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Abstract: Calorimeters, which can be used for rapid thermal characterization of biomolecules, are
getting intense attention in drug development. This paper presents a novel MEMS-based differential
scanning calorimeter (DSC) for direct thermal characterization of protein samples. The DSC consisted
of a pair of temperature sensors made by vanadium oxide (VOx) film with a temperature coefficient of
resistivity of −0.025/K at 300 K, a microfluidic device with high thermal insulation (2.8 K/mW), and
a Peltier heater for linear temperature scanning. The DSC exhibited high sensitivity (6.1 µV/µW), low
noise (0.4 µW), high scanning rate (45 K/min), and low sample consumption volume (0.63 µL). The
MEMS DSC was verified by measuring the temperature-induced denaturation of lysozyme at different
pH, and then used to study the thermal stability of a monoclonal antibody (mAb), an antigen-binding
fragment (Fab), and a dual variable domain immunoglobulin (DVD-Ig) at pH = 6. The results showed
that lysozyme is a stable protein in the pH range of 4.0–8.0. The protein stability study revealed that
the transition temperatures of the intact Fab fragment, mAb, and DVD proteins were comparable
with conformational stability results obtained using conventional commercial DSC. These studies
demonstrated that the MEMS DSC is an effective tool for directly understanding the thermal stability
of antibodies in a high-throughput and low-cost manner compared to conventional calorimeters.

Keywords: thermal stability; antibody; differential scanning calorimeter; MEMS

1. Introduction

Since the approval of the first monoclonal antibody in 1986 for treating organ rejec-
tion, monoclonal antibodies (mAb) and antibody-based therapeutics have dominated the
biopharmaceutical market [1]. However, there is an increasing interest in understanding
the factors that affect the stability of antibodies [2]. Thermal stability is a direct assessment
of the conformational integrity of proteins [3]. Poor conformational stability can lead to
tertiary structure misfolding in the variable regions, a decrease in antigen binding, and
aggregation in solution [4]. Moreover, the conformational stability of mAbs and dual vari-
able domain immunoglobulins (DVD-Igs) is directly related to their solution environments
including pH value and solutes. Solution conditions impact the tertiary structures by
modifying the ionization of amino acids, direct interactions, and hydration of the surface
of proteins [5].

When antibodies or DVD-Igs are subjected to increasing temperature, the native
tertiary state transforms to a fully denatured or unfolded state. Differential scanning
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calorimeters (DSCs) measure the temperature required for this transition (Tm) along with
the enthalpy needed to achieve the unfolded state (∆H). Generally, a higher Tm indicates
a more conformationally stable protein under specified conditions. As a label-free and
immobilization-free method, DSC simultaneously evaluates the temperature and energy
required by the protein to transform from the native to denatured state. This provides a
direct understanding of the molecular interactions of samples [6,7]. Conventional com-
mercial DSCs consume relatively large sample volumes (typically 20–300 µL) and long
measurement times (~2 h) due to their fairly low power resolution and large thermal mass
of the measurement systems [6]. During the DVD-Ig engineering, the precursor variable re-
gions are selected from mAbs which demonstrate a relatively high conformational stability
prescreened by DSC [8]. With the advent of automated and high-throughput cell culture
processes, hundreds of mAbs and DVD-Igs can be produced in a short time, necessitating
the development of a thermal analysis tool which can screen the biomolecules quickly to
obtain the relative conformational differences between the potential therapeutic candidates
while minimizing material consumption [9].

Standard MEMS fabrication processes have been used to develop miniaturized calorime-
ters to address the shortcomings of the conventional large-volume DSCs [10–14]. By inte-
grating the calorimeter on the suspended Si3N4 to increase thermal insulation, a DSC can
achieve a microwatt noise level using a platinum-based resistor for the temperature sens-
ing [10]. Due to the miniaturized size, the flash DSC, a commercially available calorimeter
which has been widely used for the characterization of thin-film materials, achieved a
scanning rate at 1000 K/s, which is much higher compared to the rate of conventional
DSCs (1 K/min) [11,15,16]. However, these micro-DSCs use an open-chamber configu-
ration, which allows the evaporation of aqueous samples and introduces extra heat loss;
therefore, they are not suitable for liquid biosample measurement. In order to overcome
this drawback, a polydimethylsiloxane (PDMS)-based microfluidic device was introduced
for preventing evaporation to make the DSC available for liquid sample characteriza-
tion [12]. Further attempts utilized a commercially available polymeric sheet to replace
the suspended Si3N4 thin film to reduce the cost and increase the reliability of the MEMS
DSC [13,17]. However, evaporation of liquid still occurs when the temperature is close to
the water boiling point due to the high gas permeability of PDMS [18]. There are other
methods developed to enable microcalorimeters to quantitatively analyze molecules. By
implementing the segmented flow technique, chip calorimeters can be used to investigate
the mixing of samples with different consistencies directly [19,20]. Instead of utilizing
temperature sensitivity resistors, quartz resonators based calorimeter transduced urinary
creatine into temperature-dependent frequency signals [21]. An additional vacuum system
can further reduce the noise of a calorimeter, thus enabling highly sensitive monitoring of
metabolic activities in single cells [22].

