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Paclitaxel-loaded pluronic F127/P123 silica
nanocapsules with surface conjugated rhTRAIL for
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A novel anticancer drug PFPSNT, paclitaxel (PTX)-loaded polymeric F127/P123 silica nanocapsules
conjugated with TRAIL (tumor necrosis factor (TNF)-related apoptosis-inducing ligand), was designed
and synthesized. Transmission electron microscopy (TEM), dynamic light scattering (DLS), UV-vis
absorption and particle size analysis revealed that the synthesized PFPSNT was a spherical particle with
a size of 24 nm and excellent colloidal stability. Drug loading efficiency (DL%) and encapsulation ratio
(ER%) were 0.39% and 26.5%, and its cumulative release profile was linear. In vitro study showed that
PFPSNT had marked cytotoxic and apoptotic activities towards HepG2 (liver cancer cell line) and CaSki
(cervical cell line) cells with the ICso values of 921.07 ng mL™ and 236.24 ng mL™", respectively. The
antitumor efficacy of PFPSNT was evaluated by using a HepG2-xenografted BALB/c nu/nu mice model.

In vivo study showed PFPSNT markedly inhibited HepG2 hepatocellular carcinoma, and its antitumor
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Accepted 5th June 2017 efficacy was more superior than those of TRAIL, PTX or PTX/F127/P123 silica nanocapsules. Our studies

provided a novel strategy to synthesize anticancer nanodrugs with mutiple functions, and demonstrated

DOI: 10.1039/c7ra04503d that PFPSNT was a very effective anticancer drug. This novel nanodrug should be a promising drug for
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1. Introduction

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) has been reported as a target with great potential for
several anti-cancer therapeutics since the mid-1990s." TRAIL,
a homotrimeric type 2 transmembrane protein, functions as
a ligand and selectively triggers cell death in transformed cells
without toxicity towards normal cells.” When TRAIL binds to the
death receptors DR4 (TRAIL-RI) and DR5 (TRAIL-RII), it initiates
the process of the caspase-8-dependent apoptosis to induce cell
apoptosis via an extrinsic apoptotic pathway.>® The recombi-
nant TRAIL and agonistic antibodies, as drugs targeting the
TRAIL pathway, have been shown robust anticancer activity in
a number of preclinical studies*® Nevertheless, some cancer
cells display strong resistance against TRAIL-induced apoptosis
due to dysfunction of death receptors, defects in caspase
protein or overexpression of prosurvival proteins (e.g. IAP and
Bcl-2 family members).” TRAIL resistance can be alleviated or
reversed by combination therapy.*** Ray S et al.*> have reported
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targeted cancer therapy to treat complex cancers.

that the combination of chemotherapy drugs and TRAIL can
significantly enhance the apoptosis of tumor cells and reduce
the dose of chemotherapy drugs. TRAIL combined with doxo-
rubicin indeed displayed strong inhibitions for a wide variety of
tumors.”>"* Paclitaxel (PTX), a cytoskeletal drug targeting
tubulin, is commonly used in clinical therapy. It is usually used
as an inhibitor to inhibit tumor cell proliferation through
stabilizing microtubule network and inhibiting microtubule
dynamics.”” It has been reported that PTX can be used as
a sensitizing agent towards TRAIL.'*" However, PTX, as
a chemotherapeutic drug, has poor aqueous solubility and low
therapeutic index.* In clinical therapy, PTX is used as a mixture
solution composed of 50% (v/v) dehydrated alcohol and 50% (v/
v) cremophor EL (polyoxyl 35 castor oil) with 5-20-fold dilution
with saline or dextrose solution before administration.”* Like
other chemotherapeutic drugs, its usage causes several side
effects, such as hair loss, muscle and joint pains, and diar-
rhea.”” Improving PTX solubility and reduce its side effects are
certainly required. Recently, Xin H. et al.*® has found that the
embedment of PTX in nanocapsules can significantly improve
PTX solubility.

