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Abstract

Overcoming transport barriers to delivery of therapeutic agents in tumors remains a major
challenge. Focused ultrasound (FUS), in combination with modern nanomedicine drug
formulations, offers the ability to maximize drug transport to tumor tissue while minimizing
toxicity to normal tissue. This potential remains unfulfilled due to the limitations of current
approaches in accurately assessing and quantifying how FUS modulates drug transport in solid
tumors. We developed a novel acoustofluidic platform by integrating a physiologically relevant 3D
microfluidic device and a FUS system with a closed-loop controller to study drug transport and
assess the response of cancer cells to chemotherapy in real time using live cell microscopy. FUS-
induced heating triggered local release of the chemotherapeutic agent doxorubicin from a
liposomal carrier and resulted in higher cellular drug uptake in the FUS focal region. This
differential drug uptake induced locally confined DNA damage and glioblastoma tumor cell death
in the 3D environment. Our study demonstrates the capabilities of acoustofluidics for accurate
control of drug release and monitoring of localized cell response in a 3D /n vitro tumor model and
has important implications for developing novel strategies to deliver therapeutic agents directly to
the tumor tissue while sparing healthy tissue.

Graphical Abstract

A novel 3D acoustofluidic tumor platform to study the effects of focused ultrasound-
triggered drug releasein glioma cell linesin real time and monitor tumor cell death and
DNA damage. This platform can be used to discover new non-invasive protocols that target tumor
cells regionally without damaging normal cells.

Correspondence to: Costas D. Arvanitis, cda@wh. har var d. edu.

Supporting Information
Supporting Information is available from the Wiley Online Library.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zervantonakis and Arvanitis Page 2

Keywords
acoustofluidics; 3D tumor model; focused ultrasound; controlled release; tumor microenvironment

1. Introduction

Solid tumors constitute a complex transport milieu that hinders the effective delivery of
potent therapeutics [1]. The high interstitial fluid pressure and the chaotic and tortuous
vascularization that characterize solid tumors, limit the extravasation and penetration of

2 . . . L
drugs to the tumor core [°]. Dose escalation to improve drug accumulation and penetration in
the tumor core is prohibitive due to adverse systemic effects associated with nonspecific

- [3] - -
delivery I"1. To overcome these obstacles, novel nanoparticle drug formulations have been
developed that have increased tumor accumulation and are associated with lower toxicity
. 4 o .. .

and clearance times ["]. Despite initial promising results of these nanoparticle-based
therapies, their efficacy remains limited and novel approaches are required to improve their
therapeutic index [,

Technologies employing methods of local drug release hold great promise for the
development of effective and safe anticancer treatment protocols that deliver therapeutic
agents directly to the tumor tissue without damaging healthy tissue [°l. Focused ultrasound
(FUS), that delivers acoustic energy in a small focal region, typically a few millimeters
(mm) wide, has been used to not only modulate the permeability of tumor vessels and
enhance the extravasation of large molecules [l but to also locally trigger the release of their
highly penetrating cargo 8.9, Although recent animal studies have demonstrated that FUS-
triggered release and delivery of chemotherapeutic agents can induce tumor regression in
xenografts o, 11], the clinical translation of this technology requires further improvements
in protocol parameters, drug distribution and treatment-associated toxicities ['2)

Physiologically relevant 3D tumor /n vitro models could greatly aid in designing
nanoparticle-based treatment protocols and understanding the cellular and molecular
mechanisms involved ] These /n vitromodels can be utilized early in the drug discovery
process to optimize the therapeutic index of these protocols in order to achieve a balance
between sufficient drug exposure to induce cytotoxic effects to tumor tissue, while sparing
normal cells (1.

Microfluidic technology provides an experimental platform where cellular environments can
be accurately controlled [T in order to model and study the effects of multiple parameters
of the complex tumor transport milieu on cell behavior (e.g. 3D matrices [16], interstitial
flow ['], interactions with endothelial cells [*®], lymphocytes [**1 and macrophages [%°],
hypoxia (1], nanoparticle diffusion [°%], etc.). In addition, microfluidic systems that
incorporate 3D tumor cell cultures (23] have been designed to study the role of cytotoxic
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therapies on tumor cell response and to recreate specific organ environments (24 Despite the
development of a number of microfluidic devices coupled with ultrasound instrumentation
(acoustofluidics) for particle 2 %I and cell manipulation *’- ] and cell-cell interactions
studies %, 30], there is no physiologically relevant 3D culture system to date, that can be
used to study the effects of FUS-triggered drug release and delivery on cancer cell behavior.

