curves of lysozyme
sample with the concentration 20 mg/mL; (b) DSC curves of lysozyme sample with the concentration 10 mg/mL



Shifeng YU et al. Calorimetry review 531

liquid deliver system, the thermal insulation structure, and
the temperature sensing and heating unit. A MEMS DSC
employs a liquid deliver system which is similar to the
current commercial DSC (MicroCal VPDSC). The liquid
deliver system is used to deliver the liquid sample and
reference material to the thermal cells. It consists of high
precision syringe pump, micro capillary and other
connection parts. The thermal insulation structure includes
the suspended thin film or polymer substrate with low
thermal conductivity and microfluidic chamber integrated
with air gap. The suspended substrate can be inorganic
material such as Si3Ny4, SiO, or polymer such as SU8 or
polyimide. There is a trend to use polymer to replace the
traditional silicon complexes due to their thermal con-
ductivity is usually one or two orders smaller. The
microfluidic chamber is also fabricated using materials
with low thermal conductivity such as polydimethylsilox-
ane (PDMS) or glass. Another requirement for such
material is the high transparency which permits real time
monitor of the temperature scanning process. The micro-
fluidic chamber can be fabricated with the MEMS
technique or using 3D printing with high resolution. The
temperature sensing and heating unit is the core of the
MEMS DSC. It consists of the temperature sensing and
heating part. There are mainly two techniques to achieve
temperature sensing with high sensitivity: Thermopile or
thermistor. The function of the heating unit is to provide
heat flux to the sample and reference material in the
thermal cells. In such micro level heating with high thermal
insulation, one big challenge is to minimize the thermal
gradient in the heating material. Because these systems
incorporate a very small thermal mass and use reagent

(a)

quantities in the nanogram/nanoliter range, rapid and
uniform heating and cooling can be achieved while
maintaining a high level of temperature homogeneity.
These miniaturized nano DSC can offer enhanced sensing
capabilities in an inexpensive portable format.

Figure 5 [35-37] shows the challenge to fabricate the
corresponding components in a MEMS DSC compared to
the commercial DSC. The crucible to contain the sample
and reference material is replaced by microfluidic chamber.
The pedestal structure is abandoned, a suspended mem-
brane provides substrate for the integrated heating and
temperature sensing unit and the microfluidic chamber
with excellent thermal isolation. Unlike the conventional
DSC which utilize cumbersome heating/cooling block and
the macro thermocouple for temperature scanning and
sensing. In MEMS DSC, the micro heater and temperature
sensor are fabricated on the suspended membrane directly
using standard MEMS technique. The performance of a
MEMS DSC heavily depends on these three parts:
Microfluidic chamber, suspended membrane, and tem-
perature sensing and heating unit. The improvement of
MEMS DSC is achieved by integrating novel microfluidic
chamber structure with better thermal insulation, smaller
addenda thermal mass (heat capacity), robust suspended
membrane with lower thermal conductivity, temperature
sensing and heating unit with higher temperature sensitivi-
ty and more uniform temperature scanning.

4.1 Thermal insulation system

The simplest way to achieve high thermal insulation is
using suspended membrane under high vacuum environ-
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Fig. 5 Challenges to develop MEMS DSC compared to the conventional DSC. (a) Schematic set up for commercial macro DSC [35];
(b) microfluidic chamber device [36]; (c) suspended membrane for the MEMS DSC; (d) temperature sensing and heating unit [37]
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ment. Since biomolecules are often resolved in liquid,
there is serious evaporation problem without careful
chamber system during the temperature scanning process
[38]. Hence the simple open type structure which is
utilized by most MEMS isothermal titration calorimeters
cannot be applied to the MEMS DSC [39,40]. A carefully
designed microfluidic chamber system is designed to
prevent the evaporation and provide high thermal insula-
tion performance. The thermal insulation system for
MEMS DSC consists two parts: The suspended membrane
as the substrate for the temperature sensing and heating
unit and the microfluidic device [41,42].

Two types of the suspended membrane material are the
silicon compound such as SiO,, polysilicon, Si3N4 [43—45]
and polymers [46—48]. Among the silicon compounds,
Si3Ny is the best for its total inertness and can be easily
manipulated. Fabrication of membrane using SizNy is
mastered in all cleanroom in the world using chemical
etching of silicon coated with silicon nitride on both side
by KOH based etchant. Thermometer and heater can be
lithographied on top of the silicon nitride membrane which
permits the measurement of thermal properties. Polymer
membranes are also used to insure good thermal insulation
for MEMS DSC. In the temperature range applied to
MEMS DSC (room temperature to 110 °C for biomolecular
study), polymers such as SU8, polyimide has unique
advantages such as robustness, low cost, low thermal
conductivity and inertness.

