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ABSTRACT: Hybrid nanostructures are promising for ultra-
sound-triggered drug delivery and treatment, called sonothera-
nostics. Structures based on plasmonic nanoparticles for
photothermal-induced microbubble in ation for ultrasound
imaging exist. However, they have limited therapeutic
applications because of short microbubble lifetimes and limited
contrast. Photochemistry-based sonotheranostics is an attrac-
tive alternative, but building near-infrared (NIR)-responsive
echogenic nanostructures for deep tissue applications is
challenging because photolysis requires high-energy (UV
visible) photons. Here, we report a photochemistry-based
echogenic nanoparticle for in situ NIR-controlled ultrasound
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imaging and ultrasound-mediated drug delivery. Our nanoparticle has an upconversion nanoparticle core and an organic shell
carrying gas generator molecules and drugs. The core converts low-energy NIR photons into ultraviolet emission for
photolysis of the gas generator. Carbon dioxide gases generated in the tumor-penetrated nanoparticle in ate into
microbubbles for sonotheranostics. Using di erent NIR laser power allows dual-modal upconversion luminescence planar
imaging and cross-sectional ultrasonography. Low-frequency (10 MHz) ultrasound stimulated microbubble collapse, releasing
drugs deep inside the tumor through cavitation-induced transport. We believe that the photoechogenic in atable hierarchical
nanostructure approach introduced here can have broad applications for image-guided multimodal theranostics.
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ighly echogenic gas- lled microbubbles (>1 m) are

staple ultrasound (US) contrast agents in the

clinic.*” When exposed to US energy, these micro-
bubbles re ect echo signals for contrast-enhanced imaging.
More recently, these microbubbles have been loaded with
drugs and repurposed as sonotherapeutics®* where high-
energy ultrasound is used to collapse the microbubbles for
drug release. However, these preformed microbubbles are too
large to cross biological barriers, resulting in poor targeting,
low therapeutic e cacy, and undesired side e ects. Ideally,
echogenic particles are small enough to penetrate tissues but
large enough to generate strong echo signals.

Hybrid nanostructures are attractive solutions because they
are small and multifunctionality and cascade reactions that
trigger the generation of echo signals can be systematically and
hierarchically built into a single nanoparticle by combining
organic and inorganic materials. These nanostructures, which
respond to stimuli across di erent length scales and display
multiscale properties, have been developed as sonotherapeutics
via triggered drug delivery.>® Biological barriers are of less
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concern with many of these nanoparticles because they
respond to stimuli and form microbubbles in situ only after
deep tissue delivery. In most cases, the nanoparticles have been
fabricated to operate in response to endogenous stimuli such as
temperature, pH, reactive chemical species, and other
metabolites.” *’ The problem is they produce weak echogenic
contrast and/or premature drug leakage because the
endogenous signals that trigger microbubble in ation are also
present in normal tissues.*®

Other echogenic hybrid nanostructures that respond to light
(photoechogenic), including those responsive in the tissue-
transparent near-infrared (NIR) window (700 1000 nm) for
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Figure 1. (a) Schematic showing PINH is composed of an upconversion nanoparticle (UCNP) core and an organic (Tween 80) shell
containing a gas generator (Cou-OA), trace amounts of per uorohexane (PFH), and the anticancer drug doxorubicin (left panel). PINH
(50 nm) is small enough to cross the tumor microenvironment barrier. Remotely triggered NIR-to-UV upconversion cleaves Cou-OA and
releases CO,, which coalesce to form microbubbles. Delivering low-frequency (10 MHz) US collapses the microbubble, triggering drug
release. Tumor and PINH can be visualized by both upconverted luminescence (650 nm) and high-frequency (40 MHz) US. (b, ¢) TEM
image (b) and DLS (c) show PINH has a core ( 43 nm) and shell ( 3 7 nm thick) structure and an average hydrodynamic diameter of

61 nm with a standard deviation of 20 nm. At least 50 particles were counted for TEM analysis. (d) Release of Cou-OA from PINHSs is
negligible in KMOPS bu er at 37 °C. (e) Photoluminescence (PL) spectra of PINHs with (red) and without (black) Cou-OA, excited at 980
nm. Quenching of upconverted UV emission in PINH with Cou-OA indicates e cient energy transfer.

