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Despite some advances in treating metastatic spread with docetaxel (DTX), it is almost not beneficial to treat
metastatic bone cancer, a frequent lung, mammary, and prostate carcinoma complication. Therefore, a tumor-
targeted platform was developed using DTX prodrug (DTX-S-DTX) enclosed inside docosahexaenoic acid-
modified bovine albumin nanoparticles (DTX-S-DTX@DBNs). The biodistribution and drug release studies
indicated that the DTX-S-DTX@DBNs features a cascade target delivery of DTX, from tumor vasculature to tumor

tissue and then to a tumor cell. Furthermore, the DTX-S-DTX@DBNSs exerted fewer side effects than that of DTX-
S-DTX or DTX. Notably, the survival of the DTX-S-DTX@DBNs group (33.00 + 2.55 d) was significantly longer
compared with DTX-S-DTX group (26.71 + 1.34 d, p < 0.01) or DTX group (25.43 + 1.38 d, p < 0.01). The
results indicated that the DTX-S-DTX@DBNs provide an exciting strategy for treating metastatic bone cancer, a
significant clinical issue in lung and other cancers.

1. Introduction

Docetaxel (DTX), as an essential anticancer drug, is usually recom-
mended first- or second-line treatment for lung, mammary, and prostate
cancer [1]. Despite some advances in treating metastatic spread with
DTX, it is almost not beneficial to treat metastatic bone cancer, a
frequent complication of the lung, mammary, prostate carcinomas [2,3].
Moreover, DTX does not contribute a significant overall survival benefit
for patients with bone metastases, leading to devastating and painful
skeletal-related events [4]. Since nonspecific DTX may cause
dose-limiting toxicity (lymphocytopenia or neutropenia) in patients
with cancer, it is difficult to reach the minimal therapeutic concentra-
tion in metastatic bone cancer with low blood perfusion via intravenous
administration [5,6]. So tumor passive targeting of human serum al-
bumin (HSA) nanoparticles loading DTX (ABI-008) was attempted to
discriminate DTX between healthy and neoplastic cells [7].

However, considering that most of the HSA binding proteins on the
vascular endothelial cells of tumors are saturated by the endogenous
HSA, and the rate-limiting step for tumor localization of albumin
nanoparticles is extravasation from tumor vasculature, albumin needs to

be tailored to targeting tumor vasculature [8,9]. Therefore, tumor
vascular targeting agent (DTX@DBNs) was prepared by our group, and
antitumor activities of the nanoparticles were investigated in our earlier
work [10,11].

Unexpectedly, the phase II clinical trial of ABI-008 (Nab-Docetaxel)
in patients with metastatic breast cancer had been terminated for its
high toxicity, which cast a shadow on the clinical trial of DTX@DBNs in
patients with metastatic cancer [7]. To avoid the unacceptable toxicity
of sustained release of DTX from the nanoparticles, our group designed a
tumor microenvironment responsive DTX dimeric prodrug (DTX-S-DTX)
through a simple one step reaction [12].

Moreover, considering that tumor tissues are highly heterogeneous
in accordance to redox potential difference, drug-drug conjugate via the
monosulfide bond as a linkage can achieve redox dual-sensitive release
of the drug in the tumor sites, ultimately alleviate the side effects of the
drug in the blood circulation system [13]. Based on these, DTX-S-DTX
was loaded in DBNs to obtain DTX-S-DTX@DBNSs, designed to achieve
a cascade target delivery of DTX from tumor vasculature to tumor tissue
and then to tumor cells. Finally, the inhibiting metastatic bone cancer
activities of the nanoparticles were investigated on an orthotopic mouse
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model of bone metastasis.
2. Materials and methods
2.1. Materials

DTX was purchased from Yuancheng Gongchuang Technology Co.,
Ltd. (Wuhan, China). DHA was provided by Nu-Chek Prep Inc. (Elysian,
MA, USA). BSA was obtained from Solarbio science & technology (Bei-
jing, China). Thiodiglycolic anhydride (Tha), 1-hydroxybenzotriazole
(HoBt) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDCI) were provided by Macklin Biochemical Co., Ltd.
(Shanghai, China). Cyanine 5 NHS ester (Cy5-NHS) and fluorescein
isothiocyanate (FITC) were purchased from Meilun Biotechnology Co.,
Ltd. (Dalian, China). HPLC-grade acetonitrile and methanol were pro-
vided by J&K Scientific Ltd. (Beijing, China). C57BL/6 mice were ob-
tained from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). LLC murine Lewis lung carcinoma cells, PC-3 human
prostate cancer cells, A549 human lung adenocarcinoma cells, and H522
human lung adenocarcinoma cells were provided by the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All other materials
were obtained from Aladdin (Shanghai, China).