In this paper, a MEMS DSC is introduced as a high-throughput calorimeter for the ther-
mal characterization of antibodies. Compared to other existing DSCs, the PDMS/Flexdym
double-layer microfluidic chamber is designed to hold the sample and reference materials
and prevent the fluid from evaporation. Additionally, a vanadium oxide-based thermistor
is developed for highly sensitive differential temperature/power measurement. A thin-
film microheater is deposited under the fluidic chamber for sensitivity calibration. Linear
temperature scanning is achieved by precise temperature feedback control. The MEMS
DSC consumes microgram quantities of antibodies to generate an accurate thermal denatu-
ration profile at a higher thermal scanning rate with a higher accuracy than conventional
commercial instruments.

2. Materials and Methods
2.1. Materials

Lysozyme (molecular mass: 14.4 kD), mAb (144.9 kD), Fab (47.4 kD), and DVD Ig
(196.4 kD) were prepared at the AbbVie Bioresearch Center (Worcester, MA). The DVD-Ig
was synthesized by combining the complementarity-determining regions (CDRs) of two
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precursor IgG1s into one dual-targeting protein using naturally occurring peptide linkers
to attach the domains to the constant framework (Figures S11 and S12). A template was
created from the variable domain DNA of the two precursor mAbs and cloned into an
appropriate expression vector. The mAb and DVD-Ig proteins were expressed in Chinese
hamster ovary (CHO) cells and grown in bioreactors. After an appropriate incubation
period, the CHO cells were harvested and lysed. The supernatant was purified by protein
A chromatography and anion filtration, and then diafiltered into a stabilizing buffer. The
corresponding Fabs were prepared by digesting the mAbs with papain and purifying by
size-exclusion chromatography (SEC). The variable domains of the DVD-Ig, mAb, and Fab
are antigens specific for tetanus toxoid. The lysozyme was dialyzed to a concentration of
10 mg/mL against different buffers (50 mM NaCl and 50 mM sodium acetate at pH = 4.0,
50 mM NaCl and 50 mM sodium phosphate at pH = 6.0, and 50 mM NaCl and 50 mM
sodium phosphate at pH = 8.0) to study the pH effect on its thermal stability. The mAb,
Fab region, and DVD-Ig were dialyzed against the same buffer containing 15 mM histidine
at pH = 6 with the same concentration of 5 mg/mL.

2.2. Design of the MEMS-Based DSC

The MEMS-based DSC consisted of a pair of PDMS/Flexdym double-layer microflu-
idic chambers, two microheaters, two thermistors, and several polyimide protective layers
(Figure 1a–d). The details of the fabrication processes are illustrated in the Supplementary
Materials (Figure S1). There were two identical Flexdym-based microfluidic chambers with
an identical volume of 0.63 µL, which held materials for the calorimetric measurements.
These chambers were connected to the inlet and outlet ports by microfluidic channels
situated on a freestanding polyimide substrate. In the experiment, liquid sample was
introduced into the chamber through the inlet channel using a syringe. The polyimide
diaphragm, along with air cavities surrounding the chambers, provided high thermal
insulation that enabled sensitive calorimetric measurements. There were several function
layers in the MEMS DSC. From the bottom to the top, there were a polyimide substrate
layer, a thin-film VOx-based thermistor layer located underneath the centers of the calori-
metric chambers, a polyimide-based dielectric layer, a thin-film resistive microheater layer
under each chamber center, and a polyimide-based layer for packaging. The microheaters
were designed to generate a constant differential power for calorimetric calibration. The
VOx-based thermistors were designed for differential temperature sensing due to their high
TCR and ease of fabrication. In particular, polyimide was chosen as the diaphragm material
due to its excellent mechanical stiffness (Young’s modulus of 2.5 GPa), thermal stability
(glass transition temperature of 285 ◦C), and low thermal conductivity (0.12 W/m·K) [23].
The double-layer design of the microfluidic device was aimed at improving the thermal in-
sulation performance of the MEMS DSC while minimizing evaporation during temperature
scanning. The detailed design and thermal analysis of the double layer microfluidic cham-
ber can be found in the Supplementary Materials (Figures S2–S4). In particular, Flexdym
was used to fabricate the bottom microfluidic layer because of its low thermal conductivity
(0.27 W/(m·K)), low gas permeability, and good biocompatibility [24,25]. PDMS was used
to fabricate the top microfluidic layer with air cavities embedded to improve the thermal
insulation of the DSC device.
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Figure 1. The MEMS DSC for the protein stability study. (a) Schematic diagram showing the
components of the MEMS DSC. (b) Microstructure of the microheater and thermistor. (c) Prototype
of the integrated MEMS DSC. (d) MEMS DSC placed on the heating stage for linear temperature
scanning.

