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Photodynamic therapy (PDT) is an effective treatment method for tumors. But the specifically accumu-
lated of photosensitizer was very difficult in the tumor site, which greatly limited the efficacy of PDT.
Here, mitochondria-targeted Janus mesoporous nanoplatform (JPMO-Pt-CTPP-ZnPc) for PDT was prepared,
the nanoplatform has uniform size (275 nm) and good dispersion and biocompatibility. The confocal laser
scanning microscopy (CLSM) revealed the signal of ZnPc of JPMO-Pt-CTPP-ZnPc were higher than JPMO-
Pt-ZnPc in tumor cells, and flow cytometry results showed the cell uptake efficiency of JPMO-Pt-CTPP-
ZnPc was 2.5-fold higher than that of JPMO-Pt-ZnPc. This revealed the modification of CTPP significantly
improves the targeting ability of the nanoplatform. In vitro anti-tumor experiment showed the JPMO-Pt-
CTPP-ZnPc significantly inhibited the growth of tumor cells upon the irradiation of low-power laser, and
the survival rate of cells incubated with 60 png/mL JPMO-Pt-CTPP-ZnPc was only 3%. Simultaneously, com-
pared with JPMO-Pt-ZnPc (not modified with mitochondria targeting molecules CTPP), the PDT efficacy

of JPMO-Pt-CTPP-ZnPc was significantly better, as it has targeted mitochondria in cells.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) is an effective treatment method
for tumors [1-13]. PDT stimulates the photosensitizer to produce
reactive oxygen species (ROS) upon exposure to light, thereby in-
ducing tumor cell damage [14-17]. PDT mainly relies on photosen-
sitizers, light with specific wavelengths, and oxygen [18,19]. It is
not invasive, shows no obvious drug resistance, and results in few
side effects. However, there are still problems with PDT that must
be overcome [20-22]. First, photosensitizers are mostly aromatic or
porphyrin molecules with poor solubility in water and a tendency
to aggregate [23], which results in biological toxicity and limits the
effective dose of photosensitizers. Second, photosensitizers are de-
graded in blood circulation, resulting in a low utilization rate. Most
importantly, photosensitizers do not specifically accumulate at the
tumor site [24,25], which substantially limits the effect of PDT [26].
As approaches to solve these problems, researchers have synthe-
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sized many nanoplatforms for PDT to improve the water solubility
of photosensitizers and to enable them to specifically act on tumor
tissues [27].

Mitochondria are the power stations of cells and regulate many
biological processes in cells, including biosynthesis, signal trans-
duction, and apoptosis [28]. Based on accumulating evidence, mi-
tochondria play a vital role in tumor biological processes (tumor
development, growth, metastasis, etc.), which all require mitochon-
dria to provide energy support [29]. Recently, the use of mitochon-
dria as tumor treatment targets has attracted extensive attention
from researchers [30-34]. Notably, the increase in the mitochon-
drial ROS content may activate the cell death mechanism. There-
fore, PDT targeting mitochondria is an effective treatment method
for tumors [35]. However, the development of a more efficient
strategy to increase the mitochondrial ROS content in tumor cells
remains a challenge.

In this study, we used a Janus nanoplatform consisting of
periodic mesoporous organosilica-coated platinum nanoplatforms
(JPMO-Pt) as the carrier of zinc phthalocyanine (ZnPc, a pho-
tosensitizer) and modified the JPMO-Pt surface with (3-carboxy-
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Fig. 1. (a) SEM and (b, ¢) TEM images of the JPMO-Pt at different magnifications.
(d-g) EDX elemental mapping of C, O, Si and Pt elements and (h) the merged ele-
mental images.

propyl)triphenylphosphonium bromide (CTPP, a mitochondria-
targeting molecule) to construct a photodynamic nanoplatform tar-
geting mitochondria. The prepared JPMO-Pt-CTPP-ZnPc had uni-
form size, good dispersity, and biocompatibility. The JPMO-Pt-
CTPP-ZnPc effectively targeted the mitochondria of tumor cells to
achieve efficient PDT for tumors. The results of cell-based experi-
ments indicated that compared with JPMO-Pt-ZnPc, JPMO-Pt-CTPP-
ZnPc had a stronger mitochondria-targeting effect and a greater
killing effect on tumor cells.

