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With its minimal invasiveness, photodynamic therapy (PDT) is considered one of the most elegant modal-
ities in cancer treatment. In this study, a facile hybrid nanoparticle was developed, composed of upcon-
version nanoparticles and chlorin e6-bearing pullulan, which can serve as a photosensitizer activated by a
near-infrared red laser. Cell death induction in cancer cells was achieved through energy transfer from
the near-infrared red laser emitted by the upconversion nanoparticles to chlorin e6. The therapeutic
efficacy of our hybrid system surpassed that of the clinically available photosensitizer, Photofrin, and
hybrid liposomes comprising upconversion nanoparticles and chlorin e6 were employed as control.
Accumulation of our system in tumor tissue in tumor xenograft mice was primarily achieved through the
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enhanced permeability and retention (EPR) effect. The administered hybrids were excreted from each
organ within 21 days after administration, minimizing the risk of undesirable side effects. Notably, our
system exhibited 400 times higher PDT activity in tumor-bearing mice compared to the control groups. It

rsc.li/biomaterials-science also effectively inhibited metastasis.
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Introduction

Despite the advancements in science, technology, and thera-
peutic modalities for cancer treatment, cancer remains the
most lethal disease in many countries.””” Furthermore, these
therapies often come with severe side effects, highlighting the
need to improve the quality of life of patients with cancer. In
this regard, photodynamic therapy (PDT) is considered an
elegant modality due to its minimal invasiveness, precise
therapeutic efficacy, and in situ workability.> PDT involves the
induction of cell destruction in cancer cells through the gene-
ration of  cytotoxic reactive oxygen  species by
photosensitizers.*® However, there are several challenges that
need to be addressed to establish PDT as a sustainable thera-
peutic approach in cancer treatment.” First, the instability of
photosensitizers in water can lead to their inactivation and the
formation of undesirable aggregates.® Second, the poor
absorbability of photosensitizers in the near-infrared red (NIR)
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region, which can penetrate deeply into the body, poses a
limitation.® Additionally, the selective delivery of photosensiti-
zers to tumor tissues is currently inadequate, affecting thera-
peutic efficacy and potentially increasing side effects.'® To
fully utilize the potential of PDT in cancer treatment, the devel-
opment of effective delivery platforms is crucial.

In this study, we have developed hybrid nanoparticles by
combining a photosensitizer-bearing polysaccharide nano-
particle with upconversion nanoparticles (UCNPs) to create an
NIR laser-activatable photosensitizer for PDT (Fig. 1)."
Previously, we reported the successful development of chlorin
e6-bearing pullulan (Che6P) nanoparticles, which improved
the stability of chlorin e6 in aqueous media and demonstrated
superior therapeutic efficacy compared to the commercially
available photosensitizer, Photofrin.'> These promising pro-
perties of Che6P nanoparticles as a photosensitizer motivated
us to explore the potential of hybrid nanoparticles as an NIR
laser-activatable photosensitizer for PDT. To enhance the light
absorbability of Che6P nanoparticles in the NIR region and
enable efficient activation in biological systems, we focused on
UCNPs,"® which can convert NIR light into visible light.

This study focuses on evaluating the performance of hybrid
nanoparticles, Che6P-UCNPs, as an NIR laser-activatable
photosensitizer in cancer therapy. Che6P-UCNPs could convert
dissolved oxygen into cytotoxic singlet oxygen through energy

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic illustration of photodynamic activity against cancer
spheroid using hybrid nanoparticle comprising upconversion nano-
particles and chlorin e6-bearing pullulan.

transfer from NIR laser emitted UCNPs to chlorin
e6 molecules in aqueous media. Che6P-UCNPs induced cell
destruction upon NIR laser irradiation, and their therapeutic
efficacy surpassed that of Photofrin and hybrid liposomes
comprising Che6 and UCNPs. Additionally, results from the
spheroid growth inhibition assay indicated the potential appli-
cability of our system as a photosensitizer in cancer treatment.
Furthermore, the intravenous injection of Che6P-UCNPs
resulted in sufficient tumor tissue accumulation. Notably, the
hybrid nanosystems were effectively cleared from major
organs, such as the liver and spleen, mitigating the risk of
undesirable side effects. In vivo experiments using a tumor
xenograft model further confirmed the performance of the
hybrid nanosystem as an NIR-activatable photosensitizer.
Treatment with Che6P-UCNPs under NIR irradiation success-
fully suppressed tumor growth and significantly inhibited
tumor metastasis, a crucial aspect in cancer treatment.