Nanocapsules are made up of a nontoxic polymeric
membrane and an inner liquid core at the nanoscale level.*
Nanocapsules used as vesicular systems for cancer treatment
have a myriad of benefits, including the increase of drug
dissolution rate, drug delivery, controllable release and precise

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04503d&domain=pdf&date_stamp=2017-06-10
http://orcid.org/0000-0003-3762-4936
http://orcid.org/0000-0002-8621-9286
http://orcid.org/0000-0002-1636-4015
http://orcid.org/0000-0002-0529-3696
http://orcid.org/0000-0002-8707-8622
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04503d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007048

Open Access Article. Published on 12 June 2017. Downloaded on 8/2/2025 11:14:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

targeting.>>*® Up to today, several amphiphilic organic mole-
cules including lipids, block copolymers and polypeptides*>°
have been used to assemble micelles to encapsulate hydro-
phobic anticancer drugs, such as paclitaxel, doxorubicin and
cisplatin.***> Silica nanocapsules (SNCs) combine the merits of
silica (e.g. mechanical robustness, biocompatibility and great
versatility) and capsular nanostructure (e.g. large inner cavity,
low density and favourable colloidal properties). SNCs attract
people’s great attention due to its small size with good colloidal
stability, silica shell providing a pathway for chemical drug
molecules to diffuse out of the cavity and its onion-like structure
favoring loading capacity and release rate of biomedical drugs.**
To make nanodrugs more specific for targeting cancer therapy,
linking nanocapsules with a delivery target for cancer therapy
becomes a hotspot of current research.**

More recently, the biodistribution experiment has demon-
strated the preferential accumulation of **I-thTRAIL in CasKi-
xenografted tumors, indicating that TRAIL can also be used as
a delivery target vector.*® Thus, it is possible for us to link
chemotherapeutic drugs, silica nanocapsules and TRAIL
together to generate a novel anticancer drug with muti-
functions. The synthesized drugs are predicted to increase
dissolution rate, controllable release, co-delivery of chemo-
therapeutic drugs with TRAIL, precise targeting and robust
anticancer activity. In this study, we developed a novel strategy
to construct an anticancer targeting drug by using rhTRAIL as
a delivery target vector. At first, PTX was embedded inside the
pluronic F127/P123 silica nanocapsules, and the then PTX-
loaded nanocapsules were conjugated with rhTRAIL to form
the PTX/F127/P123 silica nanocapsules conjugated with
rhTRAIL (PFPSNT). The size and morphology of the PFPSNT,
loading parameters for PTX embedment in the nanocapsules
and PTX release from the nanocapsules were also examined.
Finally, cytotoxic and apoptotic activities as well as the efficacy
of inhibiting tumor growth of the PFPSNT were respectively
evaluated by using two cancer cell lines HepG2 and CaSki and
the HepG2-xenografted nu/nu mouse. Our studies show that the
PFPSNT indeed offers a promise of a novel anti-cancer drug with
strong tumor-killing efficacy and sustained release of PTX.

2. Materials and methods

2.1 Materials and reagents

Pluronic F127 (EO;¢6P0O50EO;05, MW = 12 600 g mol ') and
P123 (EO5oPO,oEQ,0, MW = 5800 g mol ') were purchased from
Sigma Aldrich Co. LLC. The rhTRAIL protein (ab157018)
was purchased from Abcam Trading (Shanghai) Company
Ltd. Paclitaxel (PTX), N-hydroxysuccinimide (NHS), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), acetonitrile, fluorescein diacetate (FDA), tetramethox-
ysilane (TMOS), pyrene were purchased from Aladdin Industrial
Corporation. Chloroform, tetrahydrofuran (THF), methanol,
ethanol, xylene, hydrogen peroxide were purchased from Sino-
pharm Chemical Reagent Co. Ltd. Dimethyl sulfoxide (DMSO)
was purchased from Biosharp. The purity of all reagents
purchased was =98%. Phosphate-buffered saline (PBS) and
Dulbecco's modified Eagle’s medium (DMEM) were purchased
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from Hyclone. Trypsin-EDTA (0.25%) was purchased from Life
Technologies. Fetal bovine serum (FBS) was purchased from
Zhejiang Tianhang Biological Technology Co., Ltd. DAPI dihy-
drochloride and penicillin-streptomycin (100x) was purchased
from Beyotime Technologies. Poly formaldehyde (4%) was
purchased from Boster Biological Technology. HepG2 cell line
was obtained as a gift from College of Life Sciences, Wuhan
University, and CaSki cell line were purchased from FineTest
Biotech Co., Ltd.

