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a b s t r a c t 

To improve therapeutic effect and reduce severely side effects of carboplatin (CBP), the gas- 

generating nanocapsules were developed to accelerate CBP lysosome release and nucleus 

delivery. CBP/SB-NC was prepared by co-loading CBP and NaHCO 3 (SB) in nanocapsules using 

w/o/w emulsification solvent evaporation. They exhibited vesicle-like spherical morphology, 

uniform particle size and negative zeta potential. Reaching the tumor site with a relatively 

high concentration is the first step for CBP delivery and the results showed that CBP/SB-NC 

could effectively increase drug accumulation at tumor site. After that, the drug delivery 

carriers need to be internalized into tumor cells and the in vitro cellular uptake ability 

results showed CBP/SB-NC could be internalized into RM-1 cells more efficient than CBP 

solution. After internalized by RM-1 cells, the gas-blasting release process was tested in 

acid environment. It was demonstrated that 5 mg/ml NaHCO 3 was optimal to achieve 

pH-responsive gas-blasting release. In vitro release results showed that CBP significantly 

rapid release in acid environment (pH 5.0) compared to neutral pH (pH 7.4) ( P < 0.05). 

Meanwhile, TEM and the change of the concentration of H 

+ results exhibited that the 

explosion of CBP/SB 5 -NC was more easily happened in lysosome acid environment (pH 

5.0). The blasting release can accelerate CBP lysosome release to cytoplasm. Furthermore, 

the nucleus delivery results showed CBP/SB 5 -NC can promote pH-triggered rapid nucleus 

delivery. And the results of Pt-DNA adduct assay showed that the binding efficiency between 

CBP and DNA of CBP/SB 5 -NC was higher than CBP solution. At last, in vitro and in vivo 

anti-tumor efficacy proved that CBP/SB 5 -NC could enhance anti-tumor activity for prostate 

cancer therapy. CBP/SB 5 -NC also showed superior safety in vitro and in vivo by hemolysis 

assay and histopathological study. All of the results demonstrate that CBP/SB 5 -NC would be 

an efficient gas-blasting release formulation to enhance prostate cancer treatment. 

© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Prostate cancer ranks the second in the incidence of cancer
in men (13.5%) and the fifth leading cause of cancer
deaths worldwide (6.7%) [1 ,2] . Currently, the treatment of
prostate cancer mainly includes radical prostatectomy,
androgen deprivation therapy, chemotherapy, radiation
therapy and immunotherapy [3–6] . Chemotherapy remains
an indispensable systemic treatment for prostate cancer.
It has advantages of showing therapeutic effect on both
primary tumors and metastases, bring better clinical benefits
to patients by eliminating residual tumor after operation,
reducing tumor load, alleviating disease condition, controlling
complications and improving quality of life [7] . 

Platinum (II) is one of the most important
chemotherapeutic agents in prostate cancer treatment
[8 ,9] . Carboplatin (CBP) is a second-generation platinum
(II) compound which kills cancer cells by destroying DNA
structure [10–12] . It was approved by the US FDA in 1989
and was recommended by treatment guidelines of NCCN
(National Comprehensive Cancer Network) to treat prostate
cancer [12–14] . However, the non-specific distribution of
CBP causes severe side effects, including myelosuppression,
neurotoxicity and ototoxicity, which greatly limit its clinical
application [15–17] . 

To overcome this challenge, nanocarriers have shown
great prospect in clinical to enhance therapeutic effect of
chemotherapeutic agents [18–20] . Nanocarriers can increase
tumor biodistribution of drug, prolong the survival rate, and
reduce side effects. Especially, nanocarriers with stimuli-
responsive release characteristics were developed to trigger
the drug release in tumors, thus increase drug concentration
in target tissue, and further enhance therapeutic efficiency
[21] . Due to the good hydrophilicity, CBP was loaded by stimuli-
responsive nanocarriers through chemical linkage in most
studies. For example, we have coupled lauric acid (LA) and CBP
to prepare CBP-LA micelles and glutathione (GSH)-mediated
sensitive release was achieved [22] . Nuclear DNA is the main
target of CBP, therefore effectively entering the nucleus is a
key step for CBP. However, these simple stimuli-responsive
nanocarriers did not show advantages in promoting nucleus
delivery of CBP. In this study, we aimed to develop a physical
encapsulated lysosome stimulate-sensitive release system.
The accelerated lysosome release was expected to increase
the intracellular concentration of CBP, thus promoting CBP to
effectively enter the nucleus, which will further increase anti-
tumor effect of CBP. Besides, this system holds potential to
decrease the dosage, and reduces severely side effects during
treatment. 

