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ABSTRACT

To realize the synergistic anti-tumor effect of chemotherapy and photodynamic therapy, the mono
sulfide-modified docetaxel (DTX) prodrugs (DSD) provided by our laboratory and hematoporphyrin
(HP) were used to physically prepare co-assembled nanoparticles (DSD/HP NPs) by nano-precipitation.
For the first time, this study showed its characteristics, in vitro anti-tumor activity, pharmacokinetic
behavior in rats, in vivo distribution, and pharmacodynamic effects on 4T1 tumor-bearing Bal b/c
mice. DSD/HP NPs optimized by single-factor and response surface optimization had several
distinct characteristics. First, it had dark purple appearance with particle size of 105.16+1.24nm,
PDI of 0.168+0.15, entrapment efficiency and drug loading of DSD and HP in DSD/HP NPs of
96.27 £1.03% and 97.70+0.20%, 69.22+1.03% and 20.03+3.12%, respectively. Second, it had good
stability and could release DTX and HP slowly in the media of pH 7.4 PBS with T0mM DTT (H,0,).
Moreover, DSD/HP NPs along with NiR treatment significantly inhibited 4T1 cells proliferation, and
induced more reactive oxygen species and cells apoptosis. In vivo pharmacokinetic and
pharmacodynamic studies showed that DSD/HP NPs could prolong the drug circulation time in
rats, increase drug distribution in tumor site, obviously inhibit tumor growth, and decrease the
exposure of drug to normal tissues. Therefore, DSD/HP NPs as a promising co-assembled nano-drug
delivery system could potentially improve the therapeutic efficiency of chemotherapeutic drug
and achieve better anti-tumor effects due to the combination of chemotherapy and photodynamic
therapy.
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1. Introduction best treatment (Li et al., 2021; Peng et al, 2021; Ren
et al.,, 2022).

At present, the prodrug loaded self-assembled nanopar-
ticles acted as a unique nano-drug delivery strategy has
some advantages such as high drug loading (DL), good
stability, selective drug release, and improved anti-tumor
effects (Ren et al.,, 2016; Yang et al., 2020; Li et al., 2021;
Ren et al., 2022). Therefore, according to the physical and
chemical properties of DTX, appropriate DTX prodrugs were
synthesized and prepared to be an effective self-assembled
nanoparticles to improve its therapeutic effects (Wohl
et al.,, 2014).

In our previous study, n-dodecanol (Do)-modified DTX
prodrug with mono sulfide bond as linker (DSD) was suc-
cessfully synthesized, and prepared as nanostructure lipid
carrier (DNLC) (Tang et al., 2020). The results of in vitro release

Breast cancer is the second most common cancer in the
world after lung cancer (Lisa, 2010; Tohkayomatee et al,,
2022). Its morbidity and mortality are increasing year by year
to threat the health of women (Chaffer & Weinberg, 2011;
Koual et al., 2020; Rabiei et al., 2022). Chemotherapy is one
of the main ways to treat breast cancer. Docetaxel (DTX)
acted as a commonly used first-line chemotherapy drug for
breast cancer has poor solubility and weak membrane per-
meability (Gong et al., 2020; Razak et al., 2021). However,
the commercial preparation of Taxotere” has some side effects
such as acute hypersensitivity and hemolysis, which attribute
to the application of tween 80 and ethanol in preparation
(Gong et al.,, 2020). As a result, its application in clinic is

restrict. To alleviate these problems, improve efficacy, and
develop DTX preparations with better therapeutic effects,
recent studies on the strategy of prodrug loaded nano-drug
delivery system were carried out to find the least risky and

found that the release of DTX from DNLC was redox sensi-
tivity, and in vivo pharmacokinetic and pharmacodynamic
study showed that DNLC significantly increased the concen-
tration of DTX in plasma after intravenous administration to
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Scheme 1. Schematic illustration of DSD/HP co-assembled nano-drug delivery system for the combination of nanotechnology, chemotherapy, and photodynamic
therapy. | DSD and HP were successfully prepared to be as co-assembled nanoparticles (DSD/HP NPs) using the method of nanoprecipitation. Il DSD/HP NPs were

administered to rats intravenously to prolong the drugs circulated time in blood.

Il The designed DSD/HP NPs improved the accumulation of drugs in tumor site,

produced more ROS to induce 4T1 cells apoptosis, and initiated the antitumor efficiency of chemotherapy and locoregional photodynamic therapy.

rats, and had good anti-tumor efficacy and low toxicity. So,
in this study, DSD used as a model drug combined with
hematoporphyrin (HP) to prepare co-loaded self-assembled
nanoparticles (DSD/HP NPs) for further study on their anti-
tumor effects. Here, HP is widely selected as a photosensitizer
used in photodynamic therapy (PDT), which is a non-surgical
and innovative method with low systematic toxicity, mini-
mally invasive, and high selectivity to tumor tissue for the
treatment of small and superficial tumors (Chang et al,, 2014;
Abrahamse & Hamblin, 2016; Allison & Ferguson, 2022; Li
et al., 2022; Wang et al., 2022). PDT as a new type of tumor
treatment has three key factors of light, photosensitizer (PS),
and reactive oxygen species (ROS) (Agostinis et al., 2011;
Abrahamse & Hamblin, 2016; Plekhova et al., 2022). Under
the irradiation of near infrared ray (NiR) at a specific exci-
tation wavelength, PS is activated to produce a photochem-
ical reaction, which then induces the production of ROS to
directly kill cancer cells (Dabrowski & Arnaut, 2015; Menilli
et al., 2022; Xue et al, 2022). Meanwhile, ROS can also
destroy tumor vasculature, activate the host’s anti-tumor
immune response, indirectly play anti-tumor effect (Dgbrowski
& Arnaut, 2015; Fan et al., 2017; Menilli et al., 2022). Thus,
PDT has attracted great attention from researchers as a non-
invasive and highly selective approach for cancer treatment,
and HP has high phototoxicity and can be rapidly metabo-
lized from human tissues (Castano et al., 2005; Abrahamse
& Hamblin 2016; Kim et al., 2020; Zhu et al., 2022). However,
there are still certain defects of HP. For example, HP is a
hydrophobic drug with low water solubility, so it is not easy
to make an intravenous injection directly (Wu et al.,, 2022).