We used the amphiphilic block polymer F127 as the structure-
directing agent and H,PtClg as the precursor to synthesize meso-
porous Pt nanoparticles. TEM and SEM images (Fig. S1 in Support-
ing information) revealed that the synthesized Pt had a good dis-
persity and uniform size (diameter: approximately 95 nm). Then,
mesoporous organosilica was deposited on one side of the meso-
porous Pt nanoparticles using 1,2-bis(triethoxysilyl)ethane as the
precursor and cetyltrimethylammonium bromide as the surfactant
to prepare the JPMO-Pt [36,37]. SEM and TEM images (Figs. 1a-
c) revealed that the synthesized JPMO-Pt had a good dispersity
and uniform size (diameter: approximately 244 nm). The elemen-
tal maps of C, O, Si and Pt in the JPMO-Pt (Figs. 1d-h) demon-
strated that Pt only existed on the fringes of the nanocomposite
structure, while most O, C and Si atoms were evenly distributed
in the mesoporous organosilica on the periphery of Pt. The results
further suggested that the JPMO-Pt is a Janus structured nanocom-
posites [38-40].

The results of Fourier transform infrared spectroscopy indicated
the JPMO-Pt-CTPP had two more absorption peaks than the JPMO-
Pt in the interval of 1400-1600 cm~! (Fig. 2a). These two absorp-
tion peaks were derived from the characteristic peaks of the ben-
zene ring skeleton of the CTPP, indicating that the JPMO-Pt was
successfully modified with CTPP. We used JPMO-Pt-CTPP to adsorb
ZnPc (a photosensitizer) and enable JPMO-Pt to be used in PDT
of tumors. The Fourier transform infrared spectroscopy of JPMO-
Pt-CTPP-ZnPc had more absorption peaks than the JPMO-Pt-CTPP
in the interval of 1400-1600 cm~!, demonstrating the successfully
loading of ZnPc (Fig. S2 in Supporting information). The drug load-
ing content of ZnPc in the nanoplatform was approximately 13%.
The UV-visible spectra (Fig. 2b) indicated that ZnPc had absorption
peaks at 606 nm and 666 nm, and the absorption peak at 666 nm
was a distinct strong absorption peak with the highest intensity.
A comparison of the UV-vis spectra before and after loading ZnPc
revealed that the JPMO-Pt-ZnPc and JPMO-Pt-CTPP-ZnPc exhibited
significantly stronger absorption than the JPMO-Pt from 600 nm to
800 nm, which further confirmed that the JPMO-Pt-CTPP success-
fully adsorbed ZnPc. We stably modified the surface with CTPP (a
mitochondria-targeting molecule) to enable JPMO-Pt to target mi-
tochondria. First, the surface of JPMO-Pt was modified with amino
groups. The dynamic light scattering results indicated that the
diameters of the JPMO-Pt, JPMO-Pt-CTPP and JPMO-Pt-CTPP-ZnPc
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Fig. 2. (a) Fourier transform infrared spectra of JPMO-Pt and JPMO-Pt-CTPP. (b) UV-
visible spectra of ZnPc, JPMO-Pt, JPMO-Pt-ZnPc, JPMO-Pt-CTPP and JPMO-Pt-CTPP-
ZnPc. (c) Hydrodynamic sizes of Pt, JPMO-Pt, JPMO-Pt-CTPP, JPMO-Pt-CTPP-ZnPc. (d)
Zeta potentials of JPMO-Pt, JPMO-Pt-NH,, JPMO-Pt-NH,-CTPP, and JPMO-Pt-CTPP-
ZnPc.