To achieve our purpose, gas-blasting strategy nanocapsule
was employed [23–25] . Since the pH of the tumor
microenvironment (6.5–7.2) or lysosomes (5.0–6.0) are lower
than that of normal tissues and blood ( ∼7.4), HCO 3 

−or CO 3 
2-

(NaHCO 3 , NH 4 HCO 3 and CaCO 3 ) can react with H 

+ and release
CO 2 bubble, which induced the blasting of nanocapsules
and triggered CBP release [21 ,26 ,27] . In addition, gas-blasting
strategy is quite suitable for the delivery and stimulus-
responsive release of CBP. Both CBP and HCO 3 
−/CO 3 

2 −

are hydrophilic and can be simply co-loaded in the core
of nanocapsules. After endocytosis to lysosomes, H 

+ that
infiltrated into nanocapsules from the acidic organelles
would react with HCO 3 

−or CO 3 
2 − to form CO 2 bubbles, which

can accelerate CBP lysosome release, and thus to improve the
anti-tumor effect of the CBP [21 ,28–30] . Because the tissues
of mammals are immersed in an environment that usually
contains HCO 3 

−, and NaHCO 3 (SB) is the most commonly
used buffer in standard cell culture media [31] , therefore
NaHCO 3 was selected as gas-blasting agents and co-loaded in
the core of nanocapsules. 

In this study, we developed NaHCO 3 and CBP co-loaded pH-
responsive gas-blasting poly (lactic acid-polyethylene glycol)
(PLA-PEG) nanocapsules (CBP/SB-NC) in order to increase
the tumor accumulation of CBP and further improve the
therapeutic selectivity and reduce side effects ( Scheme 1 ).
Nanocapsules have hydrophilic internal cavity structure
ensuring a high encapsulation rate of CBP. This strategy holes
advantages of simple preparation, avoidance of chemical
reactions and specific response in lysosomes. Particle size,
zeta potential, morphology, the optimal concentration of
NaHCO 3 and pH-responsive release were characterized.
Moreover, in vitro cytotoxicity activity, cellular uptake and pH-
triggered rapid nucleus co-location were investigated on RM-1
cell. Then Pt-DNA adduct determination was further tested by
ICP-MS. In addition, the in vivo imaging and anti-tumor study
were carried out experimentally in RM-1-bearing prostate
cancer murine model to evaluate the biodistribution and anti-
tumor efficacy. In addition, primary safety evaluations were
carried out. To the best of our knowledge, this is the first
time that CBP and NaHCO 3 are co-loaded to achieve CBP CO 2 -
blasting release and nucleus delivery, providing the possibility
to further improve the clinical application. 

2. Materials and methods 

2.1. Materials 

Carboplatin (CBP) was purchased from Dalian Meilun
Biotech Co., Ltd. (Dalian, China). Polylactic acid-Polyethylene
glycol (PLA-PEG) was purchased from Shandong Academy
of Pharmaceutical Science (Jinan, China). 3-(4, 5-
Dimethylthiazol-2-yl) −2,5-diphenyltetrazolium bromide
(MTT) was purchased from Solarbio (Shanghai, China). 1,1-
dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(DiR) was procured from Fanbo Biochemicals Co., Ltd (Beijing,
China). Fluorescein isothiocyanate (FITC) was purchased from
Sigma (MO, USA). DAPI was purchased from Sigma (USA).
Doxorubicin hydrochloride (DOX • HCl) was purchased from
Dalian Meilun Biotech Co., Ltd. (Dalian, China). Penicillin
and streptomycin (1%), trypsin-EDTA (0.25%), phosphate
and phosphate buffered saline (PBS) were the product of
Solarbio Biotechnology Co. Ltd (Shanghai, China). Roswell
Park Memorial Institute medium (RPMI-1640) were obtained
from Hyclone. All materials and reagents used in this work
were of analytical grade and used without further purification.
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Scheme 1 – Design of CBP/SB-NC. The scheme shows the delivery mechanism of gas-blasting nanocapsules for accelerating 
CBP release and nucleus delivery. H 

+ that infiltrated the CBP/SB-NC from the acidic organelles reacted with the NaHCO 3 

therein, forming CO 2 bubbles. The evolution of CO 2 bubbles triggered the bursting of the shell by increasing the internal 
pressure, which can accelerate CBP release and nucleus delivery. 
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.2. Cell lines and animals 

uman prostate cancer cells (PC3) and mouse prostate 
ancer cells (RM-1) were purchased from Chinese Academy 
f Sciences (China). Both cell lines were cultured in RPMI- 
640 medium at 37 °C in an environment containing 5% CO 2 .
he RPMI-1640 medium was supplemented with 10% FBS, 1% 

enicillin and 1% streptomycin. Male C57BL/6 (weight: 18–22 g) 
ice were supplied by SPF (Beijing) Biotechnology Co, Ltd. All 

xperiments were carried out in accordance with the Animal 
anagement Rules of the Ministry of Health of the People’s 

epublic of China (document number 55, 2001) and the Animal 
xperiment Ethics Review of Shandong University (Approval 
o.18002). 

.3. Preparation of CBP/SB-NC 

he preparation of CBP/SB-NC was prepared by w/o/w 

mulsification solvent evaporation [28] . CBP (15 mg/ml) and 

aHCO 3 were dissolved in ddH 2 O. PLA-PEG (10 mg) and span 

0 (5 μl) were dissolved in 1 ml dichloromethane. Then 125 μl 
queous phase was added into the dichloromethane solution 

nd sheared for 60 s at 20,000 rpm in ice bath. The obtained 

/O emulsion were added dropwise into the 1.25 ml 1% PVA 

olution and sheared for 60 s at 20,000 rpm in ice bath to 
orm CBP/SB-NC, then stir the CBP/SB-NC and volatilize the 
ichloromethane. 

