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ABSTRACT

The therapeutic strategy that gives consideration to the combination of photodynamic
therapy and chemotherapy, has emerged as a potential development of effective anti-
cancer medicine. Nevertheless, co-delivery of photosensitizers (PSs) and chemotherapeutic
drugs in traditional carriers still remains great limitations due to low drug loadings
and poor biocompatibility. Herein, we have utilized a computer-aided strategy to achieve
a desired carrier-free self-delivery of pyropheophorbide a (PPa, a common PS) and
podophyllotoxin (PPT, a classical chemotherapeutic drug) for synergistic cancer therapy.
First, the computational simulation method identified the similar molecular sizes and rigid
molecular structures between two drugs molecules. Based on the molecular docking, the
intermolecular interactions were found to include =-r stackings, hydrophobic interactions
and hydrogen bonds. Next, both drugs could co-assemble into nanoparticles (NPs) via one-
step nanoprecipitation method. The various spectral experiments (UV, IR and FL) were
conducted to evaluate the formation mechanism of spherical NPs. Moreover, in vitro and
in vivo experiments systematically demonstrated that PPT/PPa NPs not only showed better
cellular uptake efficiency, stronger cytotoxicity and higher accumulation in tumor sites, but
also exhibited synergistic antitumor effect in female BALB/C bearing-4T1 tumor mice. Such
a computer-aided design strategy of chem-photodynamic drugs self-delivery systems pave
the way for efficient synergistic cancer therapy.
© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Cancer is a major threat to human health and life in the world.
Chemotherapy is still a predominant therapeutic modality
in the clinical treatment of cancer [1]. Photodynamic therapy
(PDT), another promising therapeutic strategy, has been
widely used in the treatment of various cancers due to its
noninvasive, less undesired side effects and high selectivity
[1-3].In the process of PDT, photosensitizers (PSs) are activated
by laser irradiation of specific wavelength and then produce
reactive oxygen species (ROS) including singlet oxygen (*0,),
hydrogen peroxide (H,0,) and superoxide radical (0%),
to elicit tumor cells death or apoptosis [4-6]. Given different
antineoplastic mechanisms, PDT together with chemotherapy
has used to potentiate the antitumor effects.

Nano-drug delivery systems (nano-DDS) have been
employed to co-deliver chemotherapeutic agents and PSs
for synergistic cancer therapy [7-9]. However, most of the
prepared procedure of nano-DDSs are typically sophisticated
and difficult to promise reproducibility and quality control
[10]. In addition, traditional carrier-based nano-DDSs are
still far from satisfactory due to low drug loading and
poor biocompatibility [11]. Therefore, it is highly desired to
precisely design novel nano-systems to solve above dilemmas.

To construct the ingenious high-loading co-delivery
systems of chemotherapeutic drugs and PSs, more attention
has been paid to the computation simulation on the rational
design of a stable nano-DDS [12,13]. For example, our team
reported that well-designed dipeptide-based supramolecular
nanocarrier could efficiently deliver camptothecin based
on the structure-based virtual screening technique [14].
In addition, Zhang and his co-workers have also proved
the formation mechanism of 1,1'-dioctadecyl- 3,3,3,3'-
tetramethylindotricarbocyanine iodide (DiR) self-assemblies
with the assistance of molecular docking [15].

Podophyllotoxin (PPT), a potent anti-tubulin agent, can
significantly inhibit P-glycoprotein-mediated multidrug
resistant (MDR) of tumor cells [16-18]. Moreover, it has also
been reported that PPT could increase intracellular ROS
levels, which was ascribed to PPT-induced cells apoptosis via
acting on the S phase of the cell cycle [19]. Nevertheless, PPT
has poor water solubility, non-selective distribution and low
maximum tolerated dose, hindering its clinical application
[20,21].