In order to address the need for a model to study the underlying transport and biological
mechanisms involved in localized drug release, we developed a novel acoustofluidic 3D
tumor platform that is composed of an optically transparent microfluidic device (chip) and a
FUS system with a closed-loop controller. The design and integration of these components
results in a physiologically relevant /n vitro model that provides a simple, tightly controlled
environment that can be used to investigate the release and transport of drugs, while
monitoring, in real time, the response of tumor cells in a 3D configuration. We use this
acoustofluidic model to locally activate by FUS-induced heating, temperature-sensitive
liposomal doxorubicin and study on-chip its release profile and chemotherapeutic efficacy
on a glioblastoma cell line. By controlling the FUS excitation frequency we are able to
control the size of the drug release area and induce tumor cell drug uptake, DNA damage
and death in a confined area. Our results demonstrate the utility of this experimental
platform for accurately controlling the location and timing of drug release in a 3D /n vitro
tumor model while studying cell response in real time. These studies of localized drug
release and cell response have important implications for developing optimized FUS-based
therapeutic protocols to locally target tumor cells while sparing normal cells.

2. Results

2.1 Design and Fabrication of the Acoustofluidic Platform

We developed an acoustofluidic platform that is composed of a multilayer microfluidic
device with a closed loop FUS system in order to accurately control the location and area of
FUS-triggered drug-release in a 3D tumor model (dashed circle, Figure 1A) and study tumor
cell death in response to chemotherapy (red cells, Figure 1A). The microfluidic device
included four layers that were vertically integrated (Figure 1B) for the FUS transducer to
deliver pressure waves perpendicularly. This vertical integration was one of the critical
aspects of this design, as it allowed for the FUS-triggered thermal and mechanical effects to
be localized at the interface between the microchannel mimicking a blood-vessel (blue layer,
Figure 1B) and the collagen-filled cell culture chamber (red layer, Figure 1B). The cell
culture chamber dimensions (2x8 mm) were selected to allow for multiple simultaneous
observations.

The separation of the cell culture chamber and the microchannel was achieved by optimizing
the process of pore formation in the glass coverslip, so that we could prevent the cell-
collagen gel mixture from spilling over to the DST microchannel. By varying the laser-
power, we were able to change the size of the pores formed in the glass coverslip; we found
the optimal area of the pore to be 0.01 mm? (suppl. methods and Figure S1). After the cell-
collagen gel mixture was loaded in the cell culture chamber and the crosslinking of the
collagen was completed, the tumor cells were confined in the cell chamber. Following the
collagen croslinking, endothelial cells were seeded in the microchannel and formed a vessel
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mimicing monolayer (magenta staining, Figure 1B). Finally the microfluidic device was
integrated to a clossed-loop FUS system (Figure 1C).

2.2 Experimental and Numerical Characterization of FUS Physics and Drug Transport in
the Microfluidic Device

We used a hydrophone and a thermochromic film to measure the pressure and temperature
fields of the FUS focal region (Figure 2A) at two FUS operating frequencies. At the
fundamental frequency (1.025 MHz) the full width at half maxima (FWHM) was 9 mm and
1.7 mm in the axial and transverse directions respectively (blue curve, left panel Figure 2B).
The heated region was constrained in the same area with a 3.5 mm radius (green curve, left
panel Figure 2B). When the transducer was operated at the 3" harmonic frequency (3.525
MHz), the FWHM was 3 mm and 0.5 mm in the axial and transverse directions respectively
(blue curve, right panel Figure 2B). At this frequency the temperature profile was confined
within a radius of 1 mm (Figure 2B). These results demonstrate the ability to control the
extent of the heated region (fraction or whole) within the cell culture chamber by modulating
the FUS operating frequency (Movie S1 and Figure S2).

To confirm that the FUS energy can be delivered reproducibly to the microfluidic device we
incorporated a temperature sensor to monitor in real time the FUS-induced temperature rise.
We also integrated a pressure sensor to record microbubble oscillations from ultrasound
contrast agent microbubbles flowing in the channel. These real-time measurements can be
fed into a computer-based controller to fine-tune the amplitude of the FUS waves in order to
accurately control these effects in the microfluidic device (Figure 2C). Figure 2D shows the
ability of the controller to maintain constant temperature (37.7 °C) in the microfluidic device
with a sharp rise time (7 sec) and a narrow temperature range (0.1 °C). The pressure sensor,
operated in passive mode, was also able to detect harmonic and ultra-harmonic emissions
from sonicated microbubbles that were flowing in the flow microchannel (Figure 2E).

We developed a computational transport model to characterize diffusion in the
acoustofluidic device and evaluate the region where free doxorubicin could diffuse after
FUS-triggered release (Figure 2F). First, we validated this computational model by
comparing the simulated concentration profiles with measurements of a fluorescent tracer
with a similar molecular weight to the chemotherapeutic agent doxorubicin. The simulated
temporal and spatial concentration profiles (Figure 2G, H) agreed well with the experimental
data. To model doxorubicin diffusion after FUS-triggered release from the liposomes, we
used the measured temperature profile (Figure 2A, fundamental frequency) as input for the
initial distribution of free doxorubicin. These simulations show that free doxorubicin had
diffused across all regions of the cell culture chamber 60min after FUS-triggered drug
release.

2.3 Controlled Release and Cell Response to Liposome-Encapsulated Chemotherapy

To demonstrate the potential of our integrated platform to study FUS-based therapeutic
protocols we assessed its ability to activate doxorubicin-loaded heat-sensitive liposomes and
study on-chip the cellular response of cancer cells to the released drug. We selected
doxorubicin because preclinical data demonstrate that it is toxic to glioblastoma cell
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lines Y and itisa chemotherapy compatible with nanoparticle formulations used in the
clinic for multiple solid tumors [*21.