Results and discussion

Preparation of hybrid nanoparticles comprising of UCNPs and
chlorin e6 bearing pullulan

Che6P was  synthesized, as previously described
(Scheme S11).'* The effects of the substitution degree of
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chlorin e6 molecules on the physicochemical properties of the
hybrid nanoparticles and the therapeutic efficacy of PDT were
investigated. The substitution degree of chlorin e6 to glucose
units of the polymers was quantified as 0.54, 2.22, and 2.80,
respectively, using UV-Vis absorption spectroscopy (Fig. S1,T
solid line) and "H NMR (Fig. S21). The resulting Che6P mole-
cules were labeled as Che6P-0.54, Che6P-2.22, and Che6P-2.80,
respectively.

The nanoparticles were prepared as previously described.12
The hydrodynamic diameter (Dyy) of Che6P-0.54, Che6P-2.22,
and Che6P-2.80 was 227, 153, and 128 nm, respectively, based
on dynamic light scattering (DLS) (Table 1). These measure-
ments indicated that the hydrophobized polysaccharide
formed small nanoparticles by packing the substituted chlorin
e6 molecules within each nanoparticle. Furthermore, the
nanoparticle size remained relatively stable for two days,
suggesting colloidal stability in aqueous media (Fig. S37).
{-Potential measurements revealed the negatively charged
nature of the Che6P nanoparticles. Transmission electron
microscopy (TEM) observations confirmed the spherical mor-
phology of the Che6P nanogels (Fig. S4t), with sizes consistent
with the results obtained by DLS. Additionally, the absorption
spectra of chlorin e6 molecules broadened (Fig. S1,} dashed
line), and the fluorescence from chlorin e6 was quenched
(Fig. S5t) after formulation, suggesting the systems were
formed via self-aggregation of chlorin e6.

In this work, oleic acid-capped Er/NaYF,:Yb was used as
UCNPs since it can convert NIR to green light (Fig. 2a purple
and S6t), which is suitable for chlorin e6 activation due to
spectral matching. The Dy, of UCNPs was around 20 nm, and
TEM observation revealed spherical morphology with a 20 nm
diameter (Fig. 2b). Che6P-UCNPs were prepared using the
injection method based on supramolecular chemistry.'®'?
UCNPs dispersed in tetrahydrofuran at concentrations of 1, 10,
and 100 pg mL™"; (500 pL) were injected into an aqueous dis-
persion of Che6P nanoparticles (0.1 mg mL ™", 10 mL). Hybrid
nanoparticles were spontaneously formed, primarily through
hydrophobic interactions. The resulting dispersion appeared
homogeneous and transparent, indicating the encapsulation
of UCNPs by Che6P nanoparticles.

The Dy, value of the Che6P nanoparticles did not signifi-
cantly change upon complexation with UCNPs (Table 1). The
sizes obtained were suitable for achieving the enhanced per-
meability and retention (EPR) effect, which is crucial for
passive tumor targeting properties.'® The electrically anionic
character of Che6P nanogels, resulting from the presence of
free carboxylic acid in chlorin e6, also shifted to electrically
neutral (—0.1-1 mvV), suggesting that chlorin e6 molecules
were anchored in the hydrophobic layer on the UCNP surface,
while the UCNPs were surrounded by the electrically neutral
polymer backbone of pullulan. TEM observation without stain-
ing revealed the cluster-like structure of UCNPs (Fig. 2c, d, e,
and S7f). The number of UCNPs increased with the UCNPs
concentration (Table S17).