.4. Characterization of CBP/SB-NC 

article size, zeta potential and polydispersity index (PDI) of 
he CBP/SB-NC were measured using a Malvern Zeta Sizer 
ano-ZS instrument (Malvern Instruments Ltd, UK.) at 25 °C.
he mean particle size, PDI and zeta potential were evaluated 

n triplicate. The morphology of CBP/SB-NC was visualized 

y transmission electronic microscopy (TEM) (Hitachi, Japan).
 drop of CBP/SB-NC was deposited on a copper grid,
nd then stained with one drop of phosphotungstic acid 

2%, w/v). 
The encapsulation efficiency of CBP was measured.

he unencapsulated CBP was removed by centrifuging for 
0 min at 12,500 rpm using an ultrafiltration centrifuge 
ube (MWCO = 3000 Da). The filtrates were collected and 

ombined from the outer centrifuge tube to obtain separated 

nencapsulated CBP. A quantitative determination of 
nencapsulated CBP was made at 229 nm by using an 

PLC with a 5 μm C 18 column (4.6 mm × 250 mm) at room
emperature. The mobile phase was constitutive of methanol- 
 2 O buffer (5:95, v/v). The samples were directly injected 

20 μl) into the HPLC system without further treatment. The 
ow rate was 1.0 ml/min. The calibration curve of the peak 
rea (A) versus CBP concentration (C) was A = 10.261C + 3.630 
 r = 0.99998) over a range of standard CBP concentration 

etween 2.5 and 80 μg/ml. The accuracy, recovery, precision,
imit of detection and quantification were in accordance with 

ethodological requirements. The encapsulation efficacy 
EE%) and drug-loading efficacy (DL%) of CBP/SB-NC was 
alculated using the following equation: 

E% = 

W loaded drug 

W total drug 
× 100 

L% = 

W loaded drug × 100 
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2.5. Storage stability 

CBP/SB-NC was prepared and stored at 4 ± 2 °C. The changed
particle sizes were recorded about 7 d as the evaluation index.
All measurements were represented as mean ± SD ( n = 3). 

2.6. In vitro release 

In order to investigate the effect of the concentration of
NaHCO 3 on the pH responsive release, CBP-NC, CBP/SB 2.5 -
NC (2.5 mg/ml NaHCO 3 ), CBP/SB 5 -NC (5 mg/ml NaHCO 3 ),
CBP/SB 10 -NC (10 mg/ml NaHCO 3 ) were prepared. In vitro
release of CBP from the CBP/SB-NC was investigated by
the dialysis method [32] . Briefly, each dialysis bag (3500 Da)
containing 1 ml samples of CBP/SB-NC was incubated with
10 ml PBS (pH 7.4, 6.5, 5.0) as release medium at 37 °C with
stirring at 100 rpm. At the predetermined time intervals,
the release medium was take out and replaced with fresh
medium. The cumulative amounts of CBP in the release
medium were calculated by HPLC. All measurements were
carried out in triplicate. 

2.7. Gas-blasting evaluation 

PBS (pH 7.4, 6.5, 5.0) was selected for the preliminary
evaluation of the pH-sensitive gas-blasting explosion of the
CBP/SB 5 -NC. CBP/SB 5 -NC was prepared and diluted with PBS
(5 times) and incubation at 37 °C for 1, 2, 4 h. The TEM was
selected to observe the changes of morphology. To further
quantify the capability of pH-sensitive gas-blasting explosion
of CBP/SB 5 -NC, the change of the concentration of H 

+ was
tested after CBP/SB 5 -NC adjusted to pH 7.4, 6.5, 5.0 by HCl. 

2.8. Cellular uptake of CBP/SB-NC 

Fluorescein isothiocyanate (FITC) was selected as the tracer
agent to label the CBP/SB-NC. Labeled nanocapsules were
prepared by w/o/w emulsification solvent evaporation. RM-1
cells were seeded into 12-well plates and cultured overnight.
The free FITC, FITC loaded nanocapsules (FITC-NC) and FITC
and NaHCO 3 co-loaded nanocapsules (FITC/SB 5 -NC) were
added to the cells at the final concentrations of 50 μg/ml
for FITC and incubated with the cells for 0.5, 1, 2 and 4 h.
Subsequently, the cells were washed with cold PBS and then
fixed with 4% paraformaldehyde. Cellular uptake of the FITC
loaded nanocapsules was imaged by fluorescence microscope.
In terms of the quantification of the cellular uptake efficiency,
RM-1 cells were incubated with FITC labeled nanocapsules
(5 μg/ml). The cells were washed and suspended in 200 μl of
PBS, and cellular uptake was evaluated by a flow cytometer
(CytoFLEX S, Beckman Coulter, USA). 

