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Enhanced porphyrin-based fluorescence imaging-guided photodynamic/
photothermal synergistic cancer therapy by mitochondrial targeting
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ABSTRACT Mitochondria are the power plants of the cell
and play key roles in activating the apoptotic pathway in
cancer cells, which are readily susceptible to cytotoxic reactive
oxygen species and temperature elevations. Herein, we develop
a “nanomissile” that targets mitochondria to enhance tumor
treatment effects by facilitating mitochondrial dysfunction
and releasing cytochrome C to activate the apoptotic pathway
of cancer cells under 650-nm laser irradiation. Porphyrin-
grafted polydopamine nanomaterial (PTPF-MitP) is designed
as a nanomissile, with integrated O,-evolving photodynamic
therapy and moderate photothermal therapy, which can se-
lectively deliver to the mitochondria through a targeting unit,
MitP. The cytotoxicity of PTPF-MitP to human lung tumor
cells is twice as high as that of PTPF that does not have mi-
tochondrial targeting units. In addition, it represents a real-
time visualization and highly efficient treatment for tumor
sites in vivo. This development represents a viable strategy for
cancer therapy.

Keywords: porphyrin-based phototherapy, mitochondria tar-
geting, real-time visualization, synergistic cancer therapy, hy-
poxia

INTRODUCTION
Phototherapy, typically as photodynamic therapy (PDT) and
photothermal therapy (PTT), is achieved by photosensitizers
(PSs) that absorb light energy to generate cytotoxic reactive
oxygen species (ROS) or hyperthermia within near-infrared
(NIR) laser irradiation, causing cell damage and even apoptosis
[1,2]. Given that the local PSs are activated using specific
wavelengths, phototherapy has the advantages of being non-
invasive, highly selective, and repeatable without resistance to
therapy [3]. Recently, several phototherapy schemes were pre-
vailing for the treatment of various cancers, such as obstructive
lung cancer [4], colon cancer [5], skin cancer [6,7], and bladder
cancer [8].

However, the challenge is to enhance the efficacy of photo-
therapy [9-12], considering that the produced ROS exhibits a

short half-life (<40ns) and diffusion range (0.1pm) in the
phototherapy procedure [13-15]. It could be a great and pro-
mising choice for the comprehensive utilization of the generated
cytotoxic substances (e.g., substantial ROS and hyperthermia) to
antitumor. Mitochondria are among the essential organelles for
cancer cells that play a central role in cell metabolism and the
apoptotic pathway, where multiple forms of non-apoptotic cell
death and necrosis-inducing biochemical cascades converge on
the mitochondria [16-19]. Generally, mitochondria are suscep-
tible to ROS and hyperthermia, which can cause mitochondrial
dysfunction and even apoptosis. Recently [20], Jung et al. [21]
reported that hyperthermia could enhance treatment by direct-
ing photothermal reagents to the mitochondria. Meanwhile,
Noh et al. [22] developed a mitochondria-targeting photo-
dynamic therapeutic reagent to enhance cancer treatment.
Therefore, mitochondria-targeted O,-evolving PDT and PTT
synergistic strategies are promising strategies for solid tumor
treatment since they can cause the complete death of cancer
cells, improve therapeutic efficacy, and reduce the rate of
unwanted side effects [23].

Herein, inspired by the strategy of “King Yu Tamed the
Flood”, where the flood was controlled by dredging the river, we
designed a nanomissile integrated with O,-evolving PDT and
PTT, which could be accumulated in mitochondria in a targeted
manner to unclog the pathway that releases cytochrome C and
induces the apoptosis of tumor cells. Upon the 650-nm laser
irradiation, excess ROS and hyperthermia caused mitochondrial
dysfunction, releasing cytochrome C to activate the mitochon-
dria-related apoptotic pathway and even induce the death of
cancer cells [24,25].

