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ABSTRACT: Achieving high spatial and temporal control
over a spontaneous reaction is a particularly challenging
task with potential breakthroughs in various fields of
research including surface patterning and drug delivery.
We report here an exceptionally effective method that
allows attaining such control. This method relies on a
remotely triggered ultrasound-induced release of a reactant
encapsulated in a composite microdroplet of liquid
perfluorohexane. More specifically, the demonstration
was achieved by locally applying a focused 2.25 MHz
transducer onto a microfluidic channel in which were
injected composite microdroplets containing a solution of
an azidocoumarin and an external flow containing a
reactive alkyne.

Recent years have witnessed a considerable increase of
interest in the development of devices or methods capable
of improving both spatial and temporal control in spontaneous
chemical reactions. These two criteria are all the more
important as they are necessary for a number of synthetic
applications including surface patterning,' polymer synthesis,
and polymer modification® or in any situation which requires a
controlled sequence of events. This is particularly true for drug
delivery, which could greatly benefit from the possibility of
generating drugs in situ via a controlled chemical reaction.

One way to achieve high spatial and temporal control over a
spontaneous reaction is to isolate and remotely trigger the
release of the different reactive partners. Gracias and co-
workers, for instance, recently reported a chemical encapsula-
tion in metallic containers with a remotely guided chemical
release using magnetic fields.” However, although they were
able to achieve good spatial and temporal control of the release
through shape, size, porosity, and magnetic characteristics of
their containers, the low penetration depth of radio frequency
energy and the need to introduce an electrode to promote the
reaction impedes any clinical application.

Bowman and co-workers* recently contributed to the field of
controlled chemical reactions by attaining high spatial and
temporal control in the copper-catalyzed alkyne—azide click
cycloaddition (CuAAC)> by photochemically reducing in situ a
Cu(Il) catalyst to the corresponding Cu(I) species using
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Figure 1. In vivo ultrasound-triggered release of composite micro-
droplets for tissue tattooing (previous work).”
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Figure 2. In situ ultrasound-triggered release of composite micro-
droplets for improved spatial and temporal control over a spontaneous
reaction (this work).

standard photolithography techniques. Unfortunately, the
presence of the copper catalyst and the photoinitiator as well
as the low penetration of coherent light through tissues (few
hundred micrometers) hampers potential in vivo applications.
In order to overcome the toxicity of both the copper catalyst
and the photoinitiator and with the same goal of attaining high
spatial and temporal control, Anseth and co-workers reported a
particularly clever strategy involving sequential metal-free click
reactions to build biologically functionalized gels and spatially
tune their properties in the presence of cells.® Nonetheless,
while they were able to overcome the presence of undesirable
reactants, their photopatterning method implied the use of UV
light which, as stated previously, impedes potential in vivo
applications due to its low penetration.

In contrast to light-based techniques, ultrasound is non-
invasive and can penetrate up to 10 cm deep into tissues while
preserving a submillimetric resolution using standard scanners
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Figure 3. Copper-free click reaction between 3-azido-7-hydroxycou-
marin A and TMDIBO B, chosen as a model reaction. Absorption
(left) and emission (right) spectra of compounds A (red), B (blue),
and A—B (black). Both compounds show an absorption maximum at
350 nm and an emission maximum at 450 nm, but the reaction
product A—B shows a higher emission intensity than the starting
materials A and B.

which are ubiquitous in hospitals worldwide. Considering these
elements, the spatiotemporal control of a spontaneous reaction
using acoustic waves could be particularly appropriate for in
vivo applications.

We previously established that perfluorocarbon (PFC)
composite droplets loaded with a desired molecule (in our
case fluorescein) could release their content locally in a known
process of acoustic vaporization to achieve internal tattooing of
tissues for surgical guidance in rats (Figure 1).” Various
advantages arose from this technology. First, as mentioned
previously, ultrasound benefit from their high spatial (milli-
meter) and temporal (microsecond) resolution as well as their
penetration depth (up to 10 cm into tissues). Second, the low
ultrasound release threshold of the droplets enables the use of
standard clinical scanners with the same resolution as that for
imaging (millimetric zone within a microsecond time scale) and
with low acoustic pressures, which are both compatible with
potential in vivo applications. Finally, the liquid perfluorocarbon
matrix allows the inner phase to be efficiently isolated from the
outer medium prior to the release.

