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ABSTRACT
Combinatorial chemo-photodynamic therapy is regared as effective cancer therapy strategy, which
could be realized via multiple nano-drug delivery system. Herein, novel high payload nanoparticles sta-
bilized by amphiphilic block polymer cholesterol-b-poly(ethylene glycol) (PEG)2000 (Chol-PEG2000) were
fabricated for loading chemotherapeutic drug 10-hydroxycamptothecin (HCPT) and photosensitizer
chlorin e6 (Ce6). The obtained HCPT/Ce6 NPs showed uniform rod-like morphology with a hydration
diameter of 178.9 ±4.0 nm and excellent stability in aqueous solution. HCPT and Ce6 in the NPs dis-
played differential release profile, which was benefit for preferentially exerting the photodynamic
effect and subsequently enhancing the sensitivity of the cells to HCPT. Under laser irradiation, the NPs
demonstrated fantastic in vitro and in vivo anticancer efficiency due to combinational chemo-photo-
dynamic therapy, enhanced cellular uptake effectiveness, and superb intracellular ROS productivity.
Besides, the NPs were proved as absent of systemic toxicity. In summary, this nanoparticle delivery sys-
tem could be hopefully utilized as effective cancer therapy strategy for synergistically exerting com-
bined chemo-photodynamic therapy in clinic.
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1. Introduction

Nowadays, cancer is still known as the major threaten to
human health and clinically utilized chemotherapy occupies
the main status in cancer treatment (Wang et al., 2017).

Conventional chemotherapy represents the routine adminis-
tration of chemotherapeutic drugs via intravenous injection
or oral medication. Although more and more novel chemo-
therapeutic agents have been discovered or synthesized
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during the past century, the efficiency of the agents is still
limited by their poor bioavailability and systemic toxicity due
to non-targeted distribution (Qi et al., 2017). Besides, multi-
drug resistance (MDR) in cancer cells also triggers failure of
chemotherapy (Hu et al., 2017). In contrast to chemotherapy,
photodynamic therapy (PDT), a marginally invasive thera-
peutic modality, only takes effect in specific area where pho-
tosensitizers (PSs) produce spatiotemporally controlled
cytotoxic reactive oxygen species (ROS), which results in neg-
ligible systemic toxicity (Zheng et al., 2020). However, attrib-
uted to poor solubility, rapid pharmacokinetics, and
unsatisfactory photostability of the PSs, the application of
PDT is merely restricted to preclinical practices in most cir-
cumstances (Kim et al., 2020).

In consideration of the boundedness of monotherapy
strategy, combinatorial chemo-photodynamic therapy has
been developed for improving their therapeutic outcome
and diminishing their side effect in recent years (Li et al.,
2020). Thus, nano-drug delivery system (NDDS), which could
integrate two or more agents into one delivery system, has
been fabricated for combining chemotherapy and photo-
dynamic therapy (Yan et al., 2018). NDDS could enhance the
therapeutic effect in comparison to free drugs because of
the so-called enhanced permeability and retention (EPR)
effect, which contributes to their accumulation in tumor (Sun
et al., 2019). NDDS is also expected to conquer MDR in
tumors as it could accomplish increased circulation time, styl-
ized drug release behavior and improved cellular uptake
(Niazi et al., 2016; Bar-Zeev et al., 2017). Notably, as the ROS
produced by the pre-released PSs could oxygenize the mem-
brane of the NDDS-encapsulated endosome in cancer cells
and accelerate the release of the simultaneously loaded

chemotherapeutic agents [photochemical internalization (PCI)
phenomenon], NDDS could promisingly achieve synergistic
effect of combinatorial chemo-photodynamic therapy
(Nishiyama et al., 2005; Gao & Lo, 2018).

Under some circumstances, the fabrication of NDDS relies
on amphiphilic block polymers carrying poly(ethylene glycol)
(PEG) as hydrophilic segment in view of their excellent bio-
compatibility and biodegradability (Li & Niu, 2018). The driv-
ing force for the assembly of amphiphilic block polymers
should be ascribed to the solubility difference between
hydrophilic segments and hydrophobic blocks, which spon-
taneously self-aggregate into typically core-shell structure
eventually in aqueous environment and benefit for drug
encapsulation (Feitosa et al., 2019). Besides, the PEG corona
around the NDDS plays an important role in decreasing the
possibility of phagocytosis and metabolism by reticuloendo-
thelial system (RES), which increases its blood circulation
time (Li et al., 2011). Although numerous block copolymers
approved by FDA are accessible for applying in drug deliv-
ery, the inferior drug loading content (typically no more than
20%) of the NDDS raises the production cost (Zhou
et al., 2013).