In this article, to elevate the anti-tumor effects of DSD with
HP, co-loaded self-assembled nano-precipitation technology
was employed to combine DSD with HP as DSD/HP NPs, which

were prepared to further expand research depth and achieve
a synergistic effect of the combinative treatment of chemo-
therapy and PDT (Fan et al,, 2014; Zhu et al,, 2021, 2022). The
optimization, stability, in vitro release, in vitro cytological eval-
uation, in vivo pharmacokinetics, and pharmacodynamics of
DSD/HP NPs with or without the treatment of NiR were inves-
tigated to evaluate the anti-tumor effects (Scheme 1).

2. Materials and methods
2.1. Materials

DTX and paclitaxel (PTX) were purchased from Nanjing
Jingzhu Biotechnology Co., Ltd (Nanjing, China). DTX prodrug
(DTX-S-Do, DSD) was provided by our laboratory. HP was
purchased from Med Chem Express. 4-dimethylaminopyridine
(DMAP), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDCI), and Vitamin E polyethylene glycol suc-
cinate (TPGS) were obtained from Aladdin Biotechnology Co.,
Ltd (Shanghai, China). Cell Counting Kit-8 (CCK-8) was pur-
chased from Sigma-Aldrich Inc (MO, USA). ROS Detection
Assay Kit was purchased from Elabscience Biotechnology Co.,
Ltd (Wuhan, China). DTX injection (DTX Inj) was purchased
from Jiangsu Aosaikang Pharmaceutical Co., Ltd. All other
reagents were analytical level.

2.2. Animals

Female Sprague-Dawley rats (6-8 weeks old, weighing 180-2209)
and female Bal b/c mice (6-8 weeks old, weighing 18-22g) were
selected to use in this study. All the animals were provided by
the Animal Center of Shanxi Medical University (Shanxi, China).
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2.3. Preparation of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

DSD/HP NPs were prepared by our prescribed method (Li
et al, 2020). DSD, HP, and TPGS at a certain amount were
dissolved with 1 mL anhydrous ethanol solution. Then it was
injected slowly into suitable distilled water at a certain stir-
ring speed. After removing the solvent of ethanol by rotary
evaporator, DSD/HP NPs were obtained and stored at 4°C.

2.4. Optimization of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

Response surface method (RSM) was used to optimize the
prescription of DSD/HP NPs. The molar ratio of HP to DSD,
content of DSD, and stabilizer were selected as influencing
factors. The particle size, PDI, EE of DSD, and EE of HP were
used as response values of response surface experiments.
The desirability function of particle size and PDI was at the
minimum level, and that of EE was at the maximum level to
optimize the prescription. According to the Box-Behnken test
design (BBD), the experimental conditions were designed
and optimized.

2.5. Characterization of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The particle size, PDI, and zeta potential of DSD/HP NPs were
measured using a Malvern Zetasizer Nano ZS (Malvern, UK).
The morphology of DSD/HP NPs was observed by transmis-
sion electron microscopy (TEM, JEM-2010, Japan).

DL and EE of DSD and HP in DSD/HP NPs were measured
by centrifugalization. Briefly, 1mL DSD/HP NPs was placed
in 1.5mL EP tube. Then it was centrifuged at 3500 r/min for
20min. 500 uL supernatant after centrifugalization and sus-
pensions before centrifugalization were put into 5mL volu-
metric flask, and dissolved with acetonitrile solution and
anhydrous ethanol solution, respectively. After that they were
vortexed 5min and continued to ultrasonic for 5min. DL and
EE were calculated according the following equations.

W,
EE=—%100%

2

W,
DL=—-x100%
W,
W, was amounts of drugs loaded into DSD/HP NPs. W,
was total amounts of drugs added, and W, was total amounts
of the substances used to prepare DSD/HP NPs.

2.6. The stability of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The stability of DSD/HP NPs was studied under ten times
dilution, which was diluted with water, saline, phosphate
buffer saline (PBS, pH7.4), and RPMI-1640 medium. Then the
samples were placed in a thermostatic water bath oscillator
with a stirring speed of 100 r/min at 37+2°C for 36h.

Meanwhile, another batch of samples was stored at 4°C for
30 d, respectively. At the designed time, the particle size and
PDI of samples were measured to evaluated the physical and
long-term stability, respectively.

