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Extracellular vesicles (EVs) have excellent biocompatibility and long retention times in the circulation and
have consequently been expected to be useful as drug-delivery systems. However, their applications
have been limited because of the inability to introduce hydrophobic compounds to EVs without the use
of harmful organic solvents. Herein, we developed an organic-solvent-free drug-loading technique
based on the host exchange reaction. We demonstrated that the exchange reaction enabled quantitative
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loading of EVs with highly concentrated (0.1 mM) hydrophobic fullerene derivatives. Fullerene
derivative—loaded EVs (EVs/Cgg) could eliminate cancer cell lines more efficiently than fullerene
derivative-loaded liposomes (Lip/Cgp). Moreover, the photodynamic activity of EVs/Cgo was fivefold
higher than that of the clinically available photosensitizer photofrin. EVs/Cgo could efficiently suppress
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Introduction

With low immunogenicity and targeting properties, extracellular
vesicles (EVs)'”? are expected to be used as bio-based drug-
delivery systems. Moreover, EVs can provide internal spaces that
can entrap hydrophilic and hydrophobic pharmaceuticals in the
same manner as liposomes. EVs derived from plants are also
emerging as drug-delivery platforms.** Large masses of EVs can
be derived from plants and could potentially solve some of the
problems encountered in the formulation of EV-based pharma-
ceuticals in clinical applications. To expand their applicability as
drug-delivery platforms, the development of drug-loading meth-
ods is indispensable. Although a large proportion of clinically
available drugs are hydrophobic, the technology to encapsulate
hydrophobic compounds for EVs remains challenging.*”
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tumor growth in tumor-xenograft model mice.

Existing encapsulation methods for EVs include physical techni-
ques such as sonication, electroporation, extrusion, and agitation;
however, concerns remain that external stimuli can disrupt the
structure of EVs.* In loading hydrophobic compounds to EVs,
these compounds have to be initially dissolved in organic solvents
such as DMSO and ethanol that can mix with water arbitrarily and
the resulting solution should be injected into the EV dispersion.
However, the molecules that can dissolve in these organic solvents
are limited and they can easily develop undesirable aggregates
after injection into aqueous media. Moreover, organic solvents
can induce the denature of membrane proteins in EVs, disorga-
nize the membrane structure of EVs, and have harmful effects on
biologics.*” Consequently, the development of organic-solvent
free techniques to introduce hydrophobic compounds to EVs is
required to expand their applicability as drug carriers.

Our group has established the loading methodology of hydro-
phobic compounds for liposomes based on host exchange,
and the exchange reaction can efficiently encapsulate compounds
such as fullerenes and porphyrins into lipid bilayersquantitatively
at high concentration without using organic solvents.®™°
Moreover, the encapsulated molecules maintain their pharmaco-
logical activities, such as photo-reactivity, photodynamic activity,
and anticancer effects.® These advantages in the exchange reac-
tion encouraged us to employ current methods to introduce
fullerene, a hydrophobic compound, into EVs and to demonstrate
the photodynamic activity of fullerene derivatives loaded into EVs
for photo-triggered cancer treatment.

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0003-1621-8189
https://orcid.org/0000-0003-3492-3455
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb00416g&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1039/d4tb00416g
https://doi.org/10.1039/d4tb00416g
https://rsc.li/materials-b
https://doi.org/10.1039/d4tb00416g
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012038

Published on 31 August 2024. Downloaded on 4/8/2026 5:09:14 AM.

Paper

Photodynamic therapy (PDT)"""* is a photochemistry-based can-
cer treatment that is minimally invasive because the light can be
controlled with spatiotemporal high resolution. Cancer cell destruc-
tion in PDT is achieved by cytotoxic reactive oxygen species (ROS),
including singlet oxygen (‘O,), generated by photosensitizers'® via
laser irradiation. Since the lifetime of these ROS is short,'* the
deliverability of photosensitizers to cancer cells is a key technology.
Fullerenes,” porphyrins,'®*® and phthalocyanines'” have been
studied as photosensitizers for biologics because of their excellent
conversion rate and absorbability in red light regions that can travel
deeper from the tissue surface; however, their biomedical use is
limited because of the hydrophobicity of the compounds, instability
in aqueous media, and poor tumor-targeting properties. To address
these issues, modification of hydrophilic moieties such as sulfonyl
groups and ethylene glycol units to the compounds has been
employed, although these conjugations can easily reduce the
intended photodynamic activity. However, encapsulation of photo-
sensitizers into drug-delivery systems is a powerful means of enhan-
cing the water dispersibility and cancer-targeting properties of
photosensitizers. Therefore, EVs are considered attractive platforms
to establish photosensitizers with high anti-tumor efficacy.

