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Background: Natural cyclopeptide RA-XII, isolated from Rubia yunnanensis, is 
a promising chemotherapeutic agent for colon cancer. The photosensitizer protoporphyrin- 
IX attached with triphenylphosphonium (TPP) could possess mitochondria targeting capacity 
and exert photodynamic therapy (PDT) by inducing oxidizing damage to the mitochondria 
and cell apoptosis eventually. In this work, pH-sensitive liposomes were constructed to 
simultaneously deliver RA-XII as a chemotherapeutic drug and modified porphyrin as 
a mitochondria-targeting photosensitizer to treat colon cancer, and verified its mechanism 
of action and antitumor therapeutic efficacy.
Methods: The colon cancer targeting liposome nanoparticle RA/TPPP-Lip was synthesized 
using thin film hydration. The therapeutic effect and targeting ability of RA/TPPP-Lip was 
investigated in vitro. And use HCT116 cell allogeneic subcutaneous transplantation tumor 
model to investigate the anti-tumor and targeting effects of RA/TPPP-Lip in vivo.
Results: RA/TPPP-Lip gained the targeting ability through surface-modified HA to increase 
the accumulation of RA-XII and TPPP in colon cancer cells. A series of in vitro experimental 
results showed that TPPP produced cytotoxic ROS under laser irradiation to directly damage 
cell mitochondria and played a combined role with RA-XII, making RA/TPPP-Lip the best 
colon cancer cell growth inhibitory effect. Furthermore, in vivo antitumor experiments 
showed that the RA/TPPP-Lip substantially accumulated at the tumor site and efficiently 
repressed tumor growth in nude mice.
Conclusion: We have successfully designed a new cancer-targeted nanomedicine platform 
(RA/TPPP-Lip) for the collaborative treatment of colon cancer, which can achieve the 
targeted continuous release of multiple therapeutic drugs. This work provides a new strategy 
for precise combination therapy, which may promote the further development of collabora
tive cancer treatment platforms.
Keywords: natural cyclic peptide, liposome, mitochondrial targeted, photosensitizer, 
combination therapy nanosystem, colon cancer

Introduction
Colon cancer is one of the common malignancy of digestive tract in the world and 
the second leading cause of cancer associated death in the West.1,2 Chemotherapy still 
plays a significant role in the management of colon cancer because colon cancer is an 
advanced cancer that is difficult to completely eradicate through surgery.3 However, 
traditional cancer chemotherapeutic drugs have showed poor antitumor activity on 
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account of their major limitations, including low solubility 
and the lack of tumor specificity.4 In recent years, natural 
compounds, especially naturally derived compounds, have 
been recognized as effective anticancer drugs to improve 
efficacy and reduce the side effects of chemotherapy, at 
least 60% of the available anti-cancer agents currently on 
the market can be traced to natural products.5 Thereinto, 
increasing interest has been focused on cyclic peptides and 
related congeners due to their unique structures and anti- 
tumor activity. Natural cyclopeptide RA-XII, isolated from 
Rubia yunnanensis, demonstrates anti-carcinogenic and anti- 
inflammatory properties.6,7 Our previous investigation has 
established that RA-XII suppressed protective autophagy 
for promoting apoptosis in liver cancer cells through 
AMPK/mTOR/P70S6K pathway, and had potent efficacy in 
the treatment of breast cancer via PI3K/AKT/NF-κB 
pathway.8–11 Moreover, our latest study demonstrated that 
RA-XII inhibited tumor growth and metastasis in colon 
cancer, indicating that it is a promising chemotherapeutic 
agent for colon cancer.12,13

Present chemotherapy based on single-drug regimens is 
far from perfect. Cancer monotherapy treatment has severe 
side effects at higher doses and leads to multi-drug resistance, 
at last resulting in chemotherapy failure. Owing to the com
plex components and unique properties of tumor microenvir
onment, a combination of therapeutic approaches with two or 
more different drugs or mechanisms offers great promise for 
effective cancer treatment, due to its superiority in reducing 
non-specific toxicities, overcoming multi-drug resistance, 
improving prognosis and achieving synergistic effects.14–17 

It is argued that multidrug combination therapy has inherent 
pharmacological and pharmacokinetic advantages compared 
with single-agent therapy, because cancer development often 
involves many contributing factors that hitting a single target 
may not be enough to treat it efficiently. Photodynamic 
therapy (PDT) typically uses photosensitizers (PSs), such 
as porphyrins and phthalocyanines, absorbs light in 
a wavelength range of 600–800 nm and then forms cytotoxic 
reactive oxygen species (ROS), such as singlet oxygen and 
hydroxyl radicals, which may cause cancer cell death even
tually. The use of light-induced enhancement of drug deposi
tion is an emerging field of research: PDT has attracted 
widespread attention due to the noninvasive nature, site- 
specific triggered drug release, controllability, and insignif
icant side effects.18–21 Based on the excellent antitumor 
effects of PDT, the combination of both chemotherapy and 
PDT into a single therapeutic modality may achieve great 
synergistic therapeutic effect in vivo and significantly 