In this work, high payload 10-hydroxycamptothecin/
chlorin e6 NPs (HCPT/Ce6 NPs) (Scheme 1) were fabricated
with amphiphilic block polymer cholesterol-b-poly(ethylene
glycol) (PEG)2000 (Chol-PEG2000) as stabilizer via facile antisol-
vent precipitation approach to achieve combinational
chemo-photodynamic effect. Physiochemical characteristics
including size, zeta potential and morphology of the NPs
were investigated, while the intracellular ROS [especially
singlet oxygen (1O2)] production efficiency was thoroughly
analyzed. Furthermore, the in vitro and in vivo antitumor

Scheme 1. Illustration of HCPT/Ce6 NPs and the NPs guided chemo-PDT combinational therapy.
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efficacy of the combinatorial chemo-photodynamic therapy
were assessed particularly.

2. Experimental section

2.1. Materials

Chlorin e6 (Ce6) and 10-hydroxycamptothecin (HCPT) were
purchased from Dalian Meilun Biotechnology Co., Ltd (Dalian,
China). Cholesterol-b-poly(ethylene glycol) (PEG)2000 (Chol-
PEG2000) was obtained from Xi’an ruixi Biological Technology
Co., Ltd (Xi’an, China). Singlet oxygen sensor green reagent
(SOSG) and 20,70-Dichlorodihydrofluorescein diacetate (DCFH-
DA) were supplied by Dalian Meilun Biotechnology Co., Ltd
(Dalian, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) was purchased from Sigma Aldrich
Chemicals (Germany). RPMI-1640 was supplied by Hyclone
Thermo Scientific (Waltham, MA, USA). Penicillin and strepto-
mycin were procured from Gibco Thermo Scientific
(Waltham, MA, USA). Fetal bovine serum (FBS) was obtained
from Excell Bio (Shanghai, China). All the other chemical
reagents were of commercially accessible analytical grade
and used directly throughout the experiments without fur-
ther purification.

2.2. Animals and cell lines

Female BALB/c mice (6–8weeks, 20 ± 2 g) were purchased
from Jinan Pengyue experimental animal breeding co. LTD
(Jinan, China). All the animal experimental procedures were
strictly performed abide by the guidelines and protocols for
Animal Experiments Ethical and Regulatory approved by the
Animal Ethics Committee of Liaocheng University.

4T1 (murine mammary carcinoma) cell lines were
obtained from the Cell Culture Center, Institute of Basic
Medical Sciences (Beijing, China) and cultured at 37 �C with
5% CO2 atmosphere in RPMI-1640 medium supplemented
with 10% fetal bovine serum, and 100 units/mL of penicillin
G and streptomycin.

2.3. Preparation of HCPT/Ce6 NPs

The high payload 10-hydroxycamptothecin (HCPT)/chlorin e6
(Ce6) nanoparticles (HCPT/Ce6 NPs) were fabricated via com-
monly used antisolvent precipitation method (Guo et al.,
2017b). Briefly, certain amount of HCPT, Ce6 and Chol-
PEG2000 (at a ratio of 3:1:4, mol/mol) were co-dissolved in
1mL of N, N-dimethylformamide (DMF), which was immedi-
ately added dropwise to 15mL deionized water at room tem-
perature under ultrasonication (40 KHz, 480W). After that, the
ultrasonication was continued for 10min, and then the mix-
ture was dialysis against deionized water (1L� 4 times) to
eliminate residual DMF. High-pressure homogenization was
conducted for 15min to decrease the particle size of the
obtained HCPT/Ce6 NPs with a D-3L homogenizer (PhD, Fort
Wayne, IN, USA) at around 100MPa. Moreover, single-drug
NPs with Chol-PEG2000 as stabilizer including 10-hydroxy-
camptothecin nanoparticles (HCPT NPs) and chlorin e6 NPs

(Ce6 NPs) were also prepared via the same method
for comparison.

2.4. Characteristics of HCPT/Ce6 NPs

Particle size, polydispersity index (PDI) and zeta potential
(ZP) of HCPT/Ce6 NPs were analyzed by dynamic light scat-
tering (DLS, Zetasizer Nano ZSP, Malvern, UK). Morphology of
HCPT/Ce6 NPs was detected with both scanning electron
microscopy (SEM, S-4800, Hitachi Limited., Japan) and trans-
mission electron microscope (TEM, JEM-2100, JEOL, Japan).
For SEM analysis, the samples were sputter-coated with con-
ductive gold-palladium (Au/Pd) layer. For TEM detection, the
samples were stained with uranyl acetate (2%, w/v). Infrared
(IR) spectra in the region 500–4000 cm�1 were obtained from
FT-IR spectrometer (Nicolet 6700, Thermo Scientific, Waltham,
MA, USA) via KBr pellet method.

