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Abstract

Rationale: Thermal gene switches (TGSs), engineered into cells, allow controlled gene expression upon heat stimulation, making
it a promising tool for therapeutic applications. Their clinical translation, however, has been hindered by the lack of thermal
activation platforms that can locally deliver heat and provide safe and accurate temperature control. Existing approaches are
limited by poor delivery and localization of heat deep inside the body, reliance on exogenous agents, or the lack of integrated image
guidance. To address these challenges, we developed a non-invasive system that combines real-time imaging with mild
hyperthermia for reliable and localized activation of TGSs in deep tissue.

Methods: We developed a dual-mode ultrasound-guided focused ultrasound (USgFUS) system using a single phased-array imaging
transducer for both imaging and heating. The system integrates B-mode imaging and thermal strain imaging (TSI) for real-time
anatomical guidance and temperature estimation. We validated the imaging performance both in vitro and in vivo settings and
assessed focused ultrasound (FUS)-induced TGS activation of genetically engineered Jurkat T cells in vitro and in vivo.

Results: The USgFUS system achieved high-resolution and high-contrast B-mode imaging, and it induced localized heating within
temperature window of 39-43 °C, consistently within the mild hyperthermia range. TSI accurately estimated temperature
elevation during FUS with 0.8 °C mean absolute error. In vitro, FUS heating increased transgene expression in TGS-engineered
Jurkat T cells by ~150-fold compared to unheated controls, with negligible viability loss. In vivo, USgFUS selectively activated TGS
in tumor-bearing mice, yielding a significant increase in transgene expression compared to unheated controls.

Conclusion: This study introduces a dual-mode USgFUS system designed for non-invasive TGS activation. The system integrates
local mild hyperthermia with real-time anatomical guidance and temperature monitoring using a standard clinical imaging probe.
The results collectively demonstrate strong performance in preclinical models and engineered cells, enabling safe, spatiotemporally
precise thermal gene regulation. Ultimately, our platform provides a foundation for future advancements in gene therapy,
immunomodulation, and other biomedical applications.
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Introduction
Mild hyperthermia (39-43 °C) is a well- response to mild hyperthermia from external
established therapeutic tool for biomedical stimulation [4, 5]. TGSs enable safe, tunable, and

applications ranging from pain relief to cancer
therapy and immunomodulation [1-3]. Recent
advances in synthetic biology have further amplified
its potential through thermal gene switches (TGSs),
which can precisely regulate transcriptional activity in

reversible gene expression, opening new possibilities
for targeted drug delivery, gene therapy, and cellular
therapies [6-8]. However, the safety and efficacy of
TGS-based interventions depend on accurate heat
control [6, 9]. Excessive heat can cause irreversible
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tissue damage, whereas insufficient heating may lead
to limited activation level. Therefore, precise thermal
control is essential to fully harness the therapeutic
potential of TGS. Several TGS activation strategies
have been explored, including photothermal therapy
(PTT) with infrared imaging [9-12], magnetic
hyperthermia with optical fiber temperature sensor
[13-15], and focused ultrasound (FUS) with magnetic
resonance (MR) thermometry [16-20]. However, PTT
is limited by shallow penetration and risks of surface
overheating [21], while magnetic hyperthermia
suffers from uneven heating and high costs [22]. Both
methods also rely on exogenous agents, raising
concerns about spatial precision and biocompatibility
[23]. By contrast, FUS offers a non-invasive approach
with deep tissue penetration up to tens of centimeters
and submillimeter spatial precision [24-26], making it
a highly promising modality for controlled thermal
gene activation.

Effective FUS-mediated hyperthermia relies on
image guidance, with two critical aspects: anatomical
visualization and temperature monitoring. While MR
imaging is widely used [27, 28], its high cost, slow
frame rate, limited portability, and integration
challenges with FUS hardware limit its practicality for
applications requiring repeated imaging or resistance
to physiological motion. By contrast, ultrasound (US)
imaging provides a cost-effective, real-time
alternative that integrates seamlessly with FUS
systems [29-31]. US B-mode imaging offers
high-resolution tissue visualization, aiding treatment
planning that ensures the safety of vulnerable
anatomic structures. Among various US-based
thermometry methods, thermal strain imaging (TSI)
has been studied most extensively for monitoring
temperatures in the mild hyperthermic range based
on the temperature-dependent sound speed change
[30-33].

Several US-guided FUS (USgFUS) systems have
been developed for localized hyperthermia under
image guidance. The most common configuration
pairs a single element or phased-array therapeutic
transducer and a separate diagnostic imaging array
[34-38]. Having dedicated systems for each function,
this setup optimizes acoustic parameters for treatment
and imaging, enhancing overall performance.
However, these systems are often complex and bulky,
and the spatial separation of transducers can lead to
misalignment, potentially causing targeting errors.
An alternative approach integrates therapeutic and
monitoring functions into a single dual-mode
phased-array  transducer, allowing  seamless
switching between treatment and imaging [39-43].
This configuration offers inherent spatial registration,
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compactness, and improved control. However,
because FUS transducers and diagnostic imaging
arrays have distinct piezoelectric properties, using
one transducer for both functions may compromise
performance, requiring careful system optimization
towards specific applications [44-46].

In this study, we present an integrated
dual-mode USgFUS system designed for precise
spatiotemporal regulation of TGS activation. This
system combines FUS for localized hyperthermia with
real-time imaging, providing anatomical guidance
and temperature monitoring. Employing a single
phased-array imaging transducer, this design ensured
spatial alignment between treatment and monitoring
planes while minimizing system complexity. We
validated the system’s capabilities for high-resolution
imaging, robust temperature estimation, and effective
TGS activation both in vitro and in vivo. Our results
support USgFUS as a cost-effective, real-time solution
for TGS activation, utilizing a phased-array imaging
transducer already widely used in research and
clinical settings. This work establishes a non-invasive
and efficient platform for thermal gene modulation,
with broad implications for gene therapy,
immunomodulation, and other biomedical
applications requiring spatiotemporally controlled
induction of mild hyperthermia.