2.9. PH-triggered rapid nucleus delivery 

There is no evidence demonstrating that free FITC can
enter the nucleus, however, DOX was demonstrated that
had great capability of nucleus delivery. Meanwhile, DOX
have red fluorescence which was easily for detection. So
DOX was selected as model drug to evaluate whether the
existence of NaHCO 3 can promote pH-triggered rapid nucleus
delivery. DOX loaded nanocapsules were prepared by w/o/w
emulsification solvent evaporation using the method in
“2.3.Preparation of CBP/SB-NC” and the concentrations were
tested. RM-1 cells were seeded in 12-well plates (2 × 10 5 cells
per well) and cultured overnight. The free DOX, DOX loaded
nanocapsules (DOX-NC), and DOX and NaHCO 3 co-loaded
nanocapsules (DOX/SB 5 -NC) were added to the cells at the
final concentrations of 4 μg/ml for DOX and incubated with the
cells for 0.25 and 0.5 h. Subsequently, the cells were washed
with cold PBS and then fixed with 4% paraformaldehyde.
The pH-triggered rapid nucleus delivery of nanocapsules was
visualized using the fluorescence microscopy. 

2.10. Pt-DNA adduct determination 

Nuclear DNA was an important molecular target for CBP
[10–12] . To further evaluate whether the existence of NaHCO 3

can promote pH-triggered rapid nucleus location, the relative
quantity of adduct both platinum of DNA (Pt-DNA) was
further tested to make verifications with pH-triggered rapid
nucleus delivery. For Pt-DNA analysis, 2 × 10 6 RM-1 cells were
seeded on 60 mm 

2 dishes. 60 μg/ml CBP solutions, CBP-NC and
CBP/SB 5 -NC were added to the plates and incubated for 24 h,
the cells were washed with cold PBS. Subsequently, the DNA
was extracted using Nuclei EZ Prep Ki and diluted to 2 ml. The
concentration of Pt was evaluated by ICP-MS. 

2.11. In vivo NIRF imaging 

Real-time near infra-red fluorophore (NIRF) imaging was
selected to observe the biodistribution of the drugs [32] . CBP
was replaced by a near infrared fluorophore dye (DiR) in the
formulation. DiR loaded nanocapsules (DiR-NC) and DiR and
NaHCO 3 co-loaded nanocapsules (DiR/SB 5 -NC) were prepared
by w/o/w emulsification solvent evaporation, and the final
concentration of DiR was 50 μg/ml. The free DiR was dissolved
in methanol (5 mg/ml) and then diluted to 50 μg/ml. Male
RM-1 bearing C57BL/6 model was used for NIRF imaging.
When the tumor grew to about 200–300 mm 

3 , mice were iv-
injected with free DiR, DiR-NC and DiR/SB 5 -NC (0.1 ml). After
2, 4, 8, 12 and 24 h, the mice were anesthetized injection of
10% chloral hydrate (i.p.) and observed. Afterwards, the mice
were sacrificed and tumors and major organs were excised
for in vitro imaging. The real-time NIRF images were tested
using a real-time NIRF detector (Caliper Life Sciences, USA)
at appropriate wavelengths (excitation wavelength of 745 nm,
emission wavelength of 835 nm). 

2.12. In vitro cytotoxicity assay 

The cytotoxicity assay of CBP/SB-NC at different
concentration of CBP was assessed on PC3 cells and RM-
1 cells by standard MTT assay [22 ,33] . The PC3 cells and
RM-1 cells (5 × 10 3 /well) were seeded separately into 96-well
plates per 150 μl per well. The cells were cultured overnight.
50 μl of the culture medium containing a series of different
concentration of CBP/SB 5 -NC, CBP-NC, CBP solution, SB-NC
and blank nanocapsules (Blank-NC) were added to the cells.
Each concentration was repeated three incubated pores. After
48 h of incubation, each well was added 20 μl of MTT solution
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Table 1 – Characterization of CBP/SB-NC formulations ( n = 3). 

Particle size (nm) PDI Zeta potential (mV) EE (%) DL (%) 

CBP-NC 88 ± 11 0.211 ± 0.086 −11 ± 0.5 74.6 ± 1.3 14.9 ± 0.3 
CBP/SB 2.5 -NC 144 ± 10 0.313 ± 0.152 −12 ± 1.2 75.7 ± 1.9 14.7 ± 0.4 
CBP/SB 5 -NC 124 ± 18 0.251 ± 0.110 −12 ± 0.3 73.6 ± 2.4 13.8 ± 0.5 
CBP/SB 10 -NC 129 ± 19 0.303 ± 0.081 −13 ± 2.2 67.4 ± 5.5 14.5 ± 1.2 
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5 mg/ml) and cultured for another 4 h at 37 °C. Then the 
edium was removed and 200 μl of DMSO was added per 
ell. Cell culture medium without cells was applied as blank 
nd cells without any treatment were served as control. The 
bsorbance of DMSO solution was measured at 570 nm using 
 microplate reader (Elx800, BioTek, USA). Cell viability was 
alculated as follows: 

ell Viability ( % ) = 

A sample − A blank 

A control − A blank 
× 100% 

here A sample , A blank and A control represented the absorbance 
f cells treated with formulations, blank group and cells 
ntreated group, respectively. All measurements were carried 

ut in triplicate. 