Herein, we developed an organic solvent free drug-loading
method for EVs via an exchange reaction and demonstrated the
photodynamic activity of fullerene-loaded lemon-derived EVs
for cancer treatment in vitro and in vivo (Fig. 1).

Results and discussion

Preparation of EVs incorporating fullerenes via a host molecule
exchange reaction

Plant-derived EVs are easily extractable and exhibit several benefits
for human health for treating cancer and inflammation because
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Fig. 1 Schematic of the preparation of Cgg derivative—containing EVs and
their application as photosensitizers. (a) Chemical structure and schematic
of the integration of fullerenes within EVs via an exchange reaction. (b)
Application of Cgo/EVs as photosensitizers for cancer therapy.
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they contain plant-derived biologically active molecules,”* such as
polyphenols, flavonoids, and ceramides. Therefore, plant-derived
EVs have been expected to be candidate delivery platforms for
pharmaceuticals. Herein, we focused on lemon, which is one of
the major fruits produced in Hiroshima, Japan. EVs were isolated
by fractional centrifugation of lemon juice from squeezed lemons
(purchased from a local supermarket) as reported by other
groups.'® The size distribution of the EVs was confirmed by
nano-tracking analysis (NTA), and the morphology of the EVs
was observed by transmission electron microscopy (TEM). The
NTA-derived average particle size was approximately 180 nm
(Fig. 2a, black line) while spherical structures with a diameter of
150-200 nm were observed vig transmission electron microscopy
(TEM) (Fig. 2b). A total of 2.4 x 10" particles were obtained
from 100 g of lemons used for isolation of EVs and contained
0.5 mg mL ™' protein and 7.5 mg dL " lipid. Thus, the current
method enabled the preparation of large amounts of EVs, and
such scalability is appealing for formulation compared with other
EV sources such as cultured cell lines. In this study, we employed
liposomes as a control, which were prepared using 1,2-dimyristoyl-
sn-glycero-3-phosphocholine using the freeze-thaw method. After
size extrusion, the size distribution of liposomes was evaluated via
dynamic light scattering (DLS), and their size was determined to be
approximately 100 nm (polydispersity index, 0.09; Table 1).

Since a highly concentrated fullerene derivative solution is
required to introduce fullerene derivatives into EVs, we initially
prepared a fullerene—y-cyclodextrin complex (Cgo-y-CD) (Ceo-1,
2.7 mg; 3 pmol: Cgp-2, 2.4 mg; 3 pmol: y-CD, 15.6 mg; 12 pmol)
via high speed vibration milling (HSVM) as previously
reported.®**® The complexation of fullerene derivatives with
¥-CD (Cgo-1-y-CD and Cgo-2-y-CD) was confirmed via "H-nuclear
magnetic resonance (NMR) spectroscopy (Fig. 2¢ top panel and
Fig. S1 top panel, ESIT). For Cgo-1, methyl groups in Cg,-1 were
found at 2.2 ppm. Similarly, a representative peak at 2.1 ppm
from the methyl group in Cey-2 appeared after complexation.
These results indicate that the fullerene derivatives were success-
fully dissolved in water. We evaluated the concentration of full-
erene derivatives in each solution by measuring UV-Vis absorption
spectra (Fig. 2d and Fig. S2, ESI{), and the concentrations of Cgo-1-
v-CD and Cgy-2-7-CD were determined to be 0.7 and 0.61 mM,
respectively (Ceo1, 350 = 4.31 x 10 em ™" mol " dm?; Ce(2; €34 =
4.02 x 10" em™' mol™' dm?®). As previously reported,”® we
obtained highly concentrated fullerene solutions for the exchange
reaction.