Results and Discussion

We developed an integrated USgFUS system
that switches between US imaging-only and USgFUS
modes using a single phased-array transducer (Figure
1A). A graphical user interface (GUI) allows real-time
mode switching and acoustic parameter adjustments
for both imaging and heating. This enables users to
first localize the target using US B-mode imaging,
then initiate treatment under real-time guidance.
Since the identical phased-array transducer is shared
for both imaging and heating, seamless switching is
possible without misalignment concerns.

To prevent image artifacts caused by acoustic
interference, imaging and heating pulses were
interleaved during USgFUS mode (Figure 1B). Each
image acquisition was followed by multiple
pulsed-wave FUS excitations, with user-defined burst
duration, pulse repetition period, and sonication
duration. The duty cycle, calculated as (burst
duration)/(pulse repetition period)x100 (%), along
with output voltage amplitude, determines the FUS
acoustic power [24, 47]. Once in sonication duration,
updated B-mode frames offer real-time visualization
of the treatment area. This cycle continues until
treatment is stopped or imaging-only mode is
resumed.
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Figure 1. Integrated ultrasound-guided focused ultrasound (USgFUS) system design. (A) The system operational sequence is designed to switch between ultrasound
(US) imaging-only and USgFUS modes from graphical user interface (GUI). (B) Schematics of alternating US imaging and focused ultrasound (FUS) excitation and definitions of

associated acoustic parameters.
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Figure 2. Imaging and heating performance of the USgFUS system. (A) B-mode images of a commercial phantom point targets (top) and cyst inclusions (bottom). (B)
A simulated FUS beam pattern of the imaging array showed a 6 dB focal size of 0.3x1.6 mm. (C) Acoustic intensity at the focus, measured with a hydrophone within the
operational range and extrapolated to the USgFUS system’s maximum output voltage. (D) Temperature profile of FUS heating of 360 pL water with varying duty cycles and

amplitudes (n = 3, data are presented as mean * s.d.).

While imaging and FUS share the same system
resources, distinct configurations were determined to
optimize each function. For imaging, the full
128-element aperture produced short imaging pulses
at 7 MHz center frequency, achieving high spatial
resolution and a wide field of view [48]. For heating,
only the central 78 elements were used for burst
excitation, with phase delays applied to generate a
focal spot at 10 mm depth along the centerline. A
lower center frequency of 4.8 MHz was selected - near
the lower limit of the transducer’s bandwidth - to
reduce beam distortion and minimize off-target
acoustic absorption [47].

Imaging performance was tested using a
general-purpose ultrasound phantom [49]. Plane
wave B-mode imaging resolved 0.5 mm-spaced point
targets, achieving a 04 mm lateral full-width
half-maximum (FWHM) resolution at a depth of 30
mm (Figure 2A). In the same phantom,
contrast-to-noise and contrast ratios for anechoic and
-3 dB hypoechoic cysts were 12.3 dB and 6.4 dB,

respectively, at a depth of 40 mm (Figure 2A). The
identical plane wave imaging configuration was used
in subsequent phantom and animal experiments.

FUS heating was evaluated through simulations
and experiments. Beam field simulations showed a 6
dB focal geometry of 0.3x1.6 mm at 10 mm depth
(Figure 2B). Hydrophone measurements estimated
the spatial peak pulse average intensity (Isppa) of
approximately 2200 W/cm? at focus with 30 V output
voltage, corresponding to the maximum capacity of
the USgFUS system using 78 elements in burst mode
(Figure 2C). With varying duty cycles and output
voltage, FUS raised water temperature in a 96-well
plate by 3.4-8.0 °C within 20 min (Figure 2D). The
temperature rose rapidly at the beginning, reaching
80% of the peak elevation within 5 min, followed by
slower logarithmic increase. These results confirm the
USgFUS system’s capability for mild hyperthermia
and provide foundations of acoustic parameter
adjustments for heating.
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Figure 3. US thermal strain imaging (TSI) during FUS-induced mild hyperthermia. (A) Temperature profile at FUS focus in a tissue-mimicking phantom, measured
by a thermocouple and TSI. (B) Overlaid B-mode and TSI images of the phantom. (C) In vivo thermal strain calibration of mouse tumors using thermocouple measurements. (D)
Temperature changes in tumor estimated by TSl at 0, 2, 4 mm distance from FUS focus, compared to reference thermocouple measurements at the focus. (E) Absolute error of
TSI temperature estimation relative to thermocouple measurements in three different mouse tumors (all data points are shown with min-max range and median bar). (F) Overlaid

B-mode and TSI images of a mouse tumor at different time points.

Image-guided  mild  hyperthermia  was
demonstrated in phantoms and tumor-bearing mice.
In a tissue-mimicking phantom, FUS-induced
temperature elevation was recorded using a
thermocouple inserted at the focal point (Figure 3A).
Within a minute, the temperature increased by 5.5 °C,
entering the mild hyperthermia range, assuming an
average body temperature of 36.5 °C. Continued FUS
sonication for 10 min increased the temperature by 7.4
°C. Thermal strains were calculated from B-mode
images acquired during FUS application, calibrated
using the thermocouple temperature data, then
converted to temperature maps (Figure 3B). TSI was
able to estimate the temperature at focus with mean
absolute error (MAE) of 0.25 °C compared to the
thermocouple reference (Figure 3A).