2.5. In vitro release assay

The in vitro release profiles of HCPT/Ce6 NPs were investi-
gated via traditional dialysis method (Guo et al., 2017a).
Briefly, 2mL of diluted HCPT/Ce6 NPs was put in a dialysis
bag (MWCO, 8–14 kDa), which was then immersed in 100mL
of PBS (0.1M, pH 7.4) involving 1% (w/v) SDS. The experi-
ment was conducted for about 120 h, during which 3.0mL of
the release medium was withdrawn at set time intervals and
replaced by fresh release medium of equal volume. The
detection for HCPT was carried out with high performance
liquid chromatography (HPLC) after sample filtration by
0.22 mm syringe-driven filter (Millipore, Billerica, MA, USA).
The wavelength for UV detector was set at 409 nm, while a
C18 column (4.6mm � 250mm, 5mm, Agilent) was utilized
for analysis. The mobile phase composed of acetonitrile and
0.1% acetic acid (28/72, v/v) and applied at a flow rate of
1mL/min. Besides, the detection for Ce6 was conducted with
an F-4600 fluorescence spectrophotometer (Hitachi, Japan) at
an excitation (Ex) wavelength of 503 nm and an emission
(Em) wavelength of 660 nm. The slits for both Ex and Em were
10 nm. The in vitro release assay was repeated for
three times.

2.6. Intracellular singlet oxygen (1O2) detection

20,70-Dichloro-dihydro-fluorescein diacetate (DCFH-DA), a fluo-
rogenic probe typically utilized for detecting the intracellular
singlet oxygen (1O2) amount, was applied in this study.
DCFH-DA could easily permeate the cell membrane and
immediately hydrolyze into the non-fluorescent product 20,70-
dichloro-dihydro-fluorescein (DCFH) in the presence of cellu-
lar esterases. Then DCFH will be oxidized to 20,70-dichloro-
fluorescein (DCF), which could emit bright green fluores-
cence (Liu et al., 2015). Briefly, 1� 104 cells were placed in a
24-well plate and cultured for 12 h with serum-contained
basal medium. Then the medium was replaced by serum-free
medium containing different formulations and the incubation
continued for another 6 h. PBS was utilized to wash the cells
and serum-free medium involving DCFH-DA (10lM) was
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added. After incubation for 30min, the cells were washed
with PBS and irradiated with laser (660 nm, 5mW) for differ-
ent time intervals. An IX-71 inverted fluorescence microscope
(Olympus, Japan) was applied for the observation of DCF
fluorescent.

2.7. In vitro cytotoxicity assay

The in vitro cytotoxicity of HCPT/Ce6 NPs against 4T1 cells
was performed via classical MTT assay. Briefly, 4T1 cells were
seeded in 96-well plates (8� 103 cells/well) and incubated
for 12 h with serum-contained complete medium. Then the
culture medium was substituted by serum-free medium
involving various formulations. Cells treated with HCPT/Ce6
NPs (with laser) and Ce6 NPs (with laser) were irradiated for
10min with laser (660 nm, 5mW) after incubating for 4 h.
The incubation continued for totally 48 h, ended with adding
20lL of MTT solution (5mg/mL) to each well. MTT reagent
was discarded after another 4 h, and 150 lL of DMSO was
appended. A microplate reader (BioTek, Winooski, VT, USA)
was applied for analyzing the absorbance of each well at a
wavelength of 490 nm. Cell viability (%) was calculated via
the following equation: Cell viability (%) ¼ (Atreated/Acontrol) �
100%. Atreated was the absorbance of the groups treated with
different formulations, while Acontrol was the absorbance of
the group treated with blank serum-free culture medium.
Graphpad Prism of version 5.0 (Graphpad, San Diego, CA,
USA) was used to figure out half maximal inhibitory concen-
tration (IC50) values, while CompuSyn software of version 1.0
(ComboSyn, Paramus, NJ, USA) was utilized to calculate com-
bination index (CIx) values. All the experiments were com-
pleted in quintuplicates.

2.8. In vitro cellular uptake assay

The in vitro cellular uptake assay of HCPT/Ce6 NPs were per-
formed via both HPLC and fluorescence microscope. Briefly,
4T1 cells (2� 104 cells/well) were plated in a 24-well plate
and incubated overnight in complete medium. Then the
medium was replaced by serum-free medium containing dif-
ferent formulations. At set time intervals, the medium was
discarded and the cells were washed with PBS in triplicate.