2.2. Nanoparticles formulation and characterization

The synthetic route of DTX-S-DTX is shown in Fig. S1. In brief, Tha
(33.03 mg, 0.25 mmol), EDCI (49.84 mg, 0.26 mmol), HoBt (35.13 mg,
0.26 mmol) and 10 pl triethylamine were dissolved in dry dichloro-
methane (10 ml). Then DTX (403.94 mg, 0.5 mmol) was slowly added to
the reaction under nitrogen. After the reaction was stirred at room
temperature for 24 h, the dichloromethane was evaporated under vac-
uum at 50 °C. Finally, the reaction product was purified by a silica gel
column (chloroform: methanol = 27:2), and 235.97 mg product (96%)
was obtained. The prodrug was confirmed by NMR spectroscopy (400
MHz 'H NMR, Bruker Avance III, Switzerland) and MS spectrometry (AB
SCIEX, Qtrap5500, USA).

The preparation and characterization method of the DTX-S-
DTX@DBNs (DTX-S-DTX@BNs, DBNs, and BNs) was established
consistently with our earlier studies [11]. In the biodistribution study,
Cy5-NHS in DMSO (10 mg/ml) was added into the above
DTX-S-DTX@BNs or DTX-S-DTX@DBNSs solution at a Cy5: BSA ratio 2:1
for incubating 45 min at 25 °C in darkness. Then, the solutions were
centrifugated at 1 x 10° g for 15 min. Lastly, Cy5 labeled nanoparticles
were obtained.

2.3. Stability evaluation of DTX-S-DTX@DBNs

The stability of nanocarriers in serum is an important indicator to
evaluate whether they can undergo long-circulation in vivo [14]. The
DTX-S-DTX@DBNs were added to DMEM medium containing 10% FBS
and incubated for 72 h at 37 °C, and then the changes of nanodrug size
were recorded at 1, 2, 4, 6, 8, 10, 12, 18, 24, 36, 48 and 72 h, respec-
tively. In addition, the storage stability of the DTX-S-DTX@DBNs was
determined by particle size variation of lyophilized powders stored at
4 °C, 20 °C and 37 °C for 30 days, respectively.

2.4. Invitro drug release

The Taxotere®, DTX-S-DTX@BNs, and DTX-S-DTX@DBNs were
diluted with PBS (pH 7.4), respectively. The obtained solution (5 ml, 0.5
mM) was put in Slide A-Lyzer™ dialysis cassettes (3.5 kDa), then the
cassettes were stirred in a release media at 37 °C. At pre-determined
time intervals, release media was withdrawn, and the same volume
media was simultaneously supplied. The DTX content was determined
by HPLC [7].
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2.5. Redox triggered the release

The in vitro release profiles of DTX from DTX-S-DTX@DBNs were
studied using a mixed solvent containing 30% ethanol in PBS buffer (pH
7.4, v/v) as release media. Then DTX-S-DTX@DBNs (200 pg, DTX-S-DTX
equivalent) were stirred in 50 ml release media at 37 °C. At pre-
determined time intervals, 200 pl solution was withdrawn for HPLC
analysis [7]. The release profiles in the presence of H202 or DTT were
studied similarly, except for the addition of redox agents (5 mM Hy04
group, 10 mM H»05 group, 5 mM DTT group, 10 mM DTT group) to the
release media.

2.6. Cell studies

2.6.1. Cell culture

The cells were incubated in DMEM or RPMI1640 medium under a
humidified 5% CO, atmosphere at 37 °C. All the media were supple-
mented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 100 pg/ml
streptomycin, and 100 U/ml penicillin (Gibco, Gaithersburg, MD, USA).