Microfluidic chamber is the essential part of the thermal
insulation system for MEMS DSC. One method to
fabricate the microfluidic chamber is to use Pyrex glass
for its high transparency, low thermal conductivity, low
cost and standard micro machining process [49]. There are
several steps to fabricate the microfluidic chamber with
Pyrex glass wafer.

1) Silicon etching. Using silicon wafer as the master
mold, the desired cavities are obtained by wet etching or
deep reactive ion etching etching.

2) Anodic bonding. After cleaning, the silicon wafer is
hermetically anodic bonding to the Pyrex glass under high
vacuum environment. Typically, 1000 V voltage is added
between the silicon wafer and the glass wafer.

3) Heat treatment. In this step, the bonded wafer is
heated up to the strain point of the Pyrex glass (850 °C) in a
furnace under the standard atmospheric pressure. At this
temperature, the Pyrex glass will be softened and fill the
cavities on the silicon wafer.

4) Annealing. In this step, the bonded wafer is put into
the heat treatment furnace to take an annealing process
under the temperature of the annealing point of Pyrex
glass.

5) Microfluidic device separation. After the annealing
process, the Pyrex glass already forms the microfluidic
chamber on the silicon wafer by filling the cavities. In this
step, the residual silicon is removed by wet etching.
Another popular method is the polydimethylsiloxane based

microlithography technique.

There are several steps in such microfluidic chamber
fabrication process [50,51].

1) SU8 patterning. SU8 is used to fabricate the master
mold for the PDMS based microfluidic chamber. It is firstly
spin coated on a cleaned silicon wafer and then patterned
with standard photolithography technique to form the
predesigned cavities.

2) PDMS casting. The surface of the SUS is firstly
treated under plasma for later release of the PDMS
chamber. The PDMS is then mixed with the base and
agent under proper ratio (10:1 in weight) [52]. After the
PDMS casted to the silicon wafer, the whole device is put
in a vacuum chamber for degassing.

3) Heat treatment. In this step, the device is put onto a
hot plate to slowly increase the temperature to the curing
temperature and hold for two hours (The curing tempera-
ture and time may vary depends on the expected properties
of the PDMS chamber such as Young’s modulus.).

4) PDMS microfluidic device release. After the curing,
the PDMS chamber can be released from the silicon wafer
by simply pilling off. The master pattern can then be
cleaned and reused for the next fabrication. The fabrication
process of these two methods are shown in Fig. 6.

After the fabrication of microfluidic chamber. One
critical task is to bond the chamber to the suspended
membrane of the DSC device. PDMS usually has very
good adhesion with silicon, silicon nitride and silicon
dioxide, however it has poor adhesion to polymers. In such
case, additional adhesion layer is needed to increase the
adhesion strength between the microfluidic chamber and
the polymer membrane [53]. Figure 7 [26,48] shows two
examples of the microfluidic system for MEMS calori-
meters. In Fig. 7(a), the microfluidic system is fabricated
with Pyrex glass. It consists of fluidic channel, sample inlet
and outlet, the reaction chamber. This microfluidic system
has thick glass walls contacted with the biomolecular
sample which will contributes part of the heat capacity of
the system and difficult to separate from the heat capacity
of the sample. In Fig. 7(b), it utilizes Parylene to form thin
wall (2 pm) for the microfluidic chamber which can
significantly reduce the additional heat capacity added to
the sample. It has on-chip vacuum space which increases
the thermal insulation of the calorimeter system in a further
step.

4.2 Temperature sensing and heating unit

The sensitivity of a calorimeter is determined by the
minimum thermal energy or power it can detect. In most
cases, calorimetric measurement is achieved by measuring
temperature changes [54]. Therefore, a high-sensitivity
temperature sensor is needed in developing a high-
sensitivity calorimeter. There are mainly two temperature
sensing methods in calorimetry: Thermopile and thermis-
tor. Thermopiles (thermocouples connected in series) are
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(@) (1) Silicon cleaning