Herein, the similarities in molecular properties between
PPT and pyropheophorbide a (PPa, a common PS) were
firstly investigated by dynamic simulations. Meanwhile,
the intermolecular interactions between them were
also evaluated via molecular docking. A novel chem-
photodynamic drugs self-delivery system (PPT/PPa NPs)
was reasonably built. By the in vitro and in vivo experiments,
PPT/PPa NPs showed better cellular uptake efficiency, stronger
cytotoxicity and larger accumulation amount at tumor tissues
than that of PPa solution. Notably, PPT/PPa NPs exhibited great
synergistic anti-tumor effect in 4T1 breast tumor xenograft
model compared with the mixture of PPT and PPa. Such
computer-aided self-delivery nanoplatform of combinational
chem-PDT has been a promising strategy in future clinical
applications.

2. Materials and methods
2.1. Materials

PPa was supplied by Shanghai Dibai Chemical Technology
Co. Ltd (China). DSPE-PEG,x was obtained from Shanghai
Advanced Vehicle Technology Co. Ltd (China). Podophyllotoxin
(PPT), cell culture medium RPMI 1640, penicillin-streptomycin,
fetal bovine serum (FBS), cellular ROS detection assay kit (2,7-
dichlorodihydrofluorescein diacetate, DCFH-DA) and Hoechst
were purchased from Dalian Meilun Biotech Co., Ltd (China).
3-(4,5-dimthyl-2-thiazolyl)-2,5-dipphenyl-2H-terazolium
bromide (MTT) and trypsin-EDTA were brought from Sigma-
Aldrich (USA). Other regents and chemicals applied in the
article were analytical or HPLC grade.

2.2. The molecular interactions between PPT and PPa

The molecular docking was utilized to assess the molecular
interactions between PPT and PPa. The 3-dimentional planar
structures of PPT and PPa were acquired by using the Sybyl
software. Docking of PPT and PPa molecules were carried
out by AutoDock 4.0. The optimized parameters were exerted
on the basis of our previous research [14]. The ultimate
results were evaluated by utilizing the Discovery Studio 2017
Visualizer software.

2.3. Cell culture

Murine breast cancer cells (4T1) were cultured with RPMI 1640
medium containing streptomycin (100 pg/ml), 10% FBS and
penicillin (100 units/ml). And the cells were maintained in a
humidified environment of 5% CO, incubator at 37 °C.

2.4. In vitro synergistic effect of PPa and PPT in different
molar ratio

The synergistic effect of PPT and PPa in vitro was evaluated
via MTT analysis. 4T1 cells (2000 cells/well) were incubated
in 96-well cell culture plates for 12 h. Thereafter, the culture
medium was replaced by sterile PPT solution, PPa solution
and PPT/PPa NPs (PPT/PPa, the molar ratio of 1:5-5:1). After
incubation for 4 h, 96-well plates were exposed to 660 nm laser
at a photodensity of 25 mW/cm? for 3 min. Then, these cells
were cultured for another 44 h. Finally, the absorption value
of the medium was measured by a microplate reader at 570
nm. The combination index (CI) of PPT and PPa was calculated
in line with our previous work [1]. (CI=1, additivity; CI < 1,
synergistic effect; and CI > 1, antagonistic effect)

2.5.  Preparation and characterization of PPT/PPa NPs

One step nano-precipitation method was used to prepare
the PPT/PPa NPs [22]. First, the solution of PPT (2 mg/ml) in
methanol, and PPa (2 mg/ml) in methanol and tetrahydrofuran
(1:1, v/v) were obtained. Second, the mixed solution of PPa
(200 pl) and PPT (78 pl) was dripped into 2 ml deionized
distilled water under stirring (800 rpm, 20 min) at 25 °C. Finally,
the organic solvent was removed by nitrogen flow on the
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solution surface at 37°C and the volume of solution was
adjusted to 2 ml. Moreover, to improve the stability of NPs,
pegylated PPT/PPa NPs were fabricated in the same protocol
using the mixed solution of PPT, PPa, and DSPE-PEGyy (20 wt%).
The hydrodynamic diameter and zeta potential of PPT/PPa
NPs were characterized by a Zetasizer (Nano ZS, Malvern
Co., UK). The morphology of PPT/PPa NPs was observed by
a transmission electron microscopy (TEM) (HITACHI, HT7700,
Japan).