2.6.2. Cytotoxicity

Cells were seeded in 96-well plates (5000 cells per well) and were
incubated for 18 h. Then the cells were treated or not for 48 h or 72 h at
37 °C. Then, 10 pl of MTT solution (0.5 mg/ml) was injected into the
cultures. After incubation for 4 h, the supernatants were removed, and
dimethyl sulfoxide was added at 200 pl per well. The absorbance values
were then recorded by a spectrophotometer (Infinite 200 PRO, Tecan,
Switzerland).

2.6.3. Cellular uptake analysis

In qualitative uptake studies, the PC-3 cells (1 x 10° cells) were
seeded in six-well transparent plates for 24h and incubated with 1 pM
FITC labeled nanoparticles for 2 h at 37 °C. After incubation, the cells
were washed 3 times with PBS and observed by confocal laser scanning
microscopy (Nikon, Tokyo, Japan).

In quantitative uptake studies, LLC cells (1 x 10° cells) were seeded
in flasks for 48 h and incubated with 100 nM Cy5 labeled nanoparticles
for 1 h at 37 °C. After incubation, the cells were detached from flasks.
Then intracellular fluorescence intensity was measured by flow cytom-
etry (Beckman, CytoFLEX, Suzhou, China).

2.7. Animal studies

6- to 7-week-old female C57BL/6 mice were provided with ad libi-
tum water and standard laboratory mouse chow, and maintained at a
temperature of 24 + 1 °C on a 12 h light-dark cycle. All applicable in-
ternational, national, and institutional guidelines for the care and use of
animals were performed following a protocol approved by the Institu-
tional Animal Care and Use Committee at the State Engineering Labo-
ratory of Bio-Resources Eco-Utilization, Northeast Forestry University
(20170601, June 1st, 2017).

2.7.1. Maximum tolerated dose determination

The C57BL/6 mice were randomly divided into the different groups
(3 per group). The five doses (5, 10, 15, 20, and 25 pmol/kg) were
selected to indicate the maximum tolerated dose (MTD). The animals
were intravenously administered once daily for 7 days. The drugs’
toxicity was assessed based on the monitoring of overall health, weight,
and survival. The MTD was defined as the highest tested dose that
caused neither >10% body-weight loss within 2 weeks of administration
nor toxic mortality.

2.7.2. Biodistribution study

The LLC cells (2 x 10° cells per mouse) were inoculated subcuta-
neously to C57BL/6 mice in the right axillary region. Two weeks after
implantation, the mice were intravenously injected with 50 mg/kg Cy5
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Fig. 1. Invitro drug release of the nanoparticles. (A) In vitro DTX release profile
from nanoparticles or Taxoere® (n = 3); (B) In vitro DTX release profile from
DTX-S-DTX@DBNSs in the presence of various concentrations of H,O, or DTT (n
= 3).

Table 1
Cytotoxic effects of DTX-S-DTX@DBNSs, n = 3.

Sample IC50(pM)+ SD, time = 48 h
DTX DTX-S-DTX DBNs DTX-S-DTX@DBNSs
LLC 0.037 £+ 0.002 0.166 + 0.013 >2000 0.198 + 0.017
H522 0.005 + 0.001 0.031 + 0.002 >2000 0.045 + 0.010
A549 0.050 + 0.005 0.380 + 0.024 >2000 0.542 + 0.039
IC50(uM)+ SD, time = 72 h
LLC 0.015 + 0.001 0.065 + 0.004 >2000 0.074 + 0.006
H522 0.003 + 0.001 0.019 + 0.002 >2000 0.027 + 0.003
A549 0.025 + 0.005 0.152 + 0.011 >2000 0.174 + 0.012

labeled nanoparticles. After post-injection for 1 h, the fluorescence in-
tensity (liver, kidney, lung, spleen, heart, tumor) was measured by
IVIS®lumina Series III Spectrum Imaging System (Caliper Life Sciences,
Inc., Hopkinton, MA).