deep tissue applications,® have also been reported for on-
demand spatiotemporally con ned photoexcitation.® *" But
these systems, which are based on plasmonic nanoparticles,
have limited therapeutic applications because photothermal
heating of the nanoparticles by NIR laser®“>??" causes
bubble collapse (inertial cavitationg, resulting in short-lived
(microseconds) microbubbles.?®?®?® Furthermore, plasmonic
nanoparticles, which have lower melting points than bulk
metals, are easily reshaped under laser excitation, causing
undesired changes in the spectral response.®® *? An attractive
alternative to photothermal in ation is photochemistry, where
light is used to cleave chemical bonds. Photolysis circumvents
the issues with photothermal in ation because decomposition
of photolytic molecules into gaseous side products does not
require thermal activation.**** However, photolysis requires
high-energy photons in the ultraviolet (UV)/visible (blue)
regions. Therefore, obtaining photolytic echogenic nanostruc-
tures that respond to a deep tissue penetrating NIR laser is
challenging but could potentially o er a simple and yet
e cient sonotheranostic for deep tissue drug delivery, therapy,
and imaging.

Here, we report a photochemistry-based echogenic core/
shell nanoparticle for NIR-controlled sonotheranostics. We
used multiphoton-excited upconversion nanoparticles

(UCNPs)* as the core to convert low-energy NIR photons
into narrow-band high-energy (visible UV) emission. The
upconverted UV emission forms a localized photon source for
triggering high-energy photolysis of a UV-responsive CO, gas
generator embedded in the hydrophobic nanoparticle shell,
which also contains an anticancer drug. Photolysis generates
CO, gases that coalesce and in ate the nanoparticles into
microbubbles visible by high-frequency US. We show that the
nanoparticles penetrated tumors in vivo and multiphoton
excitation at 980 nm after delivery formed microbubbles that
allowed planar upconversion luminescence and cross-sectional
US dual-modal deep tissue imaging. Further low-frequency US
stimulation caused microbubble cavitation and local release of
drugs from the particle shell.

RESULTS AND DISCUSSION

Our core shell photoechogenic in atable hybrid nanoparticle
(PINH) is composed of a single thulium (Tm%")-doped
UCNP core (NaYF,: Yb, Tm/CaF, core/shell) known for its
e cient NIR-to-UV upconversion and also its good bio-
compatibility,***" and a nonionic surfactant (Tween 80) shell
containing a newly synthesized derivative of a coumarin-4-
ylmethyl-based photocage® (Cou-OA; Figure S1, Supporting
Information) as the generator of CO, gas (Figure 1a) (for
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Figure 2. (a) Microscopic observation of microbubble formation by PINH under continuous UV irradiation (340 380 nm) for 3 min. Scale
bar, 20 m. (b) In vitro US imaging of a handmade agar gel mold (phantom) loaded with a 200 L PINH dispersion with (Cou-OA (+)) and
without (Cou-OA ( )) Cou-OA before and after 30 s of continuous NIR laser illumination (980 nm, 2.5 W/cm?). Samples with Cou-OA
displayed enhanced US signals (green) after irradiation. Scale bars, 1 mm. (c) US intensities observed in (b) under continuous NIR laser
illumination show samples with Cou-OA (red) were increasing over time, while those without Cou-OA (black) remained weak.

detailed PINH preparation, see the Methods section and
Figure S2 in the Supporting Information). Because the
absorption spectrum of Cou-OA matches the upconverted
UV emission from the UCNP core, e cient energy transfer
occurs within PINH (Figure S3, Supporting Information). The
shell also contains trace amounts of per uorohexane (PFH),
which captures and facilitates the coalescence of CO, to form a
microbubble.® The UCNP core, Cou-OA, and the shell-
forming surfactant were designed to have a common chemical
moiety (oleyl or oleate) to ensure they assemble into a stable
core/shell structure owing to the chemical a nity.

