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ABSTRACT

Traditional implanted drug delivery systems cannot easily change their release profile in
real time to respond to physiological changes. Here we present a microfluidic aqueous two-phase
system to generate microcapsules that can release drugs on demand as triggered by focused
ultrasound (FUS). The biphasic microcapsules are made of hydrogels with an outer phase of
mixed molecular weight (MW) poly(ethylene glycol) diacrylate that mitigates premature payload
release and an inner phase of high MW dextran with payload that breaks down in response to
FUS. Compound release from microcapsules could be triggered as desired; 0.4 pg of payload
was released across 16 on-demand steps over days. We detected broadband acoustic signals
amidst low heating, suggesting inertial cavitation as a key mechanism for payload release.
Overall, FUS-responsive microcapsules are a biocompatible and wirelessly triggerable structure

for on-demand drug delivery over days to weeks.
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Main text

Localized drug delivery can target intended sites in the body while reducing adverse off-
target effects.[!l Many implanted drug-delivery systems, such as nanoparticles, hydrogels, and
microdevices, work via passive release or exhibit a pre-programmed drug-release profile,!! in
contrast to localized drug-delivery systems that are externally triggerable for on-demand
release.[?® 31 These remotely-activated systems come in a variety of forms, including DNA-
capped nanoparticles, microchips, and microcapsules, and can be responsive to visible and near-
infrared (NIR) light, magnetic fields, cell membrane receptors, and enzymes. Additionally, these
systems can target delivery to an entire region of the body or within an individual cell.[
Triggerable release offers potential advantages of efficacious and selective delivery which can be
controlled on demand;?* ® solutions have included reversible NIR disruption of microcapsule
membranes and the controlled erosion of layers of a bulk device to release payload.®
Ultrasound-triggerable microscale systems such as microbubbles (Table S1) typically require
destruction of the drug-delivery vehicle, limiting the triggered effect to a one-time bolus release.
Towards personalized medicine, real-time tunable drug release could be important; examples
include chronotherapy, which optimizes therapies to account for the body’s circadian rhythm,
and closed-loop drug delivery that releases a payload in response to defined physiological
conditions.[ Pulsatile delivery systems are largely developed at the macroscale® rather than
microscale which can be implanted or injected, and stimuli-responsive microdevices for

localized and repeated drug delivery remain challenging (Table S2).1%

There is a growing interest in using ultrasound in various applications including

increasing cell membrane permeability for the direct delivery of payloads!*”!; probing the
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response of cells to shear stresses™l; and sorting and transporting cells.[*? Ultrasound is a
promising mechanism for actuating release, as it is safe and noninvasive, can penetrate deep into
the body, and can be focused to sub-millimeter dimensions. 3 Ultrasound can cause both
heating and cavitation in a material, with either of these effects capable of triggering drug release
from an encapsulating material. For heating, disruption of gel structure can release drugs, but
demonstrations have been mainly performed with bulk gels, and careful attention must be paid to
avoid adverse effects from excessive localized heating.[?* 141 By comparison, cavitation is the
formation, growth, oscillation, and collapse of gas bubbles and begins with the formation or
presence of gas pockets or dissolved gasses.[*®! Oscillations and collapse of bubbles caused by
inertial cavitation can release payload by eroding surfaces, disrupting membranes, and rupturing
stiff microparticles. Cavitation has been used in conjunction with microbubbles that are loaded
with drugs or injected alongside drug depots to achieve drug delivery, but microbubbles were
originally designed for short-term diagnostic applications; as such, they have limited lifetimes
(less than an hour), are fragile, and can only be triggered only once to achieve a burst release

before they are destroyed (Tables S1-2).[4d: 16]