After complexation, the absorption spectra of Che6P nano-
particles broadened (Fig. S8%), indicating that the flexibility of

Biomater. Sci, 2024,12, 5766-5774 | 5767
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Table 1 Basic characterization of Che6P-UCNPs
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Fig. 2 Characterization of Che6P-UCNPs. (a) Comparison of UCNPs emission spectra between UCNPs (purple) and Che6P-UCNPs (red). Black line
indicates the absorption spectrum of Che6P-0.54. (b) Representative morphology of UCNPs. The samples were observed using TEM without stain-
ing. Accelerate voltage was set at 100 kV. (c, d and e) Representative morphology of Che6P-0.54-UCNPs-1 (c), Che6P-0.54-UCNPs-10 (d), and
Che6P-0.54-UCNPs-100 (e). The samples were observed using TEM without staining. Accelerate voltage was set at 100 kV. (f) Representative mor-
phological images of hybrid liposomes. The samples were observed using TEM without staining. Accelerate voltage was set at 100 kV. (g) Time
course of 9,10-anthracenediyl-bis(methylene) dimalonic acid (ABDA) bleaching through oxidation by 'O, data represented as mean + Standard devi-

ation (n = 3).

the chlorin e6 moiety was reduced by insertion into the alkyl
chain of oleic acid on the surface of UCNPs. The fluorescence
from chlorin e6 also slightly increased upon complexation
(Fig. S971), suggesting that the anchoring of chlorin e6 into
oleic acid helped moderate the self-aggregation of chlorin
e6 molecules. Furthermore, the fluorescence from UCNPs
around 520-550 nm and 640-660 nm in Che6P-UCNPs
(Fig. 2a, red) overlapped with the absorption of chlorin e6,

5768 | Biomater. Sci, 2024,12, 5766-5774

indicating an efficient energy transfer between UCNPs and
chlorin e6 when the UCNPs were activated by a 980 nm laser.
In this work, we employed hybrid liposomes comprising
UCNPs and Che6 as NIR laser irradiation activatable control
using conventional DDS carrier. The hybrid liposomes were
prepared via extrusion methods (DOPC, 10 mM; UCNPs,
100 pg mL™"; Che6, 33.1 pM)."” The Dy, of hybrid liposomes
were determined to be 120 nm and the agglomerate of UCNPs

This journal is © The Royal Society of Chemistry 2024
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was observed by TEM (Fig. 2f), indicating these nanoparticles
not located within lipid bilayer but coated with lipid
membrane.

