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This paper presented a power compensated MEMS differential scanning calorimeter (DSC) for protein
stability characterization. In this microfabricated sensor, PDMS (Polydimethylsiloxane) and polyimide
were used to construct the adiabatic chamber (1 L) and temperature sensitive vanadium oxide was used
as the thermistor material. A power compensation system was implemented to maintain the sample and
reference at the same temperature. The resolution study and step response characterization indicated

the high sensitivity (6 V/W) and low noise level (60 k) of the device. The test with IgG1 antibody (mAb1)
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samples showed clear phase transitions and the data was confirmed to be reasonable by comparing it
with the results of commercial DSC's test. This device used ~1uL sample amount and could complete the
scanning process in 4 min, significantly increasing the throughput of the bimolecular thermodynamics
study like drug formulation process.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Protein stability is of great interests in the protein-based phar-
maceutical formulation. When macromolecules, like the proteins,
undergo temperature change, they transform from the native state
to the denatured state. The higher this thermal transition midpoint
(Tm) is, the more stable the molecules are. Differential scanning
calorimeters (DSC) are often used to study this thermal transition
phenomenon since they reveal the mechanism of thermostability
by showing the temperature dependence of the protein transitions
in the native forms [1]. It measures the heat change associated
with the molecule’s thermal denaturation when heated at a con-
stant speed so that Ty, and enthalpy change (AH) can be obtained
simultaneously. These data from the calorimeter provide vital
information for the formulation of therapeutic candidates.

However, accurate DSC measurements with a small amount
of liquid protein sample are challenging due to the low enthalpy
change during the phase transition. Researchers and engineers have
been developing various approaches to improve the DSC’s per-
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formance for decades. Conventional commercial DSCs use pans,
capillaries or tubes to construct the chambers. They serve to hold
the liquid, prevent evaporation and provide a thermal isolated envi-
ronment. One advantage of the bulk chamber is they can withstand
additional pressure to suppress sample evaporation and prevent
air bubbles at a higher temperature, so that the measurements
are more repeatable. Recent exploration of AC DSC [2] and TMDSC
(temperature modulated differential scanning calorimeter) [3] in
the academia also pave a way to improve the DSCinstruments. They
use an averaging technique to extract the signal from the broad
band noise, and some have reported the thermal unfolding of the
lysozyme sample been detected [4,5]. Despite the techniques used,
conventional DSCs still suffer from large sample volume (typically
300 wL-2 mL) and long measurement time (typically 2 h).
Microfabrication can be an opportunity to improve the DSC.
The suspended thin film either made of polymers [6-8] or SizN4
[9-13] can be much more adiabatic and the smaller scale allowed
far less sample amount. As a result, a higher sensitivity [ 14,15] was
obtained. Meanwhile, due to the smaller temperature gradient in
the sampleregion and the smaller addenda mass of the temperature
sensor, it can detect the transition temperature more accurately.
Moreover, embedded microheaters and ultra-small amounts of
samples [16] made ultra-fast scanning possible. When the sample
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is scanned at 1000 K/s, the power signal was magnified significantly
since the power is proportional to the scanning rate. Meanwhile, a
higher throughput can be achieved as a result of a shorter scanning
time and parallel operation. This is crucial to the pharmaceutical
industry, considering testing millions of drug candidates could take
years to finish, even if automated systems are installed to per-
form the task consistently [17]. Last, microfabrication make low
cost and massive production possible so that micro-DSCs might be
disposable and wouldn’t require a cleaning after the test.