2.6.  Assembly mechanism of PPT/PPa NPs

The assembly mechanism of PPT/PPa NPs was investigated
by ultraviolet (UV), infrared (IR) and fluorescence (FL) spectra,
respectively. For UV spectra, PPT, PPa and the mixture of
PPT and PPa were dissolved in methanol. PPT/PPa NPs were
dispersed in deionized water and 0.2% sodium dodecyl sulfate
(SDS), respectively. Then, their UV spectra were characterized
by a multi-functional microplate reader (Thermo Scientific,
USA). IR spectra of PPT, PPa, the mixture of PPT and PPa,
and PPT/PPa NPs (non-PEGylation) were obtained by Flourier
transformation infrared spectrometer. FL spectra of free PPa
(10 pg/ml) and PPT/PPa NPs (at an equivalent concentration
of PPa) were acquired by using a multifunctional microplate
reader. In order to further verify the formation mechanism
of PPT/PPa NPs, they were incubated with 10 mM urea
(forming competitive hydrogen bonds with molecules) and
SDS (dissociating the hydrophobic force), respectively [23,24].
The size change of PPT/PPa NPs was measured by DLS.

2.7.  Stability of PPT/PPa NPs

The colloidal stability of PPT/PPa NPs was evaluated by
monitoring the change of size in PBS (pH 7.4) including 10%
FBS for 24 h at 37°C. And the size change was determined at
pre-designed time points (0, 2, 4, 6, 8, 10, 12, 24 h). Moreover,
the long-term stability of PPT/PPa NPs stored at 4 °C was also
investigated.

2.8. Cellular uptake

The cellular uptake of PPT/PPa NPs was investigated by
confocal laser scanning microscopy (CLSM, TCS SP2/AOBS,
LEICA, Germany). 4T1 cells were incubated in 24-well plate
at a certain density of 5 x 10* cells/well for 12 h. Thereafter,
these cells were incubated with free PPa solution (2 pg/ml)
or PPT/PPa NPs (2 pg/ml, PPa equivalent) for 1 h, 2 h, 4 h,
respectively. After incubation, these cells were rinsed with ice-
cold PBS for three times, fixed with 4% paraformaldehyde and
stained with Hoechst. Finally, the fluorescence signals of PPa
in 4T1 cells were obtained by CLSM.

2.9. Cellular ROS detection in vitro

The production of ROS in 4T1 cells was detected by the active
oxygen kit (DCFH-DA). 4T1 cells (at 1x 10° cells/well) were
seeded in 12-well plates for 12 h. Subsequently, the medium
containing PPT/PPa NPs (with PPa concentration of 200 ng/ml)
or PPT (78 ng/ml) was added to the cells for 4 h. After the
medium was displaced with DCFH-DA (10 pg/ml) for 30 min,

the cells were irradiated by a 660 nm laser device (25 mW/cm?)
for 10 min. Finally, the Eclipse Ti-U inverted microscope was
used to detect ROS production of PPT/PPa NPs in 4T1 cells.
Moreover, ROS production was analyzed quantitatively
by fluorescence method. 4T1 cells (1 x 10* cells/well) were
seeded in black 96-well cell-culture plate for 12 h. Then, the
cells were treated according to the same procedure described
as the qualitative analysis of ROS production. Ultimately,
the fluorescence intensities of DCF were determined by
microplate reader at excitation of 488 nm and at emission of
525 nm.
2.10.  Cell viability evaluation
The cytotoxicity of PPT solution, PPa solution, the mixed
solution of PPT and PPa, and PPT/PPa NPs against 4T1 cells
were assessed by MTT method. 4T1 cells (2 x 103 cells/well)
were cultured in 96-well plates for 12 h at 37°C. Then the
medium was discarded, PPT solution, PPa solution, the mixed
solution of PPT and PPa, and PPT/PPa NPs were added to
96-well plates. These cells were incubated for 48 h before
standard MTT assay. For photodynamic cytotoxicity, after
incubation with the above formulations for 4 h under dark
condition, the cells were treated with a laser device (660 nm,
25 mW/cm?) for 3 min and further cultured for another 44
h. Afterwards, 20 pl MTT (5 mg/ml) was added to these cells
for 4 h at 37 °C. After incubation, the medium was displaced
with 150 pl DMSO. Finally, the absorption value of the
samples at 570 nm was determined by utilizing a microplate
reader.