For HPLC analysis (the analysis of HCPT), the cells were
treated with various formulations at different HCPT concen-
trations, which were collected and disintegrated by RIPA lysis
buffer after incubation. Acetonitrile was added for protein
deproteinization, while the supernatant obtained by centrifu-
gation was utilized for HPLC analysis. HPLC method of HCPT
was the same as mentioned above except that the UV
detector was replaced by a fluorescence detector (excitation
wavelength ¼ 409 nm, emission wavelength ¼ 535 nm). The
established calibration curves possessed a correlation coeffi-
cient of more than 0.99. Moreover, several cellular uptake
inhibitors such as sucrose, methyl-b-cyclodextrin (MbCD), and
cytochalasin B (CCB) were employed for the investigation of
the cellular uptake mechanism of HCPT/Ce6 NPs.

For the internalization observation of HCPT/Ce6 NPs (the
fluorescence observation of Ce6), the cells were treated with

HCPT/Ce6 NPs at a Ce6 concentration of 5 lg/mL, which
were fixated by paraformaldehyde and stained with
LysoTracker Green DND-26 (Sigma, St. Louis, MO, USA) and
Hoechst 33258 (Life Technologies, Carlsbad, CA, USA),
respectively, after incubation. Furthermore, PBS was applied
to wash off the excess reagent and the fluorescence observa-
tions were conducted with an IX-71 inverted fluorescence
microscope (Olympus, Japan).

2.9. In vivo antitumor efficacy assay

The in vivo antitumor efficacy assay was performed on 4T1-
tumor bearing mice models. Briefly, 5� 106 4T1 cells were
subcutaneously inoculated into the right armpit of female
BALB/c mice, which were grouped randomly into 5 groups
(n¼ 6). When the volume of the tumor reached 50–80mm3

(implantation for around 4 days), the administration started.
The control group received saline, while the test groups
received HCPT NPs, Ce6 NPs (with laser) and HCPT/Ce6 NPs
(with or without laser) at a HCPT-equivalent dosage of 6mg/
kg and a Ce6-equivalent dosage of 3mg/kg, respectively. The
administration was conducted once every two days for
10 days via intravenous injection. The mice treated with Ce6
NPs (with laser) and HCPT/Ce6 NPs (with laser) were irradi-
ated with laser (660 nm, 5mW) for around 20min at the
tumor site after administration for 4 h. The tumor volume of
each mouse was monitored every day throughout the
10 days, which was calculated via the following equation: V
(mm3) ¼ 0.5� L� S2, where L is on behalf of the larger
diameter and S represents the smaller diameter of the tumor.
The body weight of the mice was also measured every day
as an index of toxicity. Moreover, at 10th day, the mice were
sacrificed and their main organs, together with the tumor tis-
sues were removed, washed with saline and studied by
histological analysis via hematoxylin and eosin (H&E) staining
method. Alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and blood urea nitrogen (BUN), which were
index for hepatic and renal function, were analyzed to fur-
ther disclose the biosafety of the test groups.

2.10. Statistical analysis

Data were processed as mean± standard deviation (SD) for
all experiments. Statistical analysis was performed via inde-
pendent-samples t-test and one-way analysis of variance
(ANOVA) (SPSS 19.0, IBM, Armonk, NY, USA). p Value less
than .05 (p< .05) was deemed as statistically significant, and
p value less than .001 (p< .001) was considered as highly
significant.

3. Results and discussion

3.1. Characterization of high payload HCPT/Ce6 NPs

3.1.1. Particle size and morphology
As shown in Figure 1(A,B), high payload HCPT/Ce6 NPs (DLC
of HCPT: 31.87%; DLC of Ce6: 13.21%, Supplementary Table
S2) prepared via antisolvent precipitation method with
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stabilizer Chol-PEG2000 showed hydrodynamic particle size of
178.9 ± 4.0 nm, narrow size distribution with a PDI of
0.176 ± 0.004, and excellent storage stability due to high zeta
potential value of �22.4 ± 0.8mV (in the range of 2
0� 30mV) (Su et al., 2020). Besides, the morphology of
HCPT/Ce6 NPs exhibited uniform nanorods in shape without
signs of agglomeration via both SEM and TEM (Figure
1(C,D)). As shown in the photographs, the authentic size of
the nanorods was around 200 nm in length and 50 nm in
width (in the range of 50� 300 nm), which could be benefi-
cial to extend their blood circulation time, enhance their cel-
lular uptake and increase their tumor accumulation (Liu
et al., 2017). Moreover, it was reported that NPs possessing
negative surface charge would exhibit preferential accumula-
tion at tumor site rather than at regular organs site (Xiao
et al., 2011), which might also help lengthening the circula-
tion time of the NPs because of effectively avoiding renal
drug clearance (Sun et al., 2017). The particle size of the NPs
observed by SEM and TEM was totally different from that
measured by DLS, which was attributed to the distinction
between the two analytical method: for DLS, the hydration
diameter was obtained from the equivalent sphere of the
NPs, while SEM or TEM acquired the actual image of the dry
NPs (Chen et al., 2019a).