We next conducted an exchange reaction with EVs using the
complex of fullerene derivatives with y-CD. The exchange
reaction can proceed by mixing EVs and Cgo-y-CD complex
(Cso, 0.20 mM; EVs, 0.25 mg mL ') in aqueous media at
40 °C. The progress of the exchange reaction was traced by
evaluating "H-NMR and UV-vis spectra at each time point (0, 3,
and 7 days). When the fullerenes were translocated from
cyclodextrin complex to EVs, their diffusion got slower, resulting
in the peaks from fullerenes in NMR get broadened and dis-
appeared. The peaks assignable to Ce-2:y-CD at 2.05 ppm
gradually broadened with time (Fig. 2c middle and bottom
panel), as we previously reported in the case of the liposomal
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Fig. 2 Characterization of fullerene Cgq derivative—loaded EVs (a) Size distribution of EVs and Cgg derivative—loaded EVs (black, EVs; red, EVs/Cgo-1;
blue, EVs/Cgo-2). (b) Representative morphology of EVs. Inset represents a highly magnified image of EVs. Samples cast on a grid were stained with 0.1%
phosphotungstic acid and were then observed via TEM (acceleration voltage, 80 kV). (c) Introduction of Ceq derivatives into the membrane of EVs via an
exchange reaction. 'H-NMR spectra of Cgo-2 complexed with y-CDx in D,O (top panel). *H-NMR spectra of the mixture of Cgo-2 complexed with y-CDx
and EVs in D,O at 3 (middle panel) and 7 days (bottom panel); the yellow symbol represents the assignable peak from Cgo-2. (d) Changes in UV-vis
absorption spectra of Cgo-2 via the exchange reaction between y-CDx and EVs (bottom panel). (e) Representative image of EVs/Cgo-2 morphology.
Samples cast on the grid were stained with 0.1% phosphotungstic acid and were observed via TEM (acceleration voltage, 80 kV). (f) Conversion of ABDA
to endoperoxide via oxidation by 'O,. (g) Detection of the generated O, using ABDA. Cgq derivatives (Cgo-1, Cgo-2, 20 uM) complexed with EVs or
liposomes (EVs/Cgo-1, red; Lip/Cgo-1, yellow; EVs/Cgo-2, blue; Lip/Cgo-2, green) were co-incubated with ABDA (12.5 uM) and the resulting dispersion
was irradiated at 680-800 nm. The consumption of ABDA was quantified with changes in absorbance at 398.5 nm. Data represents mean + SD (n = 3).

Table 1 Solution properties of EV loaded with fullerene Cgo derivatives derivatives were introduced to EVs via not y-CD complex form
but free form. In addition, we prepared fullerene derivatives

[Ceo-X]%/ Average - . .
ml(:/(i Dy,2/nm diameter’/nm  {-potential/mVv encapsulated in liposomes (Lip/Cgo-1 and Lip/Ce4-2) by exchan-
ging reactions as previously reported (Cgp, 0.20 mM; EVs,

EVs 0 180 —14.0t 6 0.25 L=’ 80 °C). Th h t leted
EVS/Cep-l 0.1 140 187+ 03 .25 mg mL ™ ). The exchange reaction was complete
EVs/Cgp-2 0.1 170 —25.4 £+ 0.9 within 2 h (Fig. S4, ESIt). DLS measurements revealed that the
Lip/Ceo-1 0.1 190 + 20 (0.24) +1.46 £ 2 hydrodynamic diameter (Dy,) increased from 100 to 190 nm. The
Lip/Cgp2 0.1 460 + 16 (0.41) —5.97 £1

time for exchanging reactions for EVs took much longer than
“ Qoncentrations of intgoduced fullerene. Coo deriv.atives were. deter-  that for the liposomal system. As we incubated the mixture of
rmnler:;ﬂr:éeﬁzoﬁi?gffnefhgtv?: flce'tirzgzgef%;g:tﬁm:fs g\l,[; ]‘?VI;E EVs and Cego-y-CD at 40 °C to avoid undesirable denaturing of
calculated via NTA. ¢ {-potential was measured using a capillary cell ~proteins expressed in EVs, the thermal energy was insufficient to
at 25 °C, pH 7.4. decompose the inclusion complex, which is the dominant driving

force for the exchange reaction. NTA measurements revealed that

the size distribution of EVs and the number of EVs did not
system, indicating the fullerenes were successfully loaded ~ significantly change (Fig. 2a red and blue line), and the spherical
into EVs whose diffusion constant is larger than y-CD complex. ~morphology of EVs was preserved even after the exchange reaction
Moreover, the UV-vis absorption spectra of Cgp-2 broadened (Fig. 2e and Fig. S5, ESIf). In addition, there are not significant
with time (Fig. 2d). Similar trends were found in the case of ~changes in protein concentration between EVs dispersion and
Ceo-1 (Fig. S1 and S2, ESIt). Here, ultracentrifugation for C4/EVs ~resulting dispersion prepared by exchanging reaction. These
could remove all the y-CD (Fig. $3, ESIt), indicating the fullerene ~ results clearly indicate that the loading of Cs, derivatives can be

8,9,20
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achieved without forming undesirable aggregates and precipitates
under the current conditions. For these results, 8.0 x 10°> mole-
cules of fullerene derivatives were trapped in each EVs.