In this work, we present a method to fabricate hydrogel microcapsules that can be
triggered by focused ultrasound (FUS) for on-demand release. We fabricate microcapsules using
aqueous two-phase system (ATPS) on a microfluidic chip,® 2% 11 in which the two phases
spontaneously separate above minimum polymer concentrations, when the decrease in enthalpy
of demixing is greater than the gain in entropy of mixing.[*®! These ATPS microcapsules can be
formed with biocompatible polymers and without intermediate oil-based phases, which can

adversely affect biocompatibility. For example, the van Esch group has created crescent-shaped
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ATPS on a microfluidic chip using PEGDA and dextran, where a low molecular weight (MW)
dextran (e.g. 20k Da) formed off-centered spheres that separated from low MW PEGDA (e.g.
700 Da) to yield a microcarrier bucket made only of PEGDA.[?®1 Building on this work, we
examined different MW of PEGDA and dextran to form stably biphasic microcapsules (Fig. 1a).
In this type of envisioned microcapsule (Fig. 1b), the outer phase (PEGDA) blocks passive
release of payload stored in the inner dextran phase which remains intact until triggered by FUS.
A focused ultrasound transducer, with a cross-sectional focal area smaller than 2 mm? and focal
depth of 10 mm, selectively actuates the microcapsules (Fig. 1c). The inner phase of dextran
remains intact until triggered by FUS, at which point it breaks down, releasing the payload (Fig.
1d). The application of FUS primarily causes breakdown of the soft inner dextran phase while
also causing some breakdown of the stiff outer PEGDA phase. Compared to microbubbles
(which are typically several microns in diameter(?" > 1) these biphasic microcapsules can carry
large payloads and be used for pulsatile payload release over days. An overview of our process

can be seen in Movie S1.

Author Manuscript

We fabricated double-emulsion microcapsules using a microfluidic chip with two flow-
focusing junctions in series, followed by a region for photopolymerization (Fig. 2a, Fig. S1,
Supp. Methods).[? 2%l These polymerized microcapsules have a soft inner dextran phase and an
outer PEGDA shell that has low permeability to the model drug, although there is a diffuse phase
boundary. We tested the effect of different materials on swelling and phase separation to inform
the final selection of materials (Supp. Methods, Fig. S2). These are biphasic with an asymmetric
inner phase (Fig. 2b) with a small exposed surface of the inner phase to bulk solution. The

microcapsules were morphologically stable after 112 days of storage in deionized water (Fig.

This article is protected by copyright. All rights reserved

8518017 SUOWILLID BAIERID 3|qeotjdde ayy Aq peusenob afe Sapie O ‘85N JO S8NJ o AReIq1T 8UIUO AB{IM U (SUORIPUOD-PUR-SLLLBYWI0D" A 1M A e.d]jBUl 1 [UO//Stiiy) SUORIPUOD Pue Swie | 8y} 89S *[7202/S0/0T] U Aeiqiauljuo A3Im ‘0louyos L Jo ainpisu| shesnyoesse |\ Aq STSOTTZ0g 96Ue/Z00T 0T/I0p/LI0d A8 ImAReIq U1 [UO//SANY WO pepeojumoq ‘0 ‘2202 ‘LSLETZST



2¢), with much of the fluorescent compound in the outer PEGDA phase having passively

diffused out.

We chose a set of fluid and flow conditions for payload-delivery microcapsules, and
assessed the consistency of sizes of microcapsules generated. The innermost phase was high MW
dextran loaded with fluorescein isothiocyanate (FITC)-dextran 20k Da as a model drug, and the
second phase was a mixed MW PEGDA. These coflowing phases were broken up into droplets
by an outer oil phase.?* The flow rates were tuned so that the collected, washed microcapsules
had an average diameter of 548.7 + 34.0 um, similar to prior demonstrations on a percentage

basis (Fig. 2d, Supp. Methods).1?¢]