2.2 Carboxylation of pluronic F127

Based on the protocol reported previously,* a modified method
was used to carboxylate pluronic F127. Briefly, 3.15 g pluronic
F127 was dissolved in the mixture of 13 mL anhydrous toluene
and 0.7 mL pyridine with heating and stirring in a container filled
with nitroge. The final concentration of F127 was 0.25 mM. When
the temperature approached to 70 °C, 75 mg succinic anhydride
(SA) or 73.5 mg maleic anhydride (MA) was added. The mixture
was continuously heated and stirred. Then, the reflux conden-
sation of the mixture was performed at 90 °C for 1-5 h. Finally,
the distillated residue was washed with chilly ether, and then the
synthesized product F127-COOH was dried by vacuuming at
40 °C for 24 h. Succinic anhydride was chosen to be used for
carboxylation of pluronic F127 in the following experiments.

2.3 Preparation of PTX/F127/P123 silica nanocapsules

PTX/F127/P123 silica nanocapsules (PTX-NCs) were prepared by
using a modified method based on the thin-film hydration®” and
the addition of tetramethoxysilane (TMOS)***°. Briefly, the
carboxylated F127 (90 mg) and pluronic P123 (180 mg) were
mixed and dissolved in 1 mL chloroform, and then sonicated for
15 minutes at room temperature. 4 mg of PTX was added into
the F127/P123 solution, followed by sonication for another 15
minutes to form a highly transparent solution. The PTX/F127/
P123 solution was evaporated in a drying oven at 75 °C under
the vacuum state. Then, the resultant thin film was hydrated
with 4 mL water by sonication to obtain a micelle solution. 35 pL
TMOS, dissolved in 0.5 mL THF, was taken out and dropped into
the micelle solution with stirring at 1000 rpm, and then the
mixed solution was continuously stirred for 3 days so that THF
was evaporation and TMOS was completely hydrolyzed to form
the silica shell. Finally, the prepared PTX-NCs were filtrated
through 0.22 pm filter membrane to remove those unincorpo-
rated drug aggregate. All experimental steps were performed at
room temperature unless otherwise stated. F127/P123 silica
nanocapsules (NCs) without PTX and PTX loaded F127/P123
nanomicelle (PTX-NMs) without addition of TMOS were also
made respectively under the similar conditions.

2.4 Characterization of PTX-NCs

The morphology of the PTX-NCs was observed by transmission
electron microscope (TEM, Tecnai G* 20, 200 kV). The size and
size distribution of PTX-NCs and PTX-NMs were measured by
dynamic light scattering (DLS) (Malvern Zetasizer Nano-S). All
measurements were conducted in a glass cuvette and used
water as the dispersant. Colloidal stability was also determined
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by DLS. The aqueous suspension of the PTX-NCs and PTX-NMs
was diluted for 100-1000 times with distilled water and stirred
at room temperature for 4 hours before DLS measurements. UV/
visible absorption spectra were recorded on a UV-3600 spec-
trophotometer (Shimadzu).

2.5 Loading efficiency and release of PTX

The loading parameters for PTX were measured at 229 nm on an
UV-visible spectrophotometer. Drug loaded efficient (DL%) and
encapsulation ratio (ER%) were calculated according to the
following formula as reported by Zhang et al.*®

DL (%) = (weight of the PTX embedded in nanocapsules)/
(total weight of the PTX plus nanocapsules) x 100 (1)

ER (%) = (weight of the PTX embedded in nanocapsules)/
(weight of the feeding PTX) x 100 (2)

PTX release behaviors of PTX-NCs, PTX-NMs and PSPFNT
were measured by HPLC (Dionex UltiMate 3000 PumP) using
the dialysis method as reported by Andersen et al.** Briefly, 3 mL
PTX-NCs was loaded into a dialysis tubing with the molecular-
weight cutoff (MWCO) of 8000 g mol %, and then dialysized in
30 mL PBS containing 0.1% Tween 80 (pH = 7.4).*> An aliquot of
0.2 mL was taken out at 0.5, 1, 2, 4, 6, 8, 10 and 12 h. Meanwhile,
the equal amount of release medium (0.2 mL) was supple-
mented at each time point to keep total volume unchanged. The
content of PTX was estimated by HPLC. Meanwhile, PTX release
from stock solution was also conducted under the same
condition as a positive control.