.13. In vivo anti-tumor activity 

M-1 bearing male C57BL/6 mice was used to evaluate the 
n vivo anti-tumor efficacy of CBP/SB-NC [34] . The mice 

ere hypodermically injected with 0.1 ml of cell suspension 

ontaining 1 × 10 6 RM-1 cells. After 8 d, the mice were 
andomly divided into 4 groups (6 mice per group): (1) 
ormal saline (NS) (2) CBP solution (3) CBP-NC (4) CBP/SB 5 -NC.
ubsequently, the mice were treated with NS, CBP solution,
BP-NC and CBP/SB 5 -NC by intravenous injection once 3 d 

10 mg/kg). The tumor volumes and the body weights were 
easured every 2 d. Fifteen days later, the mice were sacrificed 

nd tumors were taken out and photographed. The tumor 
olume ( V ) was calculated as follows: 

 = 

W 

2 ( width ) × L ( length ) 
2 

.14. Hemolysis assay 

ed blood cells (RBCs) were diluted into 2% (v/v) cell 
uspension with NS. Then the RBCs suspension incubated 

ith CBP/SB 5 -NC at a CBP final concentration of 10,
0, 40, 60 and 80 μg/ml at 37 ± 0.5 °C for 3 h. NS was
egarded as a negative control and distilled water was 
egarded as a positive control. Finally, the absorbance of 
emoglobin was determined after centrifuging using a UV–
is spectrophotometer at 576 nm. The hemolysis percentage 
f the RBCs was calculated as follows: 

R ( % ) = 

A sample − A negative 

A posotive − A negative 
× 100% 

here A sample , A negative and A positive represent the absorbance of 
he sample, negative control and positive control, respectively.
.15. Histopathological study 

ale C57BL/6 mice (18–22 g) were injected with control, CBP 
olution, CBP/SB 5 -NC, CBP-NC by intravenous injection once 3 
. Fifteen days later, the mice were sacrificed and tumors and 

ajor organs were excised and fixed with 4% formaldehyde.
hen, the major organs were embedded in paraffin and 

tained with H&E for histological examination. The tumor 
issue was fixed with 4% formaldehyde and embedded in 

araffin. Then it was stained with Ki-67 for histological 
xamination. 

.16. Statistics analysis 

tatistical differences were analyzed with Student’s t -test.
ifferences were considered to be statistically significant 
hen the P < 0.05. All data were reported as the mean ± SD. 

. Results and discussion 

.1. Preparation and characterization of CBP/SB-NC 

BP and NaHCO 3 co-loaded nanocapsules (CBP-NC, CBP/SB 2.5 - 
C, CBP/SB 5 -NC, CBP/SB 10 -NC) were prepared. Mean particle 

ize, zeta potential and morphologies of CBP/SB-NC with 

ifferent concentration of NaHCO 3 were shown in Fig. 1 A.
n addition, the characterizations of CBP/SB-NC formulations 
ere summarized in Table 1 . The results showed that the 

ncapsulation of additional NaHCO 3 cause the increase of the 
ize of CBP nanocapsules, but did not showed significantly 
hange in zeta potential, encapsulation efficacy and drug 
oading. CBP/SB-NC with different concentration of NaHCO 3 

ossessed uniform particle size, high drug loading and 

ntrapment efficiency. Transmission electron microscope 
bservation showed that the morphology of CBP/SB-NCs were 
esicle-like spherical shape. 

The storage stability of CBP/SB 5 -NC was evaluated by the 
hanged particle sizes using DLS at 4 ± 2 °C ( Fig. 1 B). The
esults showed a minimal change of CBP/SB 5 -NC, indicating 
hat the CBP/SB 5 -NC were stable in 7 d. Diluted CBP/SB 5 - 
C ( Fig. 1 C) could observe a red light path in the vertical
irection when the formulation was irradiated with laser,

ndicating that CBP/SB 5 -NC was nano-colloidal dispersion 

ystem. 

.2. Gas-blasting evaluation and in vitro drug release 

BP/SB 5 -NC was prepared and diluted with PBS (5 times) and 

ncubation at 37 °C for 1, 2 and 4 h. As shown in Fig. 2 A,
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Fig. 1 – Characterizations of CBP/SB-NC. (A) Size distribution and morphology of CBP-NC, CBP/SB 2.5 -NC, CBP/SB 5 -NC and 

CBP/SB 10 -NC (B) Storage stability of CBP/SB 5 -NC. (C) Appearance of CBP/SB-NC. 