The ability of Che6P-UCNPs to generate singlet oxygen
under laser irradiation was evaluated using an anthracene
derivative (ABDA) as a probe (Scheme $21)'® and their conver-
sion efficiency was compared with hybrid liposomes. The
absorption of ABDA (350-400 nm) was bleached over time due
to oxidation by singlet oxygen generated by Che6P-UCNPs
under NIR laser irradiation (Fig. S10t). In the absence of
UCNPs, Che6P nanoparticles alone could not convert dissolved
oxygen into singlet oxygen over a 1 h period of NIR laser
irradiation (Fig. 2g, dashed line). However, in the presence of
Che6P-UCNPs, a decrease in ABDA absorbance was observed
upon laser exposure, and the amount of singlet oxygen gener-
ated increased with the concentration of UCNPs in all systems
(Fig. 2g, solid line). For example, in the case of Che6P-0.54-
UCNPs-100, 16% of ABDA was consumed after 60 min of
irradiation. These results indicate that the upconverted red
emission from UCNPs effectively activated the chlorin e6 in
the Che6P molecules through NIR laser irradiation.
Additionally, the Che6P-0.54-UCNPs-100 system exhibited the
highest efficiency among the Che6P-UCNPs systems (Table 1).
As the substitution degree of chlorin e6 increased, the conver-
sion efficiency of ABDA decreased, suggesting that a larger
amount of chlorin e6 molecules could induce undesirable self-
quenching through molecular packing within the polymer
matrix of each hybrid nanoparticle. Though the loaded
amount of UCNPs and Che6 in hybrid liposomes are same as
Che6P-0.54-UCNPs-100, photodynamic activity of our hybrid
nanogel system was 9 times higher than that of hybrid lipo-
somes under NIR laser irradiation. We hypothesized that the
differences in 'O, generation capacity between Che6P-0.54-
UCNPs-100 and hybrid liposomes was caused by accessibility
of dissolved oxygen to photo-activated chlorin e6. In case of
hybrid liposomes, chlorin e6 located in lipid membrane which
shield access of dissolved oxygen to chlorin e6, resulting in
'0, generation efficiency got lessened. In addition, the
difficulty in control of distance between UCNPs and
Che6 molecules, which is important to achieve efficient energy
transfer, could decrease the conversion efficiency. In contrast,
dissolved oxygen can easily access to the chlorin e6 since the
large part of nanogel in volume was occupied with water and
chlorin e6 should be surrounded by polysaccharides which
can be easily hydrated. These fascinating properties of
Che6P-0.54-UCNPs can potentially enhance photodynamic
activity of chlorin e6. Importantly, during this period, more
than 98% of the absorbance of chlorin e6 remained in all
systems (Fig. S11}), and no undesirable precipitation was
observed, indicating the stability of the current systems under
photo-irradiation.

Photodynamic activity of hybrid nanoparticles in vitro

To assess the biocompatibility of the current system as a
photosensitizer, its effect on murine fibroblast cells (L929),
which serve as a healthy cell model, was evaluated in dark con-

This journal is © The Royal Society of Chemistry 2024
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dition by WST-8 assay. No significant cytotoxicity was observed
in any of the systems, indicating that the hybrid systems are
non-cytotoxic and suitable as photosensitizers (Fig. S127). In
the current conditions, NIR laser irradiation resulted in no
1929 cell destruction (Fig. S1371), suggesting that our system
can avoid severe side effects on healthy tissues.

The performance of Che6P-UCNPs as a photosensitizer was
compared to that of Photofrin and hybrid liposomes,'® which
was used as a control. Photofrin and hybrid liposomes did not
induce cytotoxicity even under NIR laser irradiation (Fig. 3a,
dashed line, yellow and white symbols). In contrast, photo-
induced cytotoxicity was observed only when Colon26 cells
were exposed to Che6P-0.54-UCNPs-100 for 24 h (Fig. 3a, solid
line, red symbols, S14, and S15%). The order of photodynamic
activity in vitro was comparable to singlet oxygen generation
capacity (Fig. S167). The half-maximal inhibitory concentration
(ICs0) value was estimated to be 0.22 uM. The photodynamic
activity against cancer cells is comparable to the capability of
Che6P-UCNPs to generate singlet oxygen. We further
addressed mechanism in cell death using Che6P-0.54-UCNPs-
100 under NIR-laser irradiation by Annexin V-PI method.>
When the cells treated with Che6P-0.54-UCNPs-100 without
exposure of NIR-laser, the population of the cells were similar
to that of non-treated cells (Fig. S17%). In contrast, the popu-
lation shift was found following irradiation of NIR laser. This
result clearly indicates the system could kill cancer cells via
apoptosis.