were 245, 271 and 275 nm, respectively (Fig. 2c), respectively, in-
dicating that the JPMO-Pt-CTPP-ZnPc had good dispersity and sta-
bility. The zeta potential (Fig. 2d) indicated that JPMO-Pt was elec-
tronegative with a potential of approximately —19.1 mV after the
removal of the surfactant CTAB, and the JPMO-Pt became elec-
tropositive with a potential of +38.2 mV after amino modification.
The change in the potential indicated that the surface of JPMO-Pt
was successfully modified with amino groups. Next, we success-
fully obtained the nanocomposite particles with a mitochondria-
targeting function (JPMO-Pt-CTPP) by linking the activated CTPP to
the amino groups on the surface of JPMO-Pt through amidation.
The zeta potential (Fig. 2d) demonstrated that the surface poten-
tial of the JPMO-Pt-CTPP was approximately +30.5 mV, which was
approximately 7.7 mV lower than the surface potential of JPMO-
Pt-NH, at the same concentration. This difference is because the
reaction between CTPP and amino groups on the JPMO-Pt, further
confirming the successful modification of the JPMO-Pt with CTPP.

Then mitochondrion targeting of JPMO-Pt-CTPP-ZnPc in 4T1
cells was evaluated by confocal laser scanning microscopy (CLSM)
and the results were shown in Fig. 3a. The obvious co-localized
fluorescent signals (yellow) from the ZnPc and mitochondria re-
vealed that mitochondria-targeting efficiencies of JPMO-Pt-CTPP-
ZnPc were higher than JPMO-Pt-ZnPc. That is, JPMO-Pt-CTPP-ZnPc
exhibited targeted accumulation in mitochondria. Furthermore, we
have investigated the 3D colocalization of JPMO-Pt-CTPP-ZnPc in
4T1 cells and the results showed that JPMO-Pt-CTPP-ZnPc local-
ized in the mitochondrion compared to JPMO-Pt-ZnPc (Fig. S3 in
Supporting information).

Next, the cellular uptake of JPMO-Pt-CTPP-ZnPc and JPMO-Pt-
ZnPc in 4T1 cells was quantified using flow cytometry. As shown
in Fig. 3b, the fluorescent intensity of ZnPc in 4T1 cells incu-
bated with JPMO-Pt-CTPP-ZnPc was significantly higher than that
of JPMO-Pt-ZnPc. The median fluorescent intensity of ZnPc in
4T1 cells incubated with JPMO-Pt-CTPP-ZnPc was approximatively
2.5-fold higher than that in 4T1 cells incubated with JPMO-Pt-
ZnPc (Fig. 3c). These results demonstrate that the modification
of CTPP significantly improves the mitochondrion-targeting ability
and much higher 4T1 cancer cell accumulation.

Finally, we evaluated the cytocompatibility of the JPMO-Pt,
JPMO-Pt-ZnPc, and JPMO-Pt-CTPP-ZnPc. MTT experiments indi-
cated that after the cells were incubated with different concen-
trations of JPMO-Pt, JPMO-Pt-ZnPc, and JPMO-Pt-CTPP-ZnPc for 24
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Fig. 3. (a) Imaging of mitochondrial colocalization in 4T1 cells incubated with
JPMO-Pt-ZnPc or JPMO-Pt-CTPP-ZnPc for 24 h. 4T1 cells without any treatment
were set as control. The scale bar is 10 pm. (b) Representative flow diagrams of
4T1 tumor cells incubated with JPMO-Pt-ZnPc or JPMO-Pt-CTPP-ZnPc for 24 h. 4T1
cells without any treatment were set as control. (c) The medial fluorescent intensity
of ZnPc. Each experiment was repeated three times.
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Fig. 4. (a) Viability of 4T1 cells incubated with different concentrations of JPMO-
Pt, JPMO-Pt-ZnPc, and JPMO-Pt-CTPP-ZnPc in the dark for 24 h. (b) Viability of 4T1
cells incubated with different concentrations of JPMO-Pt, JPMO-Pt-ZnPc, and JPMO-
Pt-CTPP-ZnPc in the dark for 48 h. (c) Viability of 4T1 cells incubated with different
concentrations of JPMO-Pt, JPMO-Pt-ZnPc, and JPMO-Pt-CTPP-ZnPc after irradiation
with a 660 nm laser (10 mW/cm?) for 15 min. (d) Viability of 4T1 cells incubated
with different concentrations of JPMO-Pt, JPMO-Pt-ZnPc, and JPMO-Pt-CTPP-ZnPc
after irradiation with a 660 nm laser irradiation (10 mW/cm?) for 30 min.