2.7. The release kinetics analysis of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The small cup method was used to evaluate in vitro release
behavior of DTX in DSD/HP NPs. Briefly, 2mL of DSD/HP NPs
with DSD concentration of 2.0mg/mL was dispersed in 10mL
PBS solution containing 30% ethanol with or without 10 mM
H,O, and DTT. Then, it was placed in a shaker at the speed
of 100 r/min under the temperature of 37.0+0.5°C. At the
predesigned time, 1TmL of sample solution was taken out
and centrifuged at 3500 r/min for 20 min. Then, the precip-
itate was dissolved with 1mL acetonitrile and vortexed for
1min. Subsequently, it was transferred to a 5mL volumetric
flask and diluted with acetonitrile to volume, which was
ultrasonic for 10 min. The content of DSD was analyzed by
HPLC on a C18 column at the mobile phase of acetonitrile/
water (90:10, v/v) under a flow rate of 0.8 mL/min. And the
detection wavelength was set at 230nm. Meanwhile, the
content of HP released from DSD/HP NPs was also evaluated
using a Thermo Scientific Microplate Reader with an exci-
tation of 405nm and emission of 598 nm. The drug release
kinetics was analyzed on zero order, first order, and higu-
chi models.

2.8. Cell culture

4T1 cells was a mouse metastatic breast cancer cell line. 4T1
cells frozen in liquid nitrogen container were quickly thawed
in 37°C water bath within 1 min. Then, it was transferred into
a centrifuge tube under a clean bench. And 4T1 cells were
cultured in RPMI 1640 containing 10% FBS, 100 ug/mL pen-
icillin, and 100 pg/mL streptomycin in a humidified atmo-
sphere containing 5% CO, at 37°C.

2.9. Cytotoxicity analysis

The cytotoxicity of DSD/HP NPs combined with or without
PDT was investigated in 4T1 cells by CCK-8 assay. Briefly,
100 uL of 4T1 cells (3x10* cells/mL) were planted into each
well of 96-well plate. After 24h incubation, the cells were
treated with DTX-Sol, DSD NPs, MIX-Sol, DSD/HP NPs,
MIX-Sol + NiR, and DSD/HP NPs + NiR diluted with serum-free
cell culture medium for 4h. Then, the cells treated with
MIX-Sol+NiR and DSD/HP NPs+NiR were additionally irradi-
ated with a PDT laser (630nm, 100 mW/cm?) for 30s. All the
plates were continued to incubate for another 20h or 44h.
Subsequently, 10uL CCK-8 solution (2mg/mL) was added to
each well and the cells were cultured for another 2h. Then,
the plates were vibrated for 8 min to obtain uniform disper-
sion. The absorbance value of each well at 450nm was mea-
sured by a Thermo Scientific Microplate Reader. The untreated
cells were used as blank group. The whole experiments were
performed in dark. Cell viability and the half maximal



inhibitory concentration (IC50) were calculated to evaluate
cells survival.

Cellviability (%)

=[ (oD OD,,.)/(OD

treatment control

—~0Dy,,.) | x 100%

2.10. Reactive oxygen species assay

Reactive oxygen species (ROS) in cells treated with different
preparations were measured by ROS Assay Kit. Briefly, 4T1
cells were seeded on a 6-well plate at a density of 1x10°
cells/well and cultured for 24 h. Then, they were treated with
DTX-Sol, DSD NPs, MIX-Sol, DSD/HP NPs, HP-Sol+NiR,
MIX-Sol+NiR, and DSD/HP NPs+NiR, respectively. The cells
treated with blank medium were used as Control group. After
4h incubation, the cells incubated with HP-Sol+ NiR,
MIX-Sol +NiR, and DSD/HP NPs+NiR were additionally irra-
diated using a PDT laser (630 nm, 100 mW/cm?) for 30s. All
the plates were continued to incubate for another 20h. At
the scheduled time, the cells were washed with PBS once,
and incubated with 1mL of DCFH-DA (10uM) for 60 min.
Then it was washed thrice with PBS and observed under the
fluorescent microscope (DMil, Leica, Germany). The relative
of DCF-fluorescence intensity was quantified.

2.11. Cell apoptosis assay

Apoptosis assay in each group of 4T1 cells was performed
using a fluorescein isothiocyanate (FITC)-labeled Annexin V/
Pl assay kit. 4T1 cells were used to seed on a 6-well plate.
The density of 4T1 cells and following treatment was as same
as described in the section of ROS assay. After 24 h incuba-
tion, the cells were washed twice with ice-cold PBS, and then
it was performed according to the manufacturer’s protocol
of Annexin V/PI assay kit. The percentage of apoptotic cells
was analyzed by flow cytometry (BD, FACS-Calibur, USA).

2.12. DAPI staining assay

4T1 cells at a density of 1x10° cells per well were placed
on a 6-well plate and incubated for 24h. The subsequent
processing was consistent with that of ROS assay. After the
cells were washed thrice with PBS, they were fixed with 4%
paraformaldehyde (PFA) for 10 min. Then, 1 mL DAPI solution
(1mg/mL) was added to each well and to stain the cells for
10 min. Finally, they were washed thrice with PBS and pic-
tured by an inverted fluorescent microscope.

2.13. Pharmacokinetic study

The male Sprague-Dawley (SD) rats (weight, 180-220g) were
randomly divided into 3 groups (n=6). After fasting for 12h,
DTX-Inj, DSD NPs, and DSD/HP NPs were injected to rats via
the tail vein respectively at 14.85pmol DTX/kg. At the
pre-designated time (0.083, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10,
12, and 24h), 300 uL of blood was collected and put into a
heparinized tube. After centrifugation 10 min at 13000 r/min,
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plasma samples were stored at —80°C until analysis. DTX
concentration in blood plasma was determined by HPLC-MS/
MS (Agilent 1200 (Agilent Technologies Co. Ltd.)/3200 Qtrap
(Applied Biosystems, USA)). The pharmacokinetic parameters
were calculated by DAS software.