We further validated the system’s capabilities in
vivo in preclinical murine tumor models. The
tissue-dependent thermal strain coefficient (k) was
calibrated across three biologically independent
tumor samples. Linear regression between
thermocouple measurements and thermal strain over
10 °C increment resulted in k = 6.80 with a strong
correlation (R? = 0.98, Figure 3C). This calibration
result was then applied to TSI for three additional
tumor-bearing mice. Figure 3D shows representative
TSI-based temperature estimation during FUS heating
at 0, 2, 3, and 4 mm from FUS focus, along with
thermocouple readings at the focus included for
validation. The MAE between TSI and thermocouple
measurements at focus was 0.8 °C, with a maximum
absolute error of 1.85°C (Figure 3E). TSI-based

temperature at increasing distance confirmed that
heat generated within the submillimeter FUS focus
diffused into adjacent tissue, producing progressively
reduced maximum temperatures (88.6%, 66.6%, and
35.6% of the focal temperature, at 2, 3, and 4 mm,
respectively) and slower heating rates (90.0%, 63.2%,
and 249% of the focal rate, respectively).
Reconstructed 2D temperature maps over time
demonstrated a peak focal temperature increase of 10
°C, with gradual heat diffusion into surrounding
tumor tissue (Figure 3F). These results confirm the
system’s ability to monitor and deliver targeted
thermal therapy and establish the calibrated k
coefficient for subsequent in wvivo thermal gene
activation.

Heat accumulation and diffusion can vary
considerably across individual subjects in vivo due to
focal geometry distortion, tissue heterogeneity, and
vascular perfusion. The 2D temperature maps
generated by our USgFUS system provide real-time
information on heat intensity and duration, inherently
capturing such in situ effects. With this information,
the system can better control the treatment zone and
avoid overheating, by dynamic adjustments of
acoustic parameters, focal steering, and termination
timing. Collectively, these capabilities highlight the
ability of USgFUS system to deliver safe,
well-controlled thermal therapies in vivo. Note that
integration with non-invasive vascular imaging
methods (e.g., Doppler ultrasound) could further
enhance treatment planning and monitoring, and our
system is readily compatible with such modalities.
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Figure 4. FUS-mediated thermal gene switch (TGS) activation in vitro. (A) Jurkat T cells were engineered to express firefly luciferase (Fluc) upon TGS activation at 42
°C (TGS.Fluc Jurkat) [9]. (B) Temperature profile of FUS heating in a 96-well plate, measured by a thermocouple (42 °C for 20 min). (C) Cell viability measured 1, 12, and 24 h
post-heat using a thermocycler (TC) and FUS. (D) Representative IVIS image and luminescent signal 12 h post-heat using TC and FUS relative to unheated (UH) controls. (E)
Luminescence signal measured 12 h after each of three repeated FUS heating sessions performed every other day over 6 days, compared with UH controls. (F) Cell viability
measured 12 h after 1-3 FUS heating sessions, compared with UH (0 session) controls. n = 5, error bars = s.d., ns = non-significant, ** p < 0.01, *** p < 0.0001, two-tailed t test.

The USgFUS system was next used to activate
thermo-inducible gene expression in vitro using
TGS-engineered Jurkat T cells. These cells were
engineered to express firefly luciferase (Fluc) upon
TGS activation (TGS.Fluc Jurkat, Figure 4A) [9, 10].
FUS stimulation was applied for 20 min to maintain
the cells at 42 °C, following a previously established
heat treatment protocol (Figure 4B) [9]. Thermocycler
heating was used as a gold standard for comparison
of cell viability and thermal activation efficacy. All
experiments were performed with five independent
biological replicates. Cell viability was assessed at 1,
12, and 24 h post-heating to capture both immediate
and delayed effects (Figure 4C). At every time point,
viability loss was negligible (< 1%) with no significant
difference between thermocycler- or FUS-heated
groups (p > 0.4). Luminescence measurements taken
12 h post-heat treatment showed a ~150-fold increase
in both thermocycler- and FUS-treated groups relative
to unheated controls, with no significant difference
between the two heated conditions (Figure 4D, left
panel). IVIS bioluminescence imaging further
confirmed the difference between heated and
unheated conditions (Figure 4D, right panel). In
addition, we evaluated the long-term effects of FUS
heating by delivering three heating sessions every
other day over a 6-day period and measuring
luminescence and cell viability 12 h after each session.
Each session comprised five independent FUS heating
experiments to ensure measurement robustness.

Luminescence increased significantly after each FUS
treatment and returned to baseline between sessions,
while viability loss remained minimal (< 3%) at the
end of the final session. These findings indicate that
the thermal responsiveness and viability of
TGS-engineered cells are preserved under repeated
FUS delivery. Together, these results demonstrate that
the USgFUS system can reliably activate TGS in vitro
with high efficiency while maintaining cell viability.
This establishes a strong foundation for subsequent in
vivo applications of USgFUS-mediated gene
regulation.

To demonstrate spatiotemporal control of
thermosensitive gene expression using the system in
vivo, TGS.Fluc Jurkats were injected intratumorally
into bilateral flank tumors in BALB/c mice, with only
one side receiving FUS stimulation (Figure 5A). This
experimental design allows us to decouple the effect
of systemic immune cell delivery from the system’s
ability to induce spatiotemporally confined heating.
During FUS treatment, temperature elevation was
monitored using TSI reconstructed with the
previously calibrated k coefficient (Figure 5B).
TSI-based temperature estimation at the focal spot
successfully reached the activation threshold (40-42
°C), assuming an initial tumor temperature as ~30 °C,
which was given by the average initial temperature
recorded in previous in vivo heating experiments.
Real-time B-mode imaging provided anatomical
visualization of the tumor, while overlaid TSI
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displayed the temperature distribution within the
tissue (Figure 5C). The combination of these two
imaging modalities allows accurate spatial
localization of the target tissue and control of heat
duration and intensity, ensuring safe and effective
gene activation. IVIS imaging performed 4 h after heat
treatment revealed localized luminescence from TGS
activation exclusively in the FUS-treated tumor
compared to the unheated control on the opposite
side (Figure 5D). Quantitative analysis confirmed
significantly increased luminescence in FUS-treated
tumors (Figure 5E).