2.7.3. In vivo evaluation of antitumor efficacy and toxicity

Ten C57BL/6 mice were randomly selected as a blank control, and
the other mice were used intramedullary injection in the proximal tibia
of the right limb with 10 pl LLC cells (1 x 10° cells/ml) after being
anesthetized with ether. Then the mice were divided randomly into 5
groups: control group, positive control group injected with 5 pmol/kg
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DTX, 2.5 pmol/kg DTX-S-DTX group, 2.5 pmol/kg DTX-S-DTX@DBNs
and 5 pmol/kg DTX-S-DTX@DBNs group. The mice were intrave-
nously administered once daily for ten days on the second day after
successful modeling. The tumor volume (TV), tumor inhibition rate
(TIR, %), tumor inhibition index (TI), and relative tumor-inhibition
index (RTI) was respectively calculated by the following formula: TV
(mm®) = 0.5 x Length (mm) X Width? (mm?), TIR = (TVcontrol group
TVTreated group)/ TVControl group X 100%, TI = BOdy Weight/ Tumor Weight’
and RTI = Tlgxperimental group/ Tlcontrol group- The default tumor density
was 1 mg/mm3.

2.7.4. Radiographs

At three weeks post-treatment, the mice’s right hindlimb was imaged
by BLX5 X-ray imaging equipment, and the bone injuries were recorded
in the X-ray film (40 x 30 mm). Quantification of the radiolucent area in
the tibia was obtained by Quantity One Analysis Software. X-ray film
development was performed according to the protocol.

2.7.5. Histology

At three weeks post-treatment, the harvested tibias were fixed in
formalin and decalcified in EDCI solution. The samples were then
dehydrated, embedded and cut into sections. After being deparaffinized,
the sections were stained with HE. Finally, the sections were observed
using a light microscope.

2.8. Statistical analysis

Numerical data are expressed as the mean + standard deviation
(SD). Statistical significance was determined by one-way analysis of
variance (ANOVA) with posthoc Newman-Keuls (SPSS software).

3. Results and discussion
3.1. Synthesis and characterization of DTX-S-DTX

DTX-S-DTX was synthesized from thiodiglycolic anhydride and DTX
by esterification via two single thioester bonds (Fig. S1). The 2'-hydroxyl
of DTX was used to couple thiodiglycolic anhydride because the esteri-
fication of the 2-hydroxyl group is more accessible [15]. The yield of the
reaction was 52.28%. ESI/MS and 'H NMR demonstrated the successful
synthesis of DTX-S-DTX C-S bond of DTX-S-DTX with a theoretical
molecular weight of 1729.9 is more comfortable to break, so DTX-S-DTX
firstly formed fragment ions (M;:848.3534, M2:881.5445). As exhibited
in Fig. S2A, the peak with the m/z value of 943.9890 indicates M-DTX-H
+ Na' (M-807.88-1+23), the peak with the m/z value of 927.6611 in-
dicates M-DTX-H,0 + Na™ (M-807.88-18 + 23), the peak of m/z
830.3341 indicates M;-Hy0 (M;-18). There were no peaks for the H
NMR spectrum of DTX at 3.5-3.9 § (ppm), but the 'H NMR spectrum of
DTX-S-DTX was shown in Fig. S2B, where the appearance of peaks at
§/ppm 3.65 (m, 4H, -CH3SCHy) indicated the existence of 2 DTX and
S-bond in the monosulfide-linked DTX-DTX conjugate. Furthermore, the
peaks (7, 10 and 2’ proton) of 'H NMR spectrum of DTX appeared at
4.26, 5.22, and 4.62 § (ppm) respectively, and peaks for 'H NMR spec-
trum of DTX-S-DTX appeared at 4.26 and 5.22 6 (ppm) but disappeared
at 4.62 § (ppm), which indicated 2'-hydroxyl of DTX was coupled to
thiodiglycolic anhydride [15].

3.2. Preparation and characterization of nanoparticles

Due to the limited solubility of DTX-S-DTX in a mixed solvent, the
maximum concentration of DTX-S-DTX in the mixed solvent (3 mg/ml)
was selected as the optimal condition of DTX-S-DTX concentration. The
other optimal conditions (DHA-BSA concentration: 9 mg/ml, the ratio of
water to organic phase: 16:1, the homogenate speed: 6000 rpm, the
homogenate time: 6 min, the homogenization pressure: 800 bar and the
homogenization times: 7) were determined by a single-factor method.
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Fig. 2. Cellular uptake assay. (A) Confocal laser scanning microscopy analysis of PC-3 cells treated with (a) no drug (magnification: 200x), (b) DTX-S-DTX@BNs
(magnification: 200x), (c) DTX-S-DTX@DBNs (magnification: 400x); (B) Flow cytometry analysis of LLC cells treated with Cy5-labeled DTX-S-DTX@BNs or
DBNs. DHA-BSA: Cy5-labeled DTX-S-DTX@DBNs; BSA: Cy5-labeled DTX-S-DTX@BNs.

