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Abstract: Thermal shift assays (TSAs) have been extensively used to study thermodynamics
of proteins and provide an efficient means to assess protein-ligand binding or protein-protein
interaction. However, existing TSAs have limitations such as being time consuming, labor
intensive, or having low sensitivity. Herein, a novel acousto thermal shift assay (ATSA), the
first ultrasound enabled TSA, is reported for real-time analysis of protein thermodynamic
stability. It capitalizes the novel coupling of unique acoustic mechanisms to achieve protein
unfolding, concentration, and measurement on a single microfluidic chip within minutes.
Compared to conventional TSA methods, ATSA technique enables ultra-fast (at least 30 times
faster), highly sensitive (7-34 folds higher), and label-free monitoring of protein-ligand
interactions and protein stability. ATSA paves new avenues for protein analysis in biology,

medicine and fast diagnosis.



Protein-ligand interactions are not only involved in almost every process in biological
systems, but are also key events in the external modulation of protein function by drugs!l.
Protein thermal shift assays (TSAs) are a set of techniques to investigate protein-ligand
interactions by detecting the changes in thermodynamic stability of the protein under varying
conditions, including ligand binding!? 3. TSAs have been widely used for drug screening and
identifying appropriate conditions for protein crystallization*l. While TSAs have traditionally
been applied to purified proteins, the recent implementation of TSAs in a cellular format, called
cellular TSAs (CETSAS), greatly broadens their applications by enabling the investigation of
protein-ligand interactions in more complex environments such as in cell lysates, living cells,
and tissuest 8. Multiple methods have been employed to quantify the protein unfolding in
TSAs, but they have a variety of drawbacks. Fluorescence based TSA approaches, such as
differential scanning fluorimetry (DSF), have often required large amounts of purified proteins
and suffer from sensitivity issues, limiting their capability to detect small thermal shifts,
particularly for low abundance or large, complex proteinst”8l. Recently, NanoDSF has emerged
as a powerful alternative for thermal stability analysis by consuming less proteins while
providing higher throughput!l. In addition, mass spectrometry based TSAs provides proteome-
wide identification of protein-ligand interactions by combining with quantitative mass
spectrometry!® °1: however, they are very expensive and labor/time intensive. Other limitations
of conventional TSA methods include time-consuming workflow, requiring technical
experience, a lack of reliable labels such as antibodies, and/or demand for large amounts of
purified proteinst® 3. These limitations present a barrier to the broader applications of TSA in
life science and medicine, particularly in the areas sensitive to efficiency and cost such as

pharmaceutical and molecular diagnostics industry.

Here we developed the first thermal shift assay enabled by acoustic mechanisms, acousto

thermal shift assay (ATSA), where we employed surface acoustic waves (SAWS) to unfold



proteins and concentrate the precipitated proteins on a microfluidic chip by capitalizing the
novel coupling of acoustic heating and acoustic forces. When an acoustic field is imposed on a
fluid, it will exert acoustic forces on suspended particles induced by acoustic scattering and also
on fluid causing acoustic streaming due to viscous attenuation. Such acoustic forces have been
employed to manipulate fluid, particles, and cells!*?l. Acoustic heating, resulted from viscous
attenuation of the acoustic energy into the fluid, was typically considered as a major hurdle for
biomedical applications because the temperature rise is usually not welcome for the biological
samples. By contrast, a well-controlled acoustic heating can be a valuable asset in driving
chemical and biological reactions*?. In our ATSA, we take advantage of the acoustic heating
for fast and precisely controlled temperature ramping to unfold and precipitate proteins.
Meanwhile, the acoustic force drives the assembly of precipitated proteins along the nodes
and/or antinodes of the standing acoustic field, leading to significantly enhanced local
concentration and thereby signal amplitude. The protein unfolding was monitored by measuring
the gray intensity of precipitated proteins as a function of SAW time to analyze the thermal
stability of proteins. The assay time is dramatically reduced to less than 2 minutes relative to
tens of minutes or hours for conventional TSAs. We demonstrate the capability and superior
sensitivity, i.e. up to 34-fold higher than conventional TSAs, of this new technique in detection
of thermal shifts upon protein-ligand bindings and in diagnosis of protein misfolding disorders,

e.g. sickle cell disease (SCD).