However, the micro-DSC applied for protein stability character-
ization also confronts new challenges. The lower sample amount
at the same concentration means a smaller power change dur-
ing the denaturation, thus, it requires a more sensitive sensor.
Meanwhile, the smaller thermal mass of biological sample can
be more susceptible to evaporation at high temperatures even if
plastic covers [6,18] are used. This loss of heat capacity can be
detrimental to the measurement and limit the applications. And,
if the chamber is totally sealed, the rising temperature can lead to
higher pressure which is hard for the thin film to withstand. Apart
from these, since DSC used differential measurement, the asym-
metry between the sample and reference side can be crucial to the
baseline performance. A slight difference can result in a large mis-
match between the two sides, especially when the fabrication scale
shrinks. Previous attempts on heat flux type DSC for this application
were reported [7]. They determined the power by the sensitivity
calibration using a known power and measuring the signal out-
put. However, during the scanning the thermal conductance could
slightly change since it could be temperature dependent [19]. This
might result in an inaccurate measurement (see Eq. (3) therein).
Currently, power compensated type of microfabricated DSC for the
biological application remains scarce.

Here, we report a power compensated high performance micro-
DSC. It was based on a polyimide flexible membrane and was
bonded with an optimized PDMS microfluidic chamber (1 L vol-
ume) for thermal insulation and evaporation suppression. It used
vanadium oxide thermistors to monitor the slight temperature
differences between the reference and sample side, which was
maintained constant by the power compensation system. The
power measured by the power compensation system was later
converted to the normalized heat capacity changes [20]. We also
constructed a temperature controlled heating stage to linearly
raise the temperature and provide the thermal shielding for the
microcalorimeter. To characterize the device, we analyzed the
device resolution and used a power step response to calibrate the
device.These demonstrated the microcalorimeter had a superb per-
formance to test the protein samples. The IgG1 antibody (mAb1)
showed a dynamic heat capacity change during the thermal denat-
uration. The T, and AH was found reasonable by comparing it with
the test data from a commercial DSC.

2. Device description
2.1. Microfabricated calorimeter sensors

Micro-DSC measurement required the biological sample and the
reference solution in two identical chambers. The temperature was
scanned simultaneously at a constant rate. Our senor (Fig. 1) was
mainly consisted of two parts: a PDMS microchamber and a sensor
based on a polyimide substrate. The PDMS microfluidic chamber
(1 wL volume) was fabricated by molding using an SU 8 master
pattern (200 wm height). To improve the thermal insulation and
reduce the addenda mass, the chamber was surrounded by air
gaps. The flexible sensor fabrication started from spinning coating
liquid polyimide (PI 2611, HD Microsystems) and heat treatment.
After the microheater fabrication by lithography [21], a PI dielec-

tric layer was coated. The vanadium oxide thin film was sputtered
evenly on the polymer, followed by metallization of the thermis-
tors by photolithography. The metal traces were parallel connected
with 10 wm gaps between them to obtain a moderate resistance
(20-50K€2). Within the sensing area and reference area, four ther-
mistors were connected by metal wires as a Wheatstone bridge
detect the minor temperature difference between the two sides.
Note that the thermistors’ resistance had to be very close to each
other (<2% difference) so that the differential measurement could
be performed, or else the signal readout would have a large offset
and the scanning would also introduce a slope, making the small
signal detection even harder. Then, we coated a layer of PI to protect
the thermistor material from the water hydrolyzation. The PDMS
microchamber was bonded firmly with the flexible sensor by the
adhesive epoxy using the stamp-and-stick method [22].

2.2. Theories and power compensation control diagrams

The microcalorimeter’s thermal model can be simplified as a
one order system when only the sample area is considered. It is
described by the differential equation:

de—TJrG-(T—TO):P (1)

dt

where G is the thermal conductance of the chamber, C;, is the
heat capacity, T is the temperature, and P is the power.

Since the four thermistors were connected as a Wheatstone
bridge, the voltage difference (AV) of the two sides induced by
temperature difference (AT) can be described by

AV = %aV,-n AT (2)
where « is the temperature coefficient of resistance (—2.5%), Vi
is the voltage input of the bridge (0.5 V). The temperature sensitivity
is 5-7mV/K.
At the steady state, AT and AP have the following relationship:

AP
== (3)

Combining Egs. (2) and (3), the sensitivity (S) can also be calcu-
lated as

AV =S.AP (4)

AT

By approximation, we can convert the power difference to heat
capacity difference using the following equation:
AP

p

Here (3 is the scanning rate.