2.3. Working Principle of the MEMS-Based DSC

In DSC measurement, heat fluxes were added to the reference and sample chambers
through Peltier heating to achieve linear temperature scanning. For both the reference and
the sample chambers, part of the heat was lost to the surrounding environment by heat
convection, conduction, and radiation. The energy conservation equations for the reference
and sample chambers are given by Equations (1) and (2) [26], respectively.

Cr
dTr

dt
+ Gr(Tr − T0) = P0(t), (1)

Cs
dTs

dt
+ Gs(Ts − T0) = P0(t) + Pdi f f , (2)

where P0(t) is the heat flux added to the sample and reference through Peltier heating, Pdi f f
is the differential heat flux between the sample and reference recorded by the thermistors
during the scanning test, Cs and Cr are the effective heat capacity of the sample and the
reference, respectively, Gs and Gr are the effective heat convection coefficients of the sample
and reference chambers, respectively, Ts and Tr are the real time temperatures of the sample
and reference chambers, respectively, and T0 is the environment temperature.

Considering that the sample and reference chambers were identical, Cs = Cr = C
was assumed in the analysis when the chambers were filled with buffer. Furthermore, it
was assumed that the reference and sample chambers were exposed to the same thermal
environment; thus, Gs = Gr = G. Subtracting Equation (2) from Equation (1) gives

d∆T
dt

+
G
C

∆T −
Pdi f f

C
= 0, (3)
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where ∆T is the temperature difference between the reference and sample chambers.
Assuming that ∆T = u(t)e(−

G
C )t is the solution of Equation (3), then it can be substituted

into Equation (3) to solve for u(t).

u =
∫ Pdi f f

C
e(

G
C )tdt. (4)

Then,

∆T =
∫ Pdi f f

C
e(

G
C )tdte(−

G
C )t. (5)

If Pdi f f is a constant, for example, a step function, then Equation (5) can be simplified as

∆T =
Pdi f f

G
= HPdi f f , (6)

where H is the effective thermal resistance of the system.
In the MEMS-based DSC, the two thermistors located under the center of the sample

and reference chambers, together with two external decade resistor boxes, formed a Wheat-
stone bridge to detect the temperature difference induced by the state change of the sample.
The temperature difference could be further converted to Pdi f f and finally converted to the
heat capacity and enthalpy change. The thermistors were fabricated on vanadium oxide
thin film with a high temperature coefficient of resistance (TCR) [27].

Vout =
1
4

VinαHPdi f f , (7)

where Vout is the output voltage of the Wheatstone bridge, Vin is the input voltage of the
bridge fixed at 1 V, ∆T is the temperature difference between the sample and reference
area, and α is the temperature coefficient of resistance (TCR) of the thermistor. The TCR
measurement of the thermistor can be found in the Supplementary Materials (Figure S6).
The common mode rejection of the Wheatstone bridge could significantly reduce the noise
such as room temperature fluctuations in the sample and reference regions.

The sensitivity of the DSC, which was evaluated by the output voltage over the input
differential power, can be expressed by Equation (8).

S =
Vout

Pdi f f
=

1
4

VinαH. (8)

In the DSC measurement, Pdi f f was induced by the denaturation of the sample material.
During the denaturation process, the heat capacity of the sample changed dramatically. The
relationship between the heat capacity change (∆Cp) and Pdi f f is expressed by Equation (9).

∆Cp =
Pdi f f

β
. (9)

Combining Equations (8) and (9), ∆Cp can be directly expressed with the output
voltage Vout.