Results and Discussion

ATSA device design and characterization. Specifically, two identical SAWSs were generated
by applying an AC (alternating current) signal to a pair of interdigital transducers (IDTs)
deposited on the surface of a lithium niobate piezoelectric substrate and formed a standing SAW
within a 1 x 10 mm? polydimethylsiloxane (PDMS) microchannel that was bonded on top of

the substrate between these two IDTs (Figure 1A-i, B, and Figure S1, Supporting Information).
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Upon SAW actuation (19.6 MHz, 3 Watt), the temperature of a small-volume protein solution
(less than 2 pL) in phosphate-buffered saline (PBS) within the microfluidic channel can be
rapidly increased from 23°C to 80°C within 100 s. Most proteins rapidly precipitate and
aggregate after their unfolding®® (Figure 1A-ii). Meanwhile, this standing SAW assembles and
concentrates precipitated protein along the acoustic pressure nodes and/or antinodes (Figure
1A-iii). The gray intensity (Im) of the precipitated and assembled proteins was analyzed and
plotted as a function of SAW time, giving rise to a sigmoidal melting curve (Figure 1A-iv).
The melting time (tm) was defined and determined as the time point when a 50% change of gray
intensity occurs where Im = (Imax + Imin)/2. Since there is no quantitatively linear relationship
between gray scale intensity due to precipitation and protein unfolding, tm does not necessarily
correspond to a 50% protein unfolding and precipitation. This is similar to the thermofluor assay
where fluorescence intensity changes are not quantitatively linear to actual unfolding. Using
this simple analysis, the time shift Atm between two samples can be measured at a given SAW
power and analyzed to compare conditions or ligands that stabilize or destabilize proteins.
Overall, this new technique provides a rapid, simple and efficient workflow for analysis of

changes in apparent melting curves.

We first demonstrated the unfolding and concentration of a purified protein of human
hemoglobin (Hb) under SAW actuation (Figure 1C). Hb is the most abundant protein in red
blood cells (RBC) and its interactions with other molecules in blood are critical to its
functions™®l. The protein solutions in the microfluidic channel were visually clear before SAW
actuation. Upon SAW actuation (19.6 MHz, 3 Watt), proteins were first unfolded and
precipitated, resulting from the acoustic heating, and the precipitated proteins were quickly
assembled along nearby pressure nodes and anti-nodes under acoustic forces to form
concentrated protein microfibers (Figure 1C). Similar SAW-driven protein unfolding and

concentration were also observed with the mixed protein solution of human blood plasma



(Figure 1D). Together, we demonstrated that the SAW enabled rapid protein unfolding,
precipitation, and concentration, which present an unprecedented potential for protein thermal

stability analysis.

ATSA for assessment of protein-ligand binding. We next explored the utility of such SAW-
driven protein unfolding and concentration for analysis of protein-ligand binding. We measured
and plotted the gray intensity of the precipitated and concentrated proteins as a function of SAW
time in ATSA, as shown in Figure 2A. In parallel, we performed two representative
conventional TSA methods, DSF and bicinchoninic acid (BCA) assays, to analyze the melting
temperature (Tm) and its shift (ATm) upon protein-ligand binding. DSF, the most popular TSA
method, utilizes dye fluorescence as a measure of protein unfolding!*4, while BCA quantifies
the amount of remaining soluble proteins after thermal unfolding[*®!. Two compounds, chloride
(Pal) and oxaloacetic acid (OAA), were selected due to their well-known interactions with Hb
and citrate synthase (CS), respectively[*®l, Under SAW actuation (19.6 MHz, 3 Watts), the
typical sigmoidal melting curves of Hb and Hb-Pal complexes were obtained and revealed that
the tm of Hb (46.85 s) was reduced by 3.52 s and 7.30 s in the presence of 0.62 mM and 1.24
mM Pal, indicating the destabilization of Hb by Pal (Figure 2A). However, DSF-TSA could
not successfully produce such typical sigmoidal melting curves for Hb and Hb-Pal complexes
due to the inference from the intrinsic fluorescence of both Hb and Pal'” (Figure 2B),
exemplifying the superiority of our ATSA method. Alternatively, we performed another
conventional TSA method, BCA assay, to analyze the Tm shift of Hb against Pal. The results
showed that the Tm of Hb (59.1 °C) was decreased by 0.7 °C and 1.1 °C in the presence of 0.62
mM and 1.24 mM Pal (Figure 2C). Under the same SAW actuation, the tm of CS (36.23 s) was
increased by 10.45 s and 15.77 s in the presence of 1 mM and 2 mM OAA, due to their known
stabilizing effect on CS. By contrast, the Tm shift of CS as detected in DSF assay was small and