Power compensated DSCs normally have two control loops:
average temperature loop and differential temperature loop [23].
The average temperature loop delivers equal power to sample
and reference sides to ensure that the average temperature tracks
the program temperature. Meanwhile, the differential control loop
minimizes the temperature difference between the sample and ref-
erence positions.

Fig. 2 shows how the power compensation system maintains a
constant temperature difference between the sample and reference
side. This study proposed a simplified control scheme. The error
of the setpoint (V) and the output voltage (Vour) will firstly go
through a PID controller and then it will multiply a constant k (the
inverse of sensitivity), to determine how much power to compen-
sate. This compensated power (Pcomp ) together with the differential
power to the sample and reference areas which is caused by the
uneven heating determine the output voltage. The controller will
adjust power when outside disturbances are involved. In this way,
the Vo, will remain constant due to the feedback control.

AC, = (5)
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Fig. 1. A schematic view of the micro-DSC sensor. Each major layers were separated to illustrate the components.

Fig. 2. The control diagram of the differential temperature control loop in the power
compensation system. The feedback power from the microheater maintains a con-
stant temperature between the sample and reference sides.

2.3. Heating stage of the calorimeter and electronic chains of the
system

The heating stage of the microcalorimeter was constructed to
raise the temperature and provide the thermal shielding. This cor-
responded to the average control temperature loop. The hardware
included a heating sink, a copper plate, two Peltier heaters, a sam-
ple stage, a glass cover, the thermal shielding (made of Teflon tube),
and the metal shielding. The two-layer shielding blocked the out-
side disturbance and minimized the temperature fluctuation. The
wires were connected outside via a hole on the sample stage and
then soldered to an electrical box with BNC adapters. The heaters
were controlled by a temperature controller TC-720 (TE Tech) and
powered by a power supplier. A commercial thermistor sensor was
attached to the sample stage to measure the temperature. The tem-
perature control process is automated by a commercial program
(Figs. 3 and 4).

The power compensation system’s electronic chain (Fig. 5)
started from the lock-in amplifier (Stanford Research SR830) send-
ing the voltage input to the Wheatstone bridge circuit and the
differentiated signal (AV) was also measured by it. This signal was
read by the LabVIEW program, and then the software controlled
the sourcemeter (Keithley 2410) to release the power through the
microheater to perform the power compensation. The amount of
power to use was determined by the algorithm showed in Fig. 2.
Since the resistance of the heater changed when temperature
change, the sourcemeter need to measure the resistance in every
cycle and set the sourcemeter’s voltage according to the resistance

measured and the power value. The PID controller used in the study
was from the NI company’s control kit. All the data communication
was achieved by the GPIB cable.

3. Experiments and materials

During the measurement, the microcalorimeter was suspended
by an aluminum board drilled with holes. The silicone paste was
used in between to improve the thermal contact between the board
and the sensor. We slowly injected the liquid sample into the
microchamber with a syringe and make sure no air was trapped
in the chamber. If air was left in the chamber, it will swell when
heated up, causing troubles in measurement. To reduce the chance
of air introduction, the chamber was made hydrophilic by plasma
treatment, the geometry was optimized to prevent the air trapped
in the corner, and the liquid needed to be degassed. The inlet and
outlet of the microchamber was sealed by the water-proof gel to
further reduce evaporation. Five minutes after the injection, the
temperature of the sample gradually came to equilibrium, and the
temperature controller was turned on to scan the sensor at a rate
of 25K/min. The time constant of the lock-in amplifier was set
to 300 ms, corresponding to a filter bandwidth of around 0.8 Hz.
The V;, was set to be 0.5V, so the power difference generated by
the thermistors was much smaller than 1 wW while maintaining a
high sensitivity. We used a microfabricated heater powered by the
sourcemeter to apply a little amount of heat to the sample for the
thermal response study.