2.6 Surface conjugation of PTX-NCs with TRAIL

The carboxylic groups of the carboxylated F127 on the surface of
PTX-NCs were conjugated with the amino groups of TRAIL
proteins to form PFPSNT under the catalysis of EDC and NHS.*
Briefly, EDC (5 mg), NHS (6 mg) and 1 mL PTX-NCs were mixed
in 3 mL of PBS (pH = 6.4), followed by shaking for 1 h to active
the carboxylic group of the F127. The reaction mixture were
dialysized in 2 L PBS (pH = 6.4) for 12 h to remove the super-
fluous EDC and NHS in case self ligation occurred between
carboxylic groups and amino groups of TRAIL proteins. Then, 1
mL of the TRAIL with a his-tag at its C-terminal (25 pg mL™")
was added, and the mixture was shaken for 24 h at 4 °C. The Ni-
affinity chromatography was used to collected the PFPSNT and
remove those uncrosslinked nanocapsules. In this experiment,
a fluorescent dye pyrene, instead of PTX, was embedded into the
F127/P123 silica nanocapsules to estimate conjugation effi-
ciency of the nanocapsules with TRAIL. After Ni-affinity chro-
matography, the unbound and bound nanocapsules were
measured at 338 nm which is the characteristic absorbance for
pyrene. Binding capacity was calculated by the eqn (3).

Binding capacity (%) = bound nanocapsules/
(bound plus unbound nanocapsules) x 100  (3)
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2.7 Cytotoxicity assessment and cellular uptakes of TRAIL-
pyrene-NCs

Cytotoxicity assay was performed by using Cell Counting Kit-8
(CCK-8, Dojindo Molecular Technologies, Inc) to assess the
cytotoxicity of TRAIL, TRAIL-NCs, PTX, PFPSNT and PTX-NCs,
in which HepG2 and CaSki cell lines were used respectively.
Both HepG2 and CaSki cells were cultured in the DMEM
medium containing 10% (v/v) fetal bovine serum (FBS) and 1%
(v/v) penicillin/streptomycin at 37 °C with 5% CO,. Briefly, cells
were inoculated into a 96 well plates (LAB-TEK, Chambered
Coverglass System) at a density of 8000 cells per well. After pre-
incubation overnight, the media were replaced with the fresh
DMEM, and then TRAIL, TRAIL-NCs, PTX, PTX-NMs, PTX-NCs
and PFPSNT were respectively added to the well at final
concentrations of 0-100 pg mL . After 24 hour incubation, 10
uL CCK-8 solution was added to each well, followed by incu-
bating another 4 h. The optical absorbance for each well was
measured at 450 nm on a Benchmark Plus microplate spectro-
photometer (Bio-RAD). The absorbance of each experimental
group was calculated by using the value measured in the
experimental group minus that of the blank control containing
only DMEM medium. All results were again normalized with the
positive control group in which cells and the medium were used
without additing any nanocapsules or drugs. The date pre-
sented in this study was the mean calculated from three inde-
pendent experiments.

Cellular uptakes of TRAIL-pyrene-NCs by HepG2 cells were
also examined using fluorescence microscopy. Briefly, HepG2
cells were plated onto the sterile coverslip in a 6-well plate (LAB-
TEK, Chambered Coverglass System). Cell adensity was 1 x 10°
cells per well. After incubation for 8 h, the medium was replaced
with fresh medium containing TRAIL-pyrene-NCs or pyrene-
NCs at final concentrations of 2 pg mL™ ', and cells were
continually incubated for 24 h. All cells in each well were
stained by FDA for 15 minutes, and then washed with PBS three
times. The coverslip were taken out and cells were observed
under a fluorescence microscope (Olympus Fluoview 1000). FDA
fluorescent image was acquired at Aex = 494 nm and Aey =
520 nm, while the pyrene fluorescent image was acquired at A
=336 nm and A., = 384 nm.