DTX-S-DTX@DBNSs was found to be non-spherical shaped (Fig. S3A),
and there were oligomers of the DTX-S-DTX@DBNs due to linking the
DHA with the fatty acid-binding sites of BSA among the different
nanoparticles [16,17]. Non-spherical DBNs with high aspect ratios could
marginate more readily than spherical BNs and establish firm adhesion
to tumor vessel walls, so DTX-S-DTX@DBNs could possess the advantage
of extravasation from tumor vasculature [18].

The mean diameter of particles of BNs, DBNs, DTX-S-DTX@BNs, and
DTX-S-DTX@DBNs was 87.8 + 8.9 nm, 96.8 + 10.3 nm, 97.9 + 11.5
nm, and 101.8 + 12.4 nm, respectively. Although the mean SEM
diameter of the nanoparticles was larger than the opening in the bone
marrow fenestrations (170 nm), the mean hydrodynamic diameter of the
nanoparticles was significantly below the opening fenestrations, which
indicated the nanoparticles could be delivered to tumors in the bone
marrow [6]).

The zeta potential of BPs, DBNs, DTX-S-DTX@BNs, and DTX-S-
DTX@DBNs was —17.61 + 0.20 mV, —17.50 £+ 2.77 mV, —20.23 +
1.24 mV, —21.12 + 1.51 mV, respectively, so the nanoparticles with
negative surface properties can possess excellent stability in suspension
and a long blood circulation effect in vivo [18]. Nanodrugs with suitable
particle size and good stability in solution are very favorable for
enrichment at tumor sites through EPR effect [19]. As shown in Fig. S4A,
the particle size change of DTX-S-DTX@DBNs was less than 15% after
incubation in DMEM medium containing 10% FBS for 72 h. This in-
dicates that the DTX-S-DTX@DBNSs has excellent anti-protein adsorption
ability and good stability in serum. This may be due to the fact that the
surface of DTX-S-DTX@DBNs carries negative charge, which makes it

easier for the carrier particles to escape from protein capture and fa-
cilitates the long-circulation in the blood. In Fig. S4B, there was no
significant change in particle size after 30 d of storage in 4 °C, 20 °C and
37 °C, respectively. This also demonstrates again the excellent storage
stability of the DTX-S-DTX@DBNs [7].

Due to the higher lipophilicity of DHA-BSA compared with BSA, the
drug-loading capacity of DHA-BSA was enhanced by the stronger
binding affinity between DTX-S-DTX and the hydrophobic segment [18].
Hence, the loading efficiency of DTX-S-DTX@DBNs reached up to 7.8%
+ 1.4%, and the drug entrapment efficiency up to 84.6% =+ 4.3% was
achieved. The content of DHA in DTX-S-DTX@DBNs was 4.0% + 1.2%,
which implied about 9 molecules of DHA were conjugated to 1 molecule
of BSA [11].

The characteristic peak (20 =10.71°,12.15°,13.57°, 17.14°, 19.29°)
and melting point (216.07 °C) of DTX-S-DTX in the nanoparticles dis-
appeared (Figs. S3B-C), which indicated that DTX-S-DTX was in an
amorphous or disordered crystalline phase.

3.3. Invitro drug release

A burst release of DTX from Taxotere® was found to compare the
other two nanoparticles. At the first 96 h, the DTX in DTX-S-DTX@BNs
released faster than DTX-S-DTX@DBNSs. For the DTX-S-DTX@DBNs,
DTX released rapidly with a release of about 1% per hour at the first
8 h. In the following hours, it slowed down, especially in the last 24 h
with a release of 1%. The cumulative release of DTX-S-DTX@DBNSs
(26.5% =+ 7.0%) was less than Taxotere® (92.2% =+ 7.1%) or DTX-S-
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and Cy5-labeled DTX-S-DTX@DBNs or DTX-S-DTX@BNs. (b) Ex vivo bio-
distribution of Cy5-labeled DTX-S-DTX@DBNs or DTX-S-DTX@BNs at 1h.
DBNs: Cy5-labeled DTX-S-DTX@DBNSs; BNs: Cy5-labeled DTX-S-DTX@BNSs; H:
high fluorescence intensity, M: middle fluorescence intensity, L: low fluores-
cence intensity.