The protein test used the 10 mg/mL IgG1 antibody (mAb1) sam-
ple, prepared by the AbbVie company (Worcester, MA). The buffer
used was filtered 15 mM Histidine pH 6. In each measurement, the
baseline drift was subtracted from the data to yield the net signal.

The commercial thermal analysis instrument used for compar-
isons was the VP-capillary DSC from Malvern Instruments.

4. Results and discussions

Thermal response tests were often used to calibrate the
calorimeter and to show how the sensor react to a small amount

Please cite this article in press as: S. Wang, et al., A power compensated differential scanning calorimeter for protein stability charac-
terization, Sens. Actuators B: Chem. (2017), https://doi.org/10.1016/j.snb.2017.10.034



https://doi.org/10.1016/j.snb.2017.10.034

G Model
SNB-23338; No.of Pages7

4 S. Wang et al. / Sensors and Actuators B xxx (2017) xXX—Xxx

(a)

metal traces

signal
Vi readout

lock in amplifier

o

Fig. 3. (a) Photograph of the microcalorimeter sensor (b) image of the reference and
sensing areas optical microscope (c) image of the metal traces under optical micro-
scope to illustrate how it connected the thermistor materials to reach a reasonable
resistance. The arrow in the picture was the current flow direction (d) schematic
diagram of the electrical connection s between the four thermistors to perform
differential measurement.

of heat. It was operated by applying a known power for a certain
time and read the voltage signal. By integrating the voltage signal
with time and dividing it by the heat applied, the sensitivity could
be determined. It also characterized the sensor’s performance on
thermal insulation and time constant based on Eq. (1).

Fig. 6 showed the situation when 400 wW power was applied
and 1 p.L of DI water was loaded in the microchambers. Integrating
the voltage over time and dividing the known heat revealed a 6 V/W
sensitivity. By fitting the rising curve and downward curve to the
exponential equation, we found the time constant to be 7.2 s, which

Table 1
Comparison of the proposed MEMS DSC and the commercial DSC in protein sample
study.

Commercial DSC/MEMS DSC mAb1 Lysozyme BSA

Tm (°C) 74.3[75.4 78.8/79.3 77.5]76.7

AH (kJ/mol) 431/385 920/862 2234/2444
Table 2

Lists of most up-to-date MEMS DSC works for liquid sample study.

MEMS DSC work Sample consumption Sensitivity Noise level

Zuo’s group 1pl 6 VW 35nW/60 wK
Lin’s group, [8] 1L 478VIW  20nW
Saito and Nakabeppu, [25] Flow through 100 nW

was quite similar to some commercial products (time constant of
VP-DSC is 7s).

To enlighten the performance of the calorimeter, the noise study
of the device was also conducted. Signal readout in the lock-in
amplifier was recorded when the microcalorimeter was scanned
at 25 K/min. We subtracted the raw data with a three order poly-
nomial fit, and then convert the residual to the power and the heat
capacity (Fig. 7). The peak to peak noise of the calorimeter was
around 250 nJ/K (based on the equation 5), corresponding to 100
nW; the RMS (root mean square) noise was about 85 nJ/K and 35
nW. Considering the heat capacity of the sample 4.2 mJ/K, the res-
olution was approximately AC/C=+3 x 1072, Possible influencing
factors could arise from the linearity of the temperature scanning
control, the thermal shielding performance of the heating stage,
and the thermal insulation of the device.

Besides, we also evaluated the power compensation perfor-
mance of the feedback system. The signal output (AV) from the
lock-in amplifier was set to maintain a constant by the high
performance feedback control system. It meant the temperature
difference of the two sides could remain the same during the. In
Fig. 8, two consecutive tests were carried out and they showed high
repeatability.