(2) Silicon etching

(3) Anodic bonding of silicon and Pyres glass

(4) Heat treatment and annealing

ﬁ H
(5) Pyres glass chamber release
H ﬁ

(b) (1) Silicon cleaning

(2) SUS spin coating

(3) SUS patterning as the master mold

(4) PDMS filling

(5) PDMS chamber release

Fig. 6 Two typical microfluidic chamber fabrication method. (a) Glass based microfluidic chamber fabrication process; (b) PDMS

microfluidic chamber fabrication process
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Fig. 7 (a) Microfluidic system for a novel nanocalorimeter [26]; (b) schematic view of the microfluidic system for a high sensitive

microfluidic calorimeter [48]

used as thermometers in most MEMS DSCs [55-57]. The
thermocouple converts the temperature difference to
electric voltage via thermoelectricity. As thermopiles can
have very high sensitivity by simply increasing the number
of thermocouples and does not consume electric power to
measure temperature, they are ideal for calorimetric
applications. However, there are also limits for such
method. First, the space will limit the number of
thermocouples integrated in the thermopile. Second, the
thermocouple usually has large resistance and they are
connected in series, the electrical resistance will lead to
large thermal noise. The other method is thermistor. The
working principle of thermistor is the electrical resistance
is related to temperature. Some semiconductor materials
such as SiC, VO, have extremely high temperature
coefficient of resistivity (2% to —5% per Kelvin) which
are tens or even hundreds of times larger than the common
metal materials [58,59]. The problem with thermistor is

they need current for the temperature sensing which will
generate additional Joule heat to the sample cells. Hence
the current to the thermistor must be minimized for the
temperature sensing or carefully controlled. Figure 8
[47,60] shows two temperature sensing examples in
calorimetry application

Micro heater design is another critical task for MEMS
DSC. Although MEMS only needs milliwatts level of
power to achieve the temperature scanning from room
temperature to 100 °C, consider the heating area is only in
the square millimeter level, the heating power density
would be high. The high thermal insulation of the
calorimeter system will cause the temperature attenuates
rapidly from the heating area to the non-heating area [61].
A good heater design should consider the thermal gradient
in the heating cell will affect the test result and try to
achieve high temperature uniformity in the heating area
[62,63].



534

(=] (=]
200000 am 200,000 pm

(a)

Front. Mech. Eng. 2017, 12(4): 526538

_Fg
]
y

—
—i

(b)

Fig. 8 Two temperature sensing examples in calorimetry application. (a) Four SiC thermistors form a Wheatstone bridge for the
temperature measurement [47]; (b) 50 junctions of thermocouples are connected in series to build the thermopile to measure the

differential temperature between the sample and reference cell [60]
4.3 Application of MEMS DSC for biomaterial study

MEMS DSC can be extended to apply for biomolecular
study with less sample consumption, lower sample
concentration and higher temperature scanning rate duo
to its minimized size. One of the most important
parameters of a MEMS DSC is its sensitivity measured
by the corresponding output voltage to a certain
heating power difference between the sample and
reference cells (V/W). A typical sensitivity calibration
method is to apply a certain amount of Joule heat to the
sample cell (microwatts level) and leave the reference cell
unheated or vice versa while both cells are filled with
buffer. This requires the heating module can heat up the
cell uniformly. By this method, we can obtain the
continuous response to the different power difference by
simply changing the current applied to the micro heater.
Other methods such as the mixing of certain amount of
acid and alkaline in the sample chamber while filling the
reference cell with buffer to produce heat can also be used
to calibrate the sensitivity. This method can lead to more
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accurate sensitivity calibration since it uses chemical
reaction instead of Joule heat to produce the power
difference which is closer to the real test. However, this
method also requires precise reaction rate control to
generate constant power for stable output which will
make the system too complicated. Figure 9(a) [64]
shows the sensitivity calibration of a MEMS DSC using
Joule heat. The sensitivity of the MEMS DSC is 7 V/IW
which is high enough to detect weak signal during the
scanning process.

MEMS DSC can increase the scanning rate of liquid
sample to 100 °C/s or even higher by greatly reducing the
total thermal mass of the DSC system which is impossible
for traditional DSC. The super high scanning rate can be
extremely useful to detect weak binding and lead to other
discoveries. Figure 9(b) [65] shows one example of using a
fast MEMS DSC for lactose study. Under high scanning
rate (100-500 °C/min) not only the melting temperature is
shifted, but also the thermal domains which cannot be
detected under lower scanning rate (20 °C/min) is clearly
shown in the diagram.
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Fig. 9 (a) Sensitivity calibration of a MEMS DSC using Joule heat [64]; (b) DSC scans showing the analysis of spray-dried lactose at a

variety of high heating rates using fast scan DSC [65]
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4.4 Recent MEMS DSC research

Currently, MEMS DSC are developed for high throughput
calorimetry, super sensitive biochemical sensing and
cellular level measurement applications. There are sig-
nificant works done towards these goals which are listed
in Table 1 [60,66—69]. They employ novel structures,
temperature sensing materials to achieve high thermal
performance. Some of these designs are show in Fig. 10
[64,66—68]. Figures 10(a) and 10(b) are MEMS DSC
fabricated on suspended Siz;N; membrane. The SizNy
membrane is only 100 nm in thickness with low yield
strength. It is carefully designed to withstand much smaller