2.8 PFPSNT therapy of HepG2 xenografts

All animal studies were carried out under the guidelines of the
laboratory animal center in Tongji Medical College, Huazhong
University of Science and Technology. 4 week-old female athy-
mic BALB/c nu/nu nude mice were purchased from Beijing HFK
Bioscience Co., Ltd. The average weight of nude mouse was 15 g.
HepG2 cells were harvested and mixed with 80% matrigel, and
then injected into the right flank of each mouse. Inoculum dose
for each mouse was 3 x 10° cells by injecting a total volume of
100 pL. When tumor diameter approached to 0.4-0.6 cm, the
nude mice bearing HepG2 xenograft were randomized into five
groups (5 mice in each group). 0.35 mg kg~ ' TRAIL (7 ug per
mouse), 3.5 mg kg~ PTX (70 pg per mouse), PTX-NCs (70 pg
PTX per mouse), 100 uL PFPSNT (7 pug TRAIL and 70 pg PTX per
mouse); or 100 pL PBS (as control) were respectively used to

This journal is © The Royal Society of Chemistry 2017
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treat the nude mice via intraperitoneal (IP) injection. The tumor
size was routinely measured, and the tumor volume was
calculated according to the eqn (4). The relative tumor volumes
were calculated as V/V, (V: the tumor volume after treatment V:
the tumor volume before treatment). After 14 day treatment, all
mice were sacrificed.

Tumor volume (V) = [(tumor length) x (tumor width)?}/2 (4)

The anti-tumor efficiency was also evaluated by histological
examination. The tumors were taken out from the mice and
fixed in 4% paraformaldehyde solution. The fixed tumors were
embedded with paraffin and sectioned into thin pieces, and
then stained with Hematoxylin and Eosin staining (H&E stain-
ing),** DAPI (4/,6-diamidino-2-phenylindole) staining®* and
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling)*® were respectively performed by using the in situ cell
death detection kit (Roche, Applied Science). Alterations of
tumor tissues and cells at histopathological and apoptosis
levels were observed under a light microscope and a confocal
laser scanning microscope (Olympus, CX-21). Major organs
including heart, liver, spleen, lung and kidney in each group
were also collected and examined.

2.9 Statistical analysis

Date are presented as mean + SDs. Statistical significances were
determined using the two way ANOVA.*” P-values of <0.05 were
considered statistically significant.

3. Results and discussion
3.1 Characterization of PTX-NCs

It was reported that PTX/F127/P123 nanomicelles were able to
be fabricated by using the thin-film hydration method if plur-
onic F127 and P123 were mixed with PTX.*® The authors found
that F127, P123 and PTX was completely dissolvable in
a common water-miscible organic solvent (e.g. chloroform), and
pluronic F127/P123 in the molten state was an excellent solvent
for water-insoluble PTX. However, the resultant thin film was
easily hydrated with water by sonication. Recently, another
research group found that the hydrophobic PPO (polypropylene
oxide) segments and hydrophilic PEO (polyethylene oxide)
segments of PPO-PEO block copolymers could rapidly form
a core and shell of the micelles. When TMOS was added, it
entered the juncture of PEO and PPO, and then hydrolyzed to
form silicon dioxide (SiO,). Finally, SiO, deposited between the
core and shell of the micelles to form a thin silica layer. This
novel type of nanocapsules with a silica layer was more stabile
and soluble in aqueous phase.*®* To obtain multifunctional
anti-cancer drug with low toxicity, controllable release and
precise targeting, pluronic F127 and P123 were used to make
the PTX-loaded F127/P123 silica nanocapsules by combining
two methods as mentioned above. The reason for choosing F127
and P123 was that the hydrophilic PEO segment of F127 was
longer than that of P123. A long hydrophilic PEO segment might
enhance the solubility of the synthesized nanocapsules,
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whereas a short PEO segment of P123 might benefit PTX-
loading capacity in the nanocapsule.

In order to crosslink TRAIL with the PTX-NCs, pluronic F127
was initially carboxylated, and then the F127-COOH was used to
replace F127 during the preparation of PTX-NCs. Fig. 1B shows
the FTIR spectra of F127 and carboxylated F127. The stretching
vibration of hydroxyl group of F127 at 1630 cm ™' disappeared in
the carboxylated F127, and the latter emerged a novel peak at
1735 em™ ' attributing to its carbonyl group. The analysis of
FTIR spectra indicated that the pluronic F127 indeed was
carboxylated successfully to form the F127-COOH. Its carbox-
ylation efficiency, determined by conductometric titration,
reached up to 96.5% or 92.8%, when succinic anhydride or
maleic anhydride was used.