We studied the antibody mAb1 sample with 10 mg/mL con-
centration (molecular weight: 148000), which corresponds to 1%
wt. The relationship between the heat capacity change and tem-
perature was showed in Fig. 9. We subtracted the baseline and
normalized the result based on the molecular weight. The transi-
tion temperature (T, ) detected by our device was around 75.4°C.
The enthalpy change (AH) was calculated to be 2234 kJ/mol after
integrating the normalized heat capacity. We then measured the
sample with a commercial DSC and found Ty, was 74.3°C and AH
was 2444 KJ/mol. Besides, we found the peak was narrower and the
Tm was lower. We also used the microfabricated DSC to measure the
denaturation process of lysozyme and BSA samples and compared
the results with the commercial VP-DSC. The information such as
volume, concentration and buffer selection were kept the same as
the mAb1 study. The comparison results are showed in Table 1.

Potential explanations for these discrepancies may include that
the micro-DSC had a much smaller volume (micro-DSCs used 1 pL
sample and the commercial DSC’s volume was 400 L), rendering
a faster heat dissipation process and a higher thermal unifor-
mity. This meant that the thermal event might last shorter in the
microchamber. Differences in Ty, could also be related to the dif-
ferent scanning speed. The micro-DSC was scanned at 25 °C/min
and the commercial DSC’s scanning rate was 2 °C/min. Such differ-
ent scanning rates could also result in differences in the kinetics of
protein denaturation|[24]. Other factors like differences in biolog-
ical sample preparation, the variability in sample concentrations
and trace impurities in the protein sample might lead to differ-
ences in the detection as well. Despite these differences we found
in the measurement, the micro-DSC was demonstrated to be able
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Fig. 4. Heating stage of the calorimeter. It was used to scan the calorimeter sensor and provide thermal shielding.
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Fig.6. (a) The step response study applying 400 wW with 1 wL water in the chamber.
The sensitivity was determined to be 6 V/W.

to conduct thermal stability analysis of liquid protein samples. It
consumed much less protein sample and could greatly improve
the throughput by enabling faster scans and parallel operations.
This instrument may be incorporated into high throughput screen-
ing workflows for the relative comparison of thermal properties
between large numbers of proteins when only small quantities are
available.

The progress in the development of chip based differential scan-
ning calorimeters for liquid sample study is showed in Table 2.
Although there have been a lot of reports about developing micro

DSCs, only a few targeted on liquid sample characterization due
to the vital evaporation problem during the temperature scanning
process. Compare to the two other DSCs which utilized thermopile
for temperature sensing, the proposed MEMS based DSC is the first
thermistor based micro calorimeter which could reach to a noise
level of nanowatts. It shows our newly designed DSC is leading the
way in protein study with ultra-low sample volume consumption,
high sensitivity and ready for protein sample tests.
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0.00402 ——lest2 all, the micro-DSC had the potential to characterize the thermal
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Fig. 8. power compensated baseline study. The power compensation system kept
the signal readout AV to be a constant after the control, meaning the temperature
difference AT is a constant during the process. Two consecutive tests of the baseline
were compared for repeatability study.
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Fig. 9. comparison between commercial DSC and micro-DSC’s test with the IgG1
antibody (mAb1). After baseline subtraction, the data was converted and normalized
to heat capacity.

5. Conclusions and perspectives

Microfabricated DSCs for liquid protein stability studies con-
fronts many challenges. This paper presented a high performance
power compensation micro-DSC that addressed the technical diffi-
culties. The optimized PDMS chamber (1 L) and polyimide film
led to low heat conduction and low evaporation. Ultrasensitive
vanadium oxide thermistors monitored a slight temperature dif-
ference between the reference and sample region. A well-designed
heating stage was built for linear scanning and shielding. A power
compensation system achieved by LabVIEW program was made
to maintain a constant temperature difference during scanning
process. We studied the noise behavior of the device, which had
a 250nJ/K resolution. The step response study revealed a high
sensitivity (6 V/W)of the device and the ability for low power detec-
tion (the detectable power limit should be much smaller than the
applied power (400 wW)). Furthermore, we moved on to the bio-
logical sample tests and detected the heat capacity change of the
protein denaturation using an IgG1 antibody (mAb1) sample and
other two protein samples. The result had been verified by a com-
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