To clarify the differences in photo-induced cytotoxicity
against cancer cells, the cellular uptake of Che6P-UCNPs was
evaluated by flow cytometry. After 24 h of incubation, Colon26
cells treated with Che6P-UCNPs (Che6P, 100 pug mL™") were
analysed (Fig. 3b). There were no significant differences in cel-
lular uptake among Che6P-UCNPs systems, indicating that cel-
lular uptake does not affect the differences in photo-induced
cytotoxicity found in Che6P-UCNPs. Moreover, the cellular
uptake amount of Che6P-UCNPs systems in Colon26 cells were
around 5 times larger than that in L929 cells (Fig. S187). For
oxidative stress toward specific organelles, including mito-
chondria®® and lysosome®® enhances the cytotoxicity from
PDT, a subcellular distribution of delivered Che6P-UCNPs was
observed by confocal laser scanning microscope (CLSM) after
24 h of incubation with Che6P-UCNPs. In all the systems, fluo-
rescence signals from chlorin e6 were detected within cells
(Fig. 3c and S19%), and there were no significant differences in
distribution among Che6P-UCNPs. In addition, fluorescence
signals from chlorin e6 of hybrid liposomes were faint, indicat-
ing the deliverability of photosensitizer of hybrid liposomes
were lower than that of Che6P-UCNPs system (Fig. 3¢ bottom
panel). We further examined ROS generation capacity within
cells using a commercially available fluorescent probe,
DCFH-DA, for ROS detection.>®> ROS expression level in
Colon26 cells treated with Che6P-0.54-UCNPs-100 with NIR-
laser irradiation were 16 times larger than that without NIR-
laser irradiation (Fig. S207%), indicating that the system can
efficiently convert energy from NIR-laser into ROS even in
cells.

Biomater. Sci, 2024,12, 5766-5774 | 5769
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Fig. 3 Photodynamic activity against cancer cells. (a) Photo-induced cytotoxicity toward Colo26 cells. Colon26 cells were co-incubated with
Che6P-0.54-UCNPs-100 (red), Photofrin (yellow), and hybrid liposomes (white) for 24 h. The cells were exposed to a 980 nm laser for 30 min (solid
line, diamond symbol), and dark control was maintained in an incubator (dashed line, circle symbol). After additional 24 h, cell viability was estimated
by WST-8 assay (n = 3). Data are present as mean + standard deviation (n = 3). (b) Relative cellular uptake of Che6P-UCNPs. Colon26 cells were
exposed to Che6P-UCNPs (polymer concentration, 0.1 mg mL™) for 24 h. The cells were analyzed by flow cytometry. Data are presented as mean +

standard deviation (n = 3). (c) Subcellular distribution of the delivered Che6P-UCNPs. Colon26 cells were exposed to Che6P-0.54-UCNPs-100
(polymer concentration, 0.1 mg mL™?) for 24 h. The samples were observed by CLSM.

Photodynamic activity of hybrid nanoparticles toward
spheroid

We demonstrated the potential applicability of Che6P-0.54-
UCNPs-100 as a photosensitizer toward cancer spheroid,
which is used as advanced tumor tissue model.>* We used the
cancer spheroid prepared with EZ sphere® after Colon26 cell
spheroids grew up to 100 pm. The deliverability of Che6P-0.54-
UCNPs-100 in cancer spheroids was investigated using CLSM.
In case of Photofrin and hybrid liposomes, their fluorescence
signals were faint (Fig. 4a and Fig. S21%). In contrast, stronger
signals were three-dimensionally spread through the cancer
spheroids (Fig. 4b). Che6P-0.54-UCNPs-100 could penetrate the
center of spheroids compared to Photofrin. This capability to
penetrate deeper tissues is preferable to induce cell death uni-
formly in tumor tissues.

The performance of photosensitizer was addressed by
WST-8 assay. After 24 h of incubation with Che6P-0.54-UCNPs-
100 or Photofrin (Che6P-0.54, 100 pg mL™"; Ches,
3 pM : Photofrin, 3 pM), the treated spheroids were exposed to
980 nm laser for 30 min. After additional 24 or 48 h, cell viabi-
lity was quantified by WST-8 assay. In case of Photofrin and