∆Cp =
Vout

Sβ
, (10)

where β is the scanning rate. The heat capacity can be further normalized and then inte-
grated to obtain the enthalpy change (∆H) of the molecule during denaturation expressed
by Equation (11).

∆H =
∫

∆CpdT. (11)
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3. Results
3.1. DSC Measurements
3.1.1. Experimental Setup

The DSC measurement system is shown in Figure S5. The calorimeter chip was con-
nected to the lock-in amplifier for differential signal recording. A customized chamber with
a transparent cover was used to reduce signal fluctuations due to thermal disturbances from
the surroundings. Linear temperature scanning was added to the calorimeter through a TE
precise temperature controller powered by a Keitheley 2200 power supply. The overall DSC
system was controlled by a LabView program. Before experiments, the VOx thermistors
and the microheaters were treated by annealing to increase their stability and then cali-
brated with a high-temperature probe station (AO 600 Compact Rapid Thermal Annealing
System, MBE). The calibration results are shown in Figures S6 and S7. The temperature
fluctuation of the DSC was within 40 µK when it reached equilibrium (Figure S8).

3.1.2. Device Characterization

In each characterization, five devices were used to evaluate the consistency of the
MEMS DSC. The sensitivity and time constant were measured by the thermal response tests.
In the thermal response test, the sample and reference chambers were filled with 15 mM
histidine buffer (pH = 6). A constant power was added to the microheater under the sample
chamber for a certain amount of time. The power generated a temperature difference,
resulting in a resistance difference between the thermistors under the sample and reference
chambers and causing the unbalance of the Wheatstone bridge. The sensitivity of the
DSC system was obtained by dividing the output voltage by the power applied. As a
first-order system, the time constant could be derived directly from the step response.
During the characterization process, different input powers were loaded to the DSC, and
the voltage output was consistent (Figure S9). Figure 2a shows the thermal response of
the DSC system when 20 µW was loaded at 5 s and removed at 24 s. By fitting the rising
curve to the first-order system, the time constant was 3.3 s. The sensitivity of the DSC
was 6.1 V/W at 30 ◦C. The relationship between the sensitivity and the temperature was
further studied by repeating the experiment at different temperature points for three times
(Figure 2b). The error bars represent the standard error of the sensitivity. The sensitivity
slightly decreased as the temperature increased. According to Equation (8), the sensitivity
is determined by the input voltage of the Wheatstone bridge, the TCR of the thermistor,
and the thermal resistance of the DSC system. As a semiconductor material, the TCR of the
VOx was reduced as the temperature increased (Figure S5), which explained the sensitivity
decrease with temperature.
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The baseline repeatability of the MEMS DSC was characterized when both the sample
and reference chambers were filled with the same buffer containing 15 mM histidine with
the pH = 6 (Figure 3). While the scanning rate of the MEMS DSC in measurement was
in the range of 5 to 45 ◦C/min, 5 ◦C/min was applied during baseline characterization
to allow the extraction of more data points. The linear drift was mainly caused by the
asymmetry of the two chambers [28]. The largest slope of the output drift was 0.6 µV/s.
The sensitivity of the MEMS DSC was around 6 µV/µW, and the fluctuation level was
0.4 µW. The fluctuation of the baseline was the main source of noise of the system, which
determined the detection limit of the MEMS DSC.
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DSC (repeated five times). (b) The fluctuation of the baselines upon removing the linear parts.

3.1.3. pH Effect on the Thermal Stability of Lysozyme

The lysozyme measurements were carried out using the MEMS-based calorimeter at
the upper limit of the scanning rate (45 ◦C/min) to increase the resolution of heat capacity
measurement, within a temperature range from 30 ◦C to 100 ◦C. The incubation time was
2 min before scan, and the equilibrium time (post scan) was about 5 min, suggesting that
the total time per measurement was about 8.5 min. The heat capacity thermograms were
obtained by subtracting the baseline and interpolating a cubic baseline in the transition
region. Then, the thermograms were normalized to the molar concentration of each protein
and further integrated to obtain the enthalpy change. The peaks in the thermograms
obtained by the experiments were the transition temperatures of the lysozyme under
different pH values. A repeatability study was also carried out during the lysozyme test
(Figure S10), suggesting the suitability of the device for disposable use.