Table 1 Lists of most up to date MEMS DSC work

sample volume nanoliter compared to the MEMS DSCs
which utilize polymer based membrane which are shown
in Figs. 10(c) and 10(d). They both use polyimide as the
suspended membrane due to its robustness and simple
fabrication process. The thickness of the polyimide
membrane in around 10 um and it has much larger yield
strength, hence, it can withstand larger sample volume
(microliter level). For such small sample volume (nano/
microliter), the heat release during the denaturation process
is extremely small. For such small signal detection, one
requirement is super high temperature sensitivity and the
other is ultraprecise thermal environment control since any
undesired heat exchange of heat between the sample and

MEMS DSC work Sample consumption/nL

Sensitivity/(V-W ')

Noise level in temperature/uK  Noise level in power/nW

Lin’s group, 2015 [60] 1000
Lee’s group, 2016 [66] 30
Lee’s group, 2014 [67] 200
Zuo’s group, 2016 [68] 1000
Saito and Nakabeppu, 2015 [69] Flow through

4.78 20
48.00 10
8.17
6.00 60.00 40
100

(c)

Inlet/outlet

Thermal isolation_ [ chambers

air gaps

Thermopile

Micro-heater

diaphragm

sensor

Fabricated on-chip
p-calorimeter device

(b)

=

Thin film suspended
p-calorimeter chamber

Sample & reference

Fig. 10 Various examples of MEMS DSC designed for biomolecular study. (a) High sensitivity calorimeter platform using V,Os5 thin film
thermistor was developed. The calorimeter platform Integrates a V,Os thermistor with a high temperature sensitivity of —2.2%/K with a vacuum
insulated, suspended SiN membrane structure enabled a low thermal conductance of 12 pW/K and achieves direct detection of 10 nW [66]; (b)
p-calorimeter designed for the efficient coupling and detection of heat from the thermal elements for accurate characterization [67]; (c) MEMS
DSC combines highly sensitive thermoelectric sensing, on-chip self-calibration, and microfluidic regulation for thermodynamic characterization
of biomolecular samples on a minimized scale [64]; (d) MEMS DSC design integrated vanadium oxide thermistors and flexible polymer
substrates with microfluidics chambers for ultrasensitive biomolecular study [68]
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the environment will generate random signal which can
affect the result. Figures 10(a) and 10(b) employ vanadium
oxide based thermistor as the temperature sensor. The
vanadium based thermistor has high temperature coeffi-
cient of resistivity (—2.5%). They use Wheatstone bridge to
transfer resistance change caused by temperature differ-
ence to the output voltage signal. The Wheatstone bridge
can effectively reject the common mode noise in the
reference and sample cells such as temperature fluctuation
and evaporation. In Fig. 10(c), antimony-bismuth (Sb-Bi)
thermopile is embedded in the diaphragm for sensitive
thermoelectric detection. Antimony (Seebeck coefficient:
43 uV/K) and bismuth (Seebeck coefficient: =79 pV/K) are
chosen for differential temperature sensing due to their
high thermoelectric sensitivities and easy fabrication using
standard MEMS technique. The 50-junction thermopile
has a temperature sensitivity of 6.3 mV/°C. In Fig. 10(b),
the reaction chambers have been designed and fabricated
using a Si,N, thin film and a thin polyimide film. The
reaction chamber is also fully suspended from silicon
handle to minimize the thermal loss to the substrate by
thermal conduction. The reaction chamber has been 3D-
micromachined using an anisotropic wet chemical etching
process. This method eliminates the off-chip wafer
bonding processes and keeps the device fabrication robust
and simple, and achieves low thermal mass and high
thermal insulation result in high sensitivity of detection.

5 Conclusions

In biomolecular study and early drug design, cell based
screening assays are used as biologically relevant surro-
gates. Compared to the cell based assays, DSC enables
determination and understanding of the protein-ligand
binding in a more direct and reliable way. MEMS DSC
attracts growing interest due to the development of new
capabilities, such as high-throughput array operations and
microfluidics with high thermal insulation. This paper
gives an overview of the DSC techniques in the application
of biomolecular studies and the effort to develop MEMS
based DSC. The unique capability of differential calori-
metric sensing is highly expected to open an unconven-
tional biosensor field, and the improved sensitivity and
throughput of MEMS will permit applications in new
research fields. Calorimetric techniques are widely used for
material characterization. The outstanding work listed
show the possibility of applying MEMS DSC to achieve
smaller sample consumption, higher throughput in biomo-
lecular study, drug design and bioprocess monitoring. A
reasonable perspective of the MEMS DSC is to increase
the noise level to picowatt to achieve single cell activity
monitoring.
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