The morphology and size of the PTX-NCs were examined.
The synthesized PTX-NCs were observed by transmission elec-
tron microscopy (TEM), and their morphology and sizes were
shown in Fig. 2A. As shown in Fig. 2A, the PTX-NCs indeed
exhibited a typical structure of silica nanocapsules. The dark
silica shell displayed a significantly high electron density, and
its thickness measured by the software nanomeasure was
5.28 nm. The bright core was composed of PPO blocks of F127
and P123 containing PTX. The particle size measured by the
TEM images was 12.98 nm. As shown in Fig. 2A, the nano-
capsules appeared to link each other. This might perhaps result
from the short PEO chains of P123 unable to provide enough
steric hindrances to keep the silica nanocapsules from
agglomerating together. Pluronic P123/F127 mixed polymeric
nanocapsules appeared aggregation was reported by Hsu B.
Y. W. et al.** In addition, the nanocapsules also showed obvious
Tyndell effects when a laser was used to illuminate them (see
the inset in Fig. 2A).

The size of the PTX-NCs was determined by using DLS, and
the results were summarized in Fig. 2B. The PTX-NCs showed
a relatively narrow peak of size distribution with a low poly-
dispersity index (PDI), similar to that for the PTX-NMs.
However, the average diameter for the PTX-NCs was close to
24 nm with an acceptable PDI of 0.217. By contrast, the average
diameter for the PTX-NMs was 21 nm with a PDI value of 0.122.
The size of 24 nm obtained from the DLS measurement was
larger than that from the TEM image. The explanation for size
discrepancy could be that the particle size measured by DLS
includes the extension of free PEO chains into water, but TEM
images do not.

Colloidal stability is another important index of nano-
capsules. Polymeric micelles will gradual disintegrate when
they are diluted below the critical micelle concentration
(CMC).** By contrast, silica nanocapsules would avoid of
disintegration due to their silica-shell formation. The colloidal
stability of the PTX-NCs and the PTX-NMs were compared. After
dilutition of 100-1000 folds with dH,0, DLS assays were per-
formed, and the results were summarized in Fig. 2C and D. As
shown in Fig. 2C, the size distributions of PTX-NCs were almost
unchanged even if it was diluted to 1000 folds. Different from
the PTX-NCs, the PTX-NMs displayed a marked change in its
size distributions when its dilution was in excess of 200 folds.
When the dilution approached to 500 or 1000 folds, several new

RSC Adlv., 2017, 7, 30250-30261 | 30253
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peaks appeared. In addition, the hydrodynamic sizes of the
PTX-NMs also showed a gradual increase at 100-200 fold dilu-
tions. The appearance of several new peaks implied that the
PTX-NMs were easily disintegrated under the dilution condi-
tions, and the embedded PTX might easily be exposed to water
solvent. These results in Fig. 2C and D clearly demonstrated
that the PTX-NCs were more stable than the PTX-NMs.

3.2 Loading capacity and release of PTX in PTX-NCs

The PTX-loading parameters for both PTX-NCs and PTX-NMs
were examined by measuring the PTX absorption at 229 nm.
The results were summarized in Table 1. The effective concen-
trations of PTX in the PTX-NCs and the PTX-NMs were 265.4 lug
mL ™" and 852.3 pg mL™", which were much larger than 0.3 pg
mL~" for PTX intrinsic water solubility.> More than 800-fold
increase of PTX-loading concentration in either nanocapsules
or micelles illustrated that the microencapsulation of PTX
markedly improved its aqueous solubility. As shown in Table 1,
DL and ER values were given 0.39% and 26.5% for the PTX-NCs
and 1.26% and 85.2% for the PTX-NMs. Low DL and ER values
for the PTX-NCs might result from the formation of silica shell
when TMOS entered into the core of micelles. Such physical
alteration might affect the package of PTX in silica nano-
capsules. Although DL and ER values of the PTX-NCs were less
than those for the PTX-NMs, the silica shell depositing on the

30254 | RSC Aadv., 2017, 7, 30250-30261

interface between hydrophobic PPO core and hydrophilic PEO
chains could prevent drug release directly from the hydro-
phobic core.