We used the highly aggressive F98 rat glioblastoma cell line (%3 that we engineered to
express GFP in order to follow cell response in the same group of cells over time. Next, we
characterized the dose response of the glioblastoma cells to the doxorubicin-TS-liposomes
utilizing a 2D scanning cytometer assay to identify a drug concentration at which
cytotoxicity would be differentially affected by heat-induced release. We found the
concentration of 0.3 UM as an optimal dose where the difference in viable cell numbers
between heat-triggered drug release and no release was maximal (black line, Figure 3A).
Furthermore, at this dose we observed a significant increase in cell death compared to the no
release control (Figure 3B). We selected this dose of 0.3 uM for our follow-up experiments
in the acoustofluidic device in order to study cell responses at a concentration with a good
therapeutic index (large difference between the heat-induced drug-release compared to no
release).

We then evaluated the response of the F98 cells in the microfluidic device under 3D culture
conditions, where the glioblastoma cells where embedded in a collagen hydrogel (Figure
3C). These experiments were performed in the absence of an endothelial monolayer, since
endothelial cells did not alter tumor cell viability after treatment with doxorubicin-TS-
liposomes (Figure S3). Under control conditions, with no drug-treatment, we observed a
high level of tumor cell proliferation with an increase of 258.1 + 50.6 % in cell numbers and
a low baseline level of cell death with 9.5 + 1.5 % of dead cells over total cells at 48hrs
(Figure 3D-E). Compared to control conditions, treatment of the glioblastoma cells with 0.3
UM of encapsulated doxorubicin resulted in reduced tumor cell proliferation (41.1 + 15.8%,
p=0.03) but only had a mild effect in cell death (12.4 + 1.8%, p=0.57). Importantly, under
heat-induced drug release using a water bath, we observed a significant increase in cell death
(34.5 £ 12.3 %, p=0.02) and a reduction in tumor cell numbers (-11.7 + 25.3% p=0.04).
Under conditions of FUS-triggered release (fundamental frequency at 2.7 Watts acoustic
power with heating for 12 minutes: Figure S2A; doxorubicin distribution: Figure 2F) we
observed a similar reduction in tumor cell numbers (-21.3 + 16.0 % p=0.02) and an increase
in cell death (33.2 + 6.3 % p=0.001). To assess the potential effects of FUS-triggered heating
on cell behavior, we also analyzed devices where no drug was added and found that the
FUS-treatment did not alter tumor cell death (8.2 £ 1.2%, p=0.54) but slowed tumor cell
proliferation (158.8 + 55.1%, p=0.17) compared to the control devices. Exposure of the
devices to heating at 43 °C using a water bath had similar effects with a small reduction in
proliferation (205.3% + 80.6%, p=0.49) and no effects on cell death (8.4 + 1.4%, p=0.62).
The effects of heating on cell proliferation and death were also confirmed using well-plate
experiments (Figure S4). In all experiments the measured thermal dose (15-18 equivalent
minutes at 43 °C) was just below the threshold value of 17-20 equivalent minutes for
irreversible cell damage 3431, These results are in agreement with the measurements in the
2D well plate and demonstrate that FUS-controlled drug release within our acoustofluidic
device can be used to study cytotoxic effects of chemotherapy.

We further investigated the effects of FUS-triggered doxorubicin release on the expression of
a DNA damage marker by performing immunostaining in the microfluidic device. In
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particular, we used immunofluorescence-based quantification of phosphorylated histone
H2AX (y-H2AX), which is a sensitive and reliable marker of DNA damage [36]. Under
conditions of FUS-triggered drug-release we observed multiple distinct bright foci in the
nuclei (Figure 4A bottom row versus other two rows) indicating that the released
doxorubicin induces DNA damage. Quantification of these images showed a significant
increase in H2AX phosphorylation under FUS-triggered drug release compared to both drug
treatment without heating (2.4 £ 0.3 fold change, p=0.0002) and FUS heating only (2.6 £ 0.4
fold change, p<0.0001) (Figure 4B). These immunofluorescence data together with the cell
viability measurements demonstrate that FUS-triggered doxorubicin release induced DNA-
damage followed by tumor cell growth inhibition and cell death.

2.4 Localized Drug Release and Response to Drug Gradients

A very important feature of the design presented here is the ability to control the size of the
heated area and the resulting drug diffusion radius by tuning the FUS operating frequency.
We hypothesized that under localized drug release conditions we could induce tumor cell
death in a spatially confined region, while keeping tumor cells intact in the remaining part of
the cell culture chamber.

By using the third harmonic (3.525 MHz, 2.2 Watts acoustic power) of the FUS transducer
and setting the temperature controller at 43.5 °C we confined the heated region (at a
temperature greater than 41 °C) to a circular area of 2 mm in diameter (right panel, Figure
2B). Computer simulations of drug diffusion in the device were performed to evaluate the
extent to which the drug would diffuse after localized release (Figure 5A, B). These
simulations were supported by doxorubicin uptake measurements that confirmed the
significantly higher doxorubicin uptake in the region of release (R) versus the region of no
release (NR, 3-fold difference, p<0.0001, Figure 5C). In addition, to investigate the stability
of FUS-triggered release we measured the temperature temporal profile that exhibited
minimal variation (43.5 £ 0.3 °C, Figure S2B).

To assess the effects of localized drug release on cell response we measured tumor cell death
as a function of the distance from the center of the FUS focus. We found that the percentage
of dead tumor cells reached a maximum value of 40.9 + 7.4 % at the center of the FUS focus
(x=0mm) and decayed to a baseline value of 18.8 + 3.4 % towards the edges (x=6mm) of the
cell chamber (baseline-corrected cell death profile plotted in Figure 5B, black bars).
Interestingly, the distribution of these cell death measurements agreed very well with the
simulated drug concentration profile, where high drug concentrations (50% of maximum
dose 0.3uM) were expected in a region with a radius of 2 mm (Figure 5B). Validation
experiments confirmed that these differential effects on cell death were due to drug release,
since there was no significant trend in cell death levels across the device for the condition of
FUS treatment only (Figure 5B, grey bars, p=0.14 for comparing cell death at x=0mm versus
x=6mm). The level of cell death measured in this confined region of drug release is
consistent with measurements in the experiments where the FUS focus spanned across most
of the cell chamber (Figure 3E). Importantly we observed differences in cell proliferation
(Figure S5B) that were consistent with the global doxorubicin release experiment (Figure
3C) and compared DNA damage markers (Figure 5D and Figure S5A) between a region that
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was at the focus of the FUS (x=0mm) with a region that was further away (x=6mm).
Specifically, compared to the control untreated devices (no FUS and no drug), a significant
increase in expression of phosphorylated H2AX was found in the region (x=0mm, R) of
drug-release (2.5 £ 0.3 fold change, p<0.0001) versus no differences at the region (x=6mm,
NR) of no-release (1.1 + 0.1 fold change, p=0.87).

Finally we monitored tumor cell fate in response to doxorubicin release and demonstrated in
real-time the induction of increased cell death in an area of drug release (Figure 6A, Movie
S3, 4) compared to an area of no doxorubicin release. Quantification of tumor cell death
(Figure 6B) in these live cell imaging experiments confirmed the differential effects of cell
death that we found using end-point measurements (Figure 5B). Collectively, these findings
demonstrate that by controlling the underlying drug release conditions, cell phenotypic
responses and associated cellular mechanisms at the protein level can be induced locally and
monitored within the acoustofluidic chip.

3. Discussion

Experimental models that allow for the systematic investigation of drug delivery barriers
(e.g. interstitial fluid pressure, blood-brain-barrier, etc.) are essential for the development of
optimal nanomedicine-based treatment strategies M. we presented a new acoustofluidic
system composed of a 3D microfluidic tumor model with a FUS system that includes a
closed-loop controller, and demonstrated its utility in studying localized drug release and
cell response to chemotherapy in a physiologically relevant microenvironment. This
integration enables the use of FUS to trigger the release of anticancer agents from heat-
sensitive nanocarriers, thereby allowing for increased control over drug delivery. We
demonstrated that localized drug release of doxorubicin resulted in locally confined DNA
damage and tumor cell death in a 3D collagen gel (Figure 5).

By tuning the FUS frequency we induced mild hyperthermia and chemotherapeutic agent
release from thermally sensitive liposomes in a confined region. We measured cell viability
in response to various doxorubicin doses (Figure 3) and also used immunofluorescence
staining (Figure 4) to investigate DNA damage response at the protein level. The differences
in cell viability between heating- or FUS-triggered release (43 °C) and no release (37 °C)
are in agreement with the reported change in the drug release rate of these thermally
sensitive liposomes at these temperatures[37]. In addition, the observed doxorubicin-induced
phosphorylation of H2AX, as distinct bright foci in the nuclei (Figure 4A), suggests that low
doses of doxorubicin can induce DNA damage in this glioblastoma cell line. This is further
supported by the higher levels of y-H2AX staining with increasing doses of doxorubicin-TS-
liposomes (Figure S6). Our cell viability measurements are comparable with published
results of doxorubicin doses (~0.2 pg/mL) that reduce F98 viability to 50% %8,
Furthermore, the differences in cell viability between no-doxorubicin release and heat-
induced release are consistent with a recent /n vitro cytotoxicity study using similar heat-
sensitigge doxorubicin loaded liposomes in murine melanoma and human pancreatic cell
lines [**1.
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Our 3D model provides control over a range of important parameters in the tumor
microenvironment. First, it allows for the establishment of either convection-dominated or
diffusion-dominated transport by controlling the flow parameters in the DST microchannel
(Movie S2). Second, it makes it possible to investigate drug transport phenomena and tumor
cell death in a more complex tumor microenvironment by incorporating an endothelial
monolayer (% in the vertical flow-channel (Figure 1B) or stromal cells (e.g. astrocytes)
directly adjacent to the tumor cells in the cell culture chamber. In addition, it provides the
flexibility of the FUS technology, where different settings of piezoelectric crystal geometry,
frequency and power can be used to fine-tune the size of the targeted region and the applied
thermal and mechanical forces on tissues. FUS is also an attractive technology for
translation into the clinic [40]. Hence, our acoustofluidic platform could be a useful tool for
investigating anticancer therapies that aim to maximize the therapeutic index by delivering
high concentrations at the tumor core while minimizing exposure to adjacent healthy tissue
(e.g. infiltrative brain tumors [%]).

The technology integration that we present here offers significant advantages over existing
ultrasound-based /n vitro systems. Previous designs that were compatible with FUS and
incorporated 3D culture chambers with flow-channel, lacked control of the transport
phenomena (i.e. no concentration gradients could be established) [*!] and did not incorporate
any real-time drug release control mechanisms (2% 1n addition, other device designs that
incorporated fluid flow control did not employ 3D cell culture and did not allow modulation
of the FUS parameters [ Moreover, the vertical design allows for a direct visualization of
the effects of FUS induced acoustic cavitation on cells. For example, the acoustic waves
could push the microbubbles in this flow channel towards the free interface to interact with
cells, competing against pressure gradients or other modelled biological barriers. Finally, the
integration of a closed loop controller allows for reproducible delivery of acoustic waves to
the flow channel and the cells in the culture chamber.

Currently available tumor models are not adequate for simultaneously studying tumor cell
response and transport mechanisms under spatial and temporal control of the drug release
location. The acoustofluidic platform presented here however, overcomes these barriers. It
can be used to simulate different transport regimes by controlling for the fluid flow and drug
concentrations in the cell culture chamber, and the modular design allows for incorporation
of key characteristics of the complex solid tumor microenvironment. Furthermore, due to the
small volume of the reagents required for experimental operation, the developed platform
could be used as a test-bed for drug development with FUS compatible nanocarriers.

4. Conclusion

Transport barriers in drug delivery represent an ongoing challenge in cancer treatment.
While nano-medicine-based anticancer therapies show some promise in overcoming these
barriers and decreasing toxicity associated with nonspecific delivery, further treatment
protocol optimization is necessary. One of the challenges with the development of localized
therapies is the establishment of physiologically relevant assays that model critical features
of the tumor microenvironment and allow for a systematic investigation of drug delivery
methods and the resulting cellular response mechanisms. To address this need, we developed
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a new acoustofluidic device with integrated sensors and FUS transducer, and a framework to
quantify the effects of localized drug release on tumor cell response in real time. We
demonstrated control of the size of the drug release area by tuning the operating frequency
of the transducer and characterized drug transport both experimentally and computationally.
Using this system, we were able to locally release doxorubicin and provided new evidence
that cellular drug uptake, DNA damage and tumor cell death were confined to the area of
drug release. Our acoustofluidic platform can be used for the discovery of new therapeutic
protocols for non-invasive cancer treatments that target tumor cells regionally without
damaging adjacent normal cells.

5. Experimental Section

Microfluidic Device

The microfluidic device design includes four components: i) the cell culture chamber, ii) the
glass coverslip with etched pores, iii) the flow channel, and iv) the glass coverslip. The cell
culture chamber was fabricated following soft photolithography procedures using
Polydimethylsiloxane (PDMS). The rectangular flow channel (width: 2.5 mm; height: 170
um) was made out of double sided tape (DST) (Adhesives Research, Glen Rock, PA, USA)
using a laser cutter (VLS 3.50, Universal Laser Systems, Scottsdale, AZ, USA). This DST
flow layer was bonded on a glass coverslip to form the flow microchannel. To enable
transport between the DST flow channel and the PDMS cell chamber, eight pores were
etched in a glass coverslip (size: 22x40 mm, thickness: 130 um) using the laser cutter. The
area of the pores was optimized to restrict the collagen-cell mixture within the cell chamber
(Figure S1 and suppl. methods). All the components were autoclaved before the vertical
assembly of the microfluidic device. The PDMS cell culture chamber and glass with pores
were bonded using a plasma bonder (Harrick Plasma, NY, USA).

The FUS system is composed of an arbitrary waveform generator, a radiofrequency power
amplifier and the FUS transducer with its impedance matching network. In particular, a 20
MHz arbitrary waveform generator, which is built in a computer-based oscilloscope,
(Picoscope 5242B, Pico Technology, Eaton Socon, UK) was connected to a mobile
workstation (ThinkPad W540 Mobile Workstation, Lenovo, Morrisville, North Carolina,
USA), via a USB 2.0 connection, and was used to generate a sinusoidal signal. This signal
was amplified by 50 dB using a 40-W radiofrequency power amplifier (240L, E&l,
Rochester, NY, USA) before being fed to the electrical impedance matching network (50
Ohms) of the FUS transducer (built in house). The FUS transducer is a spherically-focused,
single-element PZT, with a 30 mm radius of curvature and an F-number of 0.75.

The profile of the focal region of this transducer was characterized by two methods at its
operational frequencies: 1.025 MHz and 3.525 MHz. First, a calibrated hydrophone (ONDA,
HNC-0200, Sunnyvale, CA, USA) that was attached to a fully automatic 3D positioning
system (Velmex Bloomfield, NY, USA) was used to scan the FUS focal region and
determine the pressure profile in the axial and transverse directions in the water. Second, a
thermochromic film with 2°C bandwidth (35.5 — 37.5 °C) was placed in the focal region and
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in direct contact with the microfluidic device to provide a direct visualization of the heated
region (i.e. drug-release region). These temperature maps were recorded using a portable
digital camera and were analyzed to extract the 2D profile of the heated region (Figure S2,
Movie S1 and suppl. methods).

Closed-loop Controller

Cell Culture

The closed-loop controller of the FUS system (Figure 2C) includes i) temperature and
pressure sensors, ii) a data acquisition system and iii) a computer-based controller that was
implemented in MATLAB (MATLAB R2014b, The MathWorks, Natick, MA, USA). We
used a T-type thermocouple (built in house) composed of two 20 pm thick constantan and
copper insulated wires (California Fine Wires, Grover Beach, CA, USA) that were
connected at theirs tips. The pressure sensor was made of a 110 pm thick metalized
polyvinylidene difluoride (PVDF) membrane (Measurement Specialities Inc, Hampton, VA,
USA) that was etched in-house and connected to a coaxial cable using a high conductivity
silver conductive epoxy (EP110, EPO-TEK, Billerica, MA, USA). Both sensors were
attached to an acoustically and optically transparent, 100 um thick, mylar membrane and
placed in contact with the glass side of the microfluidic device (Figure 1C). The
thermocouple reader (PicoLogger TC-08, Pico Technology, Eaton Socon, UK) and the
computer-based oscilloscope were controlled by a MATLAB script that was also used to
analyze and display the collected data in real time.

To perform FUS-triggered mild hyperthermia into the device we implemented a binary
ON/OFF controller. We set the controller reference temperature to 43.5°C and the FUS
transducer to be continuously emitting US waves (ON) for as long as the measured
temperature was below the reference temperature. The FUS transducer was switched to
standby mode (OFF) when the measured temperature exceeded the reference threshold. The
temperature was measured every 0.5 sec. To detect microbubble emissions, ultrasound
microbubble contrast agents (Definity, Lantheus Medical Imaging, Billerica, MA, USA)
were loaded in the DST flow microchannel and after delivering a 10 msec ultrasound pulse
(300 kPa peak negative pressure) the microbubble acoustic emissions were recorded by the
PVDF membrane that was operated in passive mode. The measured acoustic emissions were
filtered, amplified and digitized by the computer-based oscilloscope, before transferring to
the portable workstation for fast fourier transform processing and storage. Strong harmonic,
ultra-harmonic or broadband signals (excitation frequency: 1.025 MHz), in the power
spectra of the recorded acoustic emissions were used to identify nonlinear microbubble
oscillations in the flow microchannel.

and Chemotherapy Response

The F98 rat glioblastoma cell line (ATCC, Manassas, VA, USA) was infected with an in-lab
modified pMSCV (Clontech, Mountain View, CA, USA) vector to stably express green
fluorescence protein (GFP) in order to monitor tumor cell proliferation in real time. Cells
were cultured in RPMI medium supplemented with 10% heat inactivated fetal bovine serum
and 1% penicillin/streptomycin (Invitrogen, Grand Island, NY, USA) and grown until 60%
confluence. We used a doxorubicin encapsulated temperature-sensitive liposome formulation

Small. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zervantonakis and Arvanitis Page 11

(doxorubicin-TS-liposomes) (ThermoDox, Celsion Co, NJ, USA) in combination with mild
hyperthermia produced by the FUS system or a water bath to trigger drug release.

Cancer cell drug-response in well plates

Five hundred glioblastoma cells were seeded per well in a 96-well plate and were allowed to
grow overnight. Cells were dosed with varying concentrations of doxorubicin-TS-liposomes
(Figure 3A) and doxorubicin release was triggered by water bath heating. Cells were
incubated with the doxorubicin-TS-liposomes at 37 °C (no drug release conditions) for 12
min or heated at 43 °C (drug release conditions) in a water bath for 12 min 7.4 to trigger
maximum release, followed by a 50 min incubation period to allow for drug diffusion and
cell uptake. Next, the wells were washed with fresh medium and 48 hrs later the number of
total and dead cells (stained with 1 M Ethidium Bromide (Sigma, MO, USA)) was
measured using an Acumen cytometer (TTP Labtech, Melbourne, UK). Viable cells were
calculated by subtracting the number of dead cells from the total number of cells.