Fig. 2 – CBP/SB-NCs achieve lysosome pH-responsive CO 2 generation, leading to CBP blasting release. (A) Morphology of 
CBP/SB 5 -NC incubated at 37 °C in pH 7.4, 6.5, 5.0. Concentration of H 

+ consumed after CBP/SB 5 -NC incubated for 4 h in pH 

7.4, 6.5, 5.0. (B) In vitro release of CBP/SB-NC in pH 5.0; (C) pH 6.5; (D) pH 7.4. (Notes: & P < 0.001, ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗

P < 0.001). 
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Fig. 3 – CBP/SB 5 -NC can enhance cellular uptake and simultaneously achieve rapid co-localization with the nucleus. (A) 
Inverted fluorescence microscopy images (FITC: 50 μg/ml) of cellular uptake on RM-1cells (40 ×); (B) Flow cytometer analysis 
of RM-1 cells. Quantification data of cellular uptake in RM-1cells (FITC: 5 μg/ml); data are provided as means ± SD ( n = 3). (C) 
Inverted fluorescence microscopy images about nucleus location of RM-1 cells incubated for 0.25 h and 0.5 h with DOX, 
DOX-NC and DOX/SB 5 -NC. (D) Pt-DNA binding in RM-1 cells after treatment with CBP solution or an equivalent Pt dose of 
CBP-NC and CBP/SB 5 -NC. Data are provided as means ± SD ( n = 3). (Notes: & P < 0.01, # P < 0.001 (FITC-NC or FITC/SB 5 -NC vs. 
FITC at the same time), ∗P < 0.05). 
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he shell of CBP/SB 5 -NC was complete in pH 6.5 and 7.4,
ut the capsule shell of CBP/SB 5 -NC was cracked in pH 5.0 
fter incubation for 4 h. The change of the concentration of 
 

+ of CBP/SB 5 -NC after incubation for 4 h in pH 5.0, 6.5 and
.4 showed that CBP/SB 5 -NC consumed more NaHCO 3 in pH 

.0, which was consistent with the microscopy images. The 
esults of release behavior indicted that CBP-NC, CBP/SB 2.5 - 
C, CBP/SB 5 -NC and CBP/SB 10 -NC all had no significant 
ifference in pH 7.4 ( Fig. 2 D). The cumulative release of 
BP/SB 2.5 -NC, CBP/SB 5 -NC and CBP/SB 10 -NC for 12 h in pH 

.5 was 52.29%, 54.75% and 54.05%, respectively. While, there 
as no significant difference of CBP/SB-NC with a series of 
ifferent concentration of NaHCO 3 in pH 6.5 ( Fig. 2 C). As 
hown in Fig. 2 B, the cumulative release of CBP/SB 2.5 -NC,
BP/SB 5 -NC and CBP/SB 10 -NC for 12 h in pH 5.0 was 60.15%,
7.80% and 67.83%, respectively, which was higher than CBP- 
C (47.05%), indicating that the gas-blasting strategy can 

chieve pH-sensitive release. Beyond that, the cumulative 
BP release of CBP/SB 5 -NC for 12 h was higher than that of 
BP/SB 2.5 -NC ( P < 0.05), but there was no difference between 

BP/SB 5 -NC and CBP/SB 10 -NC in pH 5.0 ( P > 0.05). Therefore,
he optimal concentration of NaHCO 3 was 5 mg/ml, and the 
H-triggered blasting of CBP/SB 5 -NC was observed. These 
esults indicated that CO 2 was produced by the reaction 

f NaHCO 3 in the CBP/SB 5 -NC with H 

+ under lysosome 
cid environment (pH 5.0). The production of CO 2 bubbles 
riggered the blasting of the shell by increasing the internal 
ressure, which can accelerate CBP lysosome release to 
ytoplasm. 

.3. Cellular uptake of CBP/SB-NC 

he cellular uptake of free FITC, FITC-NC and FITC/SB 5 - 
C with an equivalent concentration of FITC (50 μg/ml) was 
onducted on RM-1 cells by fluorescence microscopy after 0.5,
, 2 and 4 h incubation. The images ( Fig. 3 A) showed that the
uorescence of FITC-NC and FITC/SB 5 -NC was higher than 

ree FITC. The internalization of nanocapsules was presented 

y the cellular uptake rate calculated from flow cytometer 
ata ( Fig. 3 B), which showed the same results with the images.
hese results indicated that the FITC-NC and FITC/SB 5 -NC 

ad effective cellular uptake ability on RM-1 cells, which was 
eneficial for improving the anti-tumor efficacy. 

.4. PH-triggered rapid nucleus delivery 

he accelerated drug lysosome release was beneficial for 
ucleus delivery of CBP, enhanced binding efficiency of CBP 
ith DNA, thus improving the anti-tumor effect of CBP. In 
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Fig. 4 – CBP/SB 5 -NC display enhanced tumor accumulation. (A) In vivo imaging of mice of tumor-bearing mice post i.v. 
administration with free DiR, DiR-NC, DiR/SB 5 -NC at different time points. Tumors were marked with red circles; (B) In vitro 
imaging of the main organs and tumors in free DiR, DiR-NC and DiR/SB 5 -NC groups after the mice were anatomized at 24 h 