improve antitumor efficacy.22,23 In addition, targeted photo
therapy at the organelle level (nucleus,24,25 mitochondria,26 

endoplasmic reticulum,27 and plasma membrane)28,29 can 
address many important issues in the field of cancer therapy 
and improve the efficiency of PDT. Mitochondria, one of the 
most important energy-generating organelles, is crucial to 
maintain the cell homeostasis, so the direct damage of them 
could can lead to cell apoptosis rapidly. More importantly, 
mitochondria-targeting photosensitizers can overcome 
hypoxia factor and mitochondria provides excellent locations 
for organ-specific phototherapy because of its sensibility to 
ROS and heat.30–32 So far, many methods to 
achieve mitochondrial targeting have been reported. 
Triphenylphosphonium (TPP), a cation rich in delocalized 
positive charge, has sufficient lipophilicity.26

We have successfully developed a mitochondrial-tar
geted photosensitizer: Protoporphyrin-IX conjugated with 
TPP ligand (TPPP), which could easily permeate lipid 
bilayers and quickly accumulate into mitochondria 
(Scheme 1). Under the excitation of Near-infrared light 
at 660 nm wavelength, the TPPP in mitochondria kill 
colon cancer cells through ROS generation in situ. To 
avoid multiple administrations of different therapeutic 
agents and accumulation of RA-XII and TPPP in healthy 
cells, we developed a multistage responsive smart nano
medicine platform that possesses both chemotherapy and 
PDT therapeutic functions. In our design, RA-XII and 
TPPP were either embedded into the pH-sensitive lipo
somes shell to prolong the systematic circulation of anti
tumor agents. To improve colon tumor targetability, 
hyaluronic acid (HA) has been coated on the liposome 
surface, since HA can bind specifically to CD44, which 
is overexpressed in colon cancer cells and increase cellular 
uptake through CD44-mediated endocytosis.33–36 The 
obtained RA/TPPP-Lip nanoparticles could be degraded 
by the acidic microenvironment and release of RA-XII and 
TPPP. After laser irradiation, TPPP could lead to oxidative 
damage of mitochondrial through the generation of cyto
toxic ROS and then kill the colon cancer cells in coordina
tion with RA-XII. We have demonstrated that this system 
exhibited promising antitumor effect with reduced sys
temic adverse effect in both in vitro and in vivo assays.

Materials and Methods
Materials
Lipoid S100 (Soya Phosphatidvl Chdiae) was purchased 
from Lipoid (Ludwigshafen, Germany). Cholesterol 
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(CHOL) and 1,2-Dioleoyl-sn-glycero-3-phosphoethanola
mine (DOPE) were purchased from Avanti Polar Lipids 
(Alabaster, USA). 1.2-Dipalmitoyl-sn-glycero-3-phospho- 
ethanolamine (DPPE) was purchased from Corden Pharma 
Switzerland LLC (Switzerland). DSPE-mPEG2000 was pur
chased from Shanghai YuanYe Bio-Technology Co., Ltd 
(Shanghai, China). Triphenylphosphine and 3-bromopropy
lamine hydrobromide were obtained from Alfa Aesar (USA). 
RA-XII was isolated from R. yunnanensis and identified by 
mass spectrometry (MS) and nuclear magnetic resonance 
(NMR) by us. Sodium hyaluronate (molecular weight: 

5.6 kDa) was purchased from Shandong Freda 
Biopharmaceutical Co., Ltd. (Shandong, China). 3,3ʹ- 
Dioctadecyloxacarbocyanineperchlorate (DiO) was obtained 
from Sigma-Aldrich (St Louis, MO, USA). MitoTracker Red, 
MitoTracker Green, Hoechst 33342, LysoTracker Red and 
Annexin V-FITC/PI cell apoptosis kit were purchased from 
Invitrogen (Carlsbad, CA, USA). Calcein-AM/PI Cell 
Viability/Cytotoxicity Assay Kit and ROS Assay Kit were 
purchased from Shanghai Biyuntian Biotechnology Co., LTD 
(Shanghai, China). Ultrapure water was prepared using 
a Millipore Simplicity System (Millipore, Bedford, USA).

Scheme 1 Schematic illustration of the preparation of RA/TPPP-Lip and intracellular site-specific localized RA-XII and TPPP release for combination therapy after cell 
uptake of RA/TPPP-Lip with laser irradiation. RA-XII was served as a chemotherapy drug and TPPP was used for PDT under 660 nm irradiation.
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Characterization
Hydrodynamic diameter of the samples was measured by 
a Malvern Zetasizer Nano instrument (Malvern Company, 
UK). Transmission Electron Microscope (TEM) images 
were acquired on a Hitachi HT7700 Exalens microscope 
at 120 KV. Fluorescence images were obtained by 
a confocal laser scanning microscope (LSM700, Zeiss, 
Germany). Flow cytometric assay was captured by an 
Attune NxT flow cytometer (Thermo Fisher Scientific, 
USA). Animal fluorescence (in vivo and ex vivo) imaging 
was performed using 3D visible-light imaging system for 
small animals (IVIS Spectrum, PerkinElmer, USA).