3.1.2. Ultraviolet-visual (UV-Vis) and fluorescence
spectroscopy

Spectroscopy is an efficient method to disclose the structural
and conformational changes of molecules (Zhao et al., 2020).
As shown in Figure 2(A), the absorbance spectra of HCPT/
Ce6 NPs exhibited broader and slightly quenched bands at

the wavelength of 268 nm, 338 nm and 380 nm for HCPT and
405nm for Ce6 in comparison with HCPT NPs and Ce6 NPs,
which were measured at the same HCPT/Ce6 concentration.
Besides, the absorbance band of HCPT/Ce6 NPs at the wave-
length of 380nm showed significantly red-shifted compared to
HCPT NPs. All the results verified that hydrophobic interactions
possibly existed among the drugs and the stabilizer
Chol–PEG2000, and HCPT/Ce6 NPs were not merely the mixture
of the two single drug NPs (Liu et al., 2016). Moreover, the
fluorescence spectra (Figure 2(B)) of HCPT/Ce6 NPs at the
wavelength of 540nm for HCPT and 650nm for Ce6 in contrast
to HCPT NPs and Ce6 NPs at the same HCPT/Ce6 concentration
also exhibited significantly quenched profiles, which verified
the excitonic migration among the molecules. That was to say,
non-covalent association such as hydrophobic interactions
might occur among the ternary system (Zhang et al., 2016).

3.1.3. FT-IR spectroscopy
Figure 2(C) showed the FT-IR spectra of raw HCPT, raw Ce6,
raw Chol-PEG2000, physical mixture of HCPT/Ce6/Chol-
PEG2000, and HCPT/Ce6 NPs. The characteristic peaks at 1723,
1654, 1595 and 1503 cm�1 in the spectrum of raw HCPT
were assigned to the C¼O stretching vibration, acylamino
group, aromatic frame, and aromatic ring, respectively (Jing
et al., 2020), while the spectrum bands of raw Ce6 focused
on 2923 and 2853 cm�1 (asymmetric and symmetric C–H
stretching vibrations), 1715 cm�1 (carbonyl stretching C¼O
vibration), 1601 cm�1 (C¼C stretching vibration), together
with 1510 cm�1 and 1448 cm�1 (aromatic frame) (Wu et al.,
2019). Besides, the intensive and broad peak at 2890 and
1113 cm�1 in the spectrum of raw Chol-PEG2000 mainly

Figure 1. The particle size distribution of HCPT/Ce6 NPs before vs. after storage determined by DLS results (A) and the particle size changes of HCPT/Ce6 NPs dur-
ing storage (n¼ 3) (B); SEM images of HCPT/Ce6 NPs (C); TEM images of HCPT/Ce6 NPs (D).
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Figure 2. The UV-vis absorption spectra (A) and fluorescence spectra (B) of HCPT NPs, Ce6 NPs and HCPT/Ce6 NPs; FT-IR spectra (C) of (a) raw HCPT, (b) raw Ce6,
(c) raw Chol-PEG2000, (d) physical mixture of HCPT, Ce6 and Chol-PEG2000, and (e) HCPT/Ce6 NPs; Cumulative release profiles of HCPT and Ce6 from HCPT/Ce6 NPs
in 0.1M PBS (pH 7.4) involving 1% (w/v) SDS (n¼ 3) (D).