2.13.1. Chromatography-mass spectrometry conditions
All the samples were separated on a ZORBAX-C18 column
(2.1x50mm, 5um, Agilent, USA) at 40°C. The mobile phase
was consisted of methanol and water (v/v, 90:10, 0.01% tri-
fluoroacetic acid) with a flow rate of 0.3 mL/min and injection
volume of 10puL. The detection was carried out on an elec-
trospray ionization source operating in positive ion mode with
the multiple reaction monitoring mode. The ion transitions
were 830.1m/z — 304.2 m/z for DTX and 854.2m/z — 309.1
m/z for PTX (internal standard), respectively. The MS param-
eters of desolvation temperature, curtain gas, gas 1, and gas
2 was 350°C, 10psi, 35psi, and 20 psi, respectively.

2.14. In vivo anticancer efficacy of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

100 uL of 4T1 cells at a density of 5x10% cells/mL was
injected subcutaneously into the fourth pair of mammary
glands of female Bal b/c mice. When tumors of mice grew
to approximately 100-150 mm?3, mice were randomly divided
into Saline group, DTX-Inj group (12.38 umol DTX/kg),
HP-Sol + NIR group (3.34 umol HP/kg), DSD-NPs group
(12.38 pmol DTX/kg), MIX-Sol+NiR group (12.38 umol DTX/
kg), DSD/HP NPs group (12.38 umol DTX/kg), DSD/HP
NPs-10+ NiR group (12.38 pmol DTX/kg), DSD/HP NPs-5+NiR
group (6.19 pmol DTX/kg), and DSD/HP NPs-3+NiR group
(3.71 umol DTX/kg) (n=6). The treatments were performed
every other day for five times. At 24 h post-injection, tumors
of mice treated with NiR were placed in the center of light
cone and irradiated with a PDT laser (630 nm, 400 mW/cm?)
for 500s (Ren et al., 2014). Tumor volume of each mouse
was measured and recorded every other day, and they were
calculated through the formula (width of tumor? x length of
tumor)/2. At the end of the experiment, mice were sacrificed,
and hearts, livers, spleens, lungs, kidneys, and tumors were
harvested for histopathological examination by
hematoxylin-eosin staining (H&E) assay.

2.15. Statistical analysis

Statistical significance differences between groups were evalu-
ated using the t-test, which was calculated by SPSS 17.0. p<0.05
was considered as significant difference between the groups.
All data were presented as meanzstandard deviation (SD).

3. Results and discussion

3.1. Preparation of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

Nano-precipitation method was selected to prepare DSD/HP
NPs (Li et al., 2020). Under a certain stirring speed, drugs in
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absolute ethanol solution could be instantaneously
self-assembled into uniform nanoparticles in water. The pre-
parative technique of DSD/HP NPs was simple, easy, and
reproducible. These self-assembled nanoparticles could be
formed for several reasons. Firstly, the solubility of DTX, Do,
and HP in water was poor. Secondly, both hydrophobic drugs
were used to synthesize DTX-S-Do (DSD) with mono sulfide
bond as a linker. So, the obtained DSD had higher lipid
solubility. Thirdly, the solubility difference of DSD and HP in
absolute ethanol and water was increased significantly.
Because of the huge difference in solubility of drugs in abso-
lute ethanol and water, nano-precipitation method could be
used to prepare self-assembled DSD/HP NPs. And many stud-
ies had showed that hydrophobic drugs could be
self-assembled into nanoparticles (Sun et al., 2018; Ma et al.,
2022; Rapozzi et al., 2022; Ren et al., 2022).

3.2. Optimization of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The concentration of DSD (X;), molar ratio of HP to DSD (X,),
and content of stabilizer (X;) were selected as investigated
factors. The particle size (Y,), PDI (Y,), EE; of DSD (Y,), and
EE, of HP (Y,) were used as response values. According to
the BBD, the experimental conditions were optimized using
above-mentioned three factors and four levels (Table 1). All
the experimental data were analyzed by the Design Expert
8.0 software with quadratic polynomial regression model
equation (Tables S1-S4). The regression equations of Y;, Y,,
Y,, and Y, were as following.

Y, =123.48 +38.24X, — 268 47X, —0.85X, +23.83X,X,

—-0.47X X, —3.45X,X, —4.79X.> +209.00X,’
+0.11X;” (R* =0.8864,p <0.05)

Y, =0.771-0.232X, —0.902X, - 0.101X, —0.191X,X,
+2.167E — 004X, X, +9.875E — 003X, X,
+0.049X.> +1.314X,” +1.308E

-004X,” (R* =0.9182,p <0.05)

Table 1. Box-Behnken experiment design and response values.

Factors
No. X, X, X5 Size (Y,) PDI(Y,) EE, (Y;) EE, (Y,
1 2.00 0.60 10.00 91.80 0172 9691 99.15
2 3.50 0.80  30.00 124.00 0.190  94.25 91.31
3 3.50 0.60  20.00 118.90 0.078 9261 92.39
4 5.00 0.60 10.00 146.00 0.165  88.88 88.57
5 5.00 0.60  30.00 126.00 0.219  85.38 87.79
6 2.00 0.60  30.00 99.80 0213  98.96 98.99
7 3.50 0.60  20.00 122.10 0.096 91.16 91.26
8 3.50 0.80 10.00 137.90 0.144 9794 9291
9 5.00 0.80  20.00 132.00 0.231 98.59 95.66
10 3.50 0.60  20.00 112.60 0.119  90.17 92.55
1 3.50 0.60  20.00 111.40 0.028 91.24 92.00
12 2.00 0.80  20.00 100.10 0.331 95.66 92.27
13 3.50 0.40 10.00 132.30 0.118  88.89 90.48
14 2.00 040  20.00 108.80 0.118  93.92 97.70
15 3.50 0.60  20.00 113.40 0.022  95.44 92.26
16 5.00 0.40  20.00 112.10 0.247  90.65 92.65
17 3.50 0.40  30.00 146.00 0.085  82.03 88.90

Y, =12.87 +20.74X, +279.85X, +1.53X, —73.68X,X,
~0.59X X, —0.34X,, —234.24X,, —0.02X,

+0.08X,’X, +63.63X,X,” (R* =0.9550,p <0.05)

Y, =92.09—1.67X, +0.93X, —0.23X; +0.86X,X,
~0.15X,X, —5.00E— 003X, X, +3.23X,2
+0.50X,2 —1.69X,% —3.78X,X,>
~0.56X,’X; (R* =0.9916,p <0.05)

The determination coefficients (R?) of four regression
equations were 0.8864, 0.9182, 0.9550, and 0.9916, respec-
tively, which indicated that the correlated degree of pre-
dicted value was high. The adjusted coefficients of
determination of regression equations were 0.7403, 0.8131,
0.8800, and 0.9732, respectively, suggesting that the fitting
degree of four regression models was better and the errors
of experiments were small (Tables S1-S4). So, the four
regression models could be used to analyze and predict the
prescription of DSD/HP NPs.

The three-dimensional effect map on particle size, PDI,
EE,, and EE, analyzed by Design Expert 8.0 software is
shown in Figure 1. The optimized prescription of DSD/HP
NPs was level of 1.43 (X;), 0.10 (X,), and 60 (X,). That is, the
concentration of DSD, molar ratio of HP to DSD, and the
content of stabilizer were 2mg/mL, 0.54, and 12.46%,
respectively.

According to the optimized prescription, three batches of
DSD/HP NPs were prepared, and the predicted size, PDI, EE,,
and EE, are shown in Table 2. As shown in Table 2, the
absolute deviation between predicted values of the model
and the measured values was less than 10%, demonstrating
that the optimized model could more accurately describe
the relationship of three factors (DSD concentration, HP and
DSD molar ratio, and stabilizer) on particle size, PDI, EE,, and
EE, of DSD/HP NPs.

3.3. Characterization of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The optimized DSD/HP NPs were shown in a dark red appear-
ance (Figure 2A). Two hydrophobic drugs of HP and DSD
were physically mixed, together with a stabilizer TPGS to
prepare co-assembled nanoparticles. And the particle size,
PDI, zeta potential, EE,, and EE, of DSD/HP NPs were
105.16 £1.24nm, 0.168+£0.15, —15.9+0.10mV, 96.27 +£1.03,
and 97.70+£0.20, respectively (Table 2). The DL of DSD and
HP of DSD/HP NPs was 69.22+1.03% and 20.03+3.12%,
respectively. The DL was high and the excipient content was
low, indicating that the formed DSD/HP NPs could reduce
the use of excipients, and decrease the side effects caused
by excipients. The particle size distribution and shape of
DSD/HP NPs were analyzed using Malvern Zetasizer Nano
Z590 and TEM. Figure 2(B) and (C) shows that DSD/HP NPs
exhibited a narrow size distribution and homogeneous spher-
ical shape. The particle size of DSD/HP NPs was be useful
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Figure 1. Three-dimensional effect diagram of three factors (DSD concentration, molar ratio of HP to DSD, and stabilizer) on the particle size (Size), PDI, EE

of DD (EE,), and EE of HP (EE,) of DSD/HP NPs.

Table 2. The measured and predicted values of the optimized prescription.

Values Experimental values Predicted values RE (%)
Size (nm) 105.16£1.24 96.69 8.7
PDI 0.168£0.15 0.155 8.4
EE, (%) 96.27 +£1.03 98.96 -2.7
EE, (%) 97.70£0.20 98.30 -0.6

for it to be accumulated passively into the tumor tissue by
the enhanced permeability and retention (EPR) effect (Glinay,
2020). In addition, the optimized DSD/HP NPs had negative
zeta potential, which meant that DSD/HP NPs with a lower
plasma protein adsorption could avoid agglomerate to some
extent and was stable for the following pharmacokinetic and
pharmacodynamic studies (lvancic et al., 2020; Morales-Ol‘an
et al., 2021).

3.4. The stability of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

The physical stability and long-term stability of DSD/HP NPs
in different conditions were evaluated by changes of particle
size and PDI of NPs. The results are shown in Figure 2(D)
and 2E. The particle size and PDI of DSD/HP NPs remained
stable for 36 h in a thermostatic water bath oscillator at 37°C,
and no precipitation was observed, indicating that
co-assembled nanoparticles had good physical stability in
water, saline, and RPMI1640 (Figure 2D). However, when it
was incubated with PBS for 12h, the particle size was
increased to as 134.4£1.17nm (115.2+1.76 nm for 0h), sug-
gesting that NPs should not be prepared and stored in PBS.
After DSD/HP NPs being placed at 4°C for 30days, there was
no much difference in particle size and PDI of DSD/HP NPs
in water, saline, PBS, and RPMI-1640 (Figure 2E). These results
showed that the designed NPs were stable in normal human
environment and cellular environment and could be used
for the following in vivo and in vitro studies.