While the current results demonstrate robust
TGS activation, further improvements in activation
efficiency are anticipated with ongoing advancements
in USgFUS technology, particularly through the
development of a real-time feedback loop for
continuous monitoring and adaptive control [29].
Electronic steering of the FUS focal spot could enable
heating at multiple locations, expanding the treated
area [50]. Integration with complementary functional
imaging modalities such as photoacoustic or
bioluminescence imaging could further optimize heat
distribution and treatment accuracy [17, 51, 52].
Collectively, these enhancements will refine the
USgFUS system’s spatiotemporal precision for
non-invasive thermal gene activation and broaden its
therapeutic applications.

Our current study used intratumoral injection of
engineered immune cells, which is widely recognized,
both clinically and preclinically, as a strategy to
enhance safety, bypass homing barriers, and
rigorously evaluate controllable cell therapies [53-55].

TS.Fluc cell
injection (IT)

Inoculate
4T1

FUS heating
(20 min)
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However, validation of our system with systemic
administration of TGS-engineered cells will further
broaden the impact of the platform, as intravenous
delivery is the standard route in many
immunotherapies, including adoptive T cell transfer
and chimeric antigen receptor (CAR)-T cell therapy
[56, 57]. Importantly, systemic delivery combined
with localized thermal control has already been
demonstrated using photothermal heating [10],
supporting the broader translational potential of our
approach and motivating future studies exploring
intravenous delivery of TGS-engineered cells.

In this study, we intentionally excluded
therapeutic constructs and instead used luciferase as a
neutral reporter to avoid confounding systemic
effects, thereby establishing a clear proof-of-concept.
Moving forward, incorporating therapeutic constructs
such as cytokines, TNF-related apoptosis-inducing
ligand (TRAIL), or CAR receptors and evaluating
functional outcomes (e.g., tumor growth inhibition,
immune activation) will be essential for translational
applications. Prior work has already shown that TGSs
can regulate therapeutic constructs under localized
heating - for example, photothermal activation of
CAR-T cells engineered to secrete IL-15 superagonists
and bispecific T cell engagers (BiTEs) produced
localized antitumor responses [10], and FUS-mediated
control of CAR-T cells enabled spatially confined
activation and tumor regression [16]. These findings
underscore that our USgFUS system, now validated
for heat-gated reporter protein expression, is directly
compatible with therapeutic applications and well
positioned for future translation.

B ©4s FUS off
0 40 :
2 i
© 35 1
‘q-; 1
2.30 '
VIS !
imaging e 25 R
0 5 10 15 20 25
Time (min)
E = 1.57 *
0
£
L
% 1.0
§1.0
n
o
\ ¥
x
o 0.51
o
c
3
=
I
& 0.0-
9
Max \Sb Q°

Min

Figure 5. Local TGS activation via USgFUS in vivo. (A) Timeline of the in vivo experiment using bilateral tumor-bearing mice (IT: intratumoral). (B) Temperature profile at
the FUS focus, estimated from TSI (42 °C for 20 min). (C) Overlaid B-mode and TSI images before (top) and at peak heating (bottom). (D) Representative IVIS image and (E)
quantified luminescent signal of UH and FUS-heated tumors 4 h post-heating. n = 3, error bars = s.d., * p < 0.05, two-tailed t test.
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Conclusions

This study demonstrated the development and
validation of an integrated dual-mode USgFUS
system that enables image-guided regulation of TGS
activation through non-invasive mild hyperthermia.
By utilizing a single phased-array imaging transducer
for both imaging and heating, our system achieves
seamless spatial registration, compact design, and
streamlined  operation without compromising
performance. Interleaved imaging and pulsed-wave
FUS sequences allow for simultaneous anatomical
guidance and thermal monitoring, with customizable
acoustic parameters enabling controlled and localized
heating.

Comprehensive in vitro and in vivo validations
confirmed the system’s ability to generate mild
hyperthermia within the temperature window (39-43
°C), with TSI providing accurate estimation of
temperature distribution (MAE = 0.8 °C) overlayed on
B-mode images showing the anatomical background.
Successful activation of TGS in engineered Jurkat T
cells was demonstrated both in vitro and in mouse
tumor models, without affecting the cell viability and
high spatial specificity of gene expression.
Longitudinal studies further confirmed that thermal
responsiveness and viability of engineered cells are
preserved under repeated FUS delivery. These
findings underscore the system’s potential for
spatiotemporally  precise  heat delivery for
thermal-sensitive gene regulation.

Looking forward, future integration of real-time
thermal feedback control, electronic beam steering for
multifocal heating, and complementary imaging
modalities (e.g., photoacoustic or Doppler imaging)
could further enhance treatment accuracy and
therapeutic efficacy. Furthermore, incorporating
therapeutic constructs and conducting functional
validation assays will be essential for clinical
translation. Prior studies have already demonstrated
that TGSs can regulate therapeutic constructs under
localized heating, and our platform provides the
comparable spatiotemporally gated control validated
here with a protein reporter.

Overall, this work establishes a cost-effective,
versatile, and clinically accessible platform for
spatiotemporally controlled induction of mild
hyperthermia, paving the way for next-generation
therapies involving remote cellular interventions.

Materials and Methods

Phantom fabrication

All  materials were  purchased from
Sigma-Aldrich and used as received, unless otherwise
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stated. Agarose-milk phantoms were prepared
following a previously established protocol [58].
Fat-free milk, Dulbecco's Phosphate Buffered Saline,
and agarose powder were combined and microwaved
to 90 °C until completely dissolved. The molten
solution was degassed for 5 min, stirred for 10 min at
90 °C while adding silica gel, then degassed for
another 5 min. After adding n-propanol, stirring
continued until the solution cooled to 40 °C, at which
point the solution was poured into a 55x55x70 mm
mold and left to solidify overnight at room
temperature.