The nanomissile was constructed by functionalizing por-
phyrin with folic acid (TCPP-PEG-FA), Pt nanoparticles (NPs)
loaded-polydopamine (PDA@Pt), and fluorescein iso-
thiocyanate-tagged lipocationic selective peptide (MitP-FITC;
the structure is shown in Scheme S1). The designed PDA@Pt-
TCPP-PEG-FA-MitP-FITC (PTPF-MitP) enhanced the cancer
treatment efficiency by the following aspects: (i) hierarchical
targeting strategy further improved the availability of nanoma-
terials. With the high affinity of folic acid to cell surface folic
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acid receptors, the folic acid derivatization facilitates the selec-
tive delivery of diagnostic and therapeutic agents to cancer cells
through the cell membrane [26,27]. Moreover, MitP was used as
a mitochondrial targeting unit. (ii) Pt NPs were loaded to
overcome hypoxia by decomposing H,O, to O,, thus improving
the O,-dependent PDT effect. (iii) The tumor mitochondrial
targeting delivery method initiated the irreversible apoptotic
pathway during PDT and PTT. Therefore, a mitochondria-tar-
geted nanotherapeutic system with the integrated excellent PDT
and PTT would not only lead to a favorable suppression of the
tumor but also provide guidance for the development of cancer
therapeutic strategies.

EXPERIMENTAL SECTION

Materials and instruments
Meso-tetra(4-carboxyphenyl) porphyrin (TCPP) was synthesized
in our laboratory (the synthetic method is shown in Supple-
mentary Information). Polyethylene glycol (PEG) (Mw = 4000),
N-hydroxysuccinimide (NHS), 3-hydroxytyramine hydro-
chloride (DA-HCI), and folic acid (FA) were obtained from
3AChemicals. Chloroplatinic acid hexahydrate (H,PtCls-6H,0),
sodium borohydride (NaBH,), and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC-HCI) were purchased
from Aladdin. Ammonium hydroxide (30%) and fluorescein
isothiocyanate-tagged lipocationic selective peptide (MitP-FITC)
were obtained from Beijing Protein Innovation Ltd. All reagents
were used without further purification. Deionized water used in
our experiments was obtained from a Milli-Q water system. 1,w-
Diaminopolyoxyethylene (Mw = 4000) was synthesized accord-
ing to the reported method with slight modification [28].
Ultraviolet-visible (UV-vis) absorbance measurements were
performed on a Shimadzu UV-1750. Fourier transform infrared
(FTIR) characterization was recorded on a Nicolet Nexus 670
FTIR spectrometer using KBr pellets. Transmission electron
microscopy (TEM) images of the nanomaterials were obtained
using a JEM-3010 TEM. High-resolution TEM (HRTEM) ima-
ges were obtained on JEM-1400. Scanning electron microscopy
(SEM) images were taken by using a field emission SEM
(SU8010). Fluorescence spectroscopy was performed on an
Edinburgh FS5 spectrophotometer. Powder X-ray diffraction
(PXRD) analysis was conducted on RIGAKU SMARTLAB9KW
(Japan) with Cu Ka (A = 1.5418 A). X-ray photoelectron spec-
trometer (XPS) was conducted using the VG ESCALAB MKIL
Zeta potential and dynamic light scattering (DLS) of the samples
were tested using Zetasizer Nano ZS90. Pt concentration was
analyzed using Agilent 7700x inductively coupled plasma mass
spectrometry (ICP-MS). 'H nuclear magnetic resonance (*H
NMR) spectra were recorded on a Bruker Avance-400
(400 MHz) spectrometer at 25°C with dimethyl sulfoxide
(DMSO-dg) as the solvent and tetramethylsilane as the internal
standard.