Transmission electron microscopy (TEM) images show
PINH is spherical with an inorganic UCNP core ( 43 nm
diameter) and organic shell ( 3 7 nm thick) (Figure 1b and
Figure S4a d, Supporting Information). Dynamic light
scattering (DLS) further shows both PINH and the UCNP
core have a homogeneous size distribution with an average
hydrodynamic size of 61 nm and 51 nm, respectively
(Figure 1c and Figure Sde, Supporting Information). The
UCNPs displayed e cient upconversion to the UV emission
along with blue/red visible bands when excited at 980 nm
( maxpL = 361, 476, and 645 nm, respectively; Figure S3,
Supporting Information). Oleyl-functionalized Cou-OA was
retained in the hydrophobic shell as shown by the negligible
leakage over time in KMOPS bu er at 37 °C (Figure 1d and
Figure S5, Supporting Information). High-performance liquid
chromatography (HPLC) and gas chromatography (GC)
pro les of UV (365 nm)-irradiated Cou-OA con rmed the
photochemical carbonate cleavage of Cou-OA forms a
coumarin-4-ylmethyl photocage fragment (Cou-OH) and
CO, (Figure S6, Supporting Information).

To demonstrate intraparticle energy transfer, we excited
PINH with and without Cou-OA with a 980 nm laser and
compared their photoluminescence. PINH without Cou-OA
had the same UV-to-visible upconverted emission bands as the
organic dispersion of pure UCNP (Figure 1le and Figure S3,
Supporting Information), while PINH with Cou-OA displayed
visible bands but quenched UV emission. The large spectral
overlap and proximity between UCNP and Cou-OA indicate
e cient energy transfer of the upconverted UV emission.

Microscopic examination of an initial dispersion of nano-
scale PINH under UV (340 380 nm) revealed that
continuous illumination gradually generated microbubbles as

large as 20 m over time (mean diameter of 9.1 m and
standard deviation of 3.2 m, respectively) (Figure 2a). This
nano- to microscale in ation was not seen in PINH without
Cou-OA (Figure S7, Supporting Information), indicating that
UV photolysis of Cou-OA occurred, and the CO, released and
trapped in the shell was in ating PINH. Furthermore, the 980
nm laser irradiation also induces the microbubble in ation
(Figure S8), clearly demonstrating that UCNP in PINHs
converts the NIR energy to the UV, to generate CO, gas.
When agar phantoms loaded with a PINH dispersion with or
without Cou-OA were continuously illuminated with a NIR
(980 nm) laser, punctate US signals in the sample with Cou-
OA were seen oating with gradually increasing buoyancy over
time, while signals in the control sample without Cou-OA
remained weak (Figure 2b). Upconversion-triggered US signals
for PINH with Cou-OA were nearly 3-fold higher than
controls without Cou-OA (Figure 2¢). This improved contrast
is attributed to the low-density microbubbles formed from
upconversion photolysis of Cou-OA. Together, these results
demonstrate that e cient intraparticle energy transfer within
PINH enabled photolytic gas generation. Importantly, the
intensity of the NIR-triggered photoechogenic signal depended
on the 980 nm laser power. For instance, US intensity
measured at 2.5 W/cm? laser power is more than twice that at
1.5 W/cm?, indicating that photoechogenicity of PINH truly
relies on multiphoton absorption of NIR photons (Figure S9,
Supporting Information).

To evaluate the use of PINH for upconversion/US dual-
controlled theranostics, we peritumorally injected PINH to
SCC7 tumor-bearing mice and monitored their tumor
penetration. While peritumoral injection is known to o er
higher tumor-to-normal organ ratios of drug distribution, lower
dosage, and lower side e ects than systemic administration for
locoregional tumors,*® “? peritumoral treatment still depends
on drugs crossing microenvironmental barriers on the outside
of the tumor and navigating the extracellular matrix once
inside.”® Unlike large conventional microbubbles, we expect
nanoscale PINH with its nonionic polyoxyethylene surface
(Tween 80) to easily cross peripheral barriers and penetrate
the tumor via the enhanced tissue permeability.**