Figure 4 shows the normalized heat capacity change and enthalpy change of lysozyme
over the scanning temperature at different pH values. The experiment results, such as
the transition temperature and enthalpy change, are consistent with the literature [29,30],
demonstrating the functionality of the MEMS DSC in the protein study. In the pH interval
of 4–8, the transition temperature of lysozyme ranged from 78.0 ◦C to 75.8 ◦C, while the
normalized enthalpy change varied from 440 kJ/mol to 416 kJ/mol. The results showed
that lysozyme is active in the pH interval of 4–8.
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3.1.4. Thermal Stability of the mAb, Fab, and DVD-Ig

The temperature-induced denaturation of the mAb, Fab, and DVD-Ig was measured
using the MEMS DSC at a scanning rate of 45 ◦C/min with temperature increasing from
30 ◦C to 100 ◦C (Figure 5a). To verify the performance of the MEMS-based DSC, the thermal
stability profiles of the three proteins were measured using the commercial MicroCal VP-
capillary DSC (Malvern/MicroCal, Northampton, MA) (Figure 5b). MicroCal VP-capillary
DSC is a benchtop-sized analytical tool that is widely used in the pharmaceutical industry.
Compared to the MEMS DSC that utilizes a top-down structure with a microfluidic chamber
to contain the material and a heating module underneath, the capillary DSC uses a U-shape
capillary to hold the sample with the surrounding heater for the temperature scan. In each
measurement, a sample volume of 500 µL at 1 mg/mL was analyzed at a scanning speed of
1 ◦C/min with temperature increasing from 30 ◦C to 100 ◦C. It took about 80 min to finish
one run, which was much longer compared to the MEMS DSC (8.5 min). The transition
temperatures and calorimetric transition enthalpies were obtained by deconvolution of the
thermal profiles measured by the VP-capillary DSC and MEMS DSC, respectively.
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Figure 5. The DSC curves of the three proteins. (a) The DSC curves of the three proteins obtained
by the MEMS-based DSC. (b) The DSC curves of the three proteins obtained by the MicroCal VP-
Capillary DSC.

4. Discussion

The performance of the MEMS-based DSC was compared with the commercial DSC.
The transition temperatures and enthalpy changes are parameters used to evaluate the
conformational stability of the antibodies in solution [31]. ∆H is proportional to the
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endothermic energy required to unfold the corresponding domain of the protein. The
transition temperatures and relative calorimetric areas of the deconvoluted transitions were
compared between both devices for three proteins.

The thermal denaturation profiles of the Fab obtained by both the MEMS and the
commercial calorimeter showed one transition at approximately 80 ◦C (Table 1). As ex-
pected, the denaturation profiles of the mAb obtained by both the DSC and the MEMS units
demonstrated three transitions. The first and second transition temperatures measured by
both devices matched quite well with a temperature difference less than 2 ◦C. However, the
third transition temperature for the unfolding profile of the mAb obtained by the MEMS
unit was more than 10 ◦C higher than that measured by the commercial calorimeters. More-
over, the relative area of the second transition in the denaturation profile was overestimated
by the MEMS calorimeter. The more complex DVD-Ig was deconvoluted to reveal four
thermal transitions when using both devices [32]. The transition temperatures obtained
by both devices were consistent with a difference less than 5 ◦C at each point (Table 1).
The commercial DSC measurements showed that the first two transitions were likely cor-
related with the denaturation processes of the outer and inner domains of the bispecific
Fab, which required the most energy to unfold. The relative calorimetric areas from the
MEMS calorimeter, however, showed that the second and third transitions occupied the
largest areas.

Table 1. Comparison of the DSC curves for denaturation of the three proteins measured by the VP
DSC and MEMS DSC.

Sample Measuring
Device

Transition 1 Transition 2 Transition 3 Transition 4

Tm1 (◦C) ∆H1 (%) Tm2 (◦C) ∆H2 (%) Tm3 (◦C) ∆H3 (%) Tm4 (◦C) ∆H4 (%)