not statistically significant although the typical sigmoidal melting curves were obtainable



(Figure 2B). Likewise, the Tmof CS (60.3 °C) was increased by only 2.0 °C and 2.9 °C in the

presence of 1 mM and 2 mM OAA as detected in the BCA assay (Figure 2C).

Further analysis of thermal stability of Hb and Hb-Pal complex with various
concentrations demonstrated that the rate of precipitation increased with the protein
concentration, which seems to follow the principles of Michaelis-Menten kinetics (Figure S2A,
B, Supporting Information). Therefore, in the absence of ligand, shift in protein concentration
resulted in a shift in precipitation rate, leading to the observation that the detected tm declined
with increasing protein concentration (Figure S2C, Supporting Information). Interestingly, the
Atm observed between Hb and Hb-Pal complex was not statistically different when different
concentrations of Hb were tested (Figure S2D, E Supporting Information). A further
comprehensive investigation is needed in order to elucidate the concentration dependence of

Kinetics of protein precipitation, melting time, and their shifts.

To make a direct comparison between our ATSA and conventional TSA methods, we first
evaluated their sensitivity by defining the relative shift (f;—”; or %Z ) and sensitivity (tangential
slope). The results showed that our ATSA method remarkably enhanced sensitivity in
monitoring the protein-ligand binding compared to the conventional DSF-TSA and BCA-TSA
methods (Figure 2D). The sensitivity was dependent on the protein type and compound
concentration. Specifically, our ATSA achieved a sensitivity of 7-fold higher in Hb-Pal binding
and 9-fold higher in CS-OAA binding than BCA-TSA. More strikingly, our ATSA method
produced a sensitivity of 34-fold higher than DSF-TSA method for CS-OAA binding. We

further evaluated the precision as defined by the ratio between Atm (or ATm) and standard
deviation (s.d.) of tm (or Tm), i.e. Ast—dm (or %’l") in order (Figure 2E). Our ATSA demonstrated

much higher precision than DSF-TSA method while comparable to BCA-TSA method.
Intriguingly, we found both sensitivity and precision were significantly compromised when the

protein unfolding was induced under heating only condition instead of under SAW induced
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heating and concentration (Figure S3, Supporting Information), suggesting the crucial role of
acoustic concentration in ATSA. We acknowledge that the Tm measured in conventional TSAs
could provide better estimates of binding constants of ligands and other thermodynamic
parameters such as Gibbs free energy of binding and the enthalpy as compared to the tm
measured in our ATSAI Quantitative assessment of the energetics of binding are more
appropriately measured using low throughput methods such as isothermal titration calorimetry
(ITC)1*%, Nevertheless, the superior sensitivity and precision make our ATSA a highly

promising approach for rapid validation of ligand binding.

In addition, we found that the magnitude of melting time shift Atm could be facilely tuned
by varying the SAW power in our ATSA (Figure 3). The magnitude of Atm between Hb and
Hb-Pal complex were significantly increased and the Atm became more viable by lowering the
SAW power from 3 W to 2.5 W or 2 W (Figure 3A,B), although the relative shifts seemed not
to be visibly sensitive to SAW power (Figure 3C). This tunability was attributed to the slower
heating profiles under lower SAW powers (Figure 3D). It would benefit the detection of
marginal thermal shifts upon ligand bindings that might not be distinctly revealed by

conventional TSA methods.