Upconversion luminescence images taken at 650 nm after
peritumoral injection of PINH and low-power NIR (0.5 W/
cm?, 980 nm) laser excitation show the upconverted red
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Figure 3. (a) In vivo upconversion luminescence imaging ( ¢, = 650 nm) of an SCC7 tumor-bearing mouse after peritumoral administration
of PINH and low-power NIR laser excitation (980 nm, 0.5 W/cm?) shows rapid con nement of PINH in the tumor. (b) In vivo high-
frequency (40 MHz) US images of SCC7 tumor tissues 1 h after peritumoral injection of PINH with (Cou-OA (+)) or without (Cou-OA
( )) Cou-OA and upon continuous high-power NIR laser illumination (980 nm, 2.5 W/cm?). Regions with enhanced US contrast in
response to NIR laser are in green. Scale bars, 1 mm. Yellow dotted circles indicate tumor area, and orange arrows point to the peritumoral
injection site. (c) Temporal evolution of US signals in the tumor interior (yellow circles in (b)) under continuous high-power NIR laser
illumination shows signals for PINH with Cou-OA (red) increased gradually and saturated at ca. 90 s, while PINH without Cou-OA (black)
remained unchanged over time. Data are from one experiment representative of ve independent experiments.

emission was indeed rapidly con ned to the tumor, with its
intensity reducing only very gradually over 6 h (Figure 3a). At
this low-power laser excitation, no photoecogenicity is
generated. To further visualize tumor accumulation and trigger
a photoechogenic response from PINH, we subjected the
animals to continuous high-power NIR excitation (2.5 W/cm?
at 980 nm) at 1 h postinjection of PINH and acquired high-
frequency (40 MHz) US images of the tumor. Strong echo
signals were seen on the inside rim of the tumor (Figure 3b),
but importantly, these signals increased gradually before
saturating at ca. 90 s under continuous high-power NIR
illumination (Figure 3c). Such a photoresponsive echogenic
behavior resembled the case where PINH was directly
delivered into the tumor interior by intratumoral injection
(Figure S10, Supporting Information). These results demon-
strate that nanosized PINH can cross peripheral barriers,
accumulate in the tumor, and produce photoechogenic signals
in response to high-power NIR laser excitation.

For comparison, we did not observe any tumor penetration
when the large preformed microbubble US contrast agent
SonoVue was peritumorally injected (Figure S11, Supporting
Information). Control animals peritumorally administered with
PINH without Cou-OA and subjected to the same US and
laser illumination conditions did not show photoresponsive
echo signals in the tumor, suggesting that the observed NIR-
responsive photoechogenic signals require the photolysis of
Cou-OA into CO, by NIR-to-UV upconverted energy (Figure
3b,c). UV irradiation (365 nm) of PINH-accumulated tumor
also did not generate any notable US signals, demonstrating
the limited tissue penetration depth of UV light and the key

role played by the UCNP core in realizing the use of tissue-
penetrating NIR light to control in vivo sonotheranostics
(Figure S12, Supporting Information). Together, these results
show the NIR-to-UV upconverted energy cascaded from the
core to the shell cleaves Cou-OA and produces CO, necessary
for dual-modal imaging. Successful tumor delivery and the
ability to remotely trigger PINH in ation by NIR excitation
after delivery to generate echogenic signals in situ demonstrate
that PINH is a promising deep tissue sonotheranostic.

To test the therapeutic potential of PINH, we evaluated the
release and tumor penetration of drug-loaded PINH via low-
frequency US-stimulated cavitation. It is well known that US
stimulation at low frequencies can e ciently induce the
cavitation e ect (i.e., the rapid growth and collapse of
microbubbles).® We loaded a NIR- uorescent dye (a hydro-
phobic derivative of Cy5) as a model drug into the PINH shell
and peritumorally injected the Cy5-loaded PINH into mice. In
vivo uorescence imaging con rmed Cy5-loaded PINH
accumulated in the tumor (Figure S13, Supporting Informa-
tion). NIR-to-UV upconversion and photoechogenecity were
subsequently triggered by delivering a continuous high-power
NIR laser excitation (980 nm, 25 W/cm? 2 min) to the
treated tumor. High-frequency (40 MHz) US imaging showed
microbubble-enhanced echo signals in the tumor interior
(group (+, +, ) in Figure 4a), con rming that high-power
NIR irradiation triggered NIR-to-UV upconversion for in situ
microbubble in ation. Upon exposure to low-frequency (10
MHz) US, the echo signals disappeared immediately (group
(+, +, +) in Figure 4a,b). Ex vivo uorescence imaging (Figure
4c) and the intensity measurements (Figure 4d) of excised
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Figure 4. (a, b) In vivo US images of SCC7 tumor tissues (a) and the US intensities (b) thereof, taken using a high-frequency (40 MHz) US
transducer after Cy5-loaded PINH delivery and high-power NIR excitation (980 nm, 2.5 W/cm?, 2 min) reveal PINH accumulated inside the
tumor rim (+, +, ). US echo signals disappeared when the same animals were subjected to low-frequency US (10 MHz, 100% output, 10
min) at 1 h after peritumoral injection of PINH (+, +, +). Control animals receiving PINH but not NIR and low-frequency US (+, , )
showed no echogenic signals. Scale bars, 1 mm. Yellow circle indicates tumor area. (c, d) Ex vivo uorescence images (c, Iter set: . =675
nm, . = 720 nm) and depth pro les of uorescence intensity (d) of excised tumors obtained from mice peritumorally administered with
Cy5-loaded PINH, with (+) and without ( ) low-frequency US destroy mode (10 MHz, 10 min). (e) Histological images of excised tumor
tissues treated with doxorubicin-loaded PINH following the sequence in (2). Tumor sections were stained with Masson’s trichrome (M/T)
and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). Scale bars in M/T and TUNEL panels are 200 and
100 m, respectively. Yellow circles indicate areas of thermal damage, and black arrowheads show positions of laser incidence. (f, g) Relative