post administration; (C) The fluorescent intensity in the main organs and tumors based on the in vitro results. (Notes: 
∗P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with CBP solution on the two cell lines. 
the nucleus and bind with DNA, the nucleus delivery was
further tested by the co-localization in RM-1 cells. DOX which
have nucleus entering capability and red fluorescence was
selected model drug. Cells incubated with DOX, DOX-NC and
DOX/SB 5 -NC, and the nucleus delivery was indicated by purple
fluorescence due to merging of red (DOX) and blue (DAPI)
fluorescence ( Fig. 3 C). Purple fluorescence boosted up with the
increase of incubation time, demonstrating that more DOX
was delivered into the nucleus of RM-1 cells. Moreover, as
shown in Fig. 3 C, the existence of red fluorescence around
the nucleus showed that DOX was still exist in the around
of nucleus of DOX, DOX-NC and DOX/SB 5 -NC after 0.25 h
incubation. While, after 0.5 h incubation, DOX/SB 5 -NC could
be clearly found that the DOX was completely entering the
nucleus, but DOX was still exist in the around of nucleus of
DOX and DOX-NC group, demonstrating that more DOX was
delivered into the nucleus of RM-1 cells. 

3.5. Pt-DNA adduct determination 

As shown in the Fig. 3 D, the CBP/SB 5 -NC possessed higher
Pt-DNA adduct efficiency, which was 3-fold higher than CBP
solution and 4-fold higher than CBP-NC. These results showed
that CBP/SB 5 -NC could improve the Pt-DNA adduct efficiency
compared to CBP solution ( P < 0.05) and CBP-NC ( P < 0.05). 

3.6. In vivo NIRF imaging 

NIRF imaging was applied to observe the biodistribution of
the CBP/SB-NC in vivo . As shown in Fig. 4 A, free DiR could
scarcely observe the DiR signal in the tumor site. By contrast,
DiR-NC and DiR/SB 5 -NC showed stronger DiR signals in the
tumor site for 24 h, demonstrating that DiR-NC and DiR/SB 5 -
NC could enhance payload accumulation in the tumor sites.
To accurately indicate the biodistribution of CBP-NC and
CBP/SB 5 -NC, the mice were sacrificed after 24 h, and the
tumor and major organs were excised. The in vitro image
exhibited DiR-NC and DiR/SB 5 -NC were obviously increased
in the tumor site ( Fig. 4 B). Moreover, the average fluorescence
intensity of different organs at 24 h was calculated ( Fig. 4 C).
Nearly 1.50 × 10 8 and 1.76 × 10 8 dye signal were observed in
tumor site in DiR-NC and DiR/SB 5 -NC group, which were
higher than that in free DiR group ( P < 0.05). These results
demonstrated that DiR/SB 5 -NC could effectively increase drug
accumulation at tumor site and lower the severely side effects,
thus improving the anti-tumor efficacy. 

3.7. In vitro cytotoxicity assay 

In vitro cytotoxicity assay of CBP/SB-NC was assessed on PC3
cells and RM-1 cells by MTT method. As shown in Fig. 5 A
and 5 B, cell viabilities of Blank-NC group and SB-NC group
were higher than ∼80% at all tested concentration on RM-
1 and PC3 cells, suggesting low toxicity of Blank-NC and
SB-NC. Moreover, CBP/SB 5 -NC showed similar cytotoxicity to
the CBP solution. The CBP-NC showed less cytotoxicity than
CBP solution and CBP/SB 5 -NC, which could be contribute to
the lower amount of released CBP than CBP solution and
CBP/SB 5 -NC in the pH responsive release experiments. The
half maximal inhibitory concentration (IC 50 ) was shown in
Table 2 . The IC 50 values of CBP/SB 5 -NC were 22.71 μg/ml on
RM-1 cell lines, which was similar to the CBP solution ( P > 0.05)
and significantly lower than that of CBP-NC group ( P < 0.05).
And the IC 50 values of CBP/SB 5 -NC was 19.83 μg/ml on PC3
cell lines ( Fig. 5 B), which were lower than that of CBP solution
( P < 0.01) and CBP-NC group ( P < 0.05). These results showed
CBP/SB 5 -NC exhibited better anti-tumor activity compared
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Fig. 5 – CBP/SB 5 -NC display remarkable antitumor effect in vitro and in vivo . (A) In vitro cytotoxicity on RM-1 cell and (B) PC3 
cell; (C) In vivo antitumor efficacy in RM-1 tumor-bearing mice injected with NS, CBP solution, CBP-NC and CBP/SB 5 -NC. 
Tumor volume change in different treatment groups ( n = 6); (D) Body weight changes post administration; (E) A photograph 

of tumors excised from each treatment group; (F) The microphotographs of H&E and Ki-67 staining assay of tumor tissues in 

different groups(400 ×). (Notes: ∗P < 0.05, ∗∗P < 0.01, & P < 0.01, # P < 0.001). 

Table 2 – IC 50 values of different groups against RM-1 and 

PC3 cells. 

IC 50 CBP CBP-NC CBP/SB 5 -NC 

RM-1 13.17 ± 0.94 36.50 ± 2.15 ∗∗∗ 22.71 ± 4.12 # 

PC3 73.18 ± 7.83 76.63 ± 16.15 19.83 ± 3.82 # , ∗∗

Notes: 
# P < 0.05 (CBP/SB 5 -NC vs. CBP-NC). 
∗∗ P < 0.01, (CBP/SB 5 -NC vs. CBP). 
∗∗∗ P < 0.001, (CBP-NC vs. CBP). 
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.8. In vivo anti-tumor activity 

he anti-tumor efficacy of CBP/SB-NC was evaluated on the 
M-1 bearing male C57BL/6 mice model. As shown in Fig. 5 ,
BP solution, CBP-NC and CBP/SB 5 -NC displayed remarkable 
eduction of relative tumor volume ( Fig. 5 C) during the 
dministration period compared with NS group ( P < 0.01). Of 
ote, CBP solution and CBP-NC groups showed similar anti- 
umor activity ( P > 0.05). Moreover, CBP/SB 5 -NC showed better 
nti-tumor efficacy than CBP solution and CBP-NC ( P < 0.001). 

The results of photographs of tumors ( Fig. 5 E) were 
orresponding with the tumor volume. CBP/SB 5 -NC showed 

uperior anti-tumor activity compared with CBP solution and 

BP-NC groups ( P < 0.001). The body weights were used to 
valuate the primary safety of the formulations. As shown in 

ig. 5 D, there was no severe body weight loss observed in all
roups. 

H&E and Ki-67 staining of tumor tissues were carried out to 
urther verify the enhanced anti-tumor efficacy of CBP/SB-NC 

 Fig. 5 F). The results of H&E staining showed that the structure 
f tumor cells was complete and nearly no necrosis was found 

n NS group. Moreover, a small amount of nuclear mitosis 
ould be observed (black arrows). The tumor cells necrosis 
nd nuclear dissolving of necrotic tumor could be observed 

n CBP solution and CBP-NC groups (red arrows). In CBP/SB 5 - 
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Fig. 6 – CBP/SB 5 -NC show unregulated safety in vitro and in vivo . (A) Photograph of hemolysis assay observed by naked eyes 
of CBP/SB 5 -NC at different concentrations; (B) Hemolysis percentage of RBCs and the image after RBCs suspension was 
incubated with CBP/SB 5 -NC, within a CBP range of 10–80 μg/ml for 3 h. Distilled water ( + ) and NS (-) were used as positive 
and negative control, respectively. (C) Representative microscopy photographs of H&E stained histological sections of main 

organs from male C57BL/6 mice after treatment with NS, CBP solution, CBP-NC and CBP/SB 5 -NC (200 ×). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NC group, large area necrosis and dissolution of tumor cells
were found in the tumor tissue, which further confirmed
that CBP/SB 5 -NC had the most prominent tumor suppressible
effect in vivo . 

The results of Ki-67 staining showed that a large number
of red positive cells were observed in tumor tissues of NS
group, indicating that the proliferation of tumor cells was
much strong in NS group. While the number of red positive
cells in CBP solution and CBP-NC groups obviously decreased,
demonstrating that the proliferation of tumor cells was
suppressed after administration of CBP solution and CBP-NC.
The red tumor cells in CBP/SB 5 -NC treated group were further
reduced, which manifested that CBP/SB 5 -NC had the strongest
inhibitory effect on the proliferation of tumor cells. 

All of the results proved that CBP/SB 5 -NC could enhance
anti-tumor activity in vivo for prostate cancer therapy. 

3.9. Hemolysis assay 

As shown in Fig. 6 A and 6 B, in the range of 10–80 μg/ml of
CBP/SB 5 -NC, no hemolysis and erythrocyte aggregation
phenomenon were observed in the groups and the
hemolytic activity of CBP/SB 5 -NC was negligible ( < 5%).
The results suggested that CBP/SB 5 -NC exhibited good
hemocompatibility and was appropriate for intravenous
administration. 

3.10. Histopathological study 

To assess the safety and histocompatibility of CBP/SB-NC,
histological observation was employed after administration
of CBP/SB-NC. As shown in Fig. 6 C, no visible organ damage
of the CBP/SB 5 -NC group was observed. While in CBP solution
group, an abnormal morphology was observed in the livers.
As marked by the arrow, vacuolar cell and necrosis of liver
could be observed. This result indicated that CBP/SB 5 -NC can
reduce the toxicity of CBP in vivo under our experimental

conditions. 
4. Conclusion 

In the study, CBP/SB-NC was prepared for accelerating CBP
lysosome release and nucleus delivery. CBP/SB-NC exhibited
uniform size distribution and high drug loading ability. The
pH-sensitive gas-blasting release property was observed in
drug release studies. Moreover, CBP/SB-NC showed high
tumor accumulation, improved cellular uptake and drug-
nucleus co-location, which contributed to superior anti-tumor
efficacy in vivo . CBP/SB-NC was a potential formulation to
enhance prostate cancer therapy. Our results demonstrated
that gas-blasting release strategy provided a promising way
for facilitate nucleus delivery and tumor treatment for CBP. 
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