DTX@BNs (37.1% =+ 9.2%) after the 96 h (Fig. 1A). The results indicated
that the DTX-S-DTX@DBNs were released in a sustained manner and
could have prolonged circulation time to increase the passive accumu-
lation in tumor tissues [18].

3.4. Redox triggered release

Only 10.4% of DTX was released from DTX-S-DTX@DBNs in 12 h
without HyO, or DTT (Fig. 1B). In comparison, in the release medium
containing 5 mM H302 or 10 mM H305, 88.1% or 91.3% of DTX were
released in 12 h, respectively. In the release medium containing 5 mM
DTT or 10 mM DTT, 34.7% or 41.6% of DTX were released in 12 h,
respectively. DTX-S-DTX@DBNs exhibited redox-responsive drug
delayed release in the presence of HyO, or DTT [15].

The results indicated that the DTX-S-DTX@DBNs could achieve
sensitive release of DTX in tumor redox environments. Therefore, the
DTX-S-DTX@DBNs might avoid the failure of clinical trials of PTX-DHA
for the inefficient release of paclitaxel (PTX) from PTX-DHA [7].

Journal of Drug Delivery Science and Technology 74 (2022) 103608

100 2460¢ —m— Control
—8—5 pmol/kg DTX
1 —A—2.5 pmol/kg DTX-S-DTX
XY —w—2.5 nmol/kg DTX-S-DTX@DBNs
80 - —&—5 pmaol/kg DTX-S-DTX@DBNs
~
2 EEEEN

X
<

P 60
<

= g
B

s 404
B
=

wn 4

20

0 -

—F ¥ F7 77—

Time (day)

Fig. 4. Kaplan-Meier survival curves of the mice transplanted LLC cells after
treatment with saline, 5 pmol/kg DTX, 2.5 pmol/kg DTX-S-DTX, 2.5 pmol/kg
DTX-S-DTX@DBNs, and 5 pmol/kg DTX-S-DTX@DBNs. n = 20/group. *p <
0.01 vs.control, **p < 0.01 vs. 5 pmol/kg DTX group, #p < 0.05 vs. 2.5 pmol/kg
DTX-S-DTX group, *#p < 0.01 vs. 2.5 pmol/kg DTX-S-DTX group.

3.5. Cytotoxicity

The ICsg values of DTX-S-DTX and DTX-S-DTX@DBNs were more
than that of DTX for the tumor cells (Table 1). The results demonstrated
that DTX-S-DTX and DTX-S-DTX@DBNs attenuated cytotoxicity
compared with DTX, so the dosage of DTX-S-DTX@DBNs can be
increased for their sustained release of the DTX-S-DTX in the blood.
Furthermore, the ICsg values of DTX-S-DTX were more than that of DTX
for the tumor cells. Considering that the cytotoxic activity of DTX-S-DTX
mainly depends on the liberation of active DTX, so the compromised in
vitro cytotoxicity of DTX-S-DTX indicated that DTX-S-DTX with a large
molecular size accumulated less in the tumor cells in comparison with
DTX [20,21].

3.6. Cellular uptake

A significant fluorescence difference between DTX-S-DTX@BNs and
DTX-S-DTX@DBNSs can be observed, and the DTX-S-DTX@DBNSs has the
higher target effect (Fig. 2A). Furthermore, the uptake efficiency of DTX-
S-DTX@DBNs (2206.9) was about 1.5 fold higher than DTX-S-DTX@BNs
(1421.7) (Fig. 2B). Thus it is speculated that phosphatidylethanolamine
was highly expressed in the LLC cells.