5770 | Biomater. Sci, 2024, 12, 5766-5774

hybrid liposomes, photo-induced cytotoxicity was not induced
toward Colon26 in the current condition (Fig. 4c). In contrast,
60% of colon cells were killed by 980 nm laser irradiation after
24 and 48 h of incubation. Spheroidal growth was examined
via inhibition assay. After exposure to 980 nm laser, the
volume of spheroids was significantly shrunk only when
exposed to Che6P-0.54-UCNPs-100 (Fig. 4d). Regrowth was not
observed during the period, and several spheroids collapsed at
four days after laser ablation. In contrast, Photofrin and hybrid
liposomes could not suppress spheroid growth even after NIR
laser exposure; the concentration of porphyrin unit and
Che6P-0.54-UCNPs-100 was the same. These results demon-
strate that Che6P-UCNPs are potentially applicable as an NIR-
activatable photosensitizer for cancer treatment in complex
biological settings.

Photodynamic activity of hybrid nanoparticles in vivo

The photodynamic activity against tumor xenograft model
mice was demonstrated. The estimation of peak in accumu-
lation of photosensitizer toward tumor tissue is critical to
maximize the therapeutic benefits from PDT. A pharmacoki-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Therapeutic efficacy of PDT using Che6P-UCNPs toward cancer
spheroid. Distribution of the Photofrin (a) and Che6P-0.54-UCNPs-100
(b) in the Colon26 spheroid. Colon26 spheroid was exposed to
Che6P-0.54-UCNPs-100 or Photofrin (Che6P-0.54-UCNPs-100, 0.1 mg
mL™* ([chlorin e6] = 3.25 uM); Photofrin, 3.25 uM) for 24 h. The cells
were stained with Hoechst 33342. (c) Photodynamic activity toward
Colon26 spheroid. Colon26 spheroids were co-incubated with
Che6P-0.54-UCNPs-100 or Photofrin (Che6P-0.54-UCNPs-100, 0.1 mg
mL~ ([chlorin e6] = 3.25 uM); Photofrin, 3.25 uM) for 24 h. The spheroids
were exposed to a 980 nm laser for 30 min. After 24 and 48 h, cell viabi-
lity was measured by WST-8 assay. (White, without 980 nm laser
irradiation; black, with 980 nm laser irradiation.) Data are presented as
mean + standard deviation (n = 3). (d) Spheroidal growth inhibition via
PDT. Colon26 spheroids were co-incubated with Che6P-0.54-UCNPs-
100 or Photofrin (Che6P-0.54-UCNPs-100, 100 ug mL™ ([chlorin e6] =
3.25 pM); Photofrin, 3.25 pM) for 24 h. The spheroids were exposed to a
980 nm laser for 30 min (solid line). Non-irradiation controls are pre-
sented as a dashed line. The volume of spheroid was monitored at each
time point (0, 1, 2, and 4 days). (Black, PBS; red, Che6P-0.52-UCNPs-
100; yellow, Photofrin; white, hybrid liposome.) Data are presented as
mean + standard deviation (n = 10).

netic study was conducted for Che6P-0.54-UCNPs-100 and
hybrid liposomes in tumor xenograft model mice by in vivo
imaging system (NightOWL). Tumor xenograft model mice were
established by transplantation of Colon26 cells to Balb/c mice
(male, four weeks old, 18 g).>® After 10 days of incubation (tumor
volume reached approximately 80 mm?®), the mice received
Che6P-0.54-UCNPs-100 (1 mg mL ™", 200 pL) or hybrid liposomes
intravenously. Severe side effects, including sudden death, diar-
rhea, and hair inversion, were not found in both systems in any
mice, indicating that theses hybrid systems are nontoxic photo-
sensitizer in vivo. The accumulation of the hybrid systems was
visualized by NightOWL, and blood circulation was quantified by
measuring the yttrium (Y) concentration using inductively
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coupled plasma-atomic emission spectroscopy (ICP-AES).”
Retention in blood stream of both systems were relatively short
(Fig. 5a, closed circle) and the blood half-life time of Che6P-0.54-
UCNPs-100 and hybrid liposomes were estimated to be 2.1 and
1 h, respectively. In addition, 75% of Che6P-0.54-UCNPs-100 and
almost all the hybrid liposomes were excreted from blood at
24 h-post-injection. During the circulation, these hybrids can be
accumulated in tumor tissues via EPR effect,® and fluorescence
signals from Che6P-0.54-UCNPs-100 and hybrid liposomes in
tumor tissues increased with time (Fig. 5b). As both Che6P-0.54-
UCNPs-100 and hybrid liposomes accumulation in tumor tissues
plateaued after reaching its peak at 6 h (Fig. 5a, open circle), NIR
irradiation toward tumor tissues was done at 24 h-post-injection
of the hybrid.