To demonstrate the photodynamic activity of EVs/Ce and
Lip/Ceo, the 'O,-generation capacity was determined by the
conversion of 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) to endoperoxide (Fig. 2f).> When ABDA was consumed
by oxidation by the generated '0,, the absorbance from anthra-
cene was quenched, as shown in Fig. S5 (ESIt). EVs/Cg-1, EVs/
Ce0-2, Lip/Cep-1, and Lip/Ceo2 (Ceo-1, Ceo-2; 20 uM) were co-
incubated with ABDA (12.5 puM) and irradiated with light
(>620 nm). At 60 min of photoirradiation, EVs/Cgy-1, EVs/Cgo-
2, Lip/Ceo-1, and Lip/Cgp-2 consumed 28%, 8%, 12%, and 0% of
ABDA via photoirradiation, respectively (Fig. 2g and Fig. S6,
ESIt). EVs/Cgo-1 exhibited the highest photodynamic activity
among these four systems. Moreover, none of systems exhibited
precipitation, and the absorption from fullerene derivatives did
not decrease during photoirradiation (Fig. S7, ESIt), indicating
that these systems were stable with exposure to light. As more
polarized fullerenes can be located on the surface where dis-
solved oxygen can address to achieve energy transfer, Cgo-1
systems could convert *0, into 'O, more efficiently than Cgq-2
systems. In addition, EV systems showed higher activity than the
liposomal system. Consequently, EVs systems are expected to be
excellent delivery platforms for fullerene derivatives by manip-
ulating the location in EVs components. To determine quantum
yields (@) for these systems, we further examined ABDA bleaching
test for water soluble photosensitizer, methylene blue (MB;
@, 0.52;>* Fig. S8, ESIf). By comparing MB, the & of EVs/Cgy-1,
EVs/Cg0-2, Lip/Ceo-1, and Lip/Ceo-1 were determined to be 0.043,
0.00029, 0.043, and 0.000024, respectively.

Therapeutic efficacy of PDT using EVs incorporating fullerenes
in vitro

To address the suitability of EV-based delivery systems for
fullerenes, we examined the cytotoxicity of EVs toward murine
myoblast cells (C2C12) and murine tendon cells as healthy
tissue-derived cell lines. After 24 h of incubation, EVs did not
induce severe cytotoxicity toward either of these cell lines
(Fig. 3a), indicating that current systems have low toxicity and
high biocompatibility as drug carriers. We next investigated the
photodynamic activity of EVs/Ceo and Lip/Ceo toward several
cancer cells, including murine colon cancer (Colon26), human
cervical cancer (HeLa), and human adenocarcinoma cells
(A549). As a control for the experiment, we employed a clinically
available photosensitizer based on a water dispersible por-
phyrin oligomer, PF. Although EVs/Cgo-1 and Lip/Cgo-1 showed
higher photodynamic activity than EVs/Cgo-2 or Lip/Ceo-2, cyto-
toxicity was found even in dark conditions (Fig. S9, ESIt), which
can induce side effects. The cytotoxicity may be caused by the
cationic character of Cgy-1, which can induce damage to the
anionic plasma membrane and mitochondrial membrane.*
However, neither the EVs/Cgp-2 nor Lip/Ce-2 systems showed
any apparent cytotoxicity in dark conditions (Fig. 3b and
Fig. S10, ESIt). These results suggest that Ce-2-loading sys-
tems are more appropriate as photosensitizers than Cgo-1-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry B

loading systems because of their sensitivity to light, which can
lessen side effects. Although cytotoxicity under dark conditions
decreased, Lip/Ce-2 could not kill these three cancer cell lines
even at the highest concentration under light irradiation. Con-
versely, photoirradiation of cancer cells treated with EVs/Cgo-2
enabled induction of cell death in the cell lines. Moreover, the
photodynamic activity of EVs/Cgo-2 toward Colon26 and A549
higher photodynamic activity than that of the clinically available
photosensitizer PF (Table 2). No significant differences in ICs,
value were present for HeLa cells between PF and EVs/Cgo-2
treatments. These results clearly indicate that EV/Cgy-2 systems
can be widely used as photosensitizers for cancer treatment.