2.11. Animals

All animal experiments were conducted rigorously in
accordance with the Guide for Care and Animal Ethics
Committee of Shenyang Pharmaceutical University.

2.12. Biodistribution

To investigate the biodistribution of PPT/PPa NPs in vivo,
4T1 bearing-tumor mice model were established. The
establishment of tumor model was as follows: female
Balb/c mice were first anesthetized with isoflurane, then 4T1
cells (5 x 10° in 100 pl PBS) were subcutaneously injected into
the right blank region of the mice’s back. When the volume of
tumors reached around 300 mm?3, PPa solution (as a control)
and PPT/PPa NPs were administrated into mice via tail vein,
at an equivalent PPa dose of 5 mg/kg. The mice were killed
at 4, 12 and 24 h post-administration. Then major organs
(heart, liver, spleen, lung, kidney) and tumors were excised.
The imaging system (IVIS) was implemented to determine
the biodistribution and fluorescence intensity of PPT/PPa NPs
(n=3).

2.13.  In vivo synergistic antitumor effect

The synergistic antitumor effect of PPT/PPa NPs was evaluated
on 4T1 breast tumor xenograft model. The establishment of
subcutaneous 4T1 tumor model of in Balb/c mice was the
same as above 2.12. When tumor sizes were about 150 mm?3,
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Fig. 1 - Illustration of the preparation process and chem-PDT synergistically enhanced cancer therapy of PPT/PPa NPs with
computer-aided design. (A) The computer-aided design of PPT/PPa NPs; The self-delivery nanoassemblies were formed by
PPT and PPa based on =n-r stackings, hydrophobic interactions and hydrogen bonds existed in two drugs. DSPE-PEG,;, was
used to functionalize the surface of PPT/PPa NPs to improve the stability. (B) Schematic representation of PPT/PPa NPs for
the combination therapy with chemotherapy and PDT under 660 nm laser irradiation.

the 25 mice were randomly divided into 5 groups (n = 5): saline,
free PPT solution (2.34 mg/kg), free PPa solution +laser (6
mg/kg), the mixed solution of PPT and PPa + laser, and PPT/PPa
NPs +laser (at an equivalent does of PPT and PPa). The mice
were injected with the above formulations (200 pl) via tail
vein at 0, 2, 4, 6 d. At 12 h post administration, the treated
laser groups were irradiated with 660 nm laser for 5 min (200
mW/cm?). The body weight and tumor volume of the mice
were measured every other day (0, 2, 4, 6, 8, 10, 12 d). The
volume of the tumor was calculated by the following formula:
V=1/2 length x width?. All mice were sacrificed by cervical
vertebra isolation on Day 12. Then the blood samples were
obtained to analyze the hepatic and renal function indexes of
mice. The tumors and major organs were excised, weighted,
and sliced. Finally, the slices were stained with hematoxylin
and eosin (H&E) to analyze the physiological changes of mice.

2.14. Statistical analysis

Data were calculated and expressed as mean =+ SD.
Statistical analysis was implemented with two-tailed
student’s T-test and one-way analysis of variance (ANOVA)
for differences between comparative groups. Significant
statistical differences were estimated at P < 0.05.

3. Results and discussion
3.1.  Investigation on the molecular interactions between
PPT and PPa

The dynamic simulations were used to explore the molecular
interactions between PPT and PPa. The chemical structures

and physicochemical properties of both drugs were showed
in Fig. 2A and 2B, respectively. As depicted in Fig. 2C, PPT
and PPa had similar molecular sizes, multiple aromatic
rings and rigid planar molecular structures, beneficial to
form the close intermolecular connections. As shown in
Fig. 2D, the results of molecular docking indicated that
7—n stackings, hydrophobic interactions, and intermolecular
hydrogen bonds were involved in the interactions between
PPT and PPa molecules.