Cell culture

In all cases, cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin, refreshed every 2-3 days.
4T1 cells were passaged at ~80% confluence. For
passaging, cells were detached wusing 0.05%
Trypsin-EDTA (Corning Inc.) for 3 min, neutralized
with  complete medium, and washed by
centrifugation at 125 g for 5 min, then subcultured at a
1:10 ratio. Jurkat T cells were subcultured every 2-3
days to maintain the density between 1x105 to 1x10°¢
cells/mL. Cells were incubated at 37 °C in a 5% CO,
humidified incubator (Fisher Scientific).

Animal model

BALB/c mice (4-6 weeks old, The Jackson
Laboratory) were housed under Georgia Tech
Division of Animal Resources guidelines, with all
animal protocols approved by the Georgia Tech
Institutional Animal Care and Use Committee
(protocol no. A100281) and all relevant ethical
regulations  followed. Each mouse received
subcutaneous injections of 4T1 breast cancer cells into
both flanks (5x10° cells in 50 pL saline). Experiments
began on day 9 post tumor inoculation when the
average tumor volume reached 120 mm?3 (0.5xW2xH).

USgFUS system

The USgFUS system consisted of a Vantage 128
ultrasound research platform (Verasonics Inc.), a
128-element linear transducer (ATL L7-4, Philips
Healthcare), and a host controller PC. The system
alternated between imaging and heating functions,
sharing all the hardware resources including the
transducer. Internally, a separate power supply with
increased capacity was dedicated to heating for
extended burst excitation. Overall system control was
managed via a custom GUI-based software program
on the host PC.

B-mode imaging

B-mode images were continuously acquired in
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US imaging-only mode, while 10 frames were
collected every 11 s during FUS-off interlude in
USgFUS mode. B-mode imaging used plane wave
compounding method (21 angles, —18° to +18°) at 190
Hz framerate [59, 60]. Beamforming, post-processing,
and display update on GUI for real-time imaging
were conducted using Vantage system’s embedded
functions, then evaluated using a general-purpose
ultrasound phantom (054GS GP, CIRS). Beamformed
B-mode frames acquired during USgFUS mode were
saved and further processed for thermal imaging.

TSI processing

TSI was performed during USgFUS mode by
selecting the most stationary B-mode frame in
10-frame set at each FUS-off interval, computing pixel
displacement vectors between consecutive time points
(~10 s interval), and deriving thermal strain by taking
the axial gradient of the displacements [61-63].
Thermal strain was accumulated in time, then
converted into temperature change maps by
multiplying an experimentally calibrated thermal
strain coefficient (k).

The coefficient k is a tissue-dependent constant
required to convert thermal strain into a temperature
map [31, 32]. In this study, the thermal strain
coefficient for mouse tumors was determined via
linear regression between reference thermocouple (K
type, 0.003" Dia., Omega Engineering) readings and
computed thermal strain. The thermocouple was
inserted into tumor tissue during USgFUS heating,
and strain values were averaged from a 0.5x0.5 mm
region of interest (ROI) around the thermocouple
location. A total of 284 datapoints from three
biologically independent samples over 10 °C of
temperature change was used in the calibration.

FUS beamforming and acoustic
measurements

The FUS acoustic field was simulated using Field
II program [64, 65], configuring transducer
parameters for creating an acoustic focus at 10 mm
depth along the centerline. A 2.0 mm needle type
hydrophone (Precision Acoustics) was used to
measure acoustic intensity in a water tank, with the
hydrophone scanned in three dimensions for focal
spot localization. The measurement was conducted
within the operational safety limit of the hydrophone
and linearly extrapolated to the maximum output
voltage of the USgFUS system. To assess heating
profiles, FUS was applied from above to a 96-well
plate filled with 360 pL water per well. Temperature
changes were recorded at 1 Hz using a thermocouple
placed inside the well.
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In vitro thermal activation and assays

Jurkat T cells engineered to express the Fluc in
response to mild hyperthermia (40-42 °C) [9, 10] were
prepared at 5-10x10¢ cells/mL in complete cell culture
media. For thermal activation, cells were heated for 20
min at 42 °C using either a thermocycler (C1000,
Bio-Rad) or the USgFUS system. For FUS heating,
cells were seeded in 96-well plates, each well
containing ~2-4x10¢ cells. FUS transducer was
positioned above the top opening of the well with
acoustic coupling using a water-filled coupling cone
and a thin membrane (Sonic Concepts Inc.), and a
thermocouple was placed inside the well to monitor
the temperature.

After heating, cells were incubated at 37 °C and
5% CO.. Viability was assessed 1 h, 12 h and 24 h after
the termination of heating via Zombie NIR staining
(BioLegend) and flow cytometry (Aurora, Cytek
Biosciences), then analyzed with FlowJo (FlowJo
LLC). Fluc activity was quantified 12 h post-heating
using luciferase assay buffer prepared according to
the manufacturer’s instructions (Gold Bio) and
bioluminescence imaging system (Xenogen IVIS,
Caliper Life Sciences). Luminescence was measured
as the average radiance (photons/s/cm?/sr) within
the ROIs established for each well using the Living
Image software package (PerkinElmer).

For repeated FUS heating experiments, the
remaining cells after viability and luminescence
assays were incubated for one additional day,
resuspended to the same concentration as in the first
FUS session, then subjected to the same heating and
assay procedures.