To address their excellent photodynamic activity in vitro, we
verified the cellular uptake amount of cargo delivered by EVs
using 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD) as a model
fluorophore. NBD was also introduced to EVs via an exchange
reaction as mentioned above.** Briefly, NBD hydroxypropyl-B-
cyclodextrin (HP-B-CDx) was prepared by HSVM (HP-B-CDx,
15.0 mg; 10 pmol: NBD, 1 mg; 5 pmol). The complex of NBD
with HP-B-CDx was co-incubated with EVs (NBD, 0.20 mM; EVs,
0.25 mg mL ") at 40 °C. As NBD is sensitive to the hydropho-
bicity of the microenvironment, the exchange process was
confirmed by measuring the fluorescence spectra.”® After 7 days
of incubation, the fluorescence from NBD increased (Fig. S11,
ESIt), indicating that NBD molecules were translocated to a
more hydrophobic environment, such as that on lipid mem-
branes, from the cyclodextrin cavity. This clearly supports that
the exchange reaction was successfully achieved with NBD.

To investigate the cellular uptake efficiencies of cargo mole-
cules, EVS/NBD or Lip/NBD were exposed to Colon26, HeLa,
and A549 cells. After 24 h of incubation, the cellular uptake
amounts of NBD were quantified by measuring the fluores-
cence of NBD in the lysate of the treated cells. As shown in
Fig. 3c, the EV system could deliver three- to fourfold more
cargo molecules than liposomal systems to these three cancer
cell lines. The excellent deliverability of EVs enabled the
enhancement of photodynamic activity in vitro, and this feature
is attractive for establishing delivery platforms for cancer
therapy. We further addressed the cellular uptake mechanism
of the EV system by maintaining the cells at 4 °C to inhibit
energy-dependent cellular events, including endocytosis.>®
Interestingly, our systems could deliver cargo molecules toward
these three cell lines even under endocytosis inhibitory condi-
tions at the same level as the cells actively uptake exogenous
interests via endocytosis (Fig. 3d). This suggests that our system
can be taken up in an endocytosis-independent manner, such
as by membrane fusion and direct penetration.>” The features
in the cellular uptake of EVs may affect the efficient accumula-
tion of cargo molecules in cancer cells. We used a confocal laser
scanning microscope to investigate the cellular uptake of the
current system with a commercially available lipophilic dye,
1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlo-
rate (Dil), To visualize the distribution of liposomes and
EVs, Colon26 cells were coincubated with Dil-stained NBD/
Lip (Dil-NBD/Lip) or NBD/EVs (Dil-NBD/EVs) for 24 h. As shown
in Fig. 3e, fluorescence signals from Dil and NBD were found

J. Mater. Chem. B, 2024,12, 9760-9766 | 9763
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Fig. 3 Photodynamic activity of EVs/Cgg derivatives in vitro. (a) Biocompatibility of EVs with healthy cells. Murine myoblast cells (C2C12, yellow) and
murine tendon cells (red) were co-incubated with EVs at varying concentrations for 24 h. Tendon cells were used as the primary culture cells, which were
established from C57BL6 mice. Cell viability was estimated via WST-8 viability assay. Data represents mean + SD (n = 3). (b) Photodynamic activity of EVs/
Cgo-2 toward Colon26 cells. Colon26 cells were exposed to PF (purple), EVs/Cgo-2 (blue), or Lip/Cgp-2 (green). Treated cells were irradiated with the
optimal wavelength (square, dashed line) while the other group was incubated under dark conditions (circle, solid line). After an additional 24 h, cell
viability was estimated via WST-8 assay. Data represents mean £ SD (n = 3). (c) Cellular uptake of model fluorophore. Colon26, A549, or Hela cells were
co-incubated with EVs/NBD-Cl (pale blue) or Lip/NBD/Cl (pale red) for 24 h (INBD-Cl], 0.1 mM). The cellular uptake amount was quantified by measuring
fluorescence from NBD-Cl, which was obtained from cellular lysates. Data represents mean + SD (n = 3). (d) Endocytosis inhibition assay for the EV
system. Colon26, A549, or Hela cells were co-incubated with EVS/NBD-Cl at 4 °C (pale blue) or 37 °C (pale red) for 4 h. The ratio of cellular uptake was
calculated as the cellular uptake amount at 4 °C per cellular uptake amount at 37 °C. (e) Subcellular distribution of delivered liposomes and cargo
molecules. Colon26 cells were exposed to NBD-Cl/Lip for 24 h. After washing with PBS, the sample was observed via confocal laser scanning
microscopy. (f) Subcellular distribution of delivered EVs and cargo molecules. Colon26 cells were exposed to NBD-CI/EVs for 24 h. After washing with

PBS, the sample was observed via confocal laser scanning microscopy.