3.2.  Preparation and characterization of PPT/PPa NPs

Based on the above results of molecular docking, the
preparation of PPT/PPa nanoparticles was attempted through
one-step nanoprecipitation method. The PPT/PPa NPs with
different molar ratios of PPT to PPa (1.5, 1:2, 1:1, 2:1, 5:1) were
established. As shown in Table S1, PPT/PPa NPs had smaller
particle size when the molar ratio of PPT to PPa of 1:2 and
1:5. Subsequently, the synergistic effect of the different molar
ratios of PPT to PPa was assessed by calculating the Clsy (50%
inhibition) in 4T1 cells. The CIsy of PPT/PPa NPs with molar
ratio of PPT to PPa (1:2) was 0.4951, showing the best cytotoxic
synergy in 4T1 cells (Table S1). Therefore, the PPT/PPa NPs
with molar ratio of 1:2 (PPT/PPa) were elected for further
study.

As shown in Fig. 3A, the results of DLS showed that the
average diameters of PPT/PPa NPs were approximately 130
nm with a narrow polydispersity index (PDI) of 0.172 + 0.045.
The image of TEM exhibited that PPT/PPa NPs were spherical
nanostructures (Fig. 3B) and the zeta potential of PPT/PPa NPs
was about -14.8 mV (Fig. S1). The negative surface charge
was beneficial for stabilizing the nanoparticles in vivo. The
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Molecular formula: C33H34N403 D
Molecular weight: 534.657
Log P (octanol-water): 4,13
Water solubility: insoluble

Molecular formula: C22H2208 B
Molccular weight: 414.41

Log I’ (octanol-water): 2.01
Water solubility: 155 mg/ml

=}
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3D planar structure of pyropheophorbide a

11.513 A

3D planar structure of podophyllotoxin

Fig. 2 - The assembly mechanism of PPT/PPa NPs. (A) Chemical structure of podophyllotoxin. (B) Chemical structure of
pyropheophorbide a. (C) Three-dimensional grid planar structures and sizes of podophyllotoxin and pyropheophorbide a (A,
angstrom). (D) Computational simulations of the assembly of PPT and PPa in PPT/PPa NPs.
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Fig. 3 — Characterization of PPT/PPa NPs in vitro. (A) The size distribution profile of PPT/PPa NPs. (B) TEM image of PPT/PPa
NPs. (C) Colloidal stability of PPT/PPa NPs in PBS including 10% FBS for 24 h at 37 °C (n = 3). (D) Stability of PPT/PPa NPs
stored in deionized water at 4°C for 7 d.
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Fig. 4 - Experimental validation of the assembly mechanism of PPT/PPa NPs. (A) UV absorption spectrum of PPT solution,
PPa solution, 0.2% SDS, PPT/PPa NPs, and PPT/PPa NPs dissolved in 0.2% SDS. (B) The IR spectrum of PPT (a), PPa (b), the
mixture of PPT and PPa (c), and PPT/PPa NPs (d).

colloidal stability of PPT/PPa NPs was further evaluated by
incubating NPs in PBS (pH 7.4) containing 10% FBS. The results
suggested that the PPT/PPa NPs had a great colloidal stability

3.3. Formation mechanism of PPT/PPa NPs

The rigorous experiments were conducted to valid the

(Fig. 3C). In addition, the PPT/PPa NPs also exhibited great
physical stability in deionized water after being stored at 4°C
for 7 d (Fig. 3D).

possible formation mechanism of PPT/PPa NPs. As illustrated
in Fig. 4A, the UV spectra of PPT/PPa NPs exhibited the evident
red shift and widen absorption band compared with PPa
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Fig. 5 - Cellular uptake and ROS production of PPT/PPa NPs. (A) The cellular uptake of free PPa in 4T1 cellsat1h,2 h and 4 h.
(B) The cellular uptake of PPT/PPa NPs in 4T1 cells at 1 h, 2 h and 4 h (the scale bar represents 20 pm). (C) ROS production in
4T1 cells after incubation of PPT/PPa NPs with laser irradiation (25 mW/cm?, 10 min) or without laser irradiation (the scale

bar represents 50 pm).