The in vitro cumulative release profiles of PTX for the PTX-
NMs, PTX-NCs and PFPSNT were shown in Fig. 3. PTX release
from stock solution was also investigated as a positive control. It
was found that more than 70% PTX in the stock solution were
released in the first 2 h. This suggested that PTX could freely
diffuse through the dialysis membrane. As shown in Fig. 3,
a hyperbolic curve for PTX cumulative release profile indicated
that PTX release from the PTX-NMs was quite rapid at early
stage. More than 30% of PTX in the PTX-NMs was released at
30 min, and nearly 56% PTX was released at 2 h. By contrast, the
PTX-NCs released only 2.3% and 10.4% of PTX at the same time
points. Even at 12 hours, the amount of PTX released from PTX-
NCs was less than 62%. More importantly, the cumulative
release profile of PTX was almost linear in this case, suggesting
that PTX release was slow and steady during the testing process.
These results clearly demonstrated that the PTX-NCs indeed
sustained the release of PTX. Such a gradual release of PTX
could benefit anticancer therapy because the sustained release
of PTX from silica nanocapsules would decrease PTX concen-
tration in blood. Less PTX in blood reduced the nonspecific
toxicity of PTX to normal cells. In addition, both PFPSNT and
PTX-NCs showed similar profiles of PTX cumulative release. No

This journal is © The Royal Society of Chemistry 2017
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DLS tests of colloidal stability for PTX-NCs (C) and PTX-NMs (D).

Table 1 Comparison of PTX-loaded capacities in PTX-NMs and PTX-
NCs*

PTX concentration

DL (%) ER (%) in nanoparticles (ug mL ™)
PTX-NMs 1.26 85.2% 852.3
PTX-NCs 0.39 26.5% 265.4

% DL: drug loaded efficient; ER: encapsulation ratio.

significant difference between release profiles of PFPSNT and
PTX-NCs indicated that TRAIL conjugation did not affected the
release behavior of PTX from silica nanocapsules.

3.3 Conjugation efficiency of PTX-NCs and TRAIL

The carboxylic groups of the carboxylated F127 on the surface of
PTX-NCs were conjugated with the amino groups of TRAIL to
form a PTX/F127/P123 silica nanocapsule-TRAIL (PFPSNT). 3D
image of the surface amino groups of TRAIL was analysed by
using PyMol software® and shown in Fig. 1A. The TRAIL
protein, used in this study, contains 168 amino acids, in which
only 10 lysine and arginine residues with a free amino group
exist. The analysis by PyMol software found that only 9 amino
groups were exposed on the surface of each TRAIL subunit.

This journal is © The Royal Society of Chemistry 2017

Thus, a trimeric TRAIL, acting as an active form, contains 27
amino groups on its surface. Fig. 1C illustrated the reaction
scheme of TRAIL conjugation with PTX-NCs. Firstly, EDC acti-
vated the carboxylic group of the nanocapsules to form an o-
acylisoureaester intermediate. Then NHS reacted with the o-
acylisoureaester intermediate to form N-hydroxysuccinimide-
ester. N-Hydroxysuccinimide-ester of nanocapsules was stable,
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Fig. 3 Cumulative release of PTX from PTX-NMs, PTX-NCs and
PFPSNT.
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and actively reacted with the amino group of TRAIL. Finally,
TRAIL-conjugated silica nanocapsules were obtained.

To determine the conjugation efficiency, a fluorescent dye,
pyrene, was loaded into the F127/P123 silica nanocapsules
instead of PTX, and then TRAIL was conjugated with the pyrene/
F127/P123 silica nanocapsules. The reason for using pyrene was
that its absorbances at 338 nm was proportional to its content.
The TRAIL-conjugated pyrene/F127/P123 silica nanocapsules
and the pyrene/F127/P123 silica nanocapsules without TRAIL
were separated by using Ni-chelating affinity chromatography,
and then measured at 338 nm specific for pyrene. Fig. 1D
showed that the absorbances at 338 nm were 0.978 for TRAIL-
conjugated pyrene/F127/P123 silica nanocapsules and 0.322
for unconjugated nanocapsules. It was calculated that 75.2%
nanocapsules were successfully coupled with TRAIL protien.