Microfluidic experiments

The glioblastoma cells were seeded at a density of 0.1 million cells/mL in a 2 mg/ml type |
collagen gel (BD Biosciences, NJ, USA) as described previously [**] and cells were allowed
to grow for 48 hrs prior to applying the experimental conditions. 40 pl of doxorubicin-TS-
liposome solution was loaded in the inlet port of the DST channel. A stable concentration
was achieved in the cell culture chamber within 10 min (Figure S2E and Movie S2). Drug-
release was facilitated either by a 12 min heating period via a 43°C water bath or via FUS-
triggered heating. This temperature is significantly lower than the threshold of 63°C where
collagen fibril denaturation occurs [46]. We allowed the released doxorubicin to diffuse in the
cell culture chamber for 50 min (time-scale selected based on previous studies on
doxorubicin uptake dynamics[47]) prior to washing the devices twice with fresh medium (see
Figure S7 for schematic illustrating protocol). Confocal imaging was performed
immediately after treatment (t=0 hrs) and 48 hrs later to measure total and dead cell
numbers. For the localized FUS-triggered release experiments (Figure 5), we used a
previously published method!*'] to quantify doxorubicin uptake (see suppl. Methods and
Figure S8).

Cell Imaging and Immunofluorescence Staining

We acquired confocal image stacks with a Nikon A1R laser scanning microscope and a 10X
(NA=0.45) objective to characterize fluorescent tracer distribution and to measure tumor cell
response to doxorubicin-TS-liposomes in the microfluidic device. The confocal stacks for
cell growth and viability included a 3x10 image field montage scan to capture the whole
area of the device at three different z-levels (step: 30 um), while the transport experiments
included live imaging (time-step 10 sec) at a single location.

To visualize doxorubicin-induced DNA damage in the glioblastoma cells, the devices were
fixed with 4% paraformaldehyde and stained for DAPI (Invitrogen) and rabbit anti-human
H2AX (Cell Signaling #2577, MA, USA) detected with a secondary Alexa594 anti-rabbit
antibody (Invitrogen). Devices were fixed 4 hrs after experimental treatment to capture the
early phase of DNA damage [ We used a 20X (NA=0.75) objective to acquire confocal
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image stacks for at least 5 regions per device. The expression of H2AX was quantified using
ImageJ by analyzing the fluorescent intensity in the cell nucleus for at least 40 glioblastoma
cells per condition.

Computational and Experimental Characterization of Drug Transport

A 2D finite element model was developed in COMSOL (4.2 Version, Burlington, MA, USA)
to perform time-dependent simulations of drug diffusion in the cell chamber and interpret
the FUS-triggered drug release studies. An initial condition of Cy=1 was defined at the
region of drug release that was determined by the temperature measurement using the
thermochromic film (Figure S2C). Complete doxorubicin release from the liposomes was
modeled for every location in the region with a temperature above 41°C. Constant
concentration boundary conditions (Cg;nk=0) were defined at edges of the microfluidic
channels and at the gel filling port. Based on previous experimental characterization in 2
mg/ml collagen type | gels [*'] we defined a diffusion coefficient of D=2.5x10"10 m/s to
model diffusion of free doxorubicin after heat-induced release from the liposomes. The
numerical grid for performing the simulations consisted of approximately 22000 finite
elements. The experimental characterization in the device included measurement of
fluorescent intensity profiles of 400 Da (Fluorescein, Invitrogen) and 2 MDa (Texas Red
Dextran, Invitrogen) (Figure S2E) tracers that mimic the distribution of the free doxorubicin
(MW ~ 535 Da) and doxorubicin-TS-liposomes (~90 nm [48]). The raw intensity
fluorescence images were analyzed in MATLAB to compute the average intensity over time
and to visualize concentration distributions (Figure 2G, H).

Quantification of Cell Response and Data Analysis

Cell viability and growth in the microfluidic devices under different experimental conditions
were measured by quantifying the number of GFP (viable cells) and RFP (dead cells)
fluorescence using a custom code in MATLAB. A proliferation metric was computed as the
ratio of viable cells at 48 hrs to viable cells at 0 hrs, while the cell death metric was
computed as the ratio of dead cells to total cells at 48 hrs. These metrics were evaluated as
sums across 10 regions per device, encompassing the whole cell chamber area (see suppl.
Methods and Figure S9).

All reported metrics in the microfluidic devices were calculated by averaging the mean
values of at least three devices, with each device representing one independent experiment.
A range of 20000 to 60000 cells were analyzed per device. T-tests (two-sample, £<0.05)
were performed in Graphpad Prism (v6, La Jolla CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the closed-loop acoustofluidic (FUS-microfluidic integrated) device. (A)

Schematic showing localized, drug release in a tumor. The area targeted for drug release by
FUS is highlighted with the dashed circle. (B) Top: Assembly of the multilayer microfluidic
device. Middle: Cross-section of the microfluidic device showing the cell chamber, DST
flow microchannel where the drugs are loaded and the FUS focal region. Bottom: 3D
confocal rendering of GFP tumor cells (green) in the cell chamber and interfaced through
the glass pore with the DST flow microchannel where an endothelial monolayer is formed
(magenta) (C) Diagram of experimental system, highlighting the optically transparent
microfluidic device, the pressure/temperature sensors feeding into the controller and the
FUS transducer (located 30mm away from the device).
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Figure 2.
Computational and experimental characterization of the acoustofluidic system. (A) Pressure