Figure 3. The representative fluorescent microcopy images of intracellular singlet oxygen generation by DCFH-DA in 4T1 cells incubated with HCPT/Ce6 NPs (with
laser) for different laser irradiation times (A) and incubated with different formulations (B). Scar bar: 100mm.
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associated to the C–H stretching vibrations and C–O stretch-
ing vibrations, respectively (Xu et al., 2019b). The typical
peaks mentioned above, such as 2924, 2889, 1722, 1654,
1596, 1504, 1109 cm�1 could also be found in the spectrum
of physical mixture of HCPT/Ce6/Chol-PEG2000 and HCPT/Ce6
NPs except for slight displacement and intensity decrease,
which verified the successful loading of the drugs and pos-
sible molecular interactions among HCPT/Ce6/Chol-PEG2000

in the NPs (Huang et al., 2020). Mentionably, the characteris-
tic band at 1723 cm�1, which represented the C¼O stretch-
ing vibration for the terminal lactone ring of HCPT, emerged
in the FT-IR spectra of both raw HCPT and HCPT/Ce6 NPs
(1722 cm�1). The reservation of the band verified that HCPT
remained lactone form in the NPs, which was different from
clinically available HCPT injection (solubilized at pH
8.5� 10.5) and guaranteed the efficiency of HCPT (Zhang
et al., 2018).

3.2. In vitro release assay

The in vitro release profiles of HCPT/Ce6 NPs were recorded
in Figure 2(D). It was clear that approximately 100% of Ce6

released at 12 h, when only 40% of HCPT released. The sus-
tained release of HCPT continued for about 120 h, which
should be attributed to the hydrophilic PEG shell formed by
the amphiphilic block polymer Chol–PEG2000 and extended
in the periphery of the NPs, that prevented its interaction
with the release medium (Guo et al., 2018). However, as the
macrocyclic Ce6 molecule was too large to be reserved in
the core of the NPs, it released rapidly than HCPT, which
would benefit for its fast elimination from the blood so as to
prevent its sunlight photosensitivity after taking effect in
specific tissues (Xu et al., 2019a). Besides, the distinct release
profiles of HCPT and Ce6 could do favor to guarantee the
PCI phenomenon-mediated combinational chemo-photo-
dynamic therapy, that was, exerting the photodynamic effect
of the preferentially released Ce6 and enhancing the sensitiv-
ity of the cancer cells to the subsequently released chemo-
therapeutic drug HCPT (Nishiyama et al., 2005).

3.3. Intracellular singlet oxygen (1O2) detection

The intracellular singlet oxygen (1O2) generation of HCPT/Ce6
NPs was investigated with the fluorogenic probe DCFH-DA.

Figure 4. In vitro cytotoxicity of HCPT/Ce6 NPs (with laser) toward 4T1 cells after incubation for 48 h (n¼ 6) (A); Combination index (CI) values of HCPT/Ce6 NPs
(with laser) against 4T1 cells (B); Cellular uptake detection of HCPT/Ce6 NPs toward 4T1 cells at different HCPT concentrations and incubated times (n¼ 3) (C);
Cellular uptake detection of HCPT/Ce6 NPs toward 4T1 cells with different cellular uptake inhibitors (n¼ 3) (D). ��p< .001 vs. HCPT/Ce6 NPs without cellular
uptake inhibitors, �p< .05 vs. HCPT/Ce6 NPs without cellular uptake inhibitors.
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As shown in Figure 3(A), apparent green fluorescence of
DCF, the product of degraded and hydrolyzed DCFH-DA in
the presence of 1O2 (Wang et al., 2019), was observed in 4T1
cells treated with HCPT/Ce6 NPs (with laser) and brightened
against laser irradiation time, indicating the continuous 1O2

production of the NPs. Besides, similarly green fluorescence
of DCF was also emerged in the 4T1 cells treated with Ce6
NPs (with laser), while the 4T1 cells treated with HCPT NPs,
Ce6 NPs (without laser) and HCPT/Ce6 NPs (without laser)
were all absent of the DCF fluorescence (Figure 3(B)). The
results signified that the perfect 1O2 production capacity of
HCPT/Ce6 NPs under laser irradiation.

3.4. In vitro cytotoxicity and cellular uptake assay

3.4.1. In vitro cytotoxicity assay
As shown in Figure 4(A), the cytotoxicity of all the test
groups, including HCPT/Ce6 NPs (with or without laser), Ce6
NPs (with or without laser), and HCPT NPs at equivalent
HCPT/Ce6 concentrations, exhibited dose-dependent prolifer-
ation inhibition profiles. There was no doubt that the cyto-
toxicity of HCPT/Ce6 NPs (with laser) was the most
significant compared to the other groups due to combin-
ational chemo-photodynamic effect. Besides, the 4T1 cells
merely treated with laser irradiation were verified to retain
their cell proliferation, indicating the nontoxicity of the laser.
The IC50 values (Supplementary Table S3) of each group
abided by the following order: HCPT/Ce6 NPs (with laser) <
HCPT/Ce6 NPs (without laser) < HCPT NPs<Ce6 NPs (with
laser) < Ce6 NPs (without laser) (p< .05). The IC50 value of
HCPT/Ce6 NPs (with laser) was 5.6-fold lower than HCPT/Ce6
NPs (without laser), 13.7-fold lower than HCPT NPs, and 22.6-
fold lower than Ce6 NPs (with laser), verified the combin-
ational chemo-photodynamic effect of HCPT/Ce6 NPs (with