The potential use of composite droplets as ultrasound-
induced carriers of chemotherapeutic agents would be
particularly appealing, as large doses of cytotoxic drugs could
be delivered specifically at the focus of the ultrasound scanner.
Unfortunately, even if this approach increases the spatial
specificity of the release, the question of unspecific release
remains as for all drug-delivery methods reported so far. One
way to circumvent this issue, and thus limit any undesired side
effects which could occur downstream, would be to generate or
annihilate the drug specifically in a zone of interest. In order to
attain this goal, we first needed to prove that a biologically
relevant reaction could be promoted with a high level of spatial
and temporal control after ultrasound release of the composite
microdroplet carriers (Figure 2). We present here the results of
our endeavor.

In order to demonstrate that we were able to remotely trigger
a specific reaction with high spatial and temporal control, we
first needed to select a specific spontaneous reaction. The
bioorthogonal copper-free click between an azide and a strained
alkyne such as cyclooctyne derivatives to form the correspond-
ing triazole appeared to be ideal for this study. Indeed, it has a
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Figure 4. Droplets loaded with 3-azido-7-hydroxycoumarin A in a flow
of DMSO (a to e) or DMSO + TMDIBO B (f to j). Sequences of
images taken at 34 Hz, with ultrasonic pulse occurring at images b and
g, respectively. The width of each image is 100 ym.

relatively high reaction rate at low reagent concentration, it is
compatible with biological environments (physiological pH,
temperature and pressure), and it is inert to abundant biological
nucleophiles, electrophiles and redox-active metabolites. As a
matter of fact, this strain-promoted azide—alkyne cycloaddition
has been extensively applied in many fields including drug
discovery,® material science,” and bioconjugation'® to probe
biomolecules in living systems or to label cells.""

We decided to initiate our study using coumarin derivative A
and the strained-alkyne tetramethoxydibenzocyclooctyne
(TMDIBO, B) recently developed by Leeper et al. (Figure 3)."
Indeed, 3-azidocoumarin A had previously been proven to be a
good fluorogenic compound and could therefore be used to
monitor the reaction,> while TMDIBO (B) appeared to be a
good candidate as a strained alkyne due to its relatively direct
synthetic access and its inherent stability. Most importantly, the
product (A—B) resulting from the cycloaddition demonstrates
a stronger fluorescence than either starting materials (A,
350 nm, 4., = 430 nm). Spatiotemporal control of the reaction
was achieved by encapsulating a DMSO solution of A (3.0% w/
v) into composite microdroplets of perfluorohexane following
the procedure previously reported.” TMDIBO B on the other
hand was dissolved in the external flow of DMSO (0.3% w/v).
They were both mixed together prior to the injection in a
microfluidic channel with a width of 100 gm and a depth of 40
um."* A 2.25 MHz transducer was focused (focus = 38 mm, f/d
= 1) within the channel (Figure 4). Single bursts of 30 cycles
were generated at 2.25 MHz by an arbitrary waveform
generator and amplified to 12.3 MPa peak-negative pressure
by a radio frequency amplifier.