signal intensities of TUNEL-positive cells in the upper (f) and the lower (g) regions of the excised tumor tissues indicated with white boxes
in (e). Data are from one experiment representative of three independent experiments.

Relative TUNEL intensity
Relative TUNEL intensity (q

tumor sections reveal that Cy5 in tumors receiving low- jets,>* our results demonstrate that drug-loaded PINHs display
frequency US stimulation was distributed throughout the enhanced drug delivery through cavitation-induced transport.
tumor interior, whereas those in untreated tumors remained in As a proof-of-concept for using PINH as a sonotheranostic
the tumor rim. In agreement with what is known about how to e ciently deliver and release drugs on-demand in tumors
violent collapse of microbubbles can induce fast-moving uid via microbubble cavitation, we replaced the Cy5 model drug in

E https://doi.org/10.1021/acsnano.1c07898

ACS Nano XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/acsnano.1c07898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07898?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

the shell with the anticancer drug doxorubicin and applied it to
mice according to the same treatment sequence and conditions
(i.e., high-power NIR excitation followed by high-frequency US
imaging and low-frequency US stimulation). All treated tumor
sections were histologically examined with Masson’s trichrome
(M/T) and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL). Like untreated controls
that received no PINH, NIR, or US ( , , ), PINH-treated
groups that did not receive NIR laser or low-frequency US
stimulation (+, , ) presented no connective tissue damage
or in ammation, suggesting that PINH itself is nontoxic
(Figure 4e). In the NIR-irradiated groups, animals treated with
(+, +, ) and without ( ,+, ) PINH showed moderate signs
of tissue damage and cell necrosis (yellow dotted line in Figure
4e), which appeared to di use from the upper surface close to
the laser incidence into the lower part of the tumor. This
damage is likely due to photothermal heating from the 980 nm
laser itself (Figure S14, Supporting Information). The TUNEL
assay revealed that the apoptotic impact of NIR treatment
alone was insigni cant (Figure 4e g). However, animals
treated with PINH and NIR (+, +, ) had signi cantly more
TUNEL-positive apoptotic cells in both the upper and lower
parts of the tumor than those treated with NIR alone ( ,+, )
(Figure 4f,g). The apoptotic signals were mainly localized in
the upper parts of the tumor, which are the thermally a ected
areas close to the laser in uence. These results indicate that
doxorubicin, which was released from NIR-excited PINH, did
not spread through the dense tumor microenvironment and its
anticancer e ect was largely con ned to the upper region of
the tumor (Figure 4ef).

When we applied low-frequency US stimulation to animals
treated with both PINH and NIR (+, +, +), the distribution of
TUNEL-positive cells became nearly equal throughout the
tumor (Figure 4e @), corroborating the results from the model
Cy5 drug shown in Figure 4c,d. Cavitation of the microbubbles
induced by low-frequency US stimulation had forced the
release and di usion of the drug from the upper area to the
lower area of the tumor. Indeed, in the in vitro drug release test
(Figure S15), we observed that the low-frequency US
treatment after microbubble in ation by NIR irradiation
triggers e cient release of doxorubicin from PINHs to the
surrounding environment.

In addition to the M/T and TUNEL histologic studies, we
conducted a tumor growth inhibition experiment (Figure S16),
which is well consistent with the histologic results. Without
NIR and US treatments (groups ( , , )and (+, , )),the
tumor sizes kept increasing regardless of the injection of
PINHs (Figure S16a,b). On the other hand, when NIR was
applied after PINH injection (+, +, ), the tumor growth was
seen to be initially inhibited, which might be due to the
photothermal heating by the NIR laser irradiation and/or the
release of doxorubicin from the NIR-induced microbubble to
some extent (see Figure S15). However, tumor recurrence was
observed after 18 d (see the inset photograph of Figure
S16¢), likely because the initial inhibition e ect could not
reach the deep tumor region. In contrast, the group (+, +, +)
that was sequentially treated with PINHs, NIR, and low-
frequency US showed complete tumor growth inhibition with
no sign of tumor recurrence (see the inset photograph of
Figure S16d). Therefore, our results clearly demonstrate that
deep tumor drug delivery can be achieved by triggering
microbubble collapse of our NIR-responsive PINH using low-
frequency US stimulation. Cavitation-induced transport

provides su cient force for driving the drugs through the
dense tumor microenvironment.

In summary, we introduce an innovative concept of photo-
echogenic hybrid core/shell nanoparticles capable of tumor
penetration and on-demand NIR-controlled high-contrast
optical imaging and externally activated ultrasonic imaging
together with US-mediated deep tumor drug delivery. At low
NIR power (0.5 W/cm?), multiphoton upconversion in the
UCNP core produces red light for planar optical imaging of
tumor accumulation. At high NIR power (2.5 W/cm?), the
UCNP converts the externally applied low-energy NIR
photons into high-energy UV emission, which is subsequently
cascaded to the shell to trigger photolysis of a UV-responsive
gas generator for microbubble in ation. We show the US-
mediated function of our nanoparticle is selectively controlled
by applied US frequency. For high contrast cross-sectional
tumor imaging, high-frequency (40 MHz) US is used. For drug
release and cavitation-induced tumor penetration of drugs,
low-frequency US is applied to impose mechanical impact and
microbubble collapse. Our nanoparticles show great potential
for NIR photochemically activated sonotheranostics on
demand for cancer treatment and dual-modality imaging
capabilities to visualize the events.

Materials and Instruments. All chemicals were purchased from
Sigma-Aldrich or TCI Co. and used without further puri cation.
SonoVue was purchased from Bracco Imaging (Geneva, Switzerland).
Silica gel column chromatography was performed with silica gel 60
(particle size 0.063 0.200 mm, EMD Millipore Corporation, USA).
The chemical structures of synthesized molecules were determined by
!H NMR and **C NMR (Bruker magnet system 800/45
ASCENDTM, 800 MHz for *H and 201 MHz for 3C, respectively)
(Figures S17 S20). High-resolution mass spectra (HRMS) were
recorded on ESI-MS (Tribrid Orbitrap Eclipse, Thermo Fisher
Scienti ¢, US) (Figure S21). The size of nanoparticles was analyzed
by the DLS technique (90 Plus and Zeta PALS, Brookhaven
Instruments Corporation) and/or by TEM images (FEI Tecnai G2-
F20). Absorption and photoluminescence spectra were recorded on a
UV visible spectrometer (Agilent 8453) and uorescence spectrom-
eter (Hitachi F-7000), respectively.

Synthesis of 6-Bromo-7-hydroxy-4-hydroxymethylcoumar-
in (Cou-OH). Cou-OH was prepared according to the reported
procedures.*>*

Synthesis of 4-Nitrophenyl Oleyl Carbonate (OA-NPC). A
200 mg amount of oleyl alcohol (0.745 mmol, 1 equiv) and 225 mg of
4-nitrophenyl chloroformate (1.118 mmol, 1.5 equiv) were dissolved
in a tetrahydrofuran (THF) solution (5 mL). To this solution was
added 295 mg of pyridine (3.725 mmol, 5 equiv), and the solution
was stirred at room temperature for 24 h under an Ar atmosphere.
After the reaction, water was added to the mixture and extracted using
EtOAc. The EtOAc solution was dried over anhydrous MgSO, and
evaporated by rotary evaporation. The crude product was puri ed by
column chromatography (EtOAc/hexane, 1:15 v/v, R; = 0.4). Yield:
89% (287 mg). 'H NMR (800 MHz, DMSO-dg):  8.29 (d, J = 8.9
Hz, 2H), 7.52 (d, ) = 8.9 Hz, 2H), 535 5.24 (m, 2H), 4.21 (t,J=6.7
Hz, 2H), 199 1.86 (m, 4H), 1.68 1.60 (m, 2H), 1.37 1.06 (m,
22H), 0.82 (t, J = 7.1 Hz, 2H). *C NMR (201 MHz, DMSO-dg):
155.31, 151.99, 145.02, 129.51, 129.48, 125.28, 122.42, 69.03, 31.32,
29.13, 29.13, 28.89, 28.80, 28.74, 28.64, 28.62, 28.58, 27.92, 26.59,
26.58, 25.13, 22.10, 13.83.

Synthesis of Oleyl 6-Bromo-7-hydroxycoumarin-4-ylme-
thoxycarbonate (Cou-OA). A 196 mg amount of Cou-OH (0.723
mmol, 1 equiv) and 86.7 mg of NaH (3.61 mmol, 5 equiv) were
dissolved in a THF solution (20 mL). To this solution was added 470
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mg of OA-NPC (1.08 mmol, 2 equiv), and the solution was stirred at
40 °C for 24 h. After the reaction, water was added to the mixture and
extracted using EtOAc. The EtOAc solution was dried over anhydrous
MgSO, and evaporated by rotary evaporation. The crude product was
puri ed by column chromatography (CH,Cl,/EtOAc, 20:1 v/v, R; =
0.2). Yield: 58% (240 mg). *H NMR (800 MHz, DMSO-dg):  11.53
(s, 1H), 7.90 (s, 1H), 6.91 (s, 1H), 6.19 (s, 1H), 5.38 (s, 2H), 5.31 (¢,
J =53 Hz, 2H), 414 (t, ] = 6.6 Hz, 2H), 201 1.94 (m, 4H), 1.62
(m, 2H), 1.31 1.19 (m, 22H), 0.84 (t, J = 7.1 Hz, 3H). ¥*C NMR
(201 MHz, DMSO-dg):  159.48, 157.57, 154.02, 153.87, 149.25,
129.63, 129.61, 128.61, 110.35, 109.42, 106.26, 103.19, 68.26, 64.31,
31.27, 29.08, 29.04, 28.82, 28.70, 28.68, 28.57, 28.55, 28.46, 28.01,
26.55, 26.54, 25.09, 22.08, 13.93. HRMS (ESI , m/z): [M  H]
caled for C,gH4oBrOg , 563.2008; found, 563.2034.

Synthesis of UCNP. The UCNP was synthesized using the
previously reported method.*’

Fabrication of Photoactivated In atable Nanohybrids. Two
milligrams of Cou-OA, 2 mg of UCNP, and 4 mg of Tween 80
(TW80) were dissolved in a THF solution (1 mL). After the THF
was evaporated by air ow, 2 L of PFH was injected. A 200 L
amount of KMOPS bu er (pH 7.2) was added to the mixture, then
sonicated and stirred periodically to form a nanoparticle. The
nanoparticle solutions were stored in the dark prior to use. For the
fabrication of the anticancer nanohybrids, 60 L of doxorubicin was
additionally added at the start of the fabrication process. For the
measurement of loading amounts of Cou-OA or doxorubicin in the
PINHs, the UV vis absorption spectroscopic method was used
(Figure S22). The absorbance of Cou-OA at 410 nm and doxorubicin
at 482 nm were 0.3226 and 0.4907, respectively. As the mass
extinction coe cients of Cou-OA and doxorubicin were determined
to be 0.706 and 17.5 mL-mg *-cm 1, respectively, the weight contents
in each nanohybrid were calculated to be 11.4 wt % for Cou-OA and
0.92 wt % for doxorubicin.