laser). HCPT NPs and Ce6 NPs (with laser) showed certain
cytotoxicity due to respective chemotherapy and photo-
dynamic therapy, which emerged slightly different (IC50 value
of 7.80lg/mL vs. 12.85lg/mL). In addition, Ce6 NPs (without
laser) exhibited the minimum cytotoxicity (the least IC50
value of 30.67lg/mL), confirming the negligible systemic
toxicity of Ce6 (without laser) (Lee et al., 2019). CI values are
intensively used to evaluate the drug interaction extent in
cancer therapy. Commonly, a CI value smaller than 1 signifies
the synergism of the test drugs (Wang et al., 2015). In this
study, the CI values of HCPT/Ce6 NPs (with laser) were fig-
ured out with the IC values of HCPT/Ce6 NPs (with laser),
HCPT NPs, and Ce6 NPs (with laser), which were plotted in
Figure 4(B). It was clear that the combined chemo-photo-
dynamic effect of HCPT and Ce6 in HCPT/Ce6 NPs was syner-
gistic as all the CI values were less than 1 (Luo et al., 2019).

3.4.2. In vitro cellular uptake assay
Based on the effective in vitro cytotoxicity of HCPT/Ce6 NPs,
their cellular uptake efficiency was investigated via two
method simultaneously. Firstly, the quantification of HCPT on
behalf of HCPT/Ce6 NPs in 4T1 cells was performed and
shown in Figure 4(C,D). The cellular uptake of HCPT/Ce6 NPs
exhibited concentration and time-dependent profiles as the
concentration of HCPT increased significantly by the raised
time and concentration (Figure 4(C)). Besides, HCPT/Ce6 NPs
showed significantly enhanced uptake efficiency than free
HCPT (Supplementary Figure S2), verified the highly affinity
of the 4T1 cells to HCPT/Ce6 NPs. Moreover, four endocytosis
inhibitors mediating different uptake pathways were utilized
to investigate the critical endocytosis pathway for the intern-
alization process of HCPT/Ce6 NPs. As shown in Figure 4(D),
sucrose (p< .001), which blocked clathrin-mediated

Figure 5. Representative fluorescent microcopy images of 4T1 cells incubated with HCPT/Ce6 NPs at Ce6 concentration of 5mg/mL for different incubated times.
Scar bar: 100mm.
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endocytosis (Yi et al., 2015), and methyl-b-cyclodextrin
(MbCD) (p< .05), which blocking caveolae-mediated endo-
cytosis (Garmann et al., 2008), exhibited significantly suppres-
sion in the uptake of HCPT/Ce6 NPs, while cytochalasin B
(CCB) (p> .05), which was the cellular uptake inhibitor of
macropincytosis-dependent endocytosis pathway (Linares
et al., 2014), showed negligible restriction in the uptake of
HCPT/Ce6 NPs. Obviously, the cellular uptake of HCPT/Ce6
NPs relied on clathrin-mediated endocytosis and caveolae-
mediated endocytosis passway simultaneously. Secondly, the
fluorescence co-localization of HCPT/Ce6 NPs was conducted
with 4T1 cell lines as well. As shown in Figure 5, the legible
red fluorescence of Ce6 (on behalf of HCPT/Ce6 NPs) bright-
ened significantly against incubation time (the fourth photo-
graphs), clarified the time-dependent uptake profiles of
HCPT/Ce6 NPs. Besides, the accumulation of Ce6 mainly
occurred in lysosome, which verified the endocytosis process
of the NPs. Moreover, it was apparent that the yellow fluor-
escence in the merged images, which was derived from Ce6
(red fluorescence, on behalf of HCPT/Ce6 NPs) and
LysoTracker Green (green fluorescence, representing lyso-
some), dimmed against time (the fifth photographs). The
above result should be attributed to the release of the NPs
from lysosome into cytoplasm triggered by laser, which
might do favor to exert the photodynamic effect of Ce6 in
its effector organ (Yang et al., 2020). Besides, it was observed
that the cells were gradual breakdown and the boundary
between cytoplasm and nuclear lost, which signified the
cytotoxicity of HCPT/Ce6 NPs as well.