(left) and temperature (right) maps for the fundamental frequency (1.025MHz) of the FUS
transducer. Pressure map was measured with a calibrated hydrophone in the water. The
temperature was mapped using a thermochromic film with 2 °C dynamic range. Scalebar is
2mm. (B) Spatial profiles of FUS amplitude (blue) and temperature (green) for the
fundamental (left) and third harmonic (right). FUS amplitude was normalized by the
maximum value. (C) Controller block diagram. (D) Temperature recording from the
thermocouple in response to FUS pulses. Feedback control was used for all temperature
measurements in our experiments. (E) Voltage trace (top) and spectrum (bottom) of
microbubble acoustic emissions recorded by the pressure sensor in response to a FUS pulse.
Temperature and pressure sensors are located in the center of the heated region in Figure 2A.
(F) Simulations of concentration distribution of the released drug at time 0 (top) and 60min
(bottom). (G) Measured and computed temporal evolution of drug concentration 100um
from the initial drug-release area. (H) Concentration profiles within the cell chamber at
t=60min. Concentration values were normalized by the maximum value in the drug-release
area.
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Figure 3.
Cancer cell response to doxorubicin-TS-liposomes. (A) F98 cell viability to varying drug

doses after 48hrs under water-bath triggered release (red) and no-release (blue) conditions.
Viability values normalized to the untreated control. The difference between the two curves
is also plotted (grey). (B) Cell death dose-response (a quadratic function was fit). Average
values and SEM error bars across 4 wells. (C) Top: Representative confocal images of viable
(green) and dead (red) F98 cells in the microfluidic device prior (top: Ohrs) and after
(bottom: 48hrs) application of experimental conditions. Each image corresponds to a single
confocal slice. Scale bar is 100um. (D) Quantification of cell proliferation (% change of
viable cells between 48hrs and Ohrs) in the microfluidic device under control, heating only,
FUS treatment only, doxorubicin-TS-liposomes (0.3 uM) only, FUS & doxorubicin-TS-
liposomes (0.3 uM), water-bath induced-heating at 43C & doxorubicin-TS-liposomes (0.3
UM). (E): Percentage of dead cells over total cells in each condition. Average values across n
> 5 devices; error bars represent standard error of the mean (SEM). Statistically significant
differences are highlighted (* p<0.05; ** p<0.01).
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Figure 4.

Analysis of DNA damage in response to drug exposure in the device. (A) Immunostaining of
v-H2AX and DAPI in the microfluidic device under conditions of FUS-exposure, no-drug
release (0.3uM doxorubicin-TS-liposomes) and FUS-triggered drug release (FUS & drug:
0.3uM). Each image corresponds to a single confocal slice. Scale bar corresponds to 100um.
(B) Quantification of staining intensity per cell in (A). Average values (n=40), and error bars
represent standard deviation. Values normalized to the y-H2AX intensity for the FUS only
condition. Statistically significant differences are highlighted (*** p<0.001).

FUS & Drug
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Localized FUS-triggered drug release and cell response. (A) Diffusion simulation of drug
distribution at Omin and 60min after FUS-triggered release. (B) Spatial profile (blue) of
simulated drug concentration at t=60minutes after drug release and measured cell death
under localized FUS-triggered drug treatment (black bars) show good agreement. Cell death
profile under FUS-treatment only (grey bars) is also shown. Concentration normalized to the
maximum value (0.3uM). Cell death values are reported as differences from baseline values

at the region of no release. Averages across n=4 devices and error bars are SEM. (C)

Representative confocal images of doxorubicin uptake (green) in an area of drug release (R)

compared to an area of no release (NR), 1hr after FUS-triggered heating. Scale bar

corresponds to 50um. Quantification of doxorubicin (dose of 3uM to clearly demonstrate
differential effects) uptake in microfluidic devices. Values are normalized to doxorubicin

uptake signal for devices treated with drug only but no FUS treatment. Average values

across n=30 cells are plotted, and error bars represent standard deviation. (D) Quantification
of DNA-damage response in drug release (R) and no release (NR) locations in devices 4hrs

after localized FUS treatment and doxorubicin-TS-liposome (0.3uM) treatment. Bars

represent average across n=40 cells, and error bars represent standard deviation. Values
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normalized to the y-H2AX intensity for the untreated control. Statistically significant
differences are highlighted (*** p<0.001, **** p<0.0001).
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Figure®6.
Live cell imaging of tumor cell death after FUS-triggered localized drug release. (A) Time

series of confocal images showing tumor cell death (red, incorporation of ethidium bromide)
in a location of drug release (top row) compared to a location of no release (bottom row).
Scale bar corresponds to 25um. (B) Quantification of the percentage of tumor cells dying
during 8-20hrs (left) and 24-36hrs (right) after treatment with doxorubicin-TS-liposomes
(3uM) in areas of drug release (R) and areas of no release (NR). n=8 locations were
analyzed per condition (n>120 cells scored per condiction per device) and values represents
averages with error bars SEM. Statistically significant differences are highlighted (**
p<0.01).
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