Preparation of RA/TPPP-Lip
TPP-NH2 (3-aminopropyl) triphenylphosphonium was 
synthesized by the substitution of triphenylphosphine for 
bromine in 3-bromopropylamine.37 Then, the purified 
TPPP was synthesized via the amide coupling 
reaction between protoporphyrin-IX (-COOH) and TPP- 
NH2 (-NH2). 1H NMR, 13C NMR and LC-MS methods 
were used to confirm the structure of TPPP. 1H NMR (400 
MHz, CDCl3) δ 10.14–9.50 (overlapped, 3H, 64, 65, 68), 
8.68 (br.s, 1H, 78), 8.10 (br.s, 1H, 67), 7.85–6.56 (over
lapped, 33H, 1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 13, 14, 16, 17, 18, 
23, 24, 25, 26, 27, 29, 30, 31, 33, 34, 35, 36, 38, 39, 40, 
69, 71, 83), 6.46–5.88 (overlapped, 5H, 66, 70, 72), 4.22 
(br.s, 4H, 20, 42), 3.98–2.62 (overlapped, 19H, 22, 44, 73, 
74, 75, 76, 79, 81), 2.17 (br.s, 2H, 80), 1.20 (overlapped, 
8H, 21, 43, 56, 86); 13C NMR (100 MHz, DMSO-d6) δ 
172.35 (2C, 77, 82), 135.23 (3C, 51, 61, 71), 133.72 (21C, 
2, 4, 8, 12, 13, 17, 23, 24, 27, 30, 31, 33, 35, 39, 45, 46, 
54, 55, 57, 60, 62), 130.51 (24C, 1, 3, 5, 7, 9, 11, 14, 16, 
18, 25, 26, 29, 34, 36, 38, 40, 47, 49, 50, 53, 58, 59, 63, 
69), 121.45 (2C, 65, 68), 118.51 (7C, 6, 10, 15, 32, 37, 70, 
72), 98.62–96.47 (3C, 28, 66, 67), 38.89 (4C, 22, 44, 76, 
81), 22.45 (6C, 20, 21, 42, 43, 75, 80), 18.33 (2C, 73, 74), 
13.04 (1C, 79), 11.74 (1C, 86).

RA/TPPP-Lip (without HA) composed of S100: CHOL: 
DPPE: DOPE: DSPE-mPEG2000: TPPP: RA-XII at the 
molar ratios of 4:1:1:2:0.4:0.5:0.4 were first prepared by 
thin-film hydration method. In a typical method, they were 
dissolved in chloroform-methanol, evaporated to dryness by 
a rotary evaporator under vacuum to obtain a thin lipid film. 
Then, the lipid film was hydrated in pH 7.4 phosphate 
buffer saline (PBS) by rotating the round-bottom flask at 
68 °C for 1 h. The obtained multilamellar vesicles were 
sonicated with an ultrasonic probe for 8 min at 100 W with 

pulsing (pulse on 1 s, off 1 s) in an ice water bath, and then 
extruded through 0.22 μm filter membranes.

To prepare the HA-conjugated liposomes (RA/TPPP- 
Lip), the surface modification of the resulting liposomes 
was prepared according to the literature38 with some mod
ification. Briefly, sodium hyaluronate was hydrated in the 
2-(N-morpholino) ethanesulfonic acid buffer (Mes buffer) 
for some time, preactivated through incubation with EDC 
and NHS for 1 h at 37 °C, and then added into the 
liposome suspension. The next step was adjusting the pH 
to 7.8 by 100 mM borate buffer and incubating overnight 
at 37 °C. After incubation, HA modified liposomes (RA/ 
TPPP-Lip) were separated by dialysis bag to remove the 
excess reagents. Additionally, the Empty Liposome, RA- 
Lip, RA-Lip (without HA) and TPPP-Lip were prepared 
by using the similar procedures.

Characterization of RA/TPPP-Lip
The size and morphology of the RA/TPPP-Lip were 
observed by using TEM. Particle size distribution and zeta 
potential were performed on Malvern Zetasizer nano instru
ment (Malvern, UK). The encapsulation efficiency (EE) of 
the liposomes was determined as described below. In brief, 
after destruction of RA/TPPP-Lip with Triton X-100, liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 
was used to determine the concentrations of RA-XII. EE 
was calculated using the following equation:

EE (%)= (the amount of loaded RA-XII)/(the amount  
of added RA-XII)×100%

In vitro drug release was conducted using a dialysis 
method. One milliliter of RA/TPPP-Lip was placed in 
dialyzed bag (MWCO 14000) in 50 mL PBS buffer and 
stirred at 100 rpm at 37 °C. Aliquots (200 μL) of the 
release medium were withdrawn for analysis and replaced 
with fresh medium at different time points (up to 24 h). 
The amount of RA-XII released from RA/TPPP-Lip was 
measured by LC-MS/MS. The percentage of RA-V 
released at different time points was calculated using the 
equation:

Release (%)= cumulative amount released/total amount 
in liposomes ×100%

Cell Culture and Confocal Fluorescence 
Imaging
Human colorectal cancer cell line HCT116 and human 
normal intestinal epithelial cell line NCM460 were 
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obtained from Type Culture Collection of Chinese 
Academy of Sciences (Shanghai, China). HCT116 and 
NCM460 cells were cultured at 37 °C, 5% CO2. One day 
before imaging, HCT116 and NCM460 cells were seeded 
in 96-well flat-bottom culture plates for 24 h. Confocal 
fluorescence imaging was performed using a ZEISS Laser 
Scanning Microscope (LSM700, Zeiss, Germany) with 
a 63× oil-immersion objective.

In vitro Cytotoxicity Assay
For cytotoxicity assay of RA/TPPP-Lip, the seeded 
HCT116 cells were cultured in 96-well plates overnight 
and then treated with different concentrations of Empty 
Liposome, Free TPPP, Free RA-XII, RA-Lip, RA-Lip 
(without HA) and RA/TPPP-Lip for 24 h at 37 °C. The 
dose of Free RA-XII and TPPP was equal to the amount 
of RA-XII and TPPP in RA/TPPP-Lip. In addition, in 
order to explore the cytotoxicity after laser irradiation, 
the HCT116 cells were irradiated with 660 nm laser for 5 
minutes (1 W/cm2), and then incubated in the dark for 18 
hours. Cell viability was determined by SRB assay. 
Furthermore, in order to assess the therapeutic effect of 
RA/TPPP-Lip in vitro, the seeded HCT116 cells were 
irradiated with 660 nm laser and further incubating for 
18 h, then each group of cells was stained with Calcein- 
AM and PI for confocal fluorescence imaging.

Confocal Imaging of Intracellular ROS
After RA/TPPP-Lip treatment, DCFH-DA was employed 
as a ROS-responsive probe (10 μmol/L) to evaluate the 
intracellular ROS level. After seeding overnight, the 
HCT116 cells were incubated with RA/TPPP-Lip for 6 h, 
followed by 660 nm laser irradiation (1 W/cm2). 
Immediately, the cells were washed with PBS three times 
and then stained with DCFH-DA before imaging by LSM 
700.39

Flow Cytometry of Annexin V-FITC and 
PI
For apoptosis assays, the HCT116 cells were harvested 
following treated and double-stained with Annexin V and 
PI immediately before analysis by flow cytometry (at least 
50,000 cells for each experiment).

In vivo Therapy
Specific pathogen-free (SPF) female BALB/c nude mice, 
6–8 weeks of ages, were used for in vivo therapy. 

A subcutaneous-tumor-bearing nude mouse model was 
established by subcutaneously inoculating with 200 μL 
of PBS containing 1×106 HCT116 cells into the arm pit 
of the right anterior limb. All animal procedures were 
carried out accordance with the Guidelines for Care and 
Use of Laboratory Animals of China Pharmaceutical 
University and were approved by the Animal Care 
Committee of China Pharmaceutical University. When 
the tumor volume grew up to 100 mm3, each group of 
nude mice was intravenously injected with 200 μL of 
different formulations every three days for 12 days. Six 
groups were: (1) PBS (control), (2) Laser, (3) TPPP-Lip 
with Laser, (4) RA-Lip, (5) RA/TPPP-Lip, (6) RA/TPPP- 
Lip with Laser. The mice of group (2), group (3) and 
group (6) were irradiated with 660 nm laser for 5 min 
respectively at 24 h post-intravenous injection. In the 
administration group, the relative dose of RA-XII was 
about 20 mg/kg, and the relative dose of TPPP was 
about 5 mg/kg, with the same concentration of phospholi
pids. Body weight and tumor size of mice were recorded 
three times a week. After 12 days, mice were euthanized, 
and tumors along with normal organs were harvested and 
then fixed in 4% formaldehyde for H&E staining and 
TUNEL analysis.

In vivo Imaging Study
The HCT116 cells (1×106 cells) were subcutaneously (s.c.) 
implanted on the 7-week female BALB/c nude mice. When 
the tumors were ready for use, RA/TPPP-Lip and RA/TPPP- 
Lip (without HA) were injected through the tail vein at RA- 
XII dosage of 10 mg/kg. At 2, 8, and 24 h, the mice were 
anesthetized and obtained the fluorescence images using an 
IVIS spectrum instrument. At 24 h post injection of RA/ 
TPPP-Lip and RA/TPPP-Lip (without HA), the mice were 
euthanized, and then the tumor, heart, liver, lungs, kidneys 
and spleen were taken for ex-vivo imaging.

Results and Discussion
Characterization of RA/TPPP-Lip
Protoporphyrin-IX (-COOH) and TPP-NH2 (-NH2) were 
conjugated by the amide bond. Modification of protopor
phyrin-IX with mitochondrial target functional group TPP 
to obtain TPPP (Figure S1, Supporting Information), and 
the successful synthesis of TPPP was verified by 1H NMR, 
13C NMR and LC-MS analyses, separately (Figure S2, 
Supporting Information). Figure 1 summarizes main phy
sical-chemical properties of RA/TPPP-Lip. The 
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morphology of RA/TPPP-Lip was observed by transmis
sion electron microscopy (TEM). As Figure 1A showed, 
RA/TPPP-Lip displayed spherical shape with a clear core- 
shell structure and uniform diameters. The average particle 
size of the targeted RA/TPPP-Lip determined with 
a Malvern Zetasizer nano instrument were 184.4 ± 6.6 
nm in diameter with a polydispersity index (PDI) less 
than 0.3, and were 157.8 ± 9.6 nm before HA-modification 
(Figure 1B). The Zeta potential of the obtained RA/TPPP- 
Lip was changing from −41.3 ± 1.4 mV to −56.32 ± 1.9 
mV after modification with HA, confirming successful 
conjugation of HA. The encapsulation efficiency of RA- 
XII in liposome was about 71% with liquid chromatogra
phy-tandem mass spectrometry (LC-MS/MS) analysis. 
Then, the release behavior of RA-XII under different pH 
conditions was investigated (Figure 1C). After 24 hours of 
incubation, RA-XII release from RA/TPPP-Lip reached 
a maximum approximately 80% at pH 5.0. However, the 
release of RA-XII obviously slowed up at pH 6.0 and 
smaller amount of RA-XII was released at pH 7.4. As 
lysosomes are organelle with acidic environment (pH 5– 

6), RA/TPPP-Lip was found to be sensitive to the acidic 
condition for the targeted of drug release in the lysosomes 
of the colon cancer cells. In addition, the stability of RA/ 
TPPP-Lip was investigated. As shown in Figure S3, with 
the increase of storage days, the hydrodynamic diameter of 
RA/TPPP-Lip was still maintained at about 170 nm, and 
there was no sedimentation observed by naked eyes, and it 
has good stability in the solution. In a word, the combined 
nano therapy system RA/TPPP-Lip was successfully con
structed to deliver RA-XII and TPPP at the same time, 
which could precisely trigger site-specific release in 
response to the tumor acidic microenvironment.

Cellular Selectivity
3,3ʹ-Dioctadecyloxacarbocyanineperchlorate (DiO) was 
doped into the liposome shells as a fluorescence tracker, 
in order to test targeting specificity of RA/TPPP-Lip in 
colon cancer cells. RA/TPPP-Lip at 50 μg/mL were incu
bated with CD44 receptors overexpressed HCT116 cells. 
As expected, the fluorescence of HCT116 cells steadily 
increased with the time of incubation and got to the 

Figure 1 Characterizations of RA/TPPP-Lip. (A) Transmission electron microscopy image of RA/TPPP-Lip. Scale bar: 200 nm, 500 nm. (B) The particle size distribution of 
RA/TPPP-Lip. Inset: TEM image of RA/TPPP-Lip (1) and RA/TPPP-Lip (without HA) (2); Particle size, PDI, and zeta potential of RA/TPPP-Lip. Scale bars: 100 nm. (C) 
Schematic diagram of in vitro release of RA-XII from RA/TPPP-Lip at pH 7.3, 6.0 and 5.0. Data are presented as mean ± SD (n = 3).
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maximum fluorescence intensity at 8 h (Figure 2A), 
demonstrating that RA/TPPP-Lip were efficiently uptake 
by HCT116 cells. RA/TPPP-Lip was also incubated with 
NCM460 cells, which are normal colon epithelial cells 
expressing low levels of CD44 receptors. Compared to 
HCT116 cells, only a tiny amount of fluorescence was 
shown in the NCM460 cells. The significant differences 
in fluorescence between the two cells demonstrated that 
the well targeting specificity of RA/TPPP-Lip towards HA 
integrin-rich colon cancer cells. To further test that the 
targeting specificity of RA/TPPP-Lip was owed to the 
selective recognition of HA to CD44 receptors on colon 
cancer cells, RA/TPPP-Lip without HA modification and 
RA/TPPP-Lip were monitored cellular uptake in HCT116 
cells. In Figure 2B, the HCT116 cells displayed strong 

fluorescence after 4 h incubation of RA/TPPP-Lip, con
versely, the cells incubated with RA/TPPP-Lip without 
HA modification showed little fluorescence intensity 
under the similar experimental condition. Furthermore, 
when pretreated with excessive free HA, there was almost 
no fluorescence in the cells because the internalization of 
RA/TPPP-Lip was blocked. The results suggested that RA/ 
TPPP-Lip achieved the targeting capabilities to HCT116 
cells, which was by means of the particular interaction of 
HA with CD44 receptors and HA-mediated endocytosis.

Colocalization Assay
For investigating the intracellular location of RA/TPPP- 
Lip, HCT116 cells incubated with RA/TPPP-Lip were co- 
stained with Hoechst 33342, Mito Tracker Red and 
LysoTracker Red, respectively. As observed in 
Figure 3A, the fluorescence of RA/TPPP-Lip in the cell 
almost completely coincided with LysoTracker Red, but 
did not match in the case of Hoechst 33342 and 
MitoTracker Red. Consequently, these results suggested 
that RA/TPPP-Lip entered CD44 receptors-rich colon can
cer cells by receptor-mediated endocytosis and were trans
ported to the lysosomes. In addition, as shown in 
Figure 3B, HCT116 cells were pretreated with TPPP for 
12 h, the green fluorescence emitted by MitoTracker Green 
was well overlapped with red fluorescence of TPPP, indi
cating the cooperative targeting and localization of TPPP 
in mitochondria.

RA/TPPP-Lip in vitro Therapy Studies
In our study, RA-XII and TPPP were incorporated into 
RA/TPPP-Lip to build a synergistic nanosystem for highly 
efficient chemotherapy and PDT combination therapy in 
colon cancer.

The in vitro cytotoxic activity experiments of RA/ 
TPPP-Lip were assessed by the SRB assay. Firstly, as 
Figure 4A showed, empty liposome exhibited negligi
ble cytotoxicity, which suggested the biocompatibility 
of liposome for drugs delivery. Moreover, compared 
with free TPPP without cytotoxic effect, in vitro cyto
toxicity of TPPP-Lip combined with laser on HCT116 
cells was significantly enhanced. After coating RA-XII 
in liposomes, its cytotoxicity increased to a certain 
extent, especially at low drug concentrations. More 
significantly, after RA-XII and TPPP were co-loading 
into the targeting carrier, anti-tumor activity of the 
resulting co-delivery system is significantly enhanced 
under laser irradiation. Subsequently, the therapeutic 

Figure 2 (A) Real-time confocal fluorescence images display the uptake of RA/ 
TPPP-Lip by HCT116 and NCM460 cells. Scale bars: 10 μm. (B) Confocal fluores
cence images of HCT116 cells incubated with RA/TPPP-Lip, RA/TPPP-Lip (without 
HA) or HA+RA/TPPP-Lip for 4 h. Scale bars: 10 μm.
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effect of RA/TPPP-Lip was evaluated after exposure to 
laser. In Figure 4B, after incubating HCT116 cells with 
different concentrations of RA/TPPP-Lip, cell viability 
decreased in a concentration-dependent manner after 
660 nm laser irradiation. For further confirming the 
results, live/dead staining was used to evaluate living/ 
dead HCT116 cells after different treatments, which 
respectively showed green fluorescence for living 
cells and red fluorescence for dead cells in the confocal 

imaging system. It was easily shown that the lethality 
of HCT116 cells with RA/TPPP-Lip treatment plus 
laser irradiation was at a significantly higher rate than 
without laser irradiation (Figure 4C). The above cyto
toxicity evaluations all confirmed that compared with 
using RA-Lip alone for chemotherapy or using TPPP- 
Lip alone for photodynamic therapy, the combination 
system RA/TPPP-Lip could significantly improve colon 
cancer treatment effect.

Figure 3 (A) Colocalization images of RA/TPPP-Lip in HCT116 cells. Cells were incubated with RA/TPPP-Lip for 4 h and then incubated with 100 nM Hoechst 33342, 
MitoTracker Red, or LysoTracker Red for 10 min. (B) Confocal images for analyzing mitochondria co-localization of TPPP in HCT116 cell lines. Scale bars: 10 μm.
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ROS Generation and Combinational 
Therapeutic Effect on Colon Cancer Cells
To investigate the mechanisms of TPPP mediated antitu
mor activity, we performed a series of in vitro experi
ments. The impact of RA/TPPP-Lip and laser irradiation 
treatments on oxidative stress in HCT116 cells was 
explored. Intracellular ROS level was analyzed by 
DCFH-DA staining. As shown in Figure 5A, cells incu
bated with TPPP-Lip and RA/TPPP-Lip all exhibited 
strong green fluorescence after laser irradiation treatment, 
while the other three groups displayed no obvious fluores
cence, demonstrating that TPPP in RA/TPPP-Lip worked 
following laser irradiation, so that the intracellular ROS 
level increased significantly.

The phospholipid-binding protein Annexin-V exhibits 
a high affinity towards inverted phosphatidylserine at an 
early stage of apoptosis. And PI, a nucleic acid dye, can 
pass through the damaged cell membrane and stain with 
nucleus as the cells are in late apoptotic or dead. 
Therefore, cells were classified with Annexin V/PI stain
ing as viable cells (Annexin V-/PI-), early apoptotic cells 
(Annexin V+/PI-), late apoptotic cells (Annexin V+/PI+) 
and necrotic cells (Annexin V-/PI+).

To further study the therapy effect of RA/TPPP-Lip, flow 
cytometry experiments were carried out to distinguish 
between live and dead cells at different stages. After incu
bated with 20 μg/mL RA/TPPP-Lip for 6 h and then irra
diated with a 660 nm laser immediately, the cells were 
stained with Annexin V-FITC and PI. In Figure 5B, com
pared with other groups, the proportion of apoptosis cells in 
RA/TPPP-Lip and laser irradiation groups increased (30%), 
and the proportion of live cells decreased (29.3%). The 
population of apoptotic cells in RA/TPPP-Lip group was 
similar to that in RA-Lip group and TPPP-Lip+Laser 
group. At the same time, the degree of apoptosis of 
HCT116 cells treated with RA/TPPP-Lip and laser was 
much higher than that in other groups. Taken together, all 
the results indicated that the nano therapeutic platform RA/ 
TPPP-Lip greatly improved the killing efficiency of colon 
cancer cells through the combination of chemotherapy and 
photodynamic therapy.

In vivo Targeted Imaging of Subcutaneous 
Tumor-Bearing Mice
We examined the targeting capability of RA/TPPP-Lip in 
HCT116 tumor-bearing BALB/c nude mice. After injection 

Figure 4 In vitro therapeutic study of RA/TPPP-Lip. (A) Relative cell viabilities of 
HCT116 cells treated with Empty Liposome, Free TPPP, TPPP-Lip+Laser, Free RA- 
XII, RA-Lip, and RA/TPPP-Lip+Laser for 24h. *P< 0.05, **P < 0.01. (B) Relative cell 
viabilities of HCT116 cells treated with different concentrations of RA/TPPP-Lip 
without or with 660 nm laser irradiation. **P < 0.01, ***P < 0.001. (C) 
Representative images of HCT116 cells co-stained by Calcein-AM (green) and PI 
(red) after treatment with PBS (control), RA-Lip, TPPP-Lip with 660 nm laser 
irradiation, and RA/TPPP-Lip with 660 nm laser irradiation. Data represent mean 
± s.d. (n = 3). Scale bar: 20 μm.
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of RA/TPPP-Lip into the tail vein of HCT116 tumor-bearing 
mice, the fluorescence in tumor region became stronger than 
the surrounding normal tissues as time increased, and still 
maintained strong signals at 24 h (Figure 6), revealing the 
effective tumor accumulation of RA/TPPP-Lip. The tumor 
tissue showed bright fluorescence while other organs exhib
ited nearly no fluorescence as shown in the ex vivo fluores
cence images. In contrast, the fluorescence signals almost 
distributed in different organs and tumor tissues after intrave
nous injection with RA/TPPP-Lip (without HA), and hardly 
accumulated in the tumor tissue relative to other organs at 

24 h post-injection, proving that HA plays a key role in the 
targeting drug-delivery to colon tumor. These results were 
sufficient to prove that RA/TPPP-Lip can effectively deliver 
RA-XII and TPPP to tumor sites through the active targeting 
ability mediated by surface-modified HA.

In vivo Tumor Treatment Research of RA/ 
TPPP-Lip
In vivo anti-tumor effect of RA/TPPP-Lip was verified by 
experiments using mice. Nude mice-bearing HCT116 
tumor were randomized into six groups and treated as 

Figure 5 (A) Confocal microscopy image of ROS levels in HCT116 cells treated with PBS (control), RA -Lip, TPPP-Lip with 660 nm laser irradiation, RA/TPPP-Lip, and RA/ 
TPPP-Lip with 660 nm laser irradiation. Scale bar: 10 μm. (B) Flow cytometry assays of HCT116 cells treated with PBS (control), RA-Lip, TPPP-Lip with 660 nm laser 
irradiation, RA/TPPP-Lip, and RA/TPPP-Lip with 660 nm laser irradiation.

https://doi.org/10.2147/IJN.S311577                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4938

Xu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


described: (1) PBS (control), (2) Laser, (3) TPPP-Lip 
+Laser, (4) RA-Lip, (5) RA/TPPP-Lip, (6) RA/TPPP-Lip 
+Laser. As shown in Figure 7A, the tumor volumes of 
mice in the PBS and Laser groups showed rapid growth, 
which suggested that there was little effect on the tumor 
growth of the mice treated with only laser light. The 
tumor growth of mice in the TPPP-Lip+Laser and RA- 
Lip group show some degree of inhibition, which can be 
attributed to the toxicity of RA-XII and the laser light- 
triggered toxicity of TPPP. Furthermore, the tumor growth 
trend in the RA/TPPP-Lip group without laser irradiation 
was close to that in the RA-Lip group. In contrast, the 

combined treatment with laser irradiation and RA/TPPP- 
Lip significantly inhibited the tumor growth in mice. The 
tumor volume inhibition rate exceeded 50% after four 
treatments. After treatment, the inhibition of tumor weight 
was consistent with the result of tumor volume change 
trend (Figure 7B and D). And no obvious fluctuation was 
observed in the weight of mice for each group during the 
treatment period, demonstrating no evident side effects 
with these formulations (Figure 7C). In addition, the 
in vivo biological safety of RA/TPPP-Lip was further 
evaluated by H&E staining with the organ tissues (eg, 
heart, liver, lungs, kidneys and spleen) of mice. No 

Figure 6 (A) Time-dependent fluorescence images in vivo and ex vivo (1: tumor; 2: heart; 3: liver; 4: lungs; 5: kidneys; 6: spleen) of subcutaneous HCT116 tumor-bearing 
mice after tail vein injection of RA/TPPP-Lip or RA/TPPP-Lip (without HA). The sequence of red, orange, yellow, green, and blue corresponds to the increase in fluorescence 
intensity. (B) Ex vivo fluorescence intensity of tumor tissues and the major organs of nude mice at 24 post injection of RA/TPPP-Lip and RA/TPPP-Lip (without HA).
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apparent morphological alterations were observed in the 
tissues of the RA/TPPP-Lip-treated mice, relative to the 
age-matched healthy mice without treatment (Figure S4). 
These results showed that RA/TPPP-Lip was potent to kill 
colon cancer cells effectively without damage to normal 
cells.

In order to further evaluate the treatment efficacy on 
tumors, the mice were sacrificed and tumor tissues were 
harvested followed by histological analyses. The H&E 

staining assays results showed that the tumor of PBS and 
Laser groups had no distinct injury and the necrosis effect 
were more evident in the group treated by RA/TPPP-Lip 
with laser than the RA-Lip and TPPP-Lip+Laser groups 
(Figure 7E). Moreover, TUNEL staining assay also 
demonstrated that the RA/TPPP-Lip combined with laser 
group had high levels of apoptosis, suggesting that the 
laser-responsive therapy based on RA/TPPP-Lip could 
activate apoptosis of tumor tissue. Taken together, the 

Figure 7 (A) Relative tumor volume (V/V0) changes. (B) Tumor weight of mice. (C) Changes in body weight of mice in different groups during treatment. (D) 
Representative images of HCT116 tumors with different treatment at the end point of the experiment. (E) H&E and TUNEL staining results of tumor tissues after 
treatment from different groups of mice. The arrows point to the area of cell necrosis. Scale bar: 100 μm. Data represent mean ± s.d. (n = 6 mice per group). **P < 0.01, 
***P < 0.001.
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high combination of RA-XII and TPPP through nano plat
form shows great biocompatibility and excellent antitumor 
effects by inducing apoptosis of the colon cancer cells.

Conclusion
In conclusion, a therapy platform (RA/TPPP-Lip) based on 
the combination of chemotherapy and photodynamic ther
apy for highly efficient antitumor therapy was developed. 
Benefiting from the modification with HA on the liposo
mal shell and mitochondria-targeting photosensitizer 
wrapped in a bilayer, RA/TPPP-Lip achieved a highly 
selective targeted drug delivery for superb dispersibility, 
less cytotoxicity, good bioavailability, high hematology 
safety and in vivo biocompatibility. The pH response 
characteristic can precisely trigger the coordinated release 
of RA-XII and TPPP, which improves the efficiency of 
combined treatment. Moreover, the TPPP, we developed, 
could facilitate the accumulation of PS in mitochondria, 
thereby further improving the efficacy of PDT under laser 
light irradiation, and then induce cell apoptosis cooperated 
with RA-XII. We believe that TPPP, as an organelle-tar
geted photosensitizer molecule with good therapeutic 
effects, will be widely used in therapeutics. This orga
nelle-specific PDT system provides an excellent opportu
nity to combat cancer or other mitochondria-associated 
diseases. In addition, the mitochondrial-targeted photosen
sitizer TPPP can also be loaded on functional liposomes 
together with other therapeutic reagents used for multi
mode treatment taking advantage of the synergistic ther
apeutic effects of the two therapies. Therefore, RA/TPPP- 
Lip is a promising platform for the controlled release of 
multiple drugs with controlled release rates at desired 
sites, which could benefit the treatment of colon cancer.
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