3.4 Invitro cytotoxicity and targeting capability of PFPSNT

The cytotoxicity of the nanocapsules (NCs) without PTX and
TRAIL and anti-tumor cell capacity of PTX, PTX-NCs, TRAIL,
TRAIL-NCs and PFPSNT were examined using CCK-8 assays.
HepG2 and CaSki cells were respectively used in these assays. As
shown in Fig. 4A and B, cell viabilities of HepG2 and CaSki cells
were almost 100% when they were incubated with NCs for 24 h,

Concentration of PTX (ng/ml)

A

View Article Online
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suggesting that the blank NCs did not show obvious cytotoxicity
towards both cancer cells. The relative viabilities of CaSki cells
treated respectively with PTX and PTX-NCs showed a compa-
rable decrease with the increase of PTX concentration. In the
case of HepG2, trearments by PTX or PTX-NCs also showed
a similar result. No significant difference between PTX and PTX-
NCs treatments indicated again that the NCs did not have
observable cytotoxicity. The decrease of relative viabilities might
mainly come from the cytotoxicity of PTX. This conclusion was
also supported by the half maximal inhibitory concentrations
(ICs0) values of PTX (671.4 pg mL ™" for HepG2, 194.4 ug mL "
for CaSki) and PTX-NCs (626.5 ug mL™* for HepG2, 172.6 g
mL~" for CaSki). ICs, values of TRAIL were 5.514 pg mL " for
HepG2 and 1.78 pg mL™" for CaSki. Similarly, ICs, values of
TRAIL-NCs were 4.883 pg mL " for HepG2 and 2.092 pg mL
for CaSki. No significant difference between ICs, values of
TRAIL and TRAIL-NCs for both two cell lines, indicating that the
bioactivity of TRAIL was not influenced after it was conjugated
to silica nanocapsules. In addition, PFPSNT showed the lowest
cell viability with the ICs, values of 921.1 ng mL " for HepG2
and 236.2 ng mL ™" for CaSki. The PFPSNT had a superior
anticancer effect as compared to the PTX-NCs and TRAIL. Those
results obtained from in vitro studies demonstrated that the
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Fig. 4 Synergistic cytotoxicity evaluations. Viabilities of CaSki cells (A) and HepG2 cells (B) treated with NCs, PTX, PTX-NCs, TRAIL, TRAIL-NCs
and PFPSNTs; (C) cellular uptake of TRAIL-pyrene-NCs in HepG2. The results from statistic analysis were marked in (A) and (B).*** Means P values

of <0.01;** means P values of <0.05.
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surface conjugation of the PTX-NCs with TRAIL was indeed able
to enhance the efficacy of killing cancer cells.

To test the targeting capability of the PFPSNT, a fluorescent
dye pyrene, instead of PTX, was encapsulated into the nano-
capsules. Pyrene gives blue emission fluorescence at the 338 nm
excitation. When HepG2 cells were cultured with TRAIL-pyrene-
NCs or pyrene-NCs without TRAIL conjugation, the cells treated
with TRAIL-pyrene-NCs showed a significant increase in the
intensity of blue fluorescence compared to those cells treated
with pyrene-NCs (Fig. 4C). The cells treated with pyrene-NCs
without TRAIL conjugation mainly displayed green fluores-
cence which came from FDA staining. This result demonstrated
that TRAIL indeed had a greatly targeting capacity.

3.5 Anticancer efficacy of PFPSNT on HepG2 xenografts

Anticancer efficacy of PFPSNT was investigated in vivo by using
the nude mice bearing HepG2 xenografts. The body weights and
tumor volumes were measured every two days and summarized
in Fig. 5. The mean body weights of mice in all five groups
increased slowly with a similar manner (see Fig. 5A). However,
the tumor volumes in each group were significantly different
(see Fig. 5B). In the control group, five tumors growed rapidly,
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and the mean volume increased approximately 13 fold in two
weeks. The tumor volumes in other three groups treated with
PTX, PTX-NCs or TRAIL showed somewhat increase, but much
slowly than that for control group. This result indicated that
PTX or TRAIL alone was able to suppress tumor growth as ex-
pected. In the group of PFPSNT treatment, the PFPSNT showed
marked tumor inhibition. After 14 day treatments, the tumors
disappeared from two mice in this group, and other three
tumors stoped their growth.

After 14 day treatments, the mice were sacrificed and
tumors were collected. The photographs of all tