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Tumor-Targeted Exosome-Based Heavy Atom-Free
Nanosensitizers With Long-Lived Excited States for Safe and
Effective Sono-Photodynamic Therapy of Solid Tumors

Van-Nghia Nguyen, Thuy Giang Nguyen Cao, Hyunsun Jeong, Quan Truong Hoang,
Binh T. T. Pham, Jieun Bang, Chang Woo Koh, Ji Hee Kang, Jeong Hyun Lee,
Xiaofeng Wu, Won Jong Rhee, Young Tag Ko, K. M. K. Swamy, Sungnam Park,

JaeHong Park,* Min Suk Shim,* and Juyoung Yoon*

Theranostic nanosensitizers with combined near-infrared (NIR) fluorescence
imaging and sono-photodynamic effects have great potential for use in the
personalized treatment of deep-seated tumors. However, developing effective
nanosensitizers for NIR fluorescence image-guided sono-photodynamic
therapy remains a considerable challenge, including the low generation
efficacy of reactive oxygen species (ROS), poor photostability, and the absence
of cancer specificity. Herein, a novel heavy atom-free nanosensitizer is
developed, which exhibits intense NIR fluorescence, high ROS generation
efficiency, and improved aqueous stability. By conjugating a bulky and
electron-rich group, 4-(1,2,2-triphenylvinyl)-1,1’-biphenyl (TPE), to the IR820
backbone, the resulting IR820 bearing TPE (IR820-TPE) effectively generates
ROS via type | and Il photochemical mechanisms under 808 nm laser
irradiation. Moreover, TPE conjugation considerably increases the
sono-photodynamic performance of IR820. To improve the intracellular
delivery and tumor-targeting ability of IR820-TPE, biotin-conjugated exosome
(B-Exo) is used as a natural nanocarrier. In vitro studies demonstrate the
outstanding therapeutic performance of IR820-TPE-loaded B-Exo
(IR820-TPE@B-Exo) in synergistic sono-photodynamic cancer therapy. In vivo
studies reveal that IR820-TPE @ B-Exo shows enhanced tumor accumulation,
strong fluorescence signals, and effective sono-photodynamic therapeutic
activity with high biosafety. This work demonstrates that IR820-TPE@B-Exo is
a promising sono-phototheranostic agent for safe and targeted cancer therapy
and NIR fluorescence imaging.

1. Introduction

The longstanding challenges in terms of ef-
ficacy and adverse side effects of traditional
anticancer radiotherapy and chemother-
apy have prompted a growing interest
in the investigation and development of
next-generation, high-performance cancer
treatments.!!) Recently, photodynamic ther-
apy (PDT) has attracted increasing attention
and exhibits great potential as a noninvasive
and localized cancer treatment modality.?!
However, PDT still suffers from a low
tissue penetration depth of light which
is not sufficient to achieve optimal ther-
apeutic outcomes.[?$3] Sonodynamic ther-
apy (SDT), a novel noninvasive therapeutic
modality using sonosensitizers combined
with ultrasound (US) irradiation, has great
clinical translation potential in the treat-
ment of deep-seated solid tumors owing
to the high tissue penetration depth of
US.I*] Recently, sono-photodynamic ther-
apy (SPDT), combining PDT and SDT,
has become a promising approach in can-
cer treatment due to its synergistic anti-
cancer activity.’] Additionally, this combi-
nation approach can considerably decrease
the intensity of US/laser required, the time
of irradiation, and the dose of sensitizers,
thus minimizing the adverse side effects
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of PDT and SDT, which holds promise for personalized cancer
treatment.!®]

Recently, fluorescent heptamethine cyanines have attracted
widespread attention as a promising class of photosensitizers
(PSs) for imaging-guided PDT due to their unique structures,
favorable photophysical properties, outstanding biocompatibil-
ity, minimal background fluorescence interference, deep tissue
penetration, low toxicity, and facile synthesis.[?4”] Furthermore,
heptamethine cyanine dyes also exhibit sonodynamic effects
upon exposure to US irradiation.!®] Therefore, heptamethine cya-
nines are considered as a kind of ideal theranostic platform for
imaging-guided sono-photodynamic cancer therapy. Despite sig-
nificant advancements in heptamethine cyanine-based photosen-
sitizers, their clinical translation remains hampered by limita-
tions in ROS generation efficiency under light/US irradiation.[’!
These limitations include aggregation-induced quenching, poor
biocompatibility, rapid metabolism, excretion, and limited speci-
ficity toward cancer cells.”) Therefore, along with innovative
molecular design approaches to develop efficient sensitizers, ex-
ploring appropriate delivery systems that can deliver sensitizers
to specific sites in a controlled manner is urgently needed to
achieve improved safety, efficacy, and tumor-targeting capability.

Among the range of delivery systems developed, exosomes,
nanoscale lipid-bilayer vesicles secreted by many types of cells
(30-150 nm), have recently emerged as a promising nanode-
livery system due to their unique advantages over conventional
synthetic nanocarriers.!'%! Exosomes exhibit exceptional biocom-
patibility, extended in vivo blood circulation, negligible toxicity,
reduced immunogenicity, tumor-targeting ability, and modifi-
able surface structures.[1°4] Moreover, exosomes can transport
various hydrophobic and hydrophilic drugs, including chemical
medicines, proteins, lipids, and nucleic acids because they are
surrounded by a lipid bilayer.[1%d]

Herein, we developed a novel heavy atom-free sono-PS with
enhanced photochemical properties, ROS generation efficiency,
and in vivo stability by conjugating a bulky electron-rich 4-
(1,2,2-triphenylvinyl)-1,1'-biphenyl (TPE) group to IR820, a
new indocyanine green (ICG) analog (Figure 1A). In addition,
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biotin was conjugated to exosomes to enhance their tumor-
targeting capability.'!l The TPE-conjugated IR820 (IR820-TPE)
was loaded into biotin-conjugated exosomes (B-Exo) for safe and
tumor-targeted SPDT combined with NIR fluorescence imaging
(Figure 1B). Consequently, the following advantages are offered:
1) the incorporation of the TPE group at the meso-position of
IR820 can simultaneously enhance intersystem crossing and
extend the triplet excited-state lifetime, thereby increasing ROS
generation; 2) the improved ROS generation capability under
light/US irradiation as compared to IR820 enables the effective
treatment of deep-seated or large solid tumors; 3) the strong
fluorescence intensity of the IR820-TPE is further beneficial for
fluorescence imaging-guided SPDT; and 4) exosomes modified
with an active cancer-targeting ligand, biotin, further improve
tumor-targeted delivery. As a result, IR820-TPE-loaded, biotin-
conjugated exosomes (IR820-TPE@ B-Exo) can efficiently destroy
tumors under dual NIR light and US irradiation via excessive
generation of ROS from IR820-TPE (Figure 1B). The physic-
ochemical characteristics of various exosomes encapsulating
IR820-TPE were evaluated, and their sono-photodynamic effects
were analyzed in vitro and in vivo. The resulting IR820-TPE@ B-
Exo can overcome the challenges of common organic PSs, and,
herein, we provide ways for developing future nanosensitizers
to reach clinical acceptance.

2. Results and Discussion

2.1. Molecular Design, Synthesis, Characterization, and
Photophysical Properties of IR820-TPE

Heavy atom-free sensitizers offer several advantages, including
lower dark toxicity, lower preparation cost, higher photostability,
and longer triplet-state lifetime, compared to their counterparts
containing heavy atoms.[?! Herein, we chose IR820 as a hep-
tamethine cyanine backbone to develop an efficient heavy atom-
free sensitizer because of its superior photo-physicochemical
properties compared to ICG, an FDA-approved NIR fluorescent
dye used in clinical medicine. In addition, the availability of
chlorine-reactive sites of IR820 enhances its functionalization.!!?]
The incorporation of a bulky electron-rich TPE group at the meso-
position of an IR820 skeleton aimed to increase its triplet-state
lifetime and photo/chemical stability, while retaining its desir-
able optical properties."¥ This design strategy can yield heavy
atom-free IR820-TPE, a sensitizer capable of efficient ROS gen-
eration under both NIR light and US irradiation.[*?]

IR820-TPE was prepared from the parent IR820 compound via
one-pot synthesis using the Suzuki-Miyaura coupling reaction
(Figure S1, Supporting Information). The resulting molecule
was thoroughly characterized by 'H nuclear magnetic resonance
(NMR) spectroscopy, *C NMR spectroscopy, and mass spec-
trometry; the details are given in the Supporting Information
(Figures S2 and S3, Supporting Information). We then evaluated
the photophysical properties of IR820-TPE in dimethyl sulfoxide
(DMSO). As shown in Figure 2A, IR820-TPE exhibited an intense
ultraviolet-visible (UV-Vis) absorption band at 812 nm with a
molar extinction coefficient nearly identical to that of IR820 (~2
x 10° m~! cm™), indicating an excellent light-harvesting ability.
Conversely, IR820-TPE displayed a stronger fluorescence inten-
sity than IR820 (Figure 2B). The introduction of a TPE moiety
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Figure 1. A) Chemical structures and synthesis route of IR820-TPE. B) Schematic illustration for the sono-photodynamic effects of IR820-TPE@B-Exo

for breast tumor-targeted therapy.

into IR820 caused slight blueshifts of 20 and 8 nm in the max-
imum absorption and maximum emission peaks, respectively,
compared to those of IR820. This result can be rationalized by
the fact that the electron-donating effect of the TPE group would
increase the energy level of the lowest unoccupied molecular or-
bital while having a lower effect on the level of the highest oc-
cupied molecular orbital. This, in turn, could lead to an increase
in the band gap of IR820-TPE (blue shift),[**1*] as shown in the
density function theory (DFT) results (Figure S4, Supporting In-
formation).

2.2. ROS Generation by IR820-TPE under NIR Light Irradiation
Inspired by the characteristic NIR light-absorbing properties of

IR820-TPE, we assessed the potential of using IR820-TPE as an
NIR light-triggered PDT agent. Before this evaluation, the ag-

Adv. Healthcare Mater. 2025, 14, 2500927 2500927 (3 of 13)

gregation behavior of IR820-TPE in an aqueous solution was as-
sessed, as the aggregation state of a PS can affect its photother-
apeutic efficacy. Upon dissolution in phosphate-buffered saline
(PBS), both IR820 and IR820-TPE underwent self-assembly and
thus formed nanoaggregates via z—r stacking interactions. Al-
though IR820 formed severe nanoaggregates due to the strong 7—
7 stacking interaction, nanostructures of IR820-TPE were quite
stable, as illustrated in Figure S5A (Supporting Information).
This observation can be attributed to the highly twisted struc-
ture of IR820-TPE. The steric bulkiness of the TPE group may
prevent excessive aggregation by inhibiting strong intermolecu-
lar 7—r stacking in the IR820-TPE self-assembled nanostructures
compared to IR820.

To demonstrate the improved photostability of IR820 through
its conjugation with TPE, we monitored the fluorescence
intensities of IR820 and IR820-TPE during their incubation
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Figure 2. A) UV-vis absorption (left) and B) photoluminescence (right) spectra of IR820 and IR820-TPE (5 x 1073 m in DMSO, 4,, = 780 nm). Relative
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generation of C) singlet oxygen, D) superoxide anions, and E) hydroxyl radicals from IR820 and IR820-TPE in water under NIR light irradiation. Repre-
sentative fs-TA spectra of F) IR820 and G) IR820-TPE in deaerated PBS solution (4, = 710 nm, 0.26 ) pulse™'). The transient signal decay profile of H)
IR820 and 1) IR820-TPE from ns-TAS in deaerated PBS solution. Relative generation of J) singlet oxygen, K) superoxide anions, and L) hydroxyl radicals
from IR820 and IR820-TPE in water before and after US irradiation. Data are presented as mean + standard deviation (SD) (n = 3).
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in PBS while exposed to NIR light. As shown in Figure S5B
(Supporting Information), IR820-TPE maintained its initial
fluorescent intensity more effectively than IR820, indicating
the enhanced photostability of IR820-TPE than IR820. Subse-
quently, the ROS generation capability of IR820-TPE upon NIR
irradiation was examined to evaluate its photodynamic prop-
erties. Fluorescent indicators, 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA), singlet-oxygen sensor green (SOSG),
dihydroethidium (DHE), and methylene blue (MB), were used
to detect different types of ROS, including total ROS, singlet oxy-
gen (10,), superoxide anion (0,*"), and hydroxyl radical (*"OH),
respectively.'! As shown in Figure S6 (Supporting Informa-
tion), upon exposure to 808 nm light, both IR820 and IR820-TPE
efficiently generated ROS. Almost no ROS were generated with
the DCFH-DA dye alone under 808 nm laser irradiation. IR820
and IR820-TPE also exhibited the NIR light-triggered generation
of 10, via type 11 photochemical reactions (Figure 2C; Figures S7
and S8, Supporting Information). Notably, the 'O, generation ef-
ficiency of IR820-TPE was much higher than that of IR820 under
the same conditions (Figure 2C; Figure S7, Supporting Infor-
mation). The efficient generation of O,°” and *OH by IR820 and
IR820-TPE under NIR light irradiation was also demonstrated
(Figure 2D, Figure S9, Supporting Information; Figure 2E,
Figure S10, Supporting Information). This finding suggests that
both IR820 and IR820-TPE can generate O,°~ and *OH via type
I photochemical reactions (Figure S8, Supporting Information).
IR820-TPE demonstrated a more efficient production of O,*"
and *OH compared to IR820, similar to its 'O, production.

To further validate the capability of IR820-TPE to generate
ROS, the electron spin resonance (ESR) spin-trapping technique
was applied with 2,2,6,6-tetramethylpiperidine ('O,-trapping
agent) and 5,5-dimethyl-1-pyrroline N-oxide (O,°”- and *OH-
trapping agents).['®] IR820-TPE displayed distinct characteristic
signals of '0,, 0,°~, and *OH upon 808 nm light irradiation,
which were superior to those of IR820 (Figure S11, Supporting
Information). Conversely, IR820-TPE and IR820 did not exhibit
strong signals of ROS without light activation (Figure S11, Sup-
porting Information). We hypothesize that introducing a steri-
cally bulky TPE group into the IR820 core may lead to highly
twisted molecular structures, which are essential for limiting
the isomerization processes, preventing excessive aggregation
by inhibiting strong intermolecular z—z stacking of IR820 dyes
and decreasing self-absorption.”>'>17] In addition, the electron-
donating effect of TPE is considerably favorable for enhancing
ROS generation in IR820-TPE.[*®! Overall, these results demon-
strate that IR820-TPE can be a promising PS that works via both
type I and type II photoreaction mechanisms, showing high po-
tential for efficient PDT under hypoxia.

2.3. Transient Absorption Spectroscopic Measurement

To gain insights into the formation of the triplet-state pop-
ulation and the consequent production of ROS, femtosecond
transient absorption spectroscopy (fs-TAS) was conducted for
IR820 dyes in N,-saturated PBS solution. Figure 2F,G displays
the representative transient absorption spectral evolution up to
taely = 3600 ps of IR820 and IR820-TPE upon photoexcita-
tion at 710 nm. Negative spectral signatures spanning from
650 to 800 nm that match the inversed steady-state absorption
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(gray dashed lines) originated from the depletion of a ground
state (ground-state bleaching, GSB) upon photoexcitation, show-
ing the dynamics of ground-state recovery. For both IR820 and
IR820-TPE, the induced absorption (IA) band between ~500 and
~650 nm emerges instantaneously, which is ascribed to S; — S
absorptive manifolds. Although each IA band at ty,,, = ~1 ps
for IR820 and IR820-TPE appears virtually identical, the spectral
deviation for IR820-TPE from IR820 appears prominent at t;,,
= ~2000 ps, with the emergence of a new additional IA band at
~640 nm for IR820-TPE (Figure 2F,G, Figure S12, Supporting
Information). This additional IA band at 640 nm for IR820-TPE
persists over our instrumental limit of t4,,, = ~3600 ps (Figure
S12B, Supporting Information) and is ascribed to the T, - T,
absorptive manifolds, resulting from the S; — T, intersystem
crossing process. This long-lived excited state for IR820-TPE in
N,-purged PBS solution was further analyzed using nanosecond
transient absorption spectroscopy (ns-TAS) upon the photoexci-
tation at 680 nm. While almost no long-lived (<0.1 ps) transient
signal at 4,, = 680 nm was observed for IR820 (Figure 2H), the
transient signal probed at 4, = 725 nm, which is associated with
GSB for IR820-TPE, displays a decay time constant of ~19 us
(Figure 2I). This longer lifetime of the triplet state in IR820-TPE
accounts for the enhanced ROS generation of IR820-TPE com-
pared to IR820.

2.4. Sonodynamic Effects of IR820-TPE

Inspired by the promising photodynamic performance of IR820-
TPE, we investigated the ability of IR820-TPE to generate ROS
under US irradiation. As shown in Figure S13 (Supporting In-
formation), both IR820 and IR820-TPE produced ROS when ex-
posed to US irradiation. Conversely, negligible ROS production
was observed with the DCFH-DA dye alone when exposed to US
irradiation. The efficient production of 10,, O,°*~, and *OH from
IR820 and IR820-TPE under US irradiation was demonstrated
using SOSG, DHE, and MB assays, respectively.l'®] Notably, the
US-triggered production of '0,, 0,*, and *OH from IR820-
TPE was more pronounced than that from IR820 (Figure 2]-L,
Figures S14-S16, Supporting Information). To provide direct evi-
dence for the enhanced ROS production capability of IR820-TPE,
the generation of 10,, 0,°~, and *OH by IR820 under US irradia-
tion was detected using the ESR spin-trapping technique. Under
US irradiation, IR820-TPE exhibited considerably stronger ESR
signals characteristic of '0,, 0,°", and *OH compared to IR820
(Figure S17, Supporting Information). This demonstrates the
crucial role of the TPE group in enhancing the sonodynamic per-
formance of IR820. ESR signals were not observed for both IR820
and IR820-TPE without US treatment. These results demon-
strated the exceptional photodynamic and sonodynamic effects
of IR820-TPE, offering great promise for treating large or deep-
seated tumors.

2.5. Preparation and Characterization of IR820-TPE-Loaded
Exosomes

Herein, HEK-293T cell-derived exosomes were used because
their molecular profiles were well-characterized.!*¥! Moreover,
due to their minimal immunological response and minimal
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toxicity in animal experiments, HEK-293T cells were utilized
to isolate the exosomes as safe and effective nanoplatforms
for delivering IR820-TPE into tumor sites. To further improve
the cancer specificity of exosomes, biotin as a cancer-targeting
ligand was conjugated into the exosomes. Exosomes and B-Exo
were loaded with IR820 or IR820-TPE using simple incubation
methods, as reported previously.'® The absorption spectra
of IR820-TPE@Exo and IR820-TPE@B-Exo displayed a char-
acteristic peak (796 nm) representing IR820-TPE (Figure 3A).
The distinct peak of IR820-TPE verified that it was effectively
encapsulated in exosomes. The sizes of exosome samples were
~120 nm (Table S1, Supporting Information) and exhibited
negative surface charges (Figure S18, Supporting Information).
The loading efficiencies of IR820 and IR820-TPE after exosome
encapsulation were 28.3% and 28.6%, respectively. The loading
efficiency of IR820-TPE in IR820-TPE@B-Exo was 28.5%. The
loading capacities of IR820 and IR820-TPE were determined to
be 2.31 X 1071° ug exosome™! and 2.33 x 107 ug exosome™,
respectively. The loading capacity of IR820-TPE in IR820-
TPE@B-Exo was 2.38 X 107 ug exosome™. The amount of
biotin-conjugated to the exosome surface was 5.96 x 10~!! ymol
biotin/exosome. Western blotting visualized exosome markers
(CD63, CD81, Hsc70, TSG101) in both blank exosomes and
IR820-TPE@B-Exo, indicating no significant changes in their
protein compositions during surface modification and drug
loading (Figure S19, Supporting Information). The morpholo-
gies of blank exosomes and IR820-TPE@B-Exo were spheres
with diameters ranging from 60 to 80 nm, as observed by trans-
mission electron microscopy (TEM) (Figure 3B). The nanoscale
diameters of the exosome samples can improve their cellular
uptake, tumor accumulation, and pharmacokinetic properties.

To assess whether exosomes can protect IR820-TPE from
degradation in aqueous solutions, we quantified the fluorescence
intensities of IR820-TPE and IR820-TPE@Exo while they were
incubated in PBS at4 °C. As illustrated in Figure S20 (Supporting
Information), IR820-TPE@Exo maintained initial fluorescence
intensities of IR820-TPE at levels exceeding 85% after 14 days of
incubation. In contrast, the free IR820-TPE solution exhibited a
significant decrease in fluorescence after 14 days of incubation,
thus confirming its poor aqueous stability. This result demon-
strates the enhanced aqueous stability of IR820-TPE by encapsu-
lation into exosomes.

2.6. Enhanced Sono-Photostability of IR820-TPE

Evaluating the degradation ratios of sono-PSs after dual NIR
light-US irradiation is crucial for determining its long-term
clinical viability and potential for repeated use. The degradation
ratios of IR820 and IR820-TPE after NIR light and dual NIR
light-US irradiation were quantified using mass spectroscopy.
As depicted in Figure S21 (Supporting Information), NIR light
irradiation resulted in 59.8% and 90.9% of IR820 and IR820-TPE
remaining intact, respectively. Similarly, after US irradiation,
47.4% of IR820-TPE remained intact compared to 34.8% of
IR820. This result demonstrates that IR820-TPE is more sta-
ble than IR820 under both NIR light and dual NIR light-US
irradiation, consistent with the observed trends in fluorescence
intensity changes (Figure S5B, Supporting Information). The
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enhanced sono-photostability of IR820-TPE suggests its high
potential as an SPDT agent.

2.7. Enhanced Sono-Photostability of IR820-TPE-Loaded
Exosomes

To assess the sono-photostability and sono-photodynamic poten-
tial of IR820-TPE and IR820-TPE@Exo, their fluorescence in-
tensities under NIR light or a combination of NIR light and
US irradiation were quantified in cell-free systems. As shown
in Figure S22 (Supporting Information), the fluorescence inten-
sity emitted from IR820-TPE after 2 min of NIR light irradi-
ation decreased significantly to 38.0% of its initial value. The
following US irradiation (2 min) further decreased the fluores-
cence intensity to 19.1% of its initial value. However, the sono-
photostability of IR820-TPE in aqueous solution was markedly
enhanced by the encapsulation in exosomes. NIR light irradia-
tion for 2 min resulted in IR820-TPE@ Exo retaining ~80% of its
initial fluorescence. Likewise, IR820-TPE@ Exo retained ~41.7%
of its initial fluorescent intensity value even after dual NIR light
(2 min) and US (2 min) irradiation. While IR820-TPE exhibited
significant sono-photobleaching after dual NIR light-US irradi-
ation, the encapsulation of IR820-TPE in the exosome remark-
ably improved its sono-photostability, representing one of the
key achievements in this study. This result also demonstrates the
high sono-photodynamic potential of IR820-TPE@Exo for ROS
generation.

2.8. Enhanced Sono-Photodynamic Effects of IR820-TPE-Loaded
Exosomes

To determine whether IR820- and IR820-TPE-loaded exosomes
can generate ROS under NIR or US irradiation, their relative
ROS production before and after NIR light or US irradiation
was quantified in cell-free systems. The generation of ROS
from IR820, IR820-TPE, IR820@Exo, and IR820-TPE@ Exo was
substantially increased with NIR light (Figure S23A, Support-
ing Information) or US irradiation (Figure S23B, Supporting
Information). Notably, when compared to free IR820 or IR820-
TPE, both IR820@Exo and IR820-TPE@Exo exhibited a higher
efficacy in ROS generation. This result could be attributed to
the improved aqueous stability of IR820 and IR820-TPE via
encapsulation into exosomes (Figures S5B and S22, Supporting
Information). In addition, ROS production in IR820-TPE@ Exo-
treated MCF-7 cells was amplified 6.1-fold by the combined
treatment of NIR light and US compared to untreated controls
(Figure S24, Supporting Information). The ROS generation effi-
ciency of IR820-TPE under NIR light irradiation alone and with
dual NIR light-US irradiation was compared. Sequential treat-
ment with NIR light irradiation followed by US irradiation led to
further ROS generation by both IR820-TPE and IR820-TPE@Exo
(Figure S25, Supporting Information). These results demon-
strate the potential of IR820-TPE@Exo as effective sono-PSs
for SPDT.

2.9. Enhanced Cancer-Targeted Cellular Uptake of
IR820-TPE@B-Exo

To investigate whether exosomes can enhance the intracellular
delivery of therapeutic drugs, cellular uptake of IR820, IR820-
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Figure 3. A) Absorption spectra of blank exosome, IR820-TPE, IR820-TPE@Exo, and IR820-TPE@B-Exo. B) TEM images of blank exosome and IR820-
TPE@B-Exo. Scale bars indicate 50 nm. C) Relative cellular uptake of IR820-TPE in MCF-7 cells after incubation with IR820-TPE, IR820-TPE@Exo, and
IR820-TPE@B-Exo for 4 h with and without biotin pretreatment. D) Intracellular ROS levels and E) Fluorescence images of DCF-DA-stained MCF-7 cells
treated with IR820-TPE, IR820-TPE@Exo, and IR820-TPE@B-Exo before and after irradiation with NIR light or NIR light + US. Scale bar = 100 um. F)
Viabilities and G) Fluorescence images of MCF-7 cells after treatment with various samples before and after irradiation with NIR light and US. The cells
were costained with calcein AM (live cells, green) and ethidium homodimer-1 (dead cells, red). Scale bar = 200 um. Data are presented as mean + SD

(n=3,%p <0.05,**p < 0.01).
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TPE, IR820@Exo, and IR820-TPE@Exo by MCF-7 human
breast cancer cells was examined at an equivalent concentration
of IR820 or IR820-TPE. IR820@Exo and IR820-TPE@Exo ex-
hibited a considerable increase in the cellular uptake of IR820
or IR820-TPE when compared to free IR820 or IR820-TPE
(Figure S26, Supporting Information). The favorable interaction
of exosomes with cell membranes via receptor-ligand binding
or direct fusion may lead to considerable improvement in the
cellular uptake of IR820 and IR820-TPE.["?! The biotin moiety of
exosomes could facilitate their cellular uptake via biotin receptor-
mediated endocytosis, especially in MCF-7 cells due to their
overexpression of biotin receptors.''] As shown in Figure 3C,
IR820-TPE@B-Exo was more efficiently internalized by the
MCF-7 cells compared to biotin-free IR820-TPE@Exo or IR820-
TPE. This result reveals the cancer-selective cellular uptake of
IR820-TPE@B-Exo. In addition, a biotin competition binding ex-
periment was conducted to demonstrate the role of biotin in the
receptor-mediated endocytosis of IR820-TPE@B-Exo. Herein,
MCF-7 cells were pretreated with free biotin before the treatment
with IR820-TPE, IR820-TPE@Exo, and IR820-TPE@B-Exo. As
shown in Figure 3C, preincubation of biotin with MCF-7 cells
markedly reduced the cellular uptake of IR820-TPE@B-Exo
owing to the excess of biotin-blocking biotin receptors in the
cells before the treatment with IR820-TPE@B-Exo. This finding
suggests a direct correlation between the promoted uptake of
IR820-TPE@B-Exo by MCF-7 cells and biotin receptor-mediated
endocytosis.