In Vitro Leakage Study of Cou-OA. To measure the leakage
amount of Cou-OA from the PINHSs, a dialysis method was used.*® A
dialysis membrane tube (MWCO: 3.5 kDa) containing 1 mL of the
PINH solution ( ve-times diluted compared with the above-
mentioned PINHSs solution) was dipped into the same bu er solution
(KMOPS, 50 mL). The whole solution was maintained under stirring
in the dark at a temperature of 32 °C for up to 25 h. At predetermined
time intervals, 3 mL of solution outside the dialysis membrane was
taken for UV/vis measurement, and the same volume of the KMOPS
bu er was re lled into the whole solution. The quantitative amounts
of Cou-OA were determined based on the absorbance at 329 nm. As
Cou-OA is insoluble in KMOPS bu er, the absorption coe cient in
KMOPS bu er was assumed to have a similar value to that in CHCl,.

In Situ Observation of the Gas Bubble Formation from
PINHs by Photochemical Reaction. A 10 L PINH solution was
located between slide glass and a cover glass. The in situ observation
was performed by a Nuance FX Multispectral imaging system
(Cambridge Research & Instrumentation, Inc., USA) equipped with a
Leica DMI 30000B. UV light (340 380 nm) was irradiated for 3 min.
For observation of NIR-induced microbubble generation, an external
NIR laser (980 nm) was irradiated for 5 min, and immediately
microscopic observation was conducted.

In Vitro US Imaging. US imaging was performed using Vevo770
(high-resolution micro-imaging system, Visualsonics, Canada)
equipped with an RMV 706 transducer (40 MHz). For sample
preparation, 3% (w/v) agarose hydrogel was used. A 200 L PINH
solution was embedded into the inside of the gel, and the gel system
was irradiated with a 980 nm laser (2.5 W/cm?) for 1 min. The
intensities of US signals from the gel were measured by region of
interest (ROI). For a negative control, the PINH without Cou-OA
was used instead, and the other conditions were the same.

In Vivo US Imaging and Fluorescence Imaging. US imaging
was performed using same instrument as above, and uorescence
imaging was conducted using an IVIS Spectrum Imaging System
(Caplier, USA). For preparation of tumor-bearing mice, Balb/C nude
mice (5-week-old male; Orient Bio Inc., Korea) were used according
to the relevant laws and institutional regulations of the Korea Institute

of Science and Technology (KIST). Tumors were established by
hypodermically injecting SCC7 cells (1.0 x 108 cells) into the mice.
After 2 weeks, 60 L of a PINH solution was injected into the tumor-
bearing mice peritumorally or intratumorally, and the mice were
anesthetized by iso uorane gas. The uorescence images of the mice
were obtained under NIR laser excitation (980 nm, 0.5 W/cm?), and
US images of the mice were obtained using Vevo770 under the
continuous illumination of a 980 nm laser (2.5 W/cm?, 5 min). The
US intensities were measured using ROI.

Evaluation of the E ciency of Drug Delivery. For histological
analysis, tumors were excised after PINH treatment, cut into 10 m
sections, and stained with M/T stain or TUNEL. Also, ex vivo

uorescence images ( lter set: .. = 675 nm, ., = 720 nm) of
tumor tissues were obtained, in which PINHs containing Cy5 as
hydrophobic cargo were peritumorally injected.

In Vitro Release of Doxorubicin. To determine the amount of
free doxorubicin that is released from the PINHSs, the samples were

Itered through hydrophilic syringe Iters, and the aqueous solutions
were measured by a UV vis absorption spectrometer. The obtained
absorbance values were converted to the doxorubicin release (%) by
extrapolation calculation based on the calibration curve (Figure S23),
in which the absorbance of free doxorubicin in aqueous solution was
measured at di erent concentrations.

In Vivo Tumor Inhibition Test. Tumors were established by
subcutaneous injection of HT-29 cells (1 x 10 cells) into the mice.
After 2 weeks, 60 L of PINH solution was injected into the tumor-
bearing mice peritumorally, and 1 h after injection, each group of mice
was either untreated (+, , ) or treated only with NIR (+, +, ) or
treated with NIR and US stimulation (+, +, +). The tumor volume of
each mouse was measured with a digital caliper for 25 d and
calculated as a x b%/2, where a and b are the largest and smallest
diameters.
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