Thermal shift assay for assessment of protein mutation. These promising results encouraged
us to further investigate the potential of our ATSA method for diagnosis of mutational protein
diseases, which are associated with protein misfolding and subsequent thermal stability
changes?®. Sickle cell disease (SCD) is one example which affects millions worldwide and is
caused by polymerization of sickle Hb in individual RBCs[?Y. However, the lack of practical
diagnostic approach leads to an inability to early treatment and high childhood mortality
especially in resource-limited areas!??l. Thermodynamic instability of sickle Hb is characteristic
of SCDI?%l, We examined whether our technique could distinguish the Hb stability profiles with

red blood cell (RBC) lysate from healthy (Ctrl) and SCD human donors (Figure 4). The melting



time tm of RBC lysates from healthy and SCD donors were 52.13 s and 45.98 s respectively,
producing an apparent shift of Atm in our ATSA method (Figure 4A). By contrast, the melting
curves produced by the conventional BCA-TSA method were almost overlapped and no
significant melting temperature shift ATm was detected between healthy and SCD RBC lysates,
indicating its inefficacy to distinguish them (Figure 4B). In addition, under SAW actuation, the
parallelly aligned protein patterns were formed in the microfluidic channels and no visible
difference in their morphology was observed between healthy and SCD Hb (Figure 4C). Our
technique demonstrates here a potential application as a new and promising point-of-care
platform for rapid and highly sensitive diagnostic tool of SCD, although further optimization is

required for clinical use.

Conclusion. To conclude, the on-chip ATSA technique reported here represents a novel
thermal shift assay strategy and demonstrates unprecedented speed and sensitivity for label-free
analysis of protein thermodynamic stability in real time. It requires less sample volume and is
faster than any current TSA methods in measuring single protein melting curve without any
needs of molecular markers, allowing its broad potential applications in fast diagnosis. The
superior sensitivity to protein stability than conventional fluorescence based TSA methods shed
light on its great potential in measuring quantitative and precise binding affinity, which will be
one focus in our future work. Our next focus will also cover the fundamental study of acoustic
effect on protein thermodynamic stability. Overall, with its high compatibility to automatic
processing and smart phone, we envision that this novel ATSA system will profoundly benefit

a plethora of applications in fundamental biomedical research, drug industry and fast diagnosis.

Experimental Section
Materials and Reagents: Two proteins, i.e. human hemoglobin (Hb; Millipore Sigma, St.
Louis, MO, USA) and citrate synthase (CS) from porcine heart (Millipore Sigma), and two

corresponding compounds, i.e. palmatine chloride (Pal; Santa Cruz Biotechnology, Santa Cruz,



CA, USA) and oxaloacetic acid (OAA; Millipore Sigma) were primarily used in this study.
Human whole blood samples with K2 EDTA as anticoagulant were purchased from Zen-Bio
Inc. (Research Triangle Park, NC, USA) and stored in 4 °C (always used within 3-14 days after
collection). Human blood plasma was obtained by centrifuging the human whole blood samples
at 500 g for 10 min in 4 °C. Sickle cell diseased (SCD) red blood cell lysate were obtained from
patients with SCD, upon receiving written informed consent and in conformity with the
declaration of Helsinki under protocol approved by the Duke University Medical Center (no.
NCT02731157) as described previously?. All abovementioned chemicals were dissolved or
diluted using Dulbecco’s Phosphate-Buffered Saline (DPBS; Thermal Fisher Scientific,
Hampton, NH, USA) except Pal that was first dissolved in dimethyl sulfoxide (DMSO;
Millipore Sigma) but then further diluted in DPBS. The DMSO concentration is 2% (vol/vol)
in final Hb-Pal complex solution in order to prevent the potential damage to the protein by
contact with high concentrations of DMSO.