Synthesis of TCPP-PEG-FA

Synthesis of TCPP-PEG-FA (its structural formula is presented
in Fig. S1): NH,-PEG-FA was prepared according to the
reported procedure with a slight change [29,30]. First, FA
(44.1 mg, 0.1 mmol) was dissolved in DMSO (3mL). Then,
EDC-HCI (28.8 mg, 0.15mmol) and NHS (17.3 mg, 0.15 mmol)
were added to the above solution, followed by stirring for 12 h in
darkness. Finally, NH,-PEG-NH, (400 mg) was dissolved in
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CHCl; (1mL) and DMSO (2mL), and functionalized FA was
added to the above reaction solution, which was then stirred for
24 h. The product was precipitated in diethyl ether and dried in a
vacuum.

TCPP-PEG-FA nanocomplexes were synthesized according to
the published protocols with minor modifications [31]. First,
TCPP (3.954 mg, 5pumol) was mixed with EDC-HCI (1.917 mg,
10 umol) and NHS (1.151 mg, 10 pumol) in DMSO (1mL) for
30 min at 25°C in the dark. Then, the above-prepared NH,-PEG-
FA (40mg) was slowly added to the above-activated TCPP
molecules. After reacting for 24 h, excess TCPP molecules, cat-
alysts, and DMSO were removed using Millipore filters (Mw =
8000-14,000) for 24h. Afterward, the purified TCPP-PEG-FA
was dissolved in deionized water (9 mL) and stored at —4°C for
future use.

Synthesis of polydopamine (PDA) and PDA@Pt nanospheres
The PDA nanospheres with a size of 140 nm were synthesized
via oxidation self-polymerization using the previous method
[32]. Deionized water (45 mL), ethanol (20 mL), and ammonium
hydroxide (1.5 mL) were stirred for 20 min at 30°C, and DA-HCl
solution (250 mg, 25 mg mL™") was added directly to the reaction
system, and stirred at 30°C for 24h, resulting in a brownish-
black-like solution. After purification by centrifugation at
10,000 rmin~!, the obtained PDA nanospheres were washed
several times with deionized water. Finally, the product was
dried at 50°C and collected for future use.

PDA@Pt nanospheres were prepared by mixing PDA powder
(4mg) with H,PtCls-6H,0 (6 mL, 4 mmolL™) solution under
stirring for 1h, followed by addition of NaBH, solution (600 pL,
4mgmL™) and further stirring for 3h. The product was pur-
ified by centrifuging at 10,000 r min™ and washing several times
with deionized water. At last, it was stored in deionized water
(1mL) at room temperature.

Synthesis of PTPF-MitP nanocomposite

The PTPF was synthesized by adding PDA@Pt (200 uL) and
TCPP-PEG-FA (3mL) to deionized water (10 mL). The reaction
was allowed to proceed for 24h at room temperature and in
darkness, with constant stirring. After the reaction ended, the
composite was collected via centrifugation at 10,000 r min™!,
washing with water several times and drying in a vacuum.

The PTPF-MitP nanocomposite was obtained by mixing PTPF
(3mg) dissolved in phosphate-buffered saline (PBS) (pH 7.4)
with FITC-labeled MitP (100 uL, 5mgmL™) under magnetic
stirring for 12h. After that, unconjugated FITC-labeled MitP
were removed using Millipore filters (Mw = 8000-14,000).
Finally, the purified PTPF-MitP were obtained and stored at
—4°C for future use.

The PDA-TCPP-PEG-FA-MitP and PTPF were prepared
under the same process except without Pt source and MitP unit.

Catalase activity detection of PTPF-MitP nanocomposite

The catalase activity of PTPF-MitP was recorded by measuring
the absorbance of the remaining H,O, concentration at 240 nm.
The absorbance of the solution containing PTPF-MitP
(30 pgmL™) and H,0, (10 mmol L™) was recorded every 4 min
while comparing with PDA-TCPP-PEG-FA-MitP dispersion
(30 ug mL™") in the H,O, (10 mmol L™!). Meanwhile, the catalytic
repeatability of PTPF-MitP was also operated by the addition of
H,0; (10 mmol L™) to the suspension every 30 min [33,34].
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Singlet oxygen generation by PTPF-MitP nanocomposite

The 1,3-diphenylisobenzofuran (DPBF) was regarded as the
trapping probe to determine the generation of singlet oxygen
due to DPBF, which was easily oxidized by ROS, showing the
obviously decreasing absorption at 410 nm. In the typical pro-
cess, PTPF-MitP (2pL, 3mgmL™), PDA-TCPP-PEG-FA-MitP
(2uL, 3mgmL™), H,O, (10pL, 10mmolL™), DPBF (10 pL,
2.7mgmL™, dissolved in acetonitrile), and 650 nm laser irra-
diation with a power density of 0.3 W cm™ were used to measure
the PDT efficiency. The UV-vis absorption of DPBF was
recorded and compared in the presence or absence of H,O,, Pt
NPs, and laser irradiation.

Mitochondrial recruitment assessment

The human lung tumor cells (A549) were treated with PTPF-
MitP for 24h at 37°C. After removing the culture medium, the
incubated cells were washed with PBS several times, followed by
staining with Hoechst 33342 (5mgL™) for 1h at 37°C and
washing with PBS twice. Subsequently, the cells were stained
with Mito-Tracker Red (100 nmol L™!) for 30 min and observed
through a confocal laser scanning microscope (CLSM).

Cytotoxicity assays

The CCK-8 Assay Kit (Dojindo) was utilized to evaluate the cell
viability. A549 cells and mouse sarcoma (S180) cells were treated
with PTPF and PTPF-MitP, respectively, at various concentra-
tions ranging from 0 to 160 uygmL™ for 24 h.

Cell viability assessment after irradiation

After the A549 cells and S180 cells were incubated with PTPF
and PTPF-MitP (160 ugmL™) for 24 h, the treated cells were
irradiated with 650nm at a power density of 0.3 W cm™ for
6 min. The CCK-8 Assay Kit was used to assess the cell viability
after PDT and PTT. The cell death was recorded by means of
propidium iodide (PI) staining [35].

Western blotting

The A549 cells were incubated with PTPF and PTPF-MitP,
respectively, at the same concentration of 160 pgmL™ for 24 h,
and exposed to 650-nm irradiation for 6 min (cells with no
irradiation were used for comparison), followed by the extrac-
tion of mitochondria. To detect both cytoplasmic and mito-
chondrial cytochrome C, the treated cells were homogenized
with a Dounce homogenizer (20-50 strokes). The cell lysates

H,PtCl,-6H,0

NaBH,

Figure 1
The inset in (c) is the HRTEM of Pt NPs.
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were centrifuged at 1000 r min™ and 4°C to remove nuclei and

intact cells. The obtained suspension was then centrifuged at
10,000 rmin~! to get the supernatant cytoplasm and the pellet
state of mitochondria, respectively. The levels of cytoplasmic and
mitochondrial cytochrome C were detected with cytochrome C
monoclonal antibody (Abcam) [36].

Animal model and fluorescence tracer in vivo

The female Balb/c mice (~20g, Huafukang, China) were
inoculated with S180 tumor cells (5x10° cells per mouse) near
the lower limbs. After inoculation for seven days, PTPF-MitP
(200 uL, 1 mgmL™) were intravenously injected into the mice,
followed by the observation at 1, 2, and 24 h post-injection using
the in vivo imaging system (Xenogen, IVIS Lumina II, USA).

Phototherapy in vivo

The female Balb/c mice with S180 tumors were intravenously
injected with PTPF-MitP and PTPF (200pL, 1mgmL™),
respectively, followed by irradiation with 650nm laser
(0.3 W cm™2) for 6 min at 24 h. The tumor volume was calculated
as (length) x (width)* x 1/2 with a caliper. The relative tumor
volume was calculated as V/V,, where V, and V indicated the
tumor volume on the first day and the day of measurement.
Tumor volumes were monitored for 12 more days. The mice
were weighed, anesthetized, and sacrificed.

Ethical statement

All biological experiments, including the animal experiments
and the cell culturing experiments, were conducted in accor-
dance with the guidelines of the Animal Care and Use Com-
mittee of Nankai University and the experiment guidelines of
the College of Life Science at Nankai University. The Committee
approved all of the experiments.

Statistical analysis

Continuous data are presented as the mean + standard devia-
tion, while categorical data are presented as frequencies and
percentages (%). Differences in the strains were compared using
Student’s t-test. All statistical analyses were performed using the
SPSS Statistics Software (V20, IBM, USA).

RESULTS AND DISCUSSION

The specific fabrication of nanocomposite is presented in Fig. 1a.

TCPP-PEG-FA ¥
MitP-FITC o
Aq

100 n

(a) Schematic illustration of the preparation procedure. (b) TEM images of PDA nanospheres, (c) PDA@Pt, and (d) PTPF-MitP nanocomposite.
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First, PDA nanospheres were synthesized at 30°C via oxidation
self-polymerization of dopamine under alkaline conditions (30%
ammonia, pH 10). The uniform size and spherical morphology
are displayed in TEM (Fig. 1b) and SEM images (Fig. S2a). The
obtained PDA nanospheres had an average size of ~140nm.
Owing to the abundant amino and hydroxyl groups, PDA shows
a weak reductive ability and often acts as coordination sites for
metal ions [32]. Therefore, Pt** was reduced on the surface of
PDA nanospheres by the addition of NaBH,, and the mor-
phology and size of the prepared PDA@Pt were similar to those
of PDA nanospheres in TEM (Fig. 1c) and SEM images
(Fig. S2b). The PXRD of PDA@Pt revealed the (111) and (200)
crystal faces of cubic spinel Pt NPs (Fig. 2b) [37]. To further
prove the size and structure of Pt NPs in the PDA@Pt, the
HRTEM was operated (Fig. S3) and the obtained lattice spacing
and size of Pt NPs were 0.224 and 3 nm (Fig. 1c).

Then, TCPP-PEG-FA was obtained via the amide reaction and
further characterized by '"H NMR, in which the appearance of
the integral area of PEG polymers confirmed the presence of
PEG polymers (Fig. S1). The synthesized TCPP-PEG-FA reacted
with PDA@Pt to produce PTPF and then was further modified
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by MitP-FITC to form PTPF-MitP. As shown in the UV-vis
spectra (Fig. 2a), the absorbance peaks of TCPP in PTPF-MitP
were observed at 414, 515, 553, 583, and 636 nm, which were
assigned to a major Soret band and four-Q bands [38]. These
results present the successful graft of TCPP-PEG-FA. Moreover,
the amount of TCPP onto the PTPF-MitP was also determined
to be about 8.5wt% according to the standard curve of free
TCPP (Fig. S4). From the FTIR spectra (Fig. S5a), the specific
peak was observed at 1098 cm™ for the PTPF-MitP spectrum,
which was assigned to v,(C-O-C) of PEG, indicating TCPP-
PEG-FA was successfully grafted to PTPF-MitP. The peak at
1645 cm™ was striking in the TCPP-PEG-FA spectrum, which
was attributed to v,(C=0) in the amide bond. However, after
the successful synthesis of PTPE-MitP, the absorbance at
1645 cm™ disappeared, which was attributed to the coordination
with Pt NPs.

To further demonstrate the successful synthesis of PTPF-
MitP, as shown in the fluorescence spectroscopy of PTPF-MitP
(Fig. S5b), the emission peaks of FA, FITC, and TCPP were
observed at 346, 510, and 658 nm via the excitation of 270, 490,
and 420 nm, respectively. Also, the size and morphology of the
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Figure 2 Spectra of TCPP, TCPP-PEG-FA, PDA@Pt, PTPF-MitP from the (a) UV-vis, (b) PXRD, (c, d) XPS, (e) zeta potential measurement, and (f) DLS.
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resultant PTPF-MitP were exhibited by using TEM (Fig. 1d) and
SEM images (Fig. S2¢) having a size of 150 nm. In the PXRD
patterns of PTPF-MitP (Fig. 2b), the peaks at 39.8° and 46.2°
were assigned to (111) and (200) of the cubic spinel structure of
Pt NPs (PDF#70-2057). Besides, Fig. 2c shows the XPS spectrum
of PTPF-MitP, demonstrating the presence of Pt [39]. The peaks
at 71.0 and 74.6eV are attributed to Pt 4f;, and Pt 4f;),,
respectively (Fig. 2d). In addition, the ICP-MS showed that there
was 6.8 wt% of Pt in PTPE-MitP. With the modification of PDA
step by step, the change of zeta potentials was also displayed
(Fig. 2e). Correspondingly, the hydrodynamic size increased to
287.6nm by measuring DLS (Fig. 2f). Moreover, PTPF-MitP
showed good solubility in various physiological solutions such as
PBS, deionized water, and cell culture media, including 10% fetal
bovine serum during a month (Fig. S6a). Meanwhile, the PTPF-
MitP exhibited high biocompatibility demonstrated by the
excellent dispersion stability in PBS for more than a week
(Fig. S6b). After incubation with H,O, (20 mmol L™) for 2 and
30 min, the characteristic absorption of the PTPF-MitP showed
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neglectable changes, but the hydrodynamic size for the PTPF-
MitP NPs increased from 287.6 to 338.1 nm (Fig. S7).

To certify that PTPF-MitP possessed an efficient catalase-like
property, the time-dependent H,O, decomposition was analyzed
after the addition of PTPF-MitP, and as expected, enormous
bubbles were observed in the tube after reacting for 20 min at
room temperature. Meanwhile, the additional H,O, was
decomposed within 40 min by recording the specific absorbance
of H,0; at 240 nm (Fig. 3a). However, in the absence of Pt NPs,
the H,O, solution of PDA-TCPP-PEG-FA-MitP showed negli-
gible bubbles under the same condition (Fig. 3b). It proved that
PTPE-MitP retained highly sensitive recognition and catalysis
toward H,0,, accompanying the burst of O,. To simulate tumor
conditions where H,O, was continuously produced within
tumor tissues [40,41], the catalytic activity of PTPF-MitP was
further investigated by the repetitive addition of H,O, three
times, demonstrating that PTPF-MitP retained its persistent
catalytic activity (Fig. 3c). Furthermore, the detailed concentra-
tion of the above additional H,O, was also assessed according to
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Figure 3 UV-vis spectra of the remaining H,0O, were recorded after reaction with (a) PTPF-MitP and (b) PDA-TCPP-PEG-FA-MitP in pH 7.4. The inserted
photo in (a) indicates the production of countless gas bubbles. (c) Repeated decomposition by the addition of H,O, to the PTPF-MitP solution. Attenuation
curves of DPBF absorption at 410 nm in the (d) PTPF-MitP solution with or without H,O, during different times of irradiation, (¢) PDA-TCPP-PEG-FA-MitP
solution with or without H,O, during different times of irradiation. (f) Heating curves of PTPF-MitP at different concentrations under irradiation (650 nm,

0.3Wcm™2).
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the absorbance at 240 nm (Fig. S8a, b).

Since PTPE-MitP possessed catalytic capability toward H,O,,
it could act as a nanofactory to produce O,, enhancing the ROS
generation of the O,-dependent photodynamic process. As a
significant component of ROS, singlet oxygen (*O,) played a
crucial role in the death of cancer cells. Its generation capability
was evaluated by using DPBF as a trapping probe (Fig. 3d, e and
Fig. S9). A series of control experiments were operated under the
same condition. First, the characteristic absorption peak of
DPBF at 410nm did not decrease obviously under laser irra-
diation in the presence or absence of H,0,, indicating that there
are no 'O, molecules produced in the process (Fig. S9a,, a,).
Then, there are similar results indicating that the presence of Pt
was beneficial to the production of 'O, (Fig. S9b;, ci, ;). As
expected, the addition of H,O, to the PTPF-MitP showed DPBF
absorption at 410 nm apparently decreased within 20 min of
irradiation (650-nm laser, 0.3 W cm2); however, the absence of
H,0, extended the time (Fig. 3d and Fig. S9b;, ¢;). Further
experiments observed the key role of Pt NPs under the same
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operation (Fig. 3d, e and Fig. S9¢i, ¢;). The UV-vis absorption
band of DPBF at 410 nm in the PTPF-MitP solution with H,0,
declined faster than PDA-TCPP-PEG-FA-MitP (without Pt)
solution that contains H,O, with light irradiation for up to
20min (Fig. 3d, e). The higher 'O, level in the PTPF-MitP
system demonstrated the outstanding ROS generation efficiency
of the PTPF-MitP. Besides, the laser shows an almost equivalent
influence on the generation ability of 'O,. With the irradiation of
the PDA-TCPP-PEG-FA-MitP solution, there was an obvious
difference in the decrease of DPBF absorption at 410 nm
(Fig. S9b,, ¢z). PDA-TCPP-PEG-FA-MitP could rapidly produce
'0, within 30 min, oxidating more DPBF compared with the
absence of laser irradiation.

Having benefited from the broad absorption of PDA and
TCPP in the NIR region (Fig. S10), the photothermal property of
PTPE-MitP dispersed in PBS (pH 7.4) solution was verified as a
function of concentration. PTPF-MitP solutions of 0.15, 0.20,
0.25, and 0.30 mgmL™ were exposed to the 650-nm laser at a
power density of 0.3 W cm™ for different time periods, respec-
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Figure 4 (a) CLSM images of the mitochondria-targeted illustration of PTPF-MitP in A549 cells after 4 h of co-incubation. Scale bars: 20 um. (b, c) Viability
of the cells treated with PTPF-MitP and PTPF at various concentrations in the dark and laser irradiation. (d) Dead cells stained with PI before and after
irradiation. (e) Cytoplasmic and mitochondrial cytochrome C detected with cytochrome C monoclonal antibody (Abcam) with or without laser for PTPF-
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deviation (n = 5).
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tively. An obvious irradiation time- and concentration-depen-
dent temperature increase was observed. After 6 min of irra-
diation, the temperature of the PTPF-MitP solution
(0.2mgmL™) quickly rose from 27.4 to 50.1°C (Fig. 3f). As the
cancer cells can be effectively killed at temperatures of over 50°C
for 4-6 min [32], the PTPF-MitP could be used as an ideal PTT
reagent for the potential application in anticancer treatment.

It has been reported that the accumulation of ROS could
induce and initiate the apoptotic pathway of cancer cells in the
mitochondria [23,24]. It is expected the enhanced treatment
effect on cancer cells can be observed by delivering nanodrugs to
mitochondria. To confirm the assumption, first, the mitochon-
drial recruitment ability of PTPF-MitP was investigated by
incubating A549 cells with PTPF-MitP for 24 h. The obtained
nanomaterial-treated cancer cells were co-stained with organelle
trackers, nuclei identified with Hoechst 33342, and mitochon-
dria stained with Mito-Tracker Red. The CLSM revealed that the
PTPF-MitP could gather mainly at the mitochondria in A549
tumor cells (indicated by white arrows) (Fig. 4a). Particularly,
the cells treated with the PTPF-MitP exhibited dotted mito-
chondrial morphology, indicating a certain degree of mito-

chondrial damage. Subsequently, the cytotoxicity of PTPF-MitP
and PTPF was evaluated before laser irradiation using the CCK-
8 Assay Kit in A549 cells and S180 cells, showing the negative
toxicity at concentrations of up to 160pugmL™ (Fig. 4b and
Fig. S11a). In contrast, upon the laser irradiation, the cell via-
bility of PTPF-MitP decreased dramatically to 11% at a con-
centration of 160 ugmL™ compared with PTPF, which could be
attributed to its MitP moiety, an excellent mitochondrial tar-
geting unit; moreover, S180 cells showed lower cell viability of
approximately 10% under the same condition (Fig. 4c and Fig.
S11b). Simultaneously, the death percentage of PTPF-MitP or
PTPF-loaded cells was also recorded as determined by PI-stained
cells (Fig. 4d). After incubation with PTPF or PTPF-MitP NPs
for 24 h, the mitochondria were destroyed to release cytochrome
C from mitochondria. Particularly, in the PTPF-MitP system,
much more cytochrome C was released for the mitochondrial
targeting of MitP molecules. However, a short incubation period
(24h) provided a relatively weak response, making both PTPF
and PTPE-MitP NPs not show obvious cell-killing effects before
laser irradiation, which is consistent with a previous report [34].
Consequently, PTPF-MitP showed excellent cytotoxicity when
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the cells were irradiated and localized by a mitochondrial tar-
geting unit, up to twice as much as PTPF. The enhanced cyto-
toxicity of PTPF-MitP might depend on mitochondrial
dysfunction because of hyperthermia and excess ROS in the
mitochondria, inducing and triggering the death of cancer cells
(Scheme S2). It was reported that the release of cytochrome C
could act as a significant apoptotic signal [42,43]. Therefore,
changes in cytochrome C in the mitochondria were recorded
using cytochrome C monoclonal antibody (Fig. 4e). The results
showed that the production of ROS in the PTPF could damage
the mitochondria to a certain extent but the targeted recruitment
of PTPF-MitP to the mitochondria caused severer and irrever-
sible destruction, up to 1.6 times that of PTPF, after the irra-
diation.

On the basis of the above in vitro results, PTPF-MitP was also
promising for PDT and PTT with its synergistically suppressive
effects on tumor growth. The PTPE-MitP (200 uL, 1 mgmL™)
was intravenously injected into the mice bearing the solid
tumors via the red fluorescence of TCPP to trace the distribution
of PTPF-MitP in vivo (Fig. 5a). Compared with injection time at
1 and 24h, a significant fluorescence of PTPF-MitP was
observed in tumor tissues after injecting at 2 h. For mice injected
with PTPF-MitP, the tumor temperature rapidly increased to
45°C after being irradiated for 6 min (Fig. 5b), which was sui-
table for low-temperature PTT. Next, the therapeutic effect of
PDT and PTT using PTPF-MitP was evaluated by monitoring
the tumor volume after local laser irradiation (Fig. 5¢). Com-
pared with the control experiment, no obvious suppression
effect was observed for PTPF. Notably, the tumor was drama-
tically suppressed for PTPF-MitP with irradiation. Tumor
weight was also recorded, showing an obvious decrease in PTPF-
MitP (Fig. 5d). Also, there were no significant body weight
changes in each group during the treatment, which proved that
all treatments had negligible side effects (Fig. 5e).

CONCLUSIONS

In summary, a novel mitochondria-targeted phototherapy
nanomaterial, PTPF-MitP, was fabricated with three functional
groups: (i) MitP as the mitochondrial targeting unit, (ii) TCPP as
the NIR fluorescent signaling unit, and (iii) PDA and TCPP as
the excellent PTT and PDT reagent, respectively. In addition, Pt
NPs act as a nanozyme to decompose H,O, to O,, relieving the
hypoxic microenvironment of tumor cells. In A549 cells, PTPF-
MitP was localized to the mitochondria, showing its excellent
phototherapy effect. Furthermore, by the selective delivery of
PTPF-MitP to the mitochondria and the achievement of PDT/
PTT-combined hypoxic cancer treatment under NIR laser irra-
diation, the tumors were obviously suppressed in vivo. The
designed novel nanotherapeutic system not only remarkably
improves the PDT and PTT therapeutic effects for solid tumors
under hypoxic environments by targeting mitochondria but also
broadens the horizon for cancer therapy by targeting PDT and
PTT in the mitochondria.
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