solution, and the absorption peak of PPT/PPa NPs significantly
decreased and almost recovered to the original absorption
peak of PPa with the addition of SDS (0.2%, w/v). The results
of UV indicated that the strong hydrophobic interactions
existed in the PPT/PPa NPs. Besides, the FTIR spectra of
PPT/PPa NPs, PPT, PPa and PPT/PPa physical mixture were
conducted. As depicted in Fig. 4B, the characteristic peak
intensity of carbonyl group v(C=0) of PPa from PPT/PPa NPs
was weaker than that v(C=0) (1727.0 cm~!) from both PPT/PPa
mixture and PPa. Moreover, the hydroxyl (-OH) peaks of PPT
became widen and moved to lower wavenumbers, implying
that intermolecular hydrogen bond was formed between PPT
(-OH) and PPa (C=0). As shown in Fig. S2, the fluorescence
intensity of PPa in PPT/PPa NPs decreased compared with free
PPa, indicating that PPT/PPa NPs resulted in the fluorescence
quenching phenomenon to some extent, due to n-r stacking
interactions between PPT and PPa molecules. Moreover, the
diameter sizes of urea-/SDS-treated PPT/PPa NPs evidently
increased, implying the potential disaggregation of NPs
(Fig. S3) [24]. These results were consistent well with that
of computational simulations, collectively validating =-=
stackings, hydrophobic interactions, and hydrogen bonds
served as the drivers to form stable NPs.

3.4.  Cellular uptake and ROS detection

CLSM was utilized to compare the cellular uptake efficiency
of PPa solution and PPT/PPa NPs. As depicted in Fig. 5A-

5B, The PPa from PPT/PPa NPs exhibited slightly stronger
red fluorescence signals than that from PPa solution at 1
h. When the incubation time was prolonged to 2 h and 4
h, the fluorescence signals of PPa from PPT/PPa NPs were
significantly enhanced compared to these incubated with free
PPa solution. These results showed that PPT/PPa NPs could
improve the cellular uptake efficiency compared with PPa
solution. Meanwhile, the uptake of PPT/PPa NPs showed a
time-dependent manner.

Cellular ROS production was detected by using DCFH-
DA staining method. As illustrated in Fig. 5C, PPT could
increase ROS production in cells, ascribing to PPT-
induced cells apoptosis via acting on the S phase of
the cell cycle [12]. The fluorescence intensity of DCF in
PPT/PPa NPs was much stronger under laser irradiation
compared with no laser irradiation, demonstrating that
the PPT/PPa NPs could generate much more ROS with laser
irradiation.

In Fig. S4, PPT could elevate the levels of ROS generation
in 4T1 cells. In addition, the amount of ROS produced by
PPT/PPa NPs with the laser irradiation was much more than
that without the laser irradiation. The results were in line with
the qualitative analysis of ROS production.

3.5.  Cell viability evaluation

The abilities of PPa, PPT, PPT/PPa mixed solution and PPT/PPa
NPs to inhibit the growth of 4T1 cells with or without
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Fig. 7 — The biodistribution of free PPa solution and PPT/PPa NPs in 4T1 xenograft tumor model. Ex vivo fluorescence
imaging of tumors and major organs at 4 h (A), 12h (C), 24 h (E); Quantitative analysis of fluorescence intensity at 4 h (B), 12

h (D), 24 h (F); (n=3, *P < 0.05).

laser irradiation (25 mW/cm?, 3 min) were investigated
by MTT method. As illustrated in Fig. 6, PPT exhibited
moderate cytotoxicity against 4T1 cells, which was attributed
to inhibition of tubulin and ROS production. PPa showed
stronger cytotoxicity under laser irradiation than that without
laser irradiation. More importantly, compared to PPT alone
and PPa/laser, PPT/PPa NPs laser group exhibited the strongest
cytotoxicity against 4T1 cells. Intriguingly, the greatest
cytotoxicity of PPT/PPa NPs under laser irradiation was not
the simple addition of PPT and PPa, but the synergism

of the two drugs in PPT/PPa NPs (CI of 50% inhibition<1,
Table S1).