2.10. Efficient ROS Generation of IR820-TPE@B-Exo in MCF-7
Cells after NIR Light and US Irradiation

Intracellular ROS levels in MCF-7 cells were measured using
a ROS-sensitive DCFH-DA before and after NIR light, US, or
NIR light + US irradiation after various treatments. As shown in
Figure S27 (Supporting Information), cells treated with IR820-
TPE produced ROS more efficiently than IR820-treated cells un-
der NIR light and US irradiation. This result was also confirmed
by fluorescence imaging (Figure S28, Supporting Information).
Notably, MCF-7 cells treated with IR820-TPE, IR820-TPE@Exo,
and IR820-TPE@B-Exo exhibited a remarkable increase in the
levels of intracellular ROS after exposure to NIR light (Figure
S29, Supporting Information) or US exposure (Figure S30, Sup-
porting Information). Irrespective of irradiation with NIR light
and US, MCF-7 cells treated with IR820-TPE-loaded exosomes
exhibited higher levels of intracellular ROS compared to those
treated with IR820-TPE (Figures S29 and S30, Supporting In-
formation). This finding might be because of the enhanced cel-
lular uptake of the IR820-TPE via encapsulation into exosomes
(Figure 3C). Remarkably, IR820-TPE@B-Exo also exhibited a
considerable increase in the levels of ROS in MCF-7 cells com-
pared to IR820-TPE@Exo (Figure 3D). The enhanced intracellu-
lar ROS generation by IR820-TPE@B-Exo compared to IR820-
TPE@Exo might be attributed to its increased cellular uptake.
The highest intracellular ROS levels were observed in the cells
treated with IR820-TPE@ B-Exo under irradiation with a combi-
nation of NIR light and US (Figure 3D).

Intracellular ROS levels in DCFH-DA-stained MCF-7 cells af-
ter various treatments were further verified by fluorescence imag-
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ing (Eclipse Ti-S). The strongest fluorescence signals were ob-
served in the cells treated with IR820-TPE@B-Exo after irradia-
tion with a combination of NIR light and US (Figure 3E). This
result highlights the high potency of IR820-TPE@ B-Exo for effi-
cient SPDT in breast cancer cells.

2.11. In Vitro Cancer-Targeted SPDT Using IR820-TPE@B-Exo

Sono-photodynamic anticancer activity of various IR820-TPE and
IR820-TPE@B-Exo samples against MCF-7 cells was investi-
gated. The cytotoxicity of IR820-TPE or IR820-TPE@B-Exo in
MCE-7 cells at different concentrations of IR820-TPE or IR820-
TPE@B-Exo was evaluated to optimize the dose for efficient
SPDT effects with minimal adverse effects. As shown in Figures
S23 and S31 (Supporting Information), higher IR820-TPE or
IR820-TPE@B-Exo concentrations led to higher cytotoxicity, ir-
respective of irradiation with light or US. Due to the potential
for severe dark cytotoxicity (cytotoxicity in the absence of light)
at high concentrations of IR820-TPE@B-Exo, the optimized con-
centration of IR820-TPE@B-Exo was determined to be 5 x 10~¢
M of IR820-TPE.

The cytotoxic effects of IR820, IR820-TPE, IR820@ Exo, IR820-
TPE@Exo, and IR820-TPE@B-Exo in MCEF-7 cells were deter-
mined before and after NIR light + US irradiation. As shown
in Figure 3F, NIR + US irradiation exhibited a negligible cyto-
toxic effect on MCE-7 cells. More than 88.9% of MCE-7 cells re-
mained viable after 2 min of NIR light irradiation and 2 min of
US irradiation (Figure 3F). MCF-7 cells exposed to IR820@Exo
exhibited lower viability than those exposed to free IR820, which
is attributed to the enhanced uptake of IR820 by exosomes. Sim-
ilarly, IR820-TPE@Exo showed considerable cytotoxicity com-
pared to free IR820-TPE. Notably, MCF-7 cells treated with IR820-
TPE exhibited a significant decrease in their viability compared
to IR820 under dual NIR light-US irradiation (Figure 3F). The
enhanced cytotoxicity by IR820-TPE compared to IR820 might
be attributed to its higher sono-photodynamic effects for ROS
generation (Figure S27, Supporting Information). IR820-TPE,
IR820-TPE@Exo, and IR820-TPE@B-Exo groups displayed sig-
nificant cytotoxicity after combined irradiations of NIR light and
US (Figure 3F), demonstrating their high potential for sono-
photodynamic combination cancer therapy. The treatment of
MCE-7 cells with IR820-TPE@B-Exo under dual NIR light-US
irradiation demonstrated the highest cytotoxicity (Figure 3F).
For example, only 11.4% of cells remained viable after SPDT
of IR820-TPE@B-Exo. The most efficient IR820-TPE uptake
by the B-Exo could be responsible for the highest cytotoxicity
(Figure 3C). These results reveal that the IR820-TPE-loaded ex-
osomes are effective sono-PSs.

To investigate the individual contribution of NIR light and US
on the SPDT activity of IR820-TPE and IR820-TPE-loaded exo-
somes, the viabilities of MCF-7 cells after various treatments un-
der irradiation of NIR light, US, or dual NIR light-US were mea-
sured. As shown in Figure S33 (Supporting Information), IR820-
TPE, IR820-TPE@Exo, and IR820-TPE@B-Exo reduced cell
viability under NIR light or US irradiation. The cytotoxicities of
the IR820-TPE, IR820-TPE@Exo, and IR820-TPE@ B-Exo groups
under NIR light irradiation were comparable to those observed
with US irradiation (Figure S33, Supporting Information). No-
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tably, the combination of NIR light and US irradiation syner-
gistically reduced the viability of MCF-7 cells when treated with
IR820-TPE, IR820-TPE@Ex0, and IR820-TPE@B-Exo, demon-
strating their potential of SPDT. Intracellular ROS levels of MCF-
7 cells after treatment with IR820-TPE@B-Exo were evaluated
under NIR light, US, or dual NIR light-US irradiation. IR820-
TPE@B-Exo significantly increased the level of intracellular ROS
under NIR light or US irradiation (Figure S34, Supporting In-
formation). Notably, the combination of NIR light and US irra-
diation synergistically enhanced the production of intracellular
ROS.

To investigate how the sequence of NIR light and ultrasound
(US) irradiation affects the SPDT efficacy of IR820-TPE@Exo,
we evaluated its intracellular ROS generation capability under
different irradiation sequences. MCEF-7 cells treated with IR820-
TPE@Exo exhibited substantially higher intracellular ROS lev-
els when exposed to NIR light followed by US irradiation, com-
pared to the reverse sequence (US followed by NIR light irra-
diation) (Figure S35A, Supporting Information). This sequence-
dependent ROS generation by IR820-TPE@Exo proved critical
to its anticancer activity. As shown in Figure S35B (Supporting
Information), exposure to US irradiation followed by NIR light
reduced cell viability to 69.6%, while reversing the irradiation
sequence (NIR light irradiation before US irradiation) resulted
in a much higher decrease to 36.8%. The sequence of NIR light
followed by US irradiation yielded a higher synergistic enhance-
ment in the SPDT efficacy of IR820-TPE@Exo than the reverse
sequence. This might be due to the preactivation of the IR820-
TPE by NIR light, which increases its susceptibility to the effects
of subsequent US treatment.

To examine the cancer-targeting effect of IR820-TPE@ B-Exo,
a cytotoxicity quantification in human breast cancer cells MCF-
7 and human dermal fibroblast cells (hDFB) was carried out.
As shown in Figure S36 (Supporting Information), the IR820-
TPE@Exo treatment without light and US irradiation did not
cause strong toxicity to both MCF-7 and hDFB cells. However, the
toxicity of IR820-TPE@B-Exo against MCF-7 cells was dramati-
cally higher than IR820-TPE@Exo regardless of NIR light and
US irradiation, whereas no significant difference was observed
in hDFB cells. This outcome might be explained by the cancer-
specificity of IR820-TPE@B-Exo. Importantly, under NIR light
and US exposure, the IR820-TPE@B-Exo treatment remarkably
reduced the viability of MCF-7 cells compared to hDFB cells while
no substantial difference in the treatment of IR820-TPE@Exo
in MCF-7 and hDFB cells. This result demonstrated the cancer-
specific SPDT of IR820-TPE@B-Exo.

SPDT activities of IR820@Exo, IR820-TPE@Exo, and IR820-
TPE@B-Exo in MCF-7 cells were visualized by fluorescence
imaging of the sample-treated cells after staining with calcein
acetoxymethyl ester (calcein AM, green, living cells) and ethid-
ium homodimer-1 (EthD-1, red, dead cells). Figure 3G displays
the fluorescence images of costained MCEF-7 cells after various
treatments under NIR light + US irradiation. All the groups
showed marked cell death after dual irradiations, resulting in
strong red fluorescence signals. The cells exposed to IR820-
TPE@B-Exo and dual irradiations exhibited the lowest viability,
which was consistent with the cytotoxicity results (Figure 3F).

To investigate whether the sono-photodynamic effects of
IR820-TPE@Exo induced apoptosis, we quantified the apoptotic
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rate of MCF-7 cells treated with various samples before and
after irradiation with NIR light + US. As shown in Figure
S37 (Supporting Information), when the cells were treated
with IR820@Exo, IR820-TPE@Exo, and IR820-TPE@B-Exo,
the population of total apoptotic cells (early apoptosis + late
apoptosis) considerably increased under NIR light and US
irradiation. Notably, the combination of PDT and SDT markedly
increased the percentage of total apoptotic cells of the IR820-
TPE@B-Exo group to 84.93%. These results indicate that SPDT
by IR820-TPE-based samples triggers significant apoptosis in
MCEF-7 cells.

The expression of Caspase-3/7 in MCF-7 cells was an-
alyzed to demonstrate the apoptosis of MCF-7 cells after
sono-photodynamic treatment of IR820-TPE@B-Exo. As shown
in Figure S38 (Supporting Information), the expression of
Caspase-3/7 in MCF-7 cells treated with IR820-TPE@B-
Exo under NIR light and US irradiation was significantly
increased compared to that in MCF-7 cells treated with IR820-
TPE@B-Exo only. This result is consistent with the apoptosis
results evaluated by Annexin V-FITC/PI labeling (Figure S37,
Supporting Information).

2.12. Effective Tumor Accumulation of IR820-TPE@B-Exo

It is well documented that exosomes can efficiently accumulate
in tumors via EPR effects.?%! To assess in vivo tumor accumula-
tion of various exosome samples, in vivo real-time fluorescence
imaging of MCF-7-xenograft mice was conducted following in-
travenous (i.v.) administration of the different exosome sam-
ples. The biodistribution of free IR820, free IR820-TPE, IR820-
TPE@Exo, and IR820-TPE@B-Exo in the MCF-7-xenograft mice
at different time intervals (0-24 h postinjection) was visualized
using an in vivo imaging system, which can detect and quantify
the fluorescence signals of IR820 and IR820-TPE. All the mice
groups exhibited fluorescence signals of free IR820 or IR820-
TPE all over their bodies 30 min after i.v. injection (Figure 4A,B).
However, the fluorescence of free IR820 or IR820-TPE almost
disappeared from the tumor within 24 h after injection of the
free IR820- or IR820-TPE-treated groups, suggesting poor tumor
accumulation of free IR820 and IR820-TPE. Notably, strong flu-
orescence signals were observed in the tumor of mice within
24 h when they were treated with IR820-TPE@Exo and IR820-
TPE@B-Exo (Figure 4C,D, Supporting Information). This find-
ing suggests that exosomes loaded with IR820-TPE could accu-
mulate in tumors. Moreover, the tumors in the IR820-TPE@B-
Exo-treated mice exhibited higher fluorescence intensity than
those in the IR820-TPE @ Exo-treated mice, demonstrating more
efficient tumor accumulation of IR820-TPE@ B-Exo than that of
IR820-TPE@Exo0. The major organs and tumors of mice were
harvested 24 h after the injection of the samples for ex vivo
fluorescence imaging. The fluorescence signals from the ma-
jor organs and tumors of mice were quantified to analyze the
biodistribution of samples. As shown in Figure 4E,F, the amount
of IR820-TPE localized in the tumor of the mice treated with
IR820-TPE@Exo or IR820-TPE@ B-Exo was considerably higher
than that of the mice treated with free IR820-TPE. This result
demonstrates the superior accumulation of IR820-TPE in tu-
mors via encapsulation in exosomes. IR820-TPE@B-Exo exhib-
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Figure 4. In vivo biodistribution images from MCF-7 tumor—xenograft mice after i.v. administration of A) IR820, B) IR820-TPE, C) IR820-TPE@Exo, and
D) IR820-TPE@B-Exo. E) Ex vivo imaging of tumors and major organs. F) Quantification of IR820 and IR820-TPE from ex vivo imaging of major organs
and tumors of tumor-bearing mice following i.v. administration of IR820, IR820-TPE, IR820-TPE@Exo, and IR820-TPE@B-Exo. Data are presented as

mean + SD (n =3, *p < 0.05, **p < 0.01).

ited the most efficient tumor accumulation owing to the cancer-
targeting ability of biotin. The quantitative results indicated that
all the samples injected into mice mainly accumulated in the
liver, which might be attributed to their nonspecific accumula-
tion by the reticuloendothelial system (Figure 4F). The in vivo
fluorescence imaging demonstrates that IR820-TPE@B-Exo has
high potential for tumor-targeted SPDT.

To demonstrate the tumor accumulation ability of IR820-
TPE@Exo and IR820-TPE@ B-Exo, the fluorescence intensity ra-
tios of tumor core areas to peritumoral tissue areas (C/P) in
the IR820-TPE@Exo- and IR820-TPE@ B-Exo-treated mice were
measured at different time intervals after injection. As demon-
strated in Figure S39 (Supporting Information), there was no
significant difference in the C/P ratios of IR820-TPE@Exo- and
IR820-TPE@B-Exo-treated mice at 0 h and 30 min-post injec-
tion. However, after 1 h-post injection, the C/P ratio of IR820-
TPE@B-Exo-treated mice was significantly higher than that of
IR820-TPE@ Exo-treated mice, demonstrating that biotin conju-
gation to the exosome surface can enhance the tumor accumu-
lation of IR820-TPE@B-Exo. In addition, the highest C/P ratio
was observed at 4 h post-injection (Figure S39, Supporting Infor-
mation). Therefore, the tumors were exposed to NIR light or US
irradiation 4 h after the injection of IR820-TPE@B-Exo to maxi-
mize their SPDT efficacy in tumors.
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2.13. Efficient In Vivo Tumor Inhibition by Sono-Photodynamic
Effects of IR820-TPE@B-Exo

Inspired by the effective in vitro anticancer effects and tumor
accumulation of IR820-TPE@B-Exo, we evaluated its in vivo
tumor inhibition efficacy using MCF-7 tumor—xenograft mice
models. Various samples [PBS, IR820-TPE, IR820@ Exo, IR820-
TPE@Exo, and IR820-TPE@B-Exo (at equivalent concentrations
of IR820 and IR820-TPE)] were injected into the tail vein of the
tumor-bearing mice. At 4 h after injection, the tumor area was
irradiated with either NIR light (808 nm, 500 mW, 2 min), US
(1 MHz, 0.5 W cm™2, 2 min), or a combination of both (2 min
for each). The tumor volumes were monitored for 14 days with-
out further injections or NIR/US irradiation (Table S2, Support-
ing Information). The treatment of PBS + Light (L) or PBS +
L + US caused negligible inhibitory effects on the growth of
tumors in mice (Figure S40, Supporting Information). In con-
trast to the mice treated with free IR820-TPE, those treated with
IR820@Exo, IR820-TPE@Exo0, and IR820-TPE@ B-Exo exhibited
efficient inhibition of tumor growth under NIR light irradiation
(Figure 5A). Treatment with IR820-TPE@ Exo suppressed the tu-
mor growth more efficiently than the treatment with IR820@Exo
under NIR light irradiation, demonstrating the higher PDT effect
of IR820-TPE than IR820. Notably, the tumor growth inhibition

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. A) Normalized tumor growth ratio and B) Changes in the body weights of MCF-7 tumor-bearing mice (n = 4) for 14 days after i.v. injection of
various samples under irradiation with NIR light, US or NIR light + US. The mice were irradiated with NIR light or US at 4 h post-i.v. injection of each
sample. C) Representative images of tumors and D) Tumor weights of the mice on day 14 after i.v. injection of various samples under irradiation with
NIR light, US, or NIR light + US. E) H&E staining of tumors of the mice on day 14 after i.v. injection of various samples under irradiation with NIR light,
US, or NIR light + US. Scale bars indicate 200 pm. Data are presented as mean + SD (n = 4, *p < 0.05, **p < 0.07).

of the IR820-TPE@ B-Exo-treated group was more pronounced
compared to other groups under NIR light irradiation. The in-
hibition of tumor growth by the treatment of IR820-TPE@ B-
Exo and US was comparable to that by the treatment of IR820-
TPE@B-Exo and NIR light (Figure 5A). Treatment with IR820-
TPE@B-Exo under the combination of NIR light and US irra-
diation [IR820-TPE@B-Exo + L + US] resulted in the most ef-
ficient suppression of tumor growth. These results demonstrate
that tumor-targeting IR820-TPE@B-Exo has a high potential for
safe and efficient SPDT.

The changes in the body weights of sample-treated mice re-
veal the acute toxicity of the injected samples. The body weights
of all the tested mice groups did not considerably change during
the tumor growth inhibition experiments (Figure 5B and Figure
S41, Table S3, Supporting Information), indicating that the in-
jected samples did not cause considerable systemic acute toxi-
city. The photographs of tumors from euthanized mice on day
14 after injection corresponded well with the results of tumor

Adv. Healthcare Mater. 2025, 14, 2500927 2500927 (11 of 13)

growth suppression (Figure 5C). Moreover, the average weights
of the tumors in the mice treated with various samples were mea-
sured. The tumors of mice treated with IR820-TPE@ B-Exo under
the combination of NIR light and US irradiation had the low-
est average weight (Figure 5D and Figure S42, Supporting Infor-
mation), which was consistent with the results of tumor growth
suppression (Figure 5A). These results indicate the high efficacy
and biosafety of tumor-targeting IR820-TPE@ B-Exo. Tumor tis-
sues harvested from mice treated with various samples were an-
alyzed using hematoxylin and eosin (H&E) staining. As shown
in Figure S5E, mice treated with IR820-TPE@B-Exo under the
combination of NIR light and US irradiation exhibited consid-
erable tumor damage. H&E staining of vital organs, such as the
heart, liver, lungs, spleen, and kidneys, showed that the organs
from each treatment group exhibited normal cellular morpholo-
gies and negligible histological changes (Figure S43, Supporting
Information). This result demonstrates the high biosafety of
IR820-TPE@ B-Exo.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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3. Conclusion

We present a rational design strategy for developing highly
efficient, heavy atom-free, NIR sensitizers based on hep-
tamethine cyanine scaffolds for fluorescence imaging-guided
sono-photodynamic cancer therapy. Our approach involves the
modification of IR820 with a sterically bulky and electron-rich
TPE moiety at the meso-position, resulting in a novel NIR
sensitizer with improved fluorescence intensity and ROS gen-
eration capability under both light and US irradiation. Notably,
IR820-TPE was capable of generating ROS via both type I and
II mechanisms, which is beneficial for treating hypoxic tumors
with low oxygen concentrations. The encapsulation of IR820-TPE
in exosomes considerably enhanced its aqueous stability and
cellular uptake, resulting in the increased production of ROS in
response to NIR light/US irradiation. The conjugation of biotin
to the exosomes further increased their cellular uptake into
breast cancer cells, resulting in enhanced sono-photodynamic
performance. In vivo studies revealed that IR820-TPE-loaded
exosomes exhibited enhanced tumor accumulation compared
to free IR820-TPE. Notably, biotin-conjugated exosomes loaded
with IR820-TPE exhibited the most efficient suppression of
tumor growth in tumor-bearing mice without any systemic
toxicity. This study highlights the significant potential of IR820-
TPE as a highly efficient sono-PS. This study also demonstrates
that biotin-conjugated exosomes encapsulating IR820-TPE
are safe and efficient nanosensitizers for cancer-targeted
SPDT.

4. Experimental Section

Synthesis of IR820-TPE:  TPE-Ph-boronic acid was synthesized accord-
ing to the reported procedure.[?'] IR820 (200 mg, 0.24 mmol) and TPE-
Ph-boronic acid (0.16 g, 0.36 mmol) were dissolved in mixed solvents of
toluene/ethanol/water (30 mL, v/v/v=12:12:6). K,CO; (0.17 g, 1.2 mmol)
was added to the solution, and N, was bubbled through the solution for
30 min. After Pd (PPh3), (14 mg, 0.012 mmol) was added to the mixture,
it was refluxed under N, atmosphere overnight. After removal of the sol-
vent under reduced pressure, the obtained residue was purified by column
chromatography using dichloromethane/methanol (7:3, v/v), resulting in
a green solid (0.13 g, 45% yield). "H NMR (DMSO): § 8.01(dd, ] = 8.6,
3.6 Hz, 4H), 7.92 (d, ] = 8.3 Hz, 4H), 7.72 (d, ] = 8.6 Hz, 4H), 7.54-7.48
(m, 4H), 7.37 (d, ] = 8.2 Hz, 2H), 7.30-7.13 (m, 17H), 7.06-7.03 (m, 2H),
6.31(d, ) = 14.2 Hz, 2H), 4.25(s, 4H), 2.75(s, 4H), 2.49(d, | = 4.9 Hz,
4H, overlap with DMSO peaks), 2.00(d, | = 3.6 Hz, 2H). 1.80-1.74(m,
8H), 1.42(s, 12H) 13C NMR (DMSO): 6 172.7, 160.9, 146.4, 143.8, 143.2,
141.5, 140.7, 140.4, 139.9, 138.3, 138.1, 133.1, 132.1, 131.7, 131.5, 131.3,
131.2, 130.8, 130.5, 130.4, 128.5, 128.4, 128.1, 127.9, 127.3, 127.2, 127.1,
126.7,125.1, 122.4, 112.2, 100.4, 51.3, 50.4, 27.1, 26.8, 23.0. MALDI-TOF-
MS caled for C;,HggN,OgS, [M+2H]1: 1199.51, found: 1199.53.

Transient Absorption Spectroscopic Measurement: Femtosecond tran-
sient absorption (fs-TA) spectra were recorded using an ultrafast transient
absorption spectrometer (HARPIA-TA, Light Conversion, Vilnius, Lithua-
nia), consisting of a 6 kHz repetition rate femtosecond Yb:KGW amplifier
laser (PHAROS, Light Conversion) and an optical parametric amplifier sys-
tem (ORPHEUS, Light Conversion) in the National Research Facilities and
Equipment Center (NanoBio-Energy Materials Center) at Ewha Womans
University. Samples were prepared in 2 mm quartz cells and purged with
99.99% N, gas prior to excitation. The excitation pulse energy at 710 nm
was adjusted ~0.26 ) pulse™.

Nanosecond transient absorption (ns-TA) data were acquired utilizing
a home-built laser-flash photolysis system that consists of a 400-900 nm
range continuous probe light from a halogen lamp, of which a detec-
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tion wavelength was chosen with a monochromator (H10-UV, Horiba
Jobin Yvon) interfaced with a PMT module (H10722-21 21P-01, Hama-
matsu). Pump pulses were generated from a Nd:YAG based broadband
nanosecond laser system (NT340, EKSPLA, 20-Hz repetition rate, 410—
2600 nm), interfaced with an optical parametric oscillator (OPO). The
excitation pulse energy was adjusted to ~1.0 m) pulse™!. The change
of probe signal intensity upon the photoexcitation was detected using
a 500 MHz digital oscilloscope (TDS3052B, Tektronics). Samples were
prepared in 1 cm quartz cells and purged with 99.99% N, gas before
experiments.

Preparation and Characterizations of IR820@ Exo, IR820-TPE@ Exo,
and IR820-TPE@B-Exo: Exosomes were prepared and extracted from
HEK-293T human embryonic kidney cells using ExoQuick-TC (System
Biosciences, Palo Alto, USA). IR820@Exo, IR820-TPE@Exo, and IR820-
TPE@B-Exo were prepared by simple incubation of exosomes with
IR820-TPE (or IR820). Detailed procedures are available in the Supporting
Information. The concentrations of IR820 and IR820-TPE encapsulated
in exosomes were determined based on their absorbance using UV-Vis
spectroscopy. The following formula was used to quantify the encapsu-
lation efficiencies of IR820 or IR820-TPE: (amount of IR820 or IR820-TPE
loaded into exosomes)/(initial amount of added IR820 or IR820-TPE) x
100%. The size of the drug-loaded exosomes was measured by nanoparti-
cle tracking analysis (NTA, Nanosight NS300) at 25 °C. The morphology of
the drug-loaded exosomes was observed by TEM (Talos F200X, FEI, Hills-
boro, OR, USA). The surface charges of various samples were measured
using Zetasizer (Nano-ZS, Malvern). The expressions of typical exosome
marker proteins were determined by western blotting, as previously
reported.[?2]

In Vitro PDT and SDT Evaluation: A conventional MTT assay was
adopted to determine the cytotoxicity of IR820-TPE-based samples in
MCF-7 cells, as was previously reported!?3] After MCF-7 cells were
prepared in 96-well plates, 150 uL of FBS-free medium containing IR820,
IR820-TPE, IR820@Exo, IR820-TPE@Exo, and IR820-TPE@B-Exo was
added (5 uM of IR820 or IR820-TPE). The fresh culture medium was
replaced after 4 h of treatment. The cells treated with various samples
were subjected to either NIR light (808 nm, 500 mW, 2 min), US (1 MHz,
0.5 W cm~2, 2 min), or a combination of both (2 min for each) to examine
the NIR light- and US-triggered cytotoxicity of various samples. Cell
viability was assessed 24 hours after the sample treatment, as previously
described.[23]

In Vivo Antitumor Efficacy of IR820-TPE-Loaded Exosomes: All animal
experiments at Incheon National University were approved by the insti-
tution animal care and use committee, and they were carried out by the
protocol (INU-ANIM-2021-06). To prepare tumor-bearing animal models,
1 x 107 MCF-7 cells were subcutaneously injected into the back right side
of Balb/nude mice (4-week-old male; Orient Bio, Gyeonggi-do, South Ko-
rea). When the tumor volume in the mice reached an average volume of
100 mm?3, the following formulations (100 uL) were injected into the tail
vein: PBS, IR820-TPE, IR820@Exo, IR820-TPE@Exo, and IR820-TPE@ B-
Exo at the equivalent concentration of 100 x 107 m IR820 or IR820-TPE.
After 4 h post-i.v. injection, the tumor site of mice was irradiated with NIR
light (808 nm, 500 mW, 2 min), US (1 MHz, 0.5 W cm~2, 2 min), or NIR
light (2 min) 4+ US (2 min). The tumor growth and body weight change
were observed during 14 days. On the fourteenth day after sample treat-
ment, the mice were euthanized using CO, gas. The tumors and major
organs (liver, spleen, heart, lung, and kidney) of mice were collected and
stained with hematoxylin and eosin (H&E).

Statistical Analysis:  All the data were acquired in triplicate unless spec-
ified otherwise. Data were indicated as mean + standard deviation (SD)
values. Statistical significance between sample groups was determined by
one-way ANOVA and represented as follows: *p < 0.05; **p < 0.01.

Supporting Information

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