Device Fabrication: The SAW was generated and propagating on piezoelectric 128° Y-
cut X-propagating lithium niobate (LiNbOs) wafer (500 um thick). The device consisted of a
pair of interdigitated transducers (IDTs) in parallel in order to generate two series of identical
SAWSs propagating in the opposite direction, producing the standing SAW. Each IDT consists
of 30 pairs of electrodes (Cr/Au, 5/100 nm) with the width of electrode finger of 50 um, pitch
of 100 um, and an aperture of 10 mm, yielding a frequency of approximately 20 MHz for the
propagating SAW. Although different IDTs were used in the project, the resonance frequencies
of the IDTs are in the range between 19.5 and 19.6 MHz. A PDMS microchannel with height
of 100 pm and width of 2 mm was then fabricated through a standard soft-lithography and
model-replica procedure. Lastly, both the PDMS channel and the IDT substrate were treated
with oxygen plasma and bonded together to form the final SAW device as shown in Fig. 1b.

Acousto Thermal Shift Assay (ATSA) and Data Analysis: The SAW device was mounted

on the stage of an inverted microscope (ECLIPSE Ti-U, Nikon, Japan). A radio frequency (RF)
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signal was generated by a function generator (EXG Analog Signal Generator, Keysight, Santa
Rosa, CA, USA) and amplified by an amplifier (403LA, Electronics & Innovation, Rochester,
NY, USA). Five microliters of protein, plasma, red blood cell lysate or protein-compound mix
solutions were injected into the channel before the RF signals were applied. A fast camera
(ORCA-Flash4.0LT, Hamamatsu, Japan) was connected to the microscope to capture the
process, and all the videos were recorded in 4 frames per second.

All image and videos processing were performed in ImageJ (National Institute of Health,
Bethesda, MD, USA) in the same way as described below. The same sized regions of interest
(ROIs) were traced around the perimeter of each patterned protein fiber in order to monitor the
gray intensity and its change during the course of protein melting and aggregation. At least five
ROIs were selected and characterized for each video. Melting time was defined as the time
point when there is 50% gray intensity change Im = (Imax + Imin)/2.

Conventional Thermal Shift Assay: Two conventional methods were adopted for thermal
shift assay: SYPRO differential scanning fluorimetry (DSF) assay and bicinchoninic acid
(BCA) assay.

SYPRO DSF assay: SYPRO Orange melting curves were collected using the 7900HT Fast
Real-Time PCR System. The SYPRO Orange fluorescent signal is detectable using the
calibration setting for the ROX filter. Melting curves were performed using 1 mg/mL of protein
with a 1:2500 dilution of SYPRO Orange (Molecular Probes Inc #5-6651) in 100 mM PBS, pH
7.4, using a minimum of 4 replicates. A 1% ramp rate from 25°C to 95°C was utilized during
data collection. Drug concentrations are as indicated. To analyze melting curves, the
fluorescence was normalized to the starting temperature and to no protein controls. The data
was then scaled to interval (0,1) and then the replicates were averaged, and standard deviation
calculated.

BCA assay: For thermal gradient profiling a gradient program was created using a PTC-

200 thermal cycler (MJ Research, Reno, NV, USA) to cover the temperature points indicated
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in each figure. A PCR plate was prepared with 25 pL per well of recombinant protein or lysate
and sealed (4titude Random Access, PN 4ti-0960/RA 96-well plate). The plates were spun at
1200 g for two minutes at 4 °C, and then kept at 4 °C prior to use. The plate was placed in the
thermal cycler with the heated lid closed for 3 minutes and was then spun at 1200 g for two
minutes to remove any condensation. The PCR tubes were removed from the PCR plate,
carefully placed in 1.5 mL tubes, and spun at 21,000 g for 30 min at 4 °C to pellet the aggregate
protein. Supernatant was carefully removed from each tube and placed in a clean, low-retention,
1.5 mL tubes. 10 ul of solution was removed and a Pierce BCA protein assay kit (PN 23225)
was used for the determination of the total protein in each sample.