In addition, the Che6P-0.54-UCNPs-100 could deliver 20-fold
chlorin e6 to tumor tissue than hybrid liposomes at the end
point. At 24 h-post-injection, the organ distribution (tumor, heart,
liver, spleen, lung, and kidney) of Che6P-0.54-UCNPs-100 and
hybrid liposomes was evaluated ex vivo by measuring its fluo-
rescence from chlorin e6, and the tumor showed the strongest
fluorescence (Fig. S227). The accumulation of the hybrid in each
organ was quantified by measuring Y using ICP-AES. Y accumu-
lation in each organ corresponded to the biodistribution results
(Fig. 5¢). To address the deliverability in vivo, the intratumoral dis-
tribution of delivered hybrid systems was observed; fluorescent
signals from Che6P-0.54-UCNPs-100 were detected in both extra-
cellular matrix and cytosol in highly dense tumor tissues
(Fig. 5d). The systems could penetrate and spread three-dimen-
sionally (Fig. S237). These aspects of the current system are advan-
tageous to induce efficient damages to cancer cells via oxidative
stress by PDT. In contrast, fluorescence signals from hybrid lipo-
somes were faint (Fig. S247), and these results are comparable to
the results in deliverability in spheroids.

Finally, the anti-tumor efficacy of Che6P-0.54-UCNPs-100
system in a murine colon carcinoma xenograft model was
investigated. At 24 h-post incubation of Che6P-0.54-UCNPs-
100, Photofrin® or hybrid liposomes, NIR laser was irradiated
to the tumor tissue for 1 h (Fig. 5e). The controls, including
saline, Photofrin without laser irradiation, hybrid liposomes
without laser irradiation, Che6P-0.54-UCNPs-100 without laser
irradiation, and Photofrin with light irradiation showed rapid
tumor growth (1000 mm?® at 17 days) (Fig. 5f and $251). In con-
trast, NIR irradiation toward tumor xenograft model mice
receiving Che6P-0.54-UCNPs-100 and hybrid liposomes could
significantly suppress tumor growth (Fig. S25f and gt), and
Che6P-0.54-UCNPs-100 exhibited the most excellent thera-
peutic efficacy among these groups. In addition, the average
tumor volume was decreased to less than 1/400 of that in the
non-irradiation control groups at 20 days after treatment, and
photodynamic activity of Che6P-0.54-UCNPs-100 was 8 times
higher than that of hybrid liposomes at 20 days after treat-
ment. Moreover, there were no significant body weight loss in
all groups during the experiment (Fig. 5g), suggesting that the
system did not affect the long-term health of mice. Since a
long-term exposure to photosensitizer and inorganic nano-
particle-based UCNPs can induce undesirable concerns,
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Fig. 5 Performance of Che6P-UCNPs as NIR-activatable photosensitizers. (a) Tumor accumulation and circulation in the blood stream of
Che6P-0.54-UCNPs-100 in tumor xenograft model mice. Che6P-0.54-UCNPs-100 were administrated to tumor-xenograft model mice intra-
venously. At each time point (0, 1, 3, 6, and 24 h), the blood Y concentration was quantified by ICP-AES, and its accumulation in tumor tissues was
quantified by measuring the fluorescence intensity, which was visualized by an in vivo imaging system. Data shown are mean + SE (n = 5). (b)
Biodistribution of Che6P-0.54-UCNPs-100. After the administration of Che6P-0.54-UCNPs-100, the mice were observed by an in vivo imaging
system at each time point (0, 1, 3, 6, and 24 h). (c) Biodistribution of Che6P-0.54-UCNPs-100 and hybrid liposomes. After the administration,
accumulation of yttrium using Che6P-0.54-UCNPs-100 (red) or hybrid liposomes (white) in each organ was quantified by ICP-AES. Data shown are
mean + SE (n = 5). (d) Intratumoral distribution of Che6P-0.54-UCNPs-100. After administration of Che6P-0.54-UCNPs-100, the tumor was isolated,
and cellular nuclei were visualized by DAPI after permeabilization. (e) Time course for PDT using Che6P-0.54-UCNPs-100. (f) PDT activity of
Che6P-0.54-UCNPs-100 under NIR-irradiation. Tumor xenograft model mice were treated with PBS (black), Photofrin (yellow), or Che6P-0.54-
UCNPs-100 (red). Afterward the mice were irradiated with NIR laser (closed circle). Non-irradiation controls are shown in open circles. The tumor
volume was calculated as (long axis) x (short axis)?/2. Data shown are mean + SE (n = 5). (g) Changes in body weight during the treatment. Data
shown are mean + SE (n = 5). (h) Inhibition of metastasis. At 20 days after NIR laser exposure, the lung was isolated, and metastasis was counted.
Data shown are mean + SE (n = 5).