In vivo thermal activation and bioluminescence
imaging

Engineered Jurkat T cells (5%105 cells in 50 pL
saline) were injected intratumorally into each tumor.
Under anesthetized with isoflurane, tumor sites were
heated using the USgFUS system with 2.5% duty cycle
and ~1000 W/cm? Isppa for 20 min. To assess Fluc
activity, luciferin was injected intraperitoneally (200
pL, 15 mg/mL) following established protocol from
the manufacturer [66] 4 h post-heating, and mice were
imaged via IVIS every 10 min for 1 h. Integration time
was set to automatic, ROIs around the whole tumor
were defined within the Living Image software
package and luminescence was quantified as average
radiance (photons/s/cm?2/sr).

Software and statistical analysis

Ultrasound image processing was performed in
MATLAB (MathWorks). Statistical analysis was
conducted in GraphPad Prism 8 (GraphPad
Software), with results reported as mean * s.d. and
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significance was set as *p < 0.05, **p < 0.01, ***

0.001, ****p < 0.0001.

p<

Abbreviations

BiTE: bispecific T cell engager; CAR: chimeric
antigen receptor; Fluc: firefly luciferase; FUS: focused
ultrasound; FWHM: full-width half-maximum; GUI:
graphical user interface; Isppa: spatial peak pulse
average intensity; IT: intratumoral; MAE: mean
absolute error; MR: magnetic resonance; PTT:
photothermal therapy; ROI: region of interest; TC:
thermocycler; TGS: thermal gene switch; TRAIL:
TNEF-related apoptosis-inducing ligand; TSI: thermal
strain imaging; UH: unheated; US: ultrasound;
USgFUS: ultrasound-guided focused ultrasound.

Acknowledgements

This work was supported in part by the National
Institutes of Health under grant RO1EB032822 as well
as by the Breast Cancer Research Foundation under
grant BCRF-24-043. The authors thank the core
facilities at the Parker H. Petit Institute for
Bioengineering and Bioscience at the Georgia Institute
of Technology for shared resources and support.
Some illustration elements in the graphical abstract
were created with BioRender.com using the Georgia
Institute of Technology institutional license. ChatGPT
(OpenAl) was used solely for grammar and language
refinement; all scientific content and conclusions were
written and verified by the authors.

Competing Interests

G.A K. reports equity or consulting roles for
Sunbird Bio, Port Therapeutics, Ridge
Biotechnologies, and Send Biotherapeutics. The terms
of this arrangement have been reviewed and
approved by Georgia Tech in accordance with its
conflict-of-interest policies. A.Z. and G.A.K. are listed
as inventors on a patent application pertaining to the
results of this paper (US20200299686A1 and
application no. 63/214,761).

References

1.  Van Der Zee J. Heating the patient: a promising approach? Ann Oncol. 2002;
13: 1173-84.

2. Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann ], Riess H, et al.
Hyperthermia in combined treatment of cancer. Lancet Oncol. 2002; 3: 487-97.

3. Falk MH, Issels RD. Hyperthermia in oncology. Int ] Hyperthermia. 2001; 17:
1-18.

4. Vekris A, Maurange C, Moonen C, Mazurier F, De Verneuil H, Canioni P, et al.
Control of transgene expression using local hyperthermia in combination with
a heat-sensitive promoter. ] Gene Med. 2000; 2: 89-96.

5. Blackburn RV, Galoforo SS, Corry PM, Lee Y]. Adenoviral-mediated transfer
of a heat-inducible double suicide gene into prostate carcinoma cells. Cancer
Res. 1998; 58: 1358-62.

6.  Piraner DI, Abedi MH, Moser BA, Lee-Gosselin A, Shapiro MG. Tunable
thermal bioswitches for in vivo control of microbial therapeutics. Nat Chem
Biol. 2017; 13: 75-80.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1679

Gerner EW, Hersh EM, Pennington M, Tsang TC, Harris D, Vasanwala F, et al.
Heat-inducible vectors for use in gene therapy. Int ] Hyperthermia. 2000; 16:
171-81.

Huang Q, Hu JK, Lohr F, Zhang L, Braun R, Lanzen ], et al. Heat-induced gene
expression as a novel targeted cancer gene therapy strategy. Cancer Res. 2000;
60: 3435-9.

Miller IC, Gamboa Castro M, Maenza ], Weis JP, Kwong GA. Remote control
of mammalian cells with heat-triggered gene switches and photothermal pulse
trains. ACS Synth Biol. 2018; 7: 1167-73.

Miller IC, Zamat A, Sun L-K, Phuengkham H, Harris AM, Gamboa L, et al.
Enhanced intratumoural activity of CAR T cells engineered to produce
immunomodulators under photothermal control. Nat Biomed Eng. 2021; 5:
1348-59.

Gamboa L, Phung EV, Li H, Meyers JP, Hart AC, Miller IC, et al.
Heat-triggered remote control of CRISPR-dCas9 for tunable transcriptional
modulation. ACS Chem Biol. 2020; 15: 533-42.

Miyako E, Deguchi T, Nakajima Y, Yudasaka M, Hagihara Y, Horie M, et al.
Photothermic regulation of gene expression triggered by laser-induced carbon
nanohorns. Proc Natl Acad Sci U S A. 2012; 109: 7523-8.

de Sousa ME, Carrea A, Mendoza Zélis P, Muraca D, Mykhaylyk O, Sosa YE,
et al. Stress-induced gene expression sensing intracellular heating triggered by
magnetic hyperthermia. ] Phys Chem C Nanomater Interfaces. 2016; 120:
7339-48.

Yamaguchi M, Ito A, Ono A, Kawabe Y, Kamihira M. Heat-inducible gene
expression system by applying alternating magnetic field to magnetic
nanoparticles. ACS Synth Biol. 2014; 3: 273-9.

Tang QS, Zhang DS, Cong XM, Wan ML, Jin LQ. Using thermal energy
produced by irradiation of Mn-Zn ferrite magnetic nanoparticles (MZF-NPs)
for heat-inducible gene expression. Biomaterials. 2008; 29: 2673-9.