Fab
VP DSC 78.8 100% - - - - - -

MEMS DSC 79.5 100% - - - - - -

mAb
VP DSC 70.7 12% 79.2 45% 81.3 43% - -

MEMS DSC 71.9 3% 81.1 95% 92.5 3% - -

DVD-Ig VP DSC 67.5 45% 74.4 31% 76.1 18% 82.2 7%
MEMS 64.3 16% 69.7 29% 74.7 34% 78.0 21%

The thermal denaturation profiles of immunoglobulins and other proteins reflect
the transitions associated with the individual subunits. The temperatures and enthalpies
of unfolding shed light on the conformational stabilities of these individual domains.
Domains that have more complexity and internal peptide contacts generally require more
energy to unfold and preserve larger enthalpies. The Fab domains of the bispecific and
monoclonal antibody, which contain the variable or antigen-binding region, required more
energy for unfolding when compared with the CH2 or CH3 regions (Figure 6). Moreover,
the profiles show the interactions between domains during unfolding or cooperativity.
Differences in thermal denaturation profiles are caused by variation in primary amino-acid
sequences between largely similar proteins and differences in solution conditions, such
as pH or excipients for the same protein. As a result, it is more suitable to measure the
transition temperatures of the proteins rather than enthalpies or interactions in different
domains when using the MEMS calorimeter. Compared to existing microcalorimeter
devices, the MEMS DSC is not only highly sensitive and efficient, but also the first to enable
the characterization of antibodies with multiple thermal domains (Table 2).
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Figure 6. The deconvolution of the normalized DSC curves for the three protein samples. (a,c,e) Heat
capacity diagrams measured by the MEMS DSC. (b,d,f) Heat capacity diagrams measured by the
MicroCal VP-DSC.

Table 2. Comparison of the MEMS DSC and other existing DSCs.

Scanning Rate
(◦C/min)

Temperature
Sensing Method

Sensitivity
(µV/µW)

Noise Level
(µW)

Sample Volume
(µL) Target Materials References

1 Thermocouple - 0.1 370 Proteins and other
biomolecules

MicroCal VP
capillary DSC

20 Germanium
thermistor - 0.001 0.1 Enzyme (glucose

oxidase) Urban group [33]

5 Sb–Bi thermopile 4.78 0.021 4.78 Protein (lysozyme) Lin group [13]

5–45 Vanadium oxide
thermistor 6.1 0.4 0.63 Proteins and

complex antibodies This work
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5. Conclusions

This paper presented an MEMS-based differential scanning calorimeter (DSC) and
demonstrated the application of the MEMS-based calorimeter to obtain the thermal de-
naturation profiles of antibodies such as lysozyme, mAb antibody, its corresponding Fab
fragment, and the mAb-based DVD-Ig. The key conclusions of this paper are summarized
as follows:

1. The MEMS calorimeter achieved the purpose of screening large numbers of thera-
peutic proteins for conformational stability on the basis of transition temperature at
a high throughput. This is the first time that an MEMS-based DSC has been used to
study the interactions between different domains, which affect the thermal stability of
antibodies during unfolding.

2. The denaturation profiles measured by the MEMS-based DSC were compared with
those obtained using a commercial DSC device. The comparison results verified
the capability of the MEMS-based DSC in the thermal characterization of complex
protein samples. Its accuracy in measuring the relative enthalpy of domain unfolding
following deconvolution of the profiles can be further improved in future work.
This can be achieved by improving the thermal insulation of the fluid chamber and
enhancing the sensitivity of the device.

3. The MEMS-based DSC had a much higher thermal profile screening throughput
than the commercial DSC, which can significantly reduce the time and cost for the
development of a new drug. Furthermore, the sample consumption was 0.63 µL,
which was about 800 times smaller compared to the commercial DSC. The micro
size of the sample indicated a large surface-to-volume ratio, thus enabling efficient
thermal management and a higher scanning rate compared to the commercial DSC.
The MEMS-based DSC achieved a high scanning rate of 45 ◦C/min with a minimum
sample consumption of 0.63 µL. The time consumption of each run for the MEMS DSC
was 8.5 min, which is 10 times shorter than the commercial DSC, while the sample
consumption was 500 times smaller than the commercial DSC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12060422/s1, Figure S1: The fabrication process of the MEMS
DSC device; Figure S2: The structure of the microfluidic device; Figure S3: Three microfluidic device
designs and the FEA simulation results of their step response; Figure S4: Step response of the three
microfluidic device designs; Figure S5: The schematic diagram of the MEMS DSC measurement
system; Figure S6: Calibration of the VOx-based thermistor; Figure S7: Heating calibration of the
MEMS DSC; Figure S8: Temperature fluctuation of the MEMS DSC when in equilibrium; Figure S9:
(a) Step response of the MEMS DSC to different input powers. (b) Linear fit of the output voltage to
the input power; Figure S10: Repeatability test of the DSC device; Figure S11: The molecular structure
of the Fab, mAb, and DVD Ig; Figure S12: Surface charge distribution of the Fab, mAb, and DVD
Ig. The surface electrostatic potential was calculated using the PyMOL molecular graphics program
(white, neutral; blue, positive charge; red, negative charge).
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