3.5. The release kinetics analysis of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

In vitro release profiles of DSD/HP NPs are presented in
Figure 2(F) and (G). The cumulative release percentage of
DTX released from DSD/HP NPs in PBS containing 30% eth-
anol and 10mM DTT (or H,0,) at 24h was 69.3% (88.4% for
H,0,). These results showed that DSD/HP NPs could release
DTX and HP slowly in the media of PBS with 10mM DTT or
H,0,, which simulated tumor redox environment and in vivo
environment, respectively. Compared with Control group (PBS
without DTT or H,0,), the cumulative release percentages of
drugs in release medium (PBS with DTT or H,0,) were sig-
nificantly different (p<0.01). And at the same concentration
of oxidant and reductant, the released amount of DTX in
oxidant condition was 1.3 times higher than that in reductant
condition (p<0.01), indicating that DSD was more oxidable,
which in turn increased the hydrophilicity of the system and
triggered the drug release (Luo et al., 2016). Furthermore, in
release medium of 10mM DTT and H,0,, DTX was mainly
released from DSD/HP NPs in the first 12 h, while it was not
released in pH 7.4 PBS only, which meant that DSD/HP NPs
had good oxidation-reducing properties. In addition, the
cumulative release percentage of HP released from DSD/HP
NPs was found to reach 85.0% at the end of 24h in PBS,
which stimulate the extracellular environment and no appre-
ciable release was observed from 12h to 24h. This
co-assembled nano-drug delivery system was beneficial to
prolong the stability of drug in plasma and increase the
accumulation of drugs in tumor site for the subsequent in
vivo pharmacokinetics and pharmacodynamics research.
Taken together, the prepared DSD/HP NPs was simple and
stable (Figure 2G). Meanwhile, in vitro release data were fitted
into zero order, first order, and higuchi models to investigate
the drug release mechanism, which in turn helped to form-
ulize the prescription of DSD/HP NPs. The values of correla-
tion coefficient (R) of each regression equation were used
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Figure 2. The appearance picture (A), TEM image (B), particle size distribution (C), physical stability (D), and long-term storage stability (E) of DSD/HP NPs. In
vitro release profiles of DTX (F) and HP (G) released from DSD/HP NPs under different media. The plasma concentration time curves of DTX after intravenous

injection of DTX-Inj, DSD NPs, and DSD/HP NPs at the dose of 0.01 mmol DTX/kg in rats (H) (n=6, mean+SD; **p <0.01vs PBS group; #p <0.01vs H,0, group).
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Figure 3. The effects of DTX-Sol (A), DSD NPs (B), MIX-Sol (C), MIX-Sol + NiR (D), DSD/HP NPs (E), and DSD/HP NPs+NiR (F) groups on cell viability in 4T1 cells

after 24h and 48h incubation at different concentrations of DTX (n=3).

as an evaluated index for the most suitable model (Table
S5). It was observed from Table S5 that all data had good
correlation with the first-order kinetics, which indicated that
the release kinetics of drugs from DSD/HP NPs was best fit
as the first order kinetic model.

3.6. Cytotoxicity analysis

The CCK-8 test showed that all groups of DTX-Sol, DSD NPs,
MIX-Sol, DSD/HP NPs without the treatment of NiR,
MIX-Sol +NiR, and DSD/HP NPs+NiR had good effects on the
inhibition of 4T1 cell proliferation (Figure 3). And the cell
viability was gradually decreased with the increase of DTX

concentration. More important, the inhibitory ability of DSD/
HP NPs group under NiR was significantly stronger than that
of DSD NPs group without NiR (p<0.01) (Figure 3E and F).
The IC,, values of DTX-Sol, DSD NPs, MIX-Sol, DSD/HP NPs,
MIX-Sol + NiR, and DSD/HP NPs+NiR at 24h were 0.91+0.06,
2.90+0.14, 2.73+0.12, 2.94+£0.10, 2.09+0.04, and
2.04£0.04 uM, respectively (Table 3). And those IC,, values
at 48h were 0.19+£0.01, 1.57+0.03, 1.60+£0.06, 1.39+0.02,
1.03+0.07, and 0.97 £0.02 uM, respectively. The IC;, values
of DSD NPs, MIX-Sol, DSD/HP NPs, MIX-Sol+NiR, and DSD/
HP NPs+NiR were significantly different from that of DTX-Sol
group (p<0.01). In addition, the IC;, value of DSD/HP NPs
group with NiR was significantly lower than that of DSD/HP
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NPs group without NiR (p<0.01), indicating that the intro-
duction of PDT could obviously increase the anti-tumor effect
of chemotherapy.

3.7. Reactive oxygen species assay

To examine changes of ROS level in response to 4T1 cells
incubated with DSD/HP NPs along with or without NiR, a
fluorescent microscope was used to analyze the oxidative
conversion of 2'7'-dichlorofluorescein diacetate (DCFH-DA)
to fluorescent DCF, and the relative fluorescence value was
calculated (Figure 4). As can be seen from Figure 4(A), no
obvious fluorescence was observed in 4T1 cells of Control
group with or without the treatment of NiR. Among them,
free drugs entered the cells quickly through passive diffu-
sion. However, for co-assembled nanoparticles, it needed
more time to enter the cells to release drugs. Therefore,
ROS level generated by co-assembled nanoparticles was
lower than that of DOX-Sol during the experimental time.
Importantly, the data in Figure 4(B) exhibited higher ROS
level of DSD/HP NPs (with NiR) compared with that of DSD/
HP NPs (without NiR), suggesting that the increased ROS
level of DSD/HP NPs was indeed due to the treatment of
NiR (p <0.01). By taking advantage of different mechanisms
of action of DTX and HP, synergistic anti-tumor efficacy was
achieved. The design of PDT in this co-delivery nano-drug
system played a positive and important role during the
treatment.

3.8. Cell apoptosis assay and DAPI staining assay

To evaluate the apoptotic ability of DSD/HP NPs by com-
bined PDT and chemotherapy, 4T1 cells were treated with

Table 3. 1C50 of DTX-Sol, DSD NPs, MIX-Sol, DSD/HP NPs, MIX-Sol+NiR, and
DSD/HP NPs+NiR in 4T1 cells (** p<0.01 vs DTX-Sol, ## p <0.01 vs DSD NPs,
bb p<0.01 vs DSD/HP NPs).

Group 24h (umol/L) 48h (umol/L)
DTX-Sol 0.91+0.06 * 0.19£0.01 #
DSD NPs 2.90+0.14 ** 1.57+£0.03 **
MIX-Sol 2.73+£0.12 ** 1.60+£0.06 **
DSD/HP NPs 2.94+0.10 ** 1.39+0.02 ** #
MIX-Sol + NiR 2.09+0.04 ** ##bb 1.03£0.07 ** ##bb

DSD/HP NPs+NiR 2.04+0.04 ** # bb 0.97 £0.02 ** ##bb

A

Control DTX-Sol MIX-Sol

Control+NiR HP-Sol+NiR MIX-Sol+NiR

DSD/HP NPs+NiR
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DTX-Sol, DSD NPs, HP-Sol + NiR, MIX-Sol, MIX-Sol + NiR, DSD/
HP NPs, and DSD/HP NPs+ NiR. The results are shown in
Figure 5. Compared with Control group, DTX-Sol, DSD NPs,
HP-Sol + NiR, MIX-Sol, MIX-Sol+NiR, DSD/HP NPs, and DSD/
HP NPs+NiR mainly induced early apoptosis of 4T1 cells.
And apoptotic characteristics of nuclear shrinkage (yellow
arrow in Figure 5C) were observed in all treated groups
except that in Control group. Combined the treatment of
PDT and chemotherapy, nucleus shrinkage degree of 4T1
cells was strengthened, and the number of apoptotic cells
was significantly increased. The percentage of apoptotic cells
of DSD/HP NPs+NiR was 1.6 times higher than that of DSD/
HP NPs without NiR. It could be shown that the combination
of photodynamic therapy with chemotherapy designed by
our research had a strong inhibitory effect on the prolifer-
ation of 4T1 cells and was beneficial to the improvement
of anti-tumor efficacy.

3.9. Pharmacokinetic study

DTX-Inj, DSD NPs, and DSD/HP NPs were injected into the
rats via tail vein, and the profiles of the mean plasma con-
centration of DTX versus time are illustrated in Figure 2(H).
From Figure 2(H), we knew that the plasma concentration of
DTX in DSD NPs and DSD/HP NPs was significantly higher
than that of DTX-Inj in Control group. The main pharmaco-
kinetic parameters of different preparations are listed in
Table 4. The AUC,, of DTX in DSD NPs and DSD/HP NPs in
rats was 2.4 and 1.9 times of DTX-Inj, and the AUC,., was
2.7 and 2.0 times of DTX-Inj, respectively. Compared with
the AUC of DTX in DTX-Inj, the AUC of DTX in DSD NPs and
DSD/HP NPs was significantly increased (p <0.05), which could
prolong DTX circulated time in blood. The results showed
that DSD NPs and DSD/HP NPs were beneficial to realize the
accumulation of drugs in tumor site, and increase the passive
targeting of drugs to tumor. The t;, ; of DTX in DSD NPs
(11.01+5.91h) and DSD/HP NPs (8.79+5.76 h) was extended
in comparison with that of DTX-Inj (5.18+3.53 h). Although
the t,, ; of DTX in DSD/HP NPs group was extended to a
certain extent, there was no statistical difference between
DSD/HP NPs group and DTX-Inj group. The reason might be
attributed to that the release of HP could produce a certain
ROS in the body, which accelerated the oxidation reaction
of DSD, leading to early release of DTX.

>~

DSD/HP NPs DSD NPs

Relative fluorescence intensity

Figure 4. The ROS fluorescence images (A) and relative fluorescence values (B) of Control, Control+ NiR, DTX-Sol, DSD NPs, HP-Sol + NiR, MIX-Sol, MIX-Sol + NiR,
DSD/HP NPs, and DSD/HP NPs+NiR groups in 4T1 cells (** p<0.01 vs Control group, ## p<0.01 vs DTX-Sol group, bb p<0.01 vs DSD/HP NPs group, n=3).
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Figure 5. The effects of Control, Control + NiR, DTX-Sol, DSD NPs, HP-Sol+ NiR, MIX-Sol, MIX-Sol+ NiR, DSD/HP NPs, and DSD/HP NPs+NiR groups on 4T1 cells
apoptosis. The quantitative result of Annexin V-FITC/PI double staining apoptosis assays by flow cytometry (A and B). The qualitative analysis result of DAPI
staining (C) (** p<0.01 vs Control group, ## p<0.01 vs DTX-Sol group, bb p<0.01 vs DSD/HP NPs group, n=3).

Table 4. Pharmacokinetic parameters of DTX in rats after treated with DTX-Inj,
DSD NPs, and DSD/HP NPs (n=6, ## p<0.01 vs DTX-Inj, # p <0.05 vs DTX-Inj).

DTX-Inj DSD NPs DSD/HP NPs
AUC,, (ng/L-h) 4724.72+£1139.27 11325.31+5028.63 * 9016.94+3588.59 #

Parameters

AUC,.. 4876.45+1104.82 13351.75+6118.42 # 9817.28+3612.52 *
(ng/L-h)

CL, (L/h/kg) 2554054 1.60+1.00 1.88+0.67

ty,, () 5.18+3.53 11.01+591 8.79+5.76

V, (L/kg) 19.32+15.69 21.38+8.85 26.58.+26.48

MRT (h) 4.018+0.62 445+139 447+1.15

3.10. In vivo anticancer efficacy of docetaxel prodrug/
hematoporphyrin co-assembled nanoparticles

In vivo antitumor efficacy of various preparations was per-
formed in 4T1 tumor-bearing female Bal b/c mice (Figure 6).
The systemic toxicity of different preparations was assessed
by changes of body weights of mice (Figure 6A). The body
weight of DSD/HP NPs+NiR group did not change much,
suggesting that this co-assembled nano-drug delivery system
had lower toxicity and good biocompatibility. Figure 6(B)
shows changes of tumor volumes of mice treated with dif-
ferent preparations. At the end of the experiment, tumor

volumes of Saline, DTX-Inj, HP-Sol + NIR, DSD-NPs, MIX-Sol + NiR,
DSD/HP NPs, DSD/HP NPs-10+NiR, DSD/HP NPs-5+ NiR, and
DSD/HP NPs-3+NiR groups were 1240+52, 611+53, 688+57,
566+ 14, 680+55, 535+48, 395+63, 491+25, and
565 +44 mm?, respectively. The tumor volume of Saline group
was the largest, and the rate of tumor growth was the fastest.
Compared with DTX-Inj group, the increased tumor volume
of MIX-Sol+NIR might be attributed to that MIX-Sol prepared
by DTX prodrug and HP solution took a certain time for DTX
prodrug to release DTX to play its anti-tumor effect.
Furthermore, tumor volumes of DSD NPs, DSD/HP NPs, DSD/
HP NPs-10+ NiR, DSD/HP NPs-5+ NiR, and DSD/HP NPs-3 + NiR
groups were smaller than that of DTX-Inj group. The reason
might be that co-assembled nanoparticles could increase the
targeted accumulation of drugs in tumor site to a certain
extent, and improve the anti-tumor activity in vivo. What was
noteworthy was that DSD/HP NPS-10 with the treatment of
NiR could significantly inhibit tumor growth in comparison
with those who treated with DSD/HP NPs without the treat-
ment of NiR (p<0.01). This result indicated that the collabo-
rative treatment of PDT and chemotherapy had a meaningful
tumor suppressive effect at the dose of 12.38 umol DTX/kg.
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Figure 6. The changes of body weight (A), tumor volume (B), and H&E staining image (C) of tissues of 4T1 tumor-bearing mice treated with Saline, DTX-Inj,
HP-Sol + NiR, DSD NPs, MIX-Sol+NiR, DSD/HP NPs, DSD/HP NPs-10+ NiR, DSD/HP NPs-5+NiR, and DSD/HP NPs-3+NiR (** p<0.01 vs Saline, ## p<0.01 vs

DTX-Inj, b p<0.05, bb p<0.01 vs DSD NPs, cc p<0.01 vs DSD/HP NPs).

After the experiment, the main tissues of mice were col-
lected for the analysis of H&E staining to further evaluate
toxicity and antitumor effects. The result is shown in
Figure 6(C). As can be seen from Figure 6(C), the clusters of
tumor cells with large nuclei, atypia, and high
nucleo-cytoplasmic ratio were found in tissue sections of
spleen, lung, and kidney of mice in Saline group. Similarly,
these characteristics were also seen locally in tissue sections
of spleen and lung of MIX-Sol +NiR group (green arrow). The
cortex and medulla of tissue sections of mice in DSD/HP
NPs-10+NiR, DSD/HP NPs-5+NiR, and DSD/HP NPs-3 +NiR
groups were clearly demarcated, and glomerular capillaries
were clear and no obvious structural changes were observed.
The results indicated that the prepared DSD/HP NPs had no

obvious renal toxicity, and its safety was better. Compared
with tumor sections of Saline group, large areas of necrotic
tumor cells and hyperchromatism or fragmentation of the
nucleus were observed in tumor section of DSD/HP
NPS-10+NiR group (black arrow). These results illustrated that
the designed co-assembled nano-drug delivery system for
the combination of PDT and chemotherapy had little toxicity
to normal tissues and could achieve better anti-tumor effects.

4. Conclusions

In this study, DTX Prodrug and HP were successfully prepared
to be as co-assembled nanoparticles. The prepared DSD/HP
NPs had small particle size, high EE and DL, round
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appearance, spherical shape, and good stability. It could
release DTX and HP slowly in the media of pH 7.4 PBS with
or without 10mM DTT (H,0,). DSD/HP NPs along with the
treatment of NiR had a better ability to inhibit 4T1 cells
proliferation, and significantly induced 4T1 cells apoptosis,
and produced more ROS in 4T1 cells. It also could increase
and prolong the blood circulation time of DTX in rats. The
most important was that DSD/HP NPs along with the treat-
ment of NiR had obvious in vivo anti-tumor activity, signifi-
cantly inhibited tumor growth, and low toxicity to normal
tissues. As a result, DSD/HP NPs contained DTX prodrug and
photosensitizer was useful for the treatment of anti-tumor.
This co-assembled strategy designed in our study effectively
combined nanotechnology, chemotherapy, and photodynamic
therapy to provide a new idea and prospect for future com-
prehensive cancer treatment.
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