Wu Y, Liu Y, Huang Z, Wang X, Jin Z, Li ], et al. Control of the activity of
CAR-T cells within tumours via focused ultrasound. Nat Biomed Eng. 2021; 5:
1336-47.

Deckers R, Quesson B, Arsaut J, Eimer S, Couillaud F, Moonen CT.
Image-guided, noninvasive, spatiotemporal control of gene expression. Proc
Natl Acad Sci U S A. 2009; 106: 1175-80.

Guilhon E, Voisin P, de Zwart JA, Quesson B, Salomir R, Maurange C, et al.
Spatial and temporal control of transgene expression in vivo using a
heat-sensitive promoter and MRI-guided focused ultrasound. ] Gene Med.
2003; 5: 333-42.

Smith RC, Machluf M, Bromley P, Atala A, Walsh K. Spatial and temporal
control of transgene expression through ultrasound-mediated induction of the
heat shock protein 70B promoter in vivo. Hum Gene Ther. 2002; 13: 697-706.
Madio DP, van Gelderen P, DesPres D, Olson AW, de Zwart JA, Fawcett TW,
et al. On the feasibility of MRI-guided focused ultrasound for local induction
of gene expression. ] Magn Reson Imaging. 1998; 8: 101-4.

Han HS, Choi KY. Advances in nanomaterial-mediated photothermal cancer
therapies: toward clinical applications. Biomedicines. 2021; 9: 305.

Zhang YF, Lu M. Advances in magnetic induction hyperthermia. Front Bioeng
Biotechnol. 2024; 12: 1432189.

Espinosa A, Kolosnjaj-Tabi J, Abou-Hassan A, Plan Sangnier A, Curcio A,
Silva AK, et al. Magnetic (hyper)thermia or photothermia? Progressive
comparison of iron oxide and gold nanoparticles heating in water, in cells, and
in vivo. Adv Funct Mater. 2018; 28: 1803660.

Bader KB, Padilla F, Haworth K], Ellens N, Dalecki D, Miller DL, et al.
Overview of therapeutic ultrasound applications and safety considerations:
2024 update. J Ultrasound Med. 2025; 44: 381-433.

Bachu VS, Kedda J, Suk I, Green JJ, Tyler B. High-intensity focused ultrasound:
a review of mechanisms and clinical applications. Ann Biomed Eng. 2021; 49:
1975-91.

Kok HP, Cressman EN, Ceelen W, Brace CL, Ivkov R, Griill H, et al. Heating
technology for malignant tumors: a review. Int J Hyperthermia. 2020; 37:
711-41.

O'Sullivan AK, Thompson D, Chu P, Lee DW, Stewart EA, Weinstein MC.
Cost-effectiveness of magnetic resonance guided focused ultrasound for the
treatment of uterine fibroids. Int ] Technol Assess Health Care. 2009; 25: 14-25.
Rieke V, Butts Pauly K. MR thermometry. ] Magn Reson Imaging. 2008; 27:
376-90.

Ebbini ES, and Ter Haar G. Ultrasound-guided therapeutic focused
ultrasound: current status and future directions. Int ] Hyperthermia. 2015; 31:
77-89.

Foiret J, Ferrara KW. Spatial and temporal control of hyperthermia using real
time ultrasonic thermal strain imaging with motion compensation, phantom
study. PLoS One. 2015; 10: e0134938.

Simon C, VanBaren P, Ebbini ES. Two-dimensional temperature estimation
using diagnostic ultrasound. IEEE Trans Ultrason Ferroelectr Freq Control.
1998; 45: 1088-99.

Maass-Moreno R, Damianou CA. Noninvasive temperature estimation in
tissue via ultrasound echo-shifts. Part I. Analytical model. J Acoust Soc Am.
1996; 100: 2514-21.

O'Donnell M, Skovoroda AR, Shapo BM, Emelianov SY. Internal displacement
and strain imaging using ultrasonic speckle tracking. IEEE Trans Ultrason
Ferroelectr Freq Control. 1994; 41: 314-25.

Pichardo S, Gelet A, Curiel L, Chesnais S, Chapelon JY. New integrated
imaging high intensity focused ultrasound probe for transrectal prostate
cancer treatment. Ultrasound Med Biol. 2008; 34: 1105-16.

https://lwww.thno.org



Theranostics 2026, Vol. 16, Issue 4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Illing R, Emberton M. Sonablate®-500: transrectal high-intensity focused
ultrasound for the treatment of prostate cancer. Expert Rev Med Devices. 2006;
3:717-29.

Wu F, Chen WZ, Bai ], Zou JZ, Wang ZL, Zhu H, et al. Pathological changes in
human malignant carcinoma treated with high-intensity focused ultrasound.
Ultrasound Med Biol. 2001; 27: 1099-106.

Vaezy S, Shi X, Martin RW, Chi E, Nelson PI, Bailey MR, et al. Real-time
visualization of high-intensity focused ultrasound treatment using ultrasound
imaging. Ultrasound Med Biol. 2001; 27: 33-42.

Gelet A, Chapelon ], Bouvier R, Rouviere O, Lasne Y, Lyonnet D, et al.
Transrectal high-intensity focused ultrasound: minimally invasive therapy of
localized prostate cancer. ] Endourol. 2000; 14: 519-28.

Thies M, Oelze ML. Combined therapy planning, real-time monitoring, and
low intensity focused ultrasound treatment using a diagnostic imaging array.
IEEE Trans Med Imaging. 2022; 41: 1410-9.

Casper AJ, Liu D, Ballard JR, Ebbini ES. Real-time implementation of a
dual-mode ultrasound array system: In vivo results. IEEE Trans Biomed Eng.
2013; 60: 2751-9.