Statistical Analysis: All data were expressed as means + SD. The data (melting time and
melting temperature) from multiple runs (n > 3) were plotted using Graphpad Prism 8.0
software (GraphPad Software Inc., La Jolla, CA, USA). The BCA-TSA data were fitted using
a Sigmoidal dose-response (variable slope) curve fit. Unpaired t-test or ordinary one-way
ANOVA with Tukey’s multiple comparison test was used to analyze statistical significance. A
p-value < 0.05 was considered statistically significant. Within the figures, the significance was
denoted by the following marks: * for p <0.05; ** for p<0.01; and *** p<0.001.
Supporting Information
Supporting Information is available from the Wiley Online Library.
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Figures
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Flgure 1. Working mechanism of acousto thermal shift assay (ATSA). A) Schematic
illustrating the working principle: (i) standing SAW formed in between two IDTs, (ii) protein
unfolding and precipitation induced by acoustic heating within a microfluidic channel, (iii)
precipitated proteins were assembled and concentrated along nodes and/or antinodes of
standing acoustic field, and (iv) acoustic melting curves were generated by analyzing the gray
intensity of precipitated and assembled protein as a function of SAW time, where the melting
time (tm) was determined as the time point at which the 50% change of gray intensity (Al)
occurs, i.e. Im = (Imax + Imin)/2. B) Photo of an ATSA device realized by bonding PDMS and
lithium niobate wafer with a pair of IDTs. C), D) Acoustic-driven protein unfolding,
precipitation, and assembly as demonstrated by optical images of purified protein, i.e.
hemoglobin (Hb) in (C), and mixed proteins, i.e. blood plasma in (D), before and after SAW
actuation. Scale bars: 200 um.
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Figure 2. The ATSA enables rapid and sensitive assessment of protein-ligand binding and
protein stability. A-C), Representative melting curves and melting time shifts Atm detected by
our ATSA technique in (A) (n = 4), and melting temperature shifts ATm detected by two
conventional TSA methods, i.e. SYPRO differential scanning fluorimetry (DSF) assay in (B)
(n=4)and bicinchoninic acid (BCA) in (C) (n = 3), for two purified proteins, Hb and CS, in
the absence or presence of their corresponding binding ligands, i.e. palmatine chloride (Pal) and
oxaloacetic acid (OAA). The arrows in (A) indicate the melting time at which the 50% change
of gray intensity (Im = (Imax + Imin)/2) occurs for each curve. The Hb concentration of 31 uM

and the CS concentration of 15 pM were used in these tests. D) The relative shift (At—m or Aﬂ)

tmo mo

of proteins upon ligand binding as a function of ligand concentration. The dashed lines
represented linear regression curve fit of the data and their tangential slope was defined as
sensitivity (mM™1) of TSAs. E) Our ATSA technique showed better or comparable precision,
which is characterized by the fold differences between the detected shift and standard deviations
(s.d.) of melting time or temperature, i.e. (AstT’l” or AS%;"), in analysis of thermal shifts than the
conventional DSF-TSA or BCA-TSA methods. All error bars represent standard deviation (s.d.).
In (B), (D), (E) NA indicates the data of thermal shifts between Hb and Hb-Pal complexes is
not available for DSF-TSA. In (E), *** p < 0.001 versus ATSA method.
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Figure 3. The magnitudes of melting time shift Atm are tunable by adjusting SAW power in
ATSA. A) Representative melting curves and B) analysis of melting time shift Atm (n = 4) of
Hb and Hb-Pal complexes under various SAW power, 3 Watt, 2.5 Watt, and 2 Watt. The
magnitude of melting time shift Atm was remarkably increased by decreasing the SAW power.
C) The relative shift seems not to be dependent on the SAW power. D) Acoustic heating effects
are sensitive to the SAW power, i.e. lower SAW power resulted in slower temperature increase
(n=3), which is responsible for this tunability. All error bars represent standard deviation (s.d.).
***p < 0.001.
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Figure 4. The ATSA allows sensitive detection of thermal shifts between healthy and sickled
red blood cell (RBC) lysates, providing a new point-of-care platform for diagnosis of sickle cell
disease (SCD). A), B) Differences in protein stability between healthy and sickled RBC lysates
(SCD) are detectable by our ATSA method while not detectable by a conventional TSA method,
i.e. BCA assay, as shown by representative melting curves and analysis of melting time tm (n =
4) or melting temperature Tm (n = 3). C) Optical images of patterned protein microfibers of
healthy and sickled RBC lysates showed similar morphology. All error bars represent standard
deviation (s.d.). In (A), * p < 0.05. In b, ns means no significant difference (p > 0.05). Scale
bars: 200 um.
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