3.7. Maximum tolerated dose determination

The MTD of DTX-S-DTX (10 pmol/kg) was equal to that of DTX (10
pmol/kg), but two DTX molecules could be released from one DTX-S-
DTX molecule, which indicated that DTX-S-DTX could be easier to
reach the therapeutic concentration at the lesions in comparison with
DTX. Moreover, the MTD of DTX-S-DTX@DBNSs (15 pmol/kg) was 1.5
fold higher than DTX-S-DTX (10 pmol/kg), which indicated DTX-S-
DTX@DBNs could be easier to reach the minimal therapeutic concen-
tration at the metastatic bone cancer in comparison with DTX-S-DTX.

3.8. Biodistribution study

The DTX-S-DTX@BNs mainly accumulated in the liver, and weak
fluorescence intensity could be observed in the tumor and kidney for the
group of DTX-S-DTX@BNs after post-injection for 1h. By contrast, the
DTX-S-DTX@DBNs mainly accumulated in the tumor, and weak fluo-
rescence intensity could be observed in the liver for the group of DTX-S-
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Fig. 5. X-ray radiography images of the five model
groups show osteolytic lesions. Three weeks after the
initial injection, the mice were imaged by X-ray
equipment and representative pictures from the (a)
blank control, (b) negative control, (¢) 5 pmol/kg
DTX, (d) 2.5 pmol/kg DTX-S-DTX, (e) 2.5 pmol/kg
DTX-S-DTX@DBNs, and (f) 5 pmol/kg DTX-S-
DTX@DBNs groups are presented. Magnification,
x 1. (g) areas of osteolytic bone metastases of the tibia
were quantified for LLC cells by Quantity One anal-
ysis software. n = 20/group. *p < 0.05 vs. negative
control group, **p < 0.01 vs. negative control group,
#p < 0.01 vs. 5 pmol/kg DTX group, *#p < 0.05 vs.
2.5 pmol/kg DTX-S-DTX group.
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DTX@DBNs. Furthermore, the fluorescence intensity of DTX-S- and have a much higher tumor-targeting capacity than DTX-S-
DTX@DBNs in the tumor was more potent than that of DTX-S- DTX@BNs.

DTX@BNs (Fig. 3). These results showed that DTX-S-DTX@DBNs

could achieve delivery DTX from tumor vasculature to tumor tissue
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Fig. 6. The light microscopy images showed HE-
stained bones of the mice implanted with LLC cells.
(a) Control (magnification: 100x), (b) Control
(magnification: 400x), (c¢) 5 pmol/kg DTX (magnifi-
cation: 100x), (d) 2.5 pmol/kg DTX-S-DTX (magnifi-
cation: 100x), (e) 2.5 pmol/kg DTX-S-DTX@DBNs
(magnification: 100x), (f) 5 pmol/kg DTX-S-
DTX@DBNs (magnification: 100x) and (g) Tumor
areas were quantified by Image-Pro Plus software. n
= 20/group. *p < 0.05 vs. control group, **p < 0.01
vs. control group, *p < 0.01 vs. 5 pmol/kg DTX
group, "#p < 0.01 vs. 2.5 pmol/kg DTX-S-DTX group.
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3.9. In vivo evaluation of antitumor efficacy and toxicity

The five-year survival of lung cancer patients with bone metastases is
the lowest among significant cancer [4]. Furthermore, it is easy to ignore
nanoparticles’ false positive therapeutic effect in the commonly used
tumor xenografts model [22]. Therefore, the therapeutic efficacy of the
nanoparticles against metastatic bone cancer was investigated in an
autograft bone metastasis model of lung cancer.

The survival in the DTX@BNs group did not increase significantly
compared with the DTX group [11]. Furthermore, the survival in the
DTX-S-DTX@BNs group against metastatic bone cancer did not increase
significantly compared with the DTX-S-DTX group (data not shown), so
the DTX-S-DTX@BNs group was not selected as a treatment group in the
following experiment.