To assess the ultrasound-responsiveness of the microcapsules, we first transferred the
microcapsules into polydimethylsiloxane (PDMS) wells, with each well loaded with 24
microcapsules (corresponding to a cumulative delivery of ~15 ug of compounds, suitable for
clinical applicationst??) in 25 uL of degassed deionized water. PDMS exhibits an acoustic
impedance similar to that of water, minimizing the amount of wave reflected at the water-PDMS
boundary and formation of standing waves.?®l We sealed the wells with a thin plastic film and
mounted each well onto the coupling cone of a 1.1 MHz focused ultrasound transducer (Fig. 3a).
The transducer was powered by a variable drive box and data from the hydrophone was high-
pass filtered and amplified (Supp. Methods). An acoustic power of 150 W was used; this power,
coupled with low duty cycle (5%), maximized cavitation effects while minimizing heating, and
no adverse effects were detected when these parameters were used in a murine model (data not

shown). We monitored thermal effects from ultrasound application by placing a thermistor next
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to the microcapsule sample during select runs (Fig. S5). At high duty cycle (20%), we detected
more than 4°C of temperature rise, compared to less than 2°C at a low duty cycle (5%), with less
than 1°C of heating occurring during the first 10 s of the pulsed FUS at low duty cycle,
indicating that minimizing the total application time further minimizes thermal effects (Fig. 3b).
According to the model for calculating thermal dose, the effective thermal dose for all applied
FUS conditions is below the threshold for cell death.[?! For in vivo applications, we anticipate
the observed heating at low duty cycle to be unlikely to damage tissue, particularly for short FUS

applications (30 s or less).

We next used signal processing methods to analyze the cavitation occurring in and
around our microcapsules during FUS applications (Fig. S6, Supp. Methods). In the frequency
domain, spectral energy occurring at the harmonics of the fo frequency, 1.1 MHz, indicates
emissions from stable cavitation. Additionally, the occurrence of spectral energy in the water-
only sample is likely, in part, caused by the impedance change at the water/air interface on the
top of the water bath. The spectral energy outside of those harmonic frequencies demonstrates
broadband emissions, which were detected only when microcapsules were present (Fig. 3c). The
detected broadband acoustic emissions during the application of FUS to microcapsules indicate
inertial cavitation, as nucleation sites within the microcapsules collapse and cause shock waves,
microjets, and microstreaming.!?>! These broadband noise emissions over the course of a single
FUS pulse are apparent in spectrogram data, which exhibits increased intensities across a range
of frequencies and over the duration of the pulse within the microcapsules sample, compared to
the water-only sample (Fig. 3d). The spectrogram collected from microcapsules in the sample

shows both greater harmonics and broadband emissions.
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Finally, we measured the effect of applied FUS on the structure and release of model
drug from the microcapsule. As discussed previously in microfluidic fabrication (Fig. 2), some
amount of fluorescent dextran was mixed into the PEGDA phase before phase separation. Upon
ten FUS applications, the dextran phase broke down (Fig. 4a), depending on the FUS intensity
and duration of FUS application (Fig. S7). Further applications of FUS, beyond when the dextran
phase was disrupted, resulted in the PEGDA outer phase showing cracks and surface damage
(Fig. 4b). Next, we measured the release of a fluorescent compound. By applying 16 periods of
30 s pulsed FUS applications, we released 0.552 + 0.069 pg of model drug from a microcapsule;
presumably, the compound was released through an area of inner phase exposed directly to
solution. Over the same multi-day time period, a microcapsule passively released significantly
less, 0.158 + 0.013 pg of model drug (Fig. 4c, left). After a period of equilibration in the first two
hours in solution, during which most measured passive release occurred (Fig. S8), FUS

applications triggered the release of at least an additional 0.4 ug (Fig. 4c, right), which can take

Author Manuscript

place over multiple doses and several days (Fig. 4d). We further studied the effect of FUS
parameters, including power, frequency, and pulse length, on the amount of payload released and

the overall stepwise profile (Fig. S9, Supp. Methods).