3.6.  Biodistribution of PPT/PPa NPs

The biodistribution of PPT/PPa NPs in major organs and
tumors was investigated by 4T1 tumor-bearing mice model.
After 4, 12 or 24 h post-administration, imaging and
quantitative analysis of free PPa and PPT/PPa NPs in major
organs and tumors were determined by an IVIS small animal
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Fig. 8 - In vivo synergistic anti-tumor efficacy of PPT/PPa NPs under 660 nm laser treatment (200 mW/cm?, 5 min). (A) Tumor
growth curves treated with different formulations (saline, PPT solution, PPa solution, mixed solution of PPT and PPa, and
PPT/PPa NPs). (B) Images of excised tumors on day 12. (C) The tumor burden after the last treatment. (D) Body weight
changes of mice in each group. (n=5, n.s. no significance, *P < 0.05, **P < 0.01).

imaging system. As shown in Fig. 7, both free PPa and PPT/PPa
NPs exhibited strong fluorescence signals in liver, which were
probably attributed to be eliminated by reticuloendothelial
systems [25]. The PPa fluorescence intensity of PPT/PPa NPs
in tumor sites was always stronger than that of free PPa
solution at various time points. The result suggested PPT/PPa
NPs had better tumor targeting ability based on the enhanced
permeability and retention (EPR) effect of nanomedicines
[26]. The accumulation amounts of PPT/PPa NPs in tumor
tissues reached the peak at 12 h. So, the optimal time of
irradiation was determined at 12 h after administration.
Fig. 7A showed that free PPa had high accumulation in kidneys
at 4 h, implying that PPa was probably eliminated through the
renal route [27].

3.7. In vivo antitumor efficacy

In vivo therapeutic efficacy of PPT/PPa NPs was evaluated by
4T1 xenograft tumor model. At 12 h post-administration, PPa
solution, PPT/PPa mixture and PPT/PPa NPs were irradiated
with 660 nm laser for 5 min (200 mW/cm?) based on the
results of biodistribution. As illustrated in Fig. 8, the tumor

volume of the saline group was approximately 800 mm?3

at day 12. Compared with saline group, the tumor growth
of PPT group was moderately inhibited. The group of PPa
solution and PPT/PPa mixture showed significant antitumor
efficacy compared with the saline group. More importantly,
PPT/PPa NPs exhibited the best antitumor efficacy, ascribing
to the synergistic tumor ablation of PPT and PPa, and high
accumulation of NPs in tumor sites.

Next, we further evaluated the biosafety of the PPT/PPa
NPs. As shown in Fig. 8D. the average weight of mice of each
group was barely changed during the 12 d. In terms of H&E
staining, there was also no significant change in histological
morphology of main organs in all groups (Fig. 9A). It was
noteworthy that evident necrosis and apoptosis of tumor
were observed in the PPT/PPa NPs group (Fig. 9A). Additionally,
the serum levels of blood aspartate transaminase (AST),
alanine transaminase (ALT), urea nitrogen (BUN) and
creatinine (CREA) were used to evaluate liver and renal
function. As depicted in Fig. 9B-9E, the levels of AST, ALT,
BUN, and CREA were not significantly different among the
five groups, indicating that the PPT/PPa NPs had a good
biosafety.
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Fig. 9 - The biosafety evaluation in vivo of different formulations. (A) The H&E staining results; (B) ALT: alanine
aminotransferase; (C) AST: aspartate aminotransferase; (D) BUN: blood urea nitrogen; (E) CREA: creatinine (n=3, n.s. no

significance).
4. Conclusions
In this study, a novel self-delivery system

(Podophyllotoxin/pyropheophorbide a nanoparticles, PPT/PPa
NPs) was reasonably designed and fabricated for synergistic
chemo-PDT combination cancer therapy, based on the
computational simulations. The similar molecular sizes and
rigid planar molecular structures resulted in the potent
intermolecular connections between PPT and PPa. Both
drugs could successfully co-assemble into NPs through one-
step nanoprecipitation method. The PPT/PPa NPs showed

excellent colloidal and stored stability in the physiological
condition. Furthermore, PPT/PPa NPs also exhibited significant
advantages in terms of results in vitro and in vivo: (i) Compared
with free PPa, PPT/PPa NPs showed higher cellular uptake
efficiency and remarkably increased cytotoxicity; (ii) PPT/PPa
NPs presented high accumulation in tumor tissues; (iii) Most
importantly, PPT/PPa NPs-mediated synergetic chemo-PDT
contributed to superior antitumor effect. In summary, this
rational and efficient strategy with the aid of computational
simulations would be of great importance for inspiring more
exploration of PDT in combination with chemotherapy in the
cancer treatment.
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