The RTI of 2.5 pmol/kg DTX-S-DTX@DBNs (3.5 + 0.4) group or 5
pmol/kg DTX-S-DTX@DBNSs group (4.3 £ 0.5) was significantly higher
than that of DTX-S-DTX group (2.8 + 0.4) or DTX group (2.0 £ 0.2),
which indicated that DTX-S-DTX@DBNSs exerted fewer side effects than
that of DTX-S-DTX or DTX (p < 0.01 vs. 5 pmol/kg DTX group or 5 pmol/
kg DTX-S-DTX group). The cytotoxicity of DTX-S-DTX was less than that
of DTX. However, the TIR of 2.5 pmol/kg DTX-S-DTX group (64.9% +
15.8%) was significantly higher than that of 5 pmol/kg DTX group
(51.0% =+ 7.3%), which indicated DTX-S-DTX could achieve selective
release of DTX in tumor tissue (p < 0.01 vs. 5 pmol/kg DTX group).
Moreover, the TIR of 2.5 pmol/kg DTX-S-DTX@DBNs (69.9% + 11.2%)
group or 5 pmol/kg DTX-S-DTX@DBNs group (74.6% =+ 10.6%) was
significantly higher than that of 5 pmol/kg DTX group or 2.5 pmol/kg
DTX-S-DTX group (p < 0.01 vs. 5 pmol/kg DTX group, p < 0.05 vs. 5
pmol/kg DTX-S-DTX group). Hence, the designed nanoparticles could be
safely applied in the clinic treatment of bone metastases.

The mean survival for the animals in the saline group, positive
control group (5 pmol/kg DTX), 2.5 pmol/kg DTX-S-DTX group, 2.5
pmol/kg DTX-S-DTX@DBNs group, and 5 pmol/kg DTX-S-DTX@DBNs
group was 19.86 + 2.96 d, 25.43 + 1.38 d, 26.71 + 1.34 d, 29.29 +
2.37 d, and 33.00 + 2.55 d, respectively (Fig. 4). The results demon-
strated that DTX-S-DTX@DBNs exhibits a higher inhibitory activity
against metastatic bone cancer than DTX-S-DTX or DTX.

3.10. Radiographs

At 21 days post-treatment, a total of 20, 17, 14, 10 and 6 mice were
subjected to severe tibia injury in the saline group, 5 pmol/kg DTX
group, 2.5 pmol/kg DTX-S-DTX group, 2.5 pmol/kg DTX-S-DTX@DBNs
group and 5 pmol/kg DTX-S-DTX@DBNs group, respectively (Fig. 5;
white arrow). Except for the tibias in the blank group that were intact,
the others in each group were variously damaged. The results indicated
that DTX-S-DTX@DBNs exhibits a more potent inhibitory effect against
metastatic malignant lesions in bone in comparison with DTX-S-DTX or
DTX.

3.11. Histology

As shown in Fig. 6, there were plenty of tumor cells (T region) in the
control group, 5 pmol/kg DTX group, and 2.5 pmol/kg DTX-S-DTX
group, moreover the cortex of the tibia (M region) had been severely
eroded. However, the cortical endosteum (M region) in the DTX-S-
DTX@DBNs groups had been slightly eroded, especially in 5 pmol/kg
DTX-S-DTX@DBNs group was nearly intact. The results indicated the
DTX-S-DTX@DBNSs could deliver the DTX to the bone-metastatic tumor
cells in the bone marrow. Since phosphatidylethanolamine, which is the
receptor for DHA, is overexpressed in tumor vascular endothelium, DHA
can be better bound to phosphatidylethanolamine in tumor vascular
endothelium and thus taken up by malignant cells. In our designed nano-
targeted delivery system (DTX-S-DTX@DBNs), coupling DHA with al-
bumin as a carrier for the prodrug DTX-S-DTX allows the drug to achieve
its targeted enrichment effect when passing through the tumor vessel
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[10]. Specifically, the transcytosis mechanism mediated by denatured
albumin receptors on the surface of vascular endothelial cells and the
DTX uptake mechanism of cancer cells mediated by SPARC in the
tumour strom is presumed [23]. Finally excess GSH and ROS are pro-
duced in tumor cells, then the tumor tissue will be created into a high
redox microenvironment. This allows the disulfide bonds in the pre-
cursor drug (DTX-S-DTX) that accumulates in the tumor to break rapidly
and release double the amount of DTX, thus achieving the anti-tumor
target [20].

4. Conclusions

According to the strategy of prodrug and drug delivery systems, DTX-
S-DTX@DBNs were successfully prepared by our group. In vivo, the
smart DTX-S-DTX@DBNs had improved the selectivity of chemothera-
peutics, which reflected the enormous potential of the DTX-S-
DTX@DBNs in metastatic bone cancer therapy.
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