Prior to and after the ultrasonic pulse transmission, a camera
(34 fps) mounted on a fluorescent microscope (Leica, 20X or
10X, DAPI filter) recorded the fluorescence induced during the
reaction. Within the microfluidic channel, this single acoustic
pulse was able to vaporize several droplets (8 ym in diameter),
leading to the release of their content in the surrounding
medium. As shown in Figures 4 and §, a significant difference of
fluorescence between the control experiment (only one
reactant encapsulated in a flow of pure solvent) and the
reaction experiment (one reactant encapsulated in a flow of the
other) demonstrated the subsequent formation of the product
upon ultrasound release. Indeed, the average intensity in the
observation window increased drastically as the released cloud
spread by diffusion and the click reaction occurred. At 34 fps,
the ultrasound disruption of the droplets appeared instanta-
neous since the pulse duration was 13 ps. After S s, the
fluorescence intensity reached a plateau whereas the
fluorescence intensity of the control experiment remained
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Figure S. Fluorescence increase after the ultrasound release at t = 100
ms. Comparison between control experiment (droplets of 3-azido-7-
hydroxycoumarin A in DMSO, black curve) and reaction (droplets of
3-azido-7-hydroxycoumarin A in a solution of TMDIBO B in DMSO,
0.3% w/v, blue curve). The reaction rate is well described by a
saturating exponential fit with a time constant of 2.2 s (R* = 0.99).

Figure 6. Microfluidic channel containing droplets of 3-azido-7-
hydroxycoumarin A in a flow of TMDIBO B in DMSO before (a) and
after (b) ultrasonic pulse.

stable after a slight increase upon release due to a decrease in
the autoquenching phenomenon. Moreover, the intensity of the
control experiment remained 10 times lower than the value of
the plateau reached by the reaction’s fluorescence.

As shown in Figure 6, the reaction remained spatially
localized. The average diameter of the releasing cloud is in the
same order of magnitude as the size of the focal spot, which is
600 ym (full-width at half-maximum). All droplets within that
zone were disrupted, while those outside the focal spot
remained undisturbed.

In contrast to the previous setup using a single-focus
transducer, an ultrasonic scanner equipped with a multielement
transducer can focus over several spots within a plane by using
electronic delays. To further demonstrate the high level of
spatial control as well as the reproducibility, droplets were
injected within a cell-culture plate placed under a 4 MHz, 196-
element probe (Vermon, France) connected to a clinical
ultrasound scanner (Aixplorer, Supersonic Imagine, France).'®
By scanning remotely the focus zone of the ultrasound clinical
system, several spots of release could be generated over each
line, initiating the chemical reaction in specific zones of the
plate. Thus, a 3 cm high representation of a landmark of Paris
could be created point-by-point within 6 s (Figure 7).

In conclusion, a copper-free click reaction was remotely
induced with ultrasound by releasing an encapsulated reactant
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Figure 7. Drawing generated by focusing pulses according to the
pattern with an ultrasound scanner within a plate filled with droplets of
3-azido-7-hydroxycoumarin A in a medium of TMDIBO B (0.15% w/
v) in DMSO. Photography made under UV light (histogram
equalized) a few seconds after the end of the release.

locally into a flow containing a reactive partner. This reaction
was triggered by a single ultrasound pulse specifically within the
focus of the transducer (0.6 mm in width) and within a time of
less than 3 ms. Since these acoustic pulses could be generated
by a clinical ultrasonic scanner, the generation of a chemical
reaction deep into the tissue can be envisioned. Considering
that a wide range of compounds can be encapsulated using this
technology, we expect that such targeted chemistry will lead to
the localized release of prodrugs or the localized production of
drugs in vivo that are either too toxic or too unstable to be
injected directly in patients.
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Experimental procedures and spectral data are provided. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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(15) Ultrasound-triggered release of composite droplets in a cell-
culture plate. The composite droplets of A were diluted in a DMSO
solution of B (0.15% w/v, degassed prior to injection) and injected in
an OptiCell plate made of two plastic membranes, transparent to both
ultrasound and light, separated by 2 mm. The bottom membrane was
placed at the focus of a S MHz ultrasound probe which was immersed
in a water bath maintained at 12 °C. The ultrasonic probe was driven
by a clinical ultrasound scanner (Aixplorer, Supersonic Imagine,
France), emitting a single pulse of 2 cycles on each spot of the release,
where the distance between the several spots of the release is equal to
the pitch number of the transducer (0.3 mm). Release spots could be
selected anywhere on the plate using a software interface. The
chemical cloud was excited with a UV light, while the observation of
the Eiffel tower was performed through a UV filter.
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