or 48 h, the cell viabilities all exceeded 80% (Figs. 4a and b),
which indicated that the three materials all had good biocompat-
ibility. Subsequently, we studied the PDT effects of JPMO-Pt-ZnPc
and JPMO-Pt-CTPP-ZnPc on 4T1 cells. First, we assessed the cyto-
toxic effect of the JPMO-Pt upon irradiation with a laser at 660 nm
(10 mW/cm?). As shown in Figs. 4c and d, after 15 or 30 min of
laser irradiation, the 4T1 cells incubated with different concentra-
tions of JPMO-Pt for 24 h all showed viabilities exceeding 80%, in-
dicating that the JPMO-Pt was not phototoxic to 4T1 cells. The re-
sults also suggested that JPMO-Pt had good biocompatibility. Af-
ter 15 min of laser irradiation at 660 nm (10 mW/cm?2), 4T1 cells
incubated with the JPMO-Pt-ZnPc or JPMO-Pt-CTPP-ZnPc evidently
decreased in viability. Notably, at the same concentration, the vi-
ability of 4T1 cells incubated with JPMO-Pt-CTPP-ZnPc was lower
than that of 4T1 cells incubated with JPMO-Pt-ZnPc (Fig. 4c). This
difference is because JPMO-Pt-CTPP-ZnPc killed tumor cells more
effectively by increasing the level of ROS in the mitochondria of
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cells due to its mitochondria-targeting effect. When the irradiation
duration was extended to 30 min, the viability of the 4T1 cells
incubated with low concentrations of JPMO-Pt-CTPP-ZnPc further
decreased (Fig. 4d). After 30 min of laser irradiation, the viability
of the 4T1 cells incubated with 60 pg/mL JPMO-Pt-CTPP-ZnPc for
24 h was only approximately 3%, indicating that the JPMO-Pt-CTPP-
ZnPc exerted an excellent PDT effect on 4T1 tumor cells. Then the
accumulation of the JPMO-Pt-CTPP-ZnPc in tumors was assessed
in a mouse breast cancer model by intravenously injecting JPMO-
Pt-CTPP-ZnPc, and the tumors of the mice showed obvious fluo-
rescence at 24 h postinjection (Fig. S4 in Supporting information),
suggesting that JPMO-Pt-CTPP-ZnPc can accumulate in tumor for
further therapy.

In summary, we constructed a ZnPc-loaded CTPP-modified
Janus mesoporous nanoplatform, JPMO-Pt-CTPP-ZnPc, to enhance
the PDT effect. This nanoplatform had a uniform size (275 nm)
and good dispersity and biocompatibility. The result of confocal
laser scanning microscopy (CLSM) and flow cytometry revealed
the modification of CTPP significantly improves the targeting abil-
ity of nanoplatform. In vitro antitumor experiments revealed the
JPMO-Pt-CTPP-ZnPc significantly inhibited the growth of tumor
cells upon low-power laser irradiation and that the viability of
cells incubated with 60 pg/mL JPMO-Pt-CTPP-ZnPc was only 3%.
The PDT effect of JPMO-Pt-CTPP-ZnPc was evidently superior to
that of JPMO-Pt-ZnPc (not modified with a mitochondria-targeting
molecule), indicating that the JPMO-Pt-CTPP-ZnPc produces a bet-
ter PDT effect by targeting the mitochondria in cells. The PDT
nanoplatform designed in this study targets the mitochondria of
tumor cells and subsequently increases the killing efficacy for can-
cer cells, showing great potential in PDT of tumors and providing
a new direction for effective tumor treatment.
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