Kruse DE, Lai CY, Stephens DN, Sutcliffe P, Paoli EE, Barnes SH, et al. Spatial
and temporal-controlled tissue heating on a modified clinical ultrasound
scanner for generating mild hyperthermia in tumors. IEEE Trans Biomed Eng.
2010; 57: 155-66.

Herickhoff CD, Light ED, Bing KF, Mukundan S, Grant GA, Wolf PD, et al.
Dual-mode intracranial catheter integrating 3D ultrasound imaging and
hyperthermia for neuro-oncology: feasibility study. Ultrason Imaging. 2009;
31: 81-100.

Huang SW, Kim K, Witte RS, Olafsson R, O'Donnell M. Inducing and imaging
thermal strain using a single ultrasound linear array. IEEE Trans Ultrason
Ferroelectr Freq Control. 2007; 54: 1718-9.

Takagi R, Iwasaki R, Tomiyasu K, Yoshizawa S, Umemura SI. Basic study on
ultrasonic monitoring using 1.5-dimensional ultrasound phased array for
ultrasound-guided high-intensity focused ultrasound treatment. Jpn J Appl
Phys. 2017; 56: 07]F22.

Mari JM, Bouchoux G, Dillenseger JL, Gimonet S, Birer A, Garnier C, et al.
Study of a dual-mode array integrated in a multi-element transducer for
imaging and therapy of prostate cancer. Ing Rech Biomed. 2013; 34: 147-58.
Lai CY, Kruse DE, Caskey CF, Stephens DN, Sutcliffe PL, Ferrara KW.
Scanned-beam assisted mild tumor heating using a dual-functional ultrasound
linear array. IEEE Int Ultrason Symp. 2009; 69-72.

Canney MS, Bailey MR, Crum LA, Khokhlova VA, Sapozhnikov OA. Acoustic
characterization of high intensity focused ultrasound fields: a combined
measurement and modeling approach. ] Acoust Soc Am. 2008; 124: 2406-20.
Zander D, Hiiske S, Hoffmann B, Cui XW, Dong Y, Lim A, et al. Ultrasound
image optimization ("knobology"): B-Mode. Ultrasound Int Open. 2020; 6:
El4-e24.

Sassaroli E, Crake C, Scorza A, Kim DS, Park MA. Image quality evaluation of
ultrasound imaging systems: advanced B-modes. ] Appl Clin Med Phys. 2019;
20: 115-24.

Malinen M, Huttunen T, Kaipio JP, Hynynen K. Scanning path optimization
for ultrasound surgery. Phys Med Biol. 2005; 50: 3473.

Alsawaftah N, Farooq A, Dhou S, Majdalawieh AF. Bioluminescence imaging
applications in cancer: a comprehensive review. IEEE Rev Biomed Eng. 2021;
14: 307-26.

Mallidi S, Luke GP, Emelianov S. Photoacoustic imaging in cancer detection,
diagnosis, and treatment guidance. Trends Biotechnol. 2011; 29: 213-21.
Melero I, Castanon E, Alvarez M, Champiat S, Marabelle A. Intratumoural
administration and tumour tissue targeting of cancer immunotherapies. Nat
Rev Clin Oncol. 2021; 18: 558-76.

Shaha S, Rodrigues D, Mitragotri S. Locoregional drug delivery for cancer
therapy: preclinical progress and clinical translation. ] Control Release. 2024;
367: 737-67.

Tchou J, Zhao Y, Levine BL, Zhang PJ, Davis MM, Melenhorst JJ, et al. Safety
and efficacy of intratumoral injections of chimeric antigen receptor (CAR) T
cells in metastatic breast cancer. Cancer Immunol Res. 2017; 5: 1152-61.
Parsonidis P, Papasotiriou I. Adoptive cellular transfer immunotherapies for
cancer. Cancer Treat Res Commun. 2022; 32: 100575.

Gu X, Zhang Y, Zhou W, Wang F, Yan F, Gao H, et al. Infusion and delivery
strategies to maximize the efficacy of CAR-T cell immunotherapy for cancers.
Exp Hematol Oncol. 2024; 13: 70.

Lai CY, Kruse DE, Ferrara KW, Caskey CF. Creation and characterization of an
ultrasound and CT phantom for noninvasive ultrasound thermometry
calibration. IEEE Trans Biomed Eng. 2013; 61: 502-12.

Lee JP, Song JH, Song TK. Analysis of ultrasound synthetic transmit focusing
using plane waves. ] Acoust Soc Korea. 2014; 33: 200-9.

Montaldo G, Tanter M, Bercoff J, Benech N, Fink M. Coherent plane-wave
compounding for very high frame rate ultrasonography and transient
elastography. IEEE Trans Ultrason Ferroelectr Freq Control. 2009; 56: 489-506.
Garcia D. Make the most of MUST, an open-source Matlab UltraSound
Toolbox. 2021 IEEE Int Ultrason Symp.2021; 1-4.

Garcia D, Lantelme P, Saloux E. Introduction to speckle tracking in cardiac
ultrasound imaging. Ed. Handbook of Speckle Filtering and Tracking in
Cardiovascular Ultrasound Imaging and Video; 2018: 571-98.

Garcia D. A fast all-in-one method for automated post-processing of PIV data.
Exp Fluids. 2011; 50: 1247-59.

64.

65.

66.

1680

Jensen JA. Field: A program for simulating ultrasound systems. Med Biol Eng
Comput. 1997; 34: 351-3.

Jensen JA, Svendsen NB. Calculation of pressure fields from arbitrarily
shaped, apodized, and excited ultrasound transducers. IEEE Trans Ultrason
Ferroelectr Freq Control. 1992; 39: 262-7.

D-luciferin in vivo protocol. In: Menne C, Ed. Luciferin in vivo handbook.
GoldBio; 2013.

https://lwww.thno.org