including photosensitivity’® and inflaimmatory®’ at worth the same as that in the saline administered group, indicating

oncologization, the photosensitizers and UCNPs should be
excreted from the body after the treatment. To estimate the
residual quantity of Che6P-0.54-UCNPs-100 at 20 days post-
injection, the Y contents in each organ (heart, liver, spleen,
lung, and kidney, and tumor) were measured using ICP-AES.
As shown in Fig. $26,1 the Y concentration in each organ of
mice receiving Che6P-0.54-UCNPs and hybrid liposomes was

5772 | Biomater. Sci,, 2024,12, 5766-5774

that our hybrid systems were completely excreted from the
body, so undesirable side effects caused by a long-term reten-
tion of the system can be avoided.

Because metastasis is the most fatal issue in cancer treat-
ment due to malignancy and complexity,>” the number of colo-
nies formulated in the lungs by metastasis (Fig. 5h and S277)
was metastasis. Treatment with Che6P-0.54-UCNPs-100 under

This journal is © The Royal Society of Chemistry 2024
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NIR irradiation was twice as effective in metastasis inhibition
compared to the control groups. Metastasis suppression
should be obtained by efficient and uniform damages to
cancer cells in tumor tissues, including cancer cells surround-
ing blood vessels, which is likely to metastasize, and cancer
stem cells via PDT.

Conclusion

In conclusion, we developed a facile hybrid nanosystem com-
prising UCNPs and Che6P. Our system exhibited an excellent
photodynamic activity via excellent energy transfer between
UCNPs and Che6 molecules by controlling distances these two
components and accessibility of dissolved oxygen to
Che6 molecules under NIR laser irradiation, and the photo-
dynamic activity from Che6P-UCNPs induced cell destruction
in vitro. The hybrid system showed an excellent ability in gen-
erating singlet oxygen even in actively growing cancer spher-
oids. The efficient accumulation of Che6P-0.54-UCNPs-100 in
tumor tissues in tumor xenograft mice resulted in NIR
irradiation toward tumor xenograft model mice receiving
Che6P-0.54-UCNPs-100, which could significantly suppress
tumor growth. The average tumor volume was decreased to
less than 1/400 of that in the control groups. In addition,
photodynamic activity of Che6P-UCNPs in vivo was 8 times
higher than that of hybrid liposomes which is employed as
NIR activatable photosensitizer. Moreover, the systems could
suppress cancer metastasis during the experiment. We believe
that the hybrid systems are applicable as NIR-activatable
photosensitizers for cancer therapy.
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