In summary, the study demonstrates two-phase aqueous microcapsules that can be
repeatedly triggered to release a model drug, likely due to inertial cavitation within the
microcapsule. This payload-delivery vehicle contributes a new capability to localized drug

delivery for minimally-invasive repeated dosing, exhibiting stability over a multiweek period and
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externally triggerable repeatable delivery using FUS. The amount released by the microcapsule
is tunable depending on the applied FUS parameters, which allows for real-time dosage control.
Towards clinical use, for cancer treatment, timed delivery of growth factors and
cytokines has been of interest,?®! including recent work on carcinomas,?”! consistent with
observations that the body’s sensitivity to cancer therapy changes throughout the day.[8
Similarly, certain drugs, such as pain relievers and insulin, have been shown to exhibit increased
efficacy when the delivery is provided at different times.!?! Currently, this work demonstrated
delivery of large molecules (i.e. above 20 kDa), which includes many growth factors and
cytokines, and hydrophilic molecules, which preferentially partition into the dextran phase.*"!
Future work could broaden the types of payloads, by incorporating small MW or hydrophobic
molecules into carriers (such as nanoparticles),®! incubating the microcapsules with UV-
sensitive payloads after UV-polymerization,©? or further coating the microcapsules to reduce

passive release of small MW compounds,®! to further expand the potential uses of this system
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Figure 1. Fabrication and triggered release of model drug from biphasic microcapsules. a)
Schematic diagram of the fabrication and UV polymerization of biphasic microcapsules in a
microfluidic device. A mixed high and low MW PEGDA and a high MW dextran are used as the
two phases. b) Schematic diagram of the biphasic microcapsule with a dextran inner phase
loaded with FITC-dextran as a model drug (green) and a UV-polymerized mixed-MW PEGDA
outer phase that is impermeable to payload (light grey). ¢) Schematic diagram of focused
ultrasound transducer being used to selectively trigger a microcapsule. The focal area of the
transducer is small enough to selectively actuate individual microcapsules. d) After focused
ultrasound is applied to the microcapsule, the payload is released into the surrounding
environment.
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Figure 2. Microfluidic fabrication of microcapsules. a) Design of microfluidic chip, featuring
two flow-focusing junctions followed by a serpentine area that allows for sufficient time to
complete phase separation and for ultraviolet exposure (purple) to polymerize the PEGDA phase.
b) Brightfield (left) and fluorescent (right) images of microcapsules after UV polymerization and
washing. c¢) Brightfield (left) and fluorescent (right) images of microcapsules taken at 112 days
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after fabrication. d) Frequency distribution of the microcapsule diameters, post-polymerization.

Scale bars =400 pm.
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Figure 3. FUS setup and results, showing inertial cavitation and minimal heating in the
microcapsules. a) Block diagram of the FUS experimental setup for FUS application and data
processing. b) Measured thermal effects of 30 s pulsed FUS application, with first FUS
application occurring at t = 5 s. Shaded areas represent 95% confidence intervals. c) Power
spectral density of the hydrophone signal with microcapsules in the sample well compared to
only degassed water in the well. Broadband noise (dotted green box) was observed when the
capsules are present, indicative of inertial cavitation. d) Spectrogram of microcapsule sample
(left) and degassed water (right) over a 50 ms pulse of FUS. Increased brightness (yellow) is
indicative of increased cavitation.
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Figure 4. FUS-triggered release. a) Microcapsule shown prior to FUS in brightfield and
fluorescence (left), and after 10 FUS applications at 150 W and 5% duty cycle in brightfield and
fluorescence (right). b) Microcapsules after 16 pulsed FUS applications, with the dextran portion
of the microcapsule fully released and pitting in the PEGDA phase (left) and cracking of the
microcapsule structure (right). ¢) Total FITC-dextran released over three days (left) and total
FITC-dextran released over three days when excluding the initial 2 hours equilibration period,
during which surface leaching occurs (right). ***P < 0.006, **P < 0.0089. d) Release profile of
FITC-dextran from a microcapsule undergoing repeated FUS applications over three days,
compared to a control sample that does not undergo FUS. FUS was applied for 30 s every 20
minutes, for 10 cycles on day 0 and 3 cycles on days 1 and 2. The dashed line demarcates the end
of the equilibration period for the passively releasing microcapsules.
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