3.5. In vivo antitumor efficacy assay

Motivated by their enhanced in vitro cytotoxicity, the in vivo
antitumor efficacy assay of HCPT/Ce6 NPs (with or without
laser), Ce6 NPs (with laser), and HCPT NPs were evaluated as
well. As shown in Figure 6(A), the tumor growth degree of
all the groups followed the order of Saline>Ce6 NPs (with
laser) � HCPT NPs>HCPT/Ce6 NPs (without laser) > HCPT/
Ce6 NPs (with laser) (p< .001). Obviously, the significantly
suppressed tumor growth profiles of HCPT/Ce6 NPs (with
laser) should be attributed to the combinational chemo-
photodynamic effect and efficient cellular uptake (Lv et al.,
2014). Besides, the average tumor volume of HCPT/Ce6 NPs
(without laser) also grown slowly during the 10 days experi-
ment, which was even smaller than HCPT NPs (p< .05). The
consequence could be explained by the previous report
claiming that smaller particles (HCPT/Ce6 NPs: 178.9 nm vs.
HCPT NPs: 252.7 nm, Supplementary Table S2) owned rela-
tively higher population and might diffuse rapidly in tumor
tissues, which resulted in their enhanced antitumor efficacy
(Yue et al., 2013). In accordance with their in vitro cytotox-
icity results, the in vivo antitumor consequences of HCPT NPs
and Ce6 NPs (with laser) also exhibited insignificant differ-
ence with each other (p> .05), indicating the effectiveness of
both chemotherapy and photodynamic therapy. Besides,
tumor pictures of each group were shown in Supplementary
Figure S3, which identified with their tumor growth profiles.
Moreover, the tumor tissue section (Figure 6(C)) by hema-
toxylin and eosin (H&E) staining showed numerous sectional
nucleus shrinkage and necrosis for HCPT/Ce6 NPs (with laser)

Figure 6. In vivo antitumor efficacy of HCPT/Ce6 NPs by the intravenous route: tumor volume changes (A), body weight changes (B), and HE staining of tumor (C)
of 4T1 bearing BALB/c mice after treatment with different formulations. For each animal, five consecutive doses were given (marked by arrows). Data represent
mean ± SD (n¼ 6). ��p< .001 vs. Ce6 NPsþ L (with laser) group, §§p< .001 vs. HCPT NPs group, and †p< .05 vs. HCPT/Ce6 NPs group (without Laser).
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(marked by arrows), which indicated abundant cell disruption
in the tumor (Zhao et al., 2020). However, the necrosis areas
were decreased in HCPT/Ce6 NPs (without laser) and Ce6
NPs (with laser) groups, while for Saline and HCPT NPs, the
phenomenon of cell disruption was totally absent. The H&E
staining consequences also demonstrated the enhanced anti-
tumor efficacy of HCPT/Ce6 NPs under laser irradiation.

3.6. In vivo toxicology

Body weight variation as the index of systemic toxicity was
monitored everyday during the 10 days. As shown in Figure
6(B), all the treated groups showed incremental body weight
progress and analogous with the control group (p> .05),
indicating the absent of potential systemic toxicity (Yao
et al., 2015). Besides, the pathological photographs of all
organs (Supplementary Figure S4) for different groups were
absent of inflammation and injury, verifying the excellent
biocompatibility of all the test formulations as well (Chen
et al., 2019b). Additionally, Supplementary Table S4 listed the
biochemistry parameters of different groups, and the treated
groups exhibited insignificant difference compared with the
control group (p> .05), that was to say, all the formulations
would not induce evidently hepatic or renal injury/dysfunc-
tion (Jing et al., 2020).

4. Conclusion

In this study, high payload HCPT/Ce6 NPs assembled by the
collaborative interaction among HCPT/Ce6/Chol-PEG2000 were
successfully fabricated for combinational chemo-photo-
dynamic therapy. The obtained NPs showed excellent mono-
dispersity, uniform rod-like morphology, and good storage
stability in aqueous solution. HCPT/Ce6 NPs owned the abil-
ity to produce abundant intracellular ROS upon laser irradi-
ation, possessed significantly effective in vitro cytotoxicity,
and had enhanced cellular uptake efficiency. As a result, with
specific laser irradiation, HCPT/Ce6 NPs presented remarkably
stronger in vivo antitumor efficacy but negligibly systemic
toxicity. In conclusion, HCPT/Ce6 NPs could be regarded as
potential cancer treatment strategy via combined chemo-
photodynamic therapy in clinic.
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