Table 2 Photodynamic activity in vitro

EVs/Cgo-2/uM Lip/Cego-2/uM PF/uM
Colon26 1.7 10< 8.0
HeLa 0.92 10< 0.77
A549 2.3 10< 8.4

within cells and highly overlapped, indicating that a large part
of the delivered cargo molecules remained trapped in lipo-
somes. For DiI-NBD/EVs, both fluorescence signals were also
detected within cells as well as in the liposomal system (Fig. 3f);
however, the overlap efficiencies between NBD and Dil were
lower than those delivered by liposomes, suggesting that the EV
system is more efficient than liposomal systems at releasing
cargo molecules. This may imply differences in the integrated
area of cargo molecules. For liposomes, almost all the hydro-
phobic compounds should be trapped by the liposomal
membrane and the cargo will be highly stabilized, which can
strongly bind cargo molecules within liposomal systems. Con-
versely, EVs not only provide a membrane but also a highly
dense polysaccharide layer and membrane proteins for integra-
tion, which can easily release interests within cells by interact-
ing with cytosolic biomolecules such as membrane structures
and highly concentrated proteins. To address detailed subcel-
lular distribution of cargo molecules delivered by EVs, lyso-
somes were stained by commercially available lysosome
staining reagent, Lysotracker Red. As a result, delivered NBD-

9764 | J Mater. Chem. B, 2024,12, 9760-9766

Cl were rarely overlapped with Lysotracker Red, indicating that
cargo molecules are located in cytosol (Fig. S12, ESIt). The
cytosolic delivery is advantageous in inducing oxidative stress
to mitochondria and nuclei, which is considered as one of the
dominant factors in killing cancer cells in PDT. These facts in
deliverability of EVs should enhanced photodynamic activity of
fullerene derivatives.

Therapeutic efficacy of PDT using EVs incorporating fullerenes
in vivo

Finally, we demonstrated photodynamic activity of Cg, encap-
sulated by EVs toward tumor xenograft mice. Tumor xenograft
mice were established by transplantation of Colon26 cells
(1.0 x 10> cells) to the right femur of Balb/c mice (male, 4-
week-old, 18 )*® and the mice were incubated for 7 days. When
the tumor volume was grown up to approximately 20 mm?®, PBS,
Lip/Cgo-2, or EVs/Cgp-2 (Ceo, 0.20 mM; 100 pL) were admini-
strated via tail vein. At 24 h-post injection, photoirradiation was
carried out to the tumor tissue for 1 h (>600 nm, 15 mW)
and tumor volume and body weight was measured at each time
point (Fig. S13, ESIf). At 14 days post irradiation, photo-
dynamic activity of EVs/Cgy-2 were 2.6-fold higher than that of
Lip/Ceo-2 (Fig. 4a). During the period, no obvious body weight
changes were found in all the group (Fig. 4b), indicating all
systems can lessen side effects including photoinduced toxicity.
These results clearly indicate that EVs systems are effective
photosensitizer for PDT.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photodynamic activity in vivo. (a) Tumor growth curve in tumor
xenograft mice. Tumor xenograft mice which were established by trans-
plantation of Colon 26 cells were treated with PBS (black), Lip/Ceo-2
(green), or EVs/Cgp-2 (blue). After 24 h post-injection, the tumor was
irradiated with (diamond) or without (circle) light for 1 h. The tumor volume
was measured at each time point. (b) Body weight change in tumor
xenograft mice.

Conclusion

We developed a hydrophobic compound-loading technique for
EVs without using an organic solvent, which can potentially
disrupt EV structures. We successfully introduced fullerenes to
EVs quantitatively without precipitation by mixing EVs and Ce-
v-CD complexes in aqueous media. "H-NMR spectra showed that
the fullerenes were inserted into the EVs by an exchange reaction
as indicated by the disappearance of the Cg,/y-CD specific peak.
The prepared EVs/Cqo showed an ('0,)-generating capacity and
photodynamic activity comparable or superior with that of Lip/
Ceo prepared using a similar procedure. In addition, the photo-
dynamic activity of EVs/Cgy-2 on cancer cells was observed to be
superior to that of Lip/Ceo-2 and the commercially available
photosensitizer PF. Overall, the exchange reaction is a powerful
means to introduce hydrophobic compounds to EVs without
using harmful organic solvents, and we expect our system to be a
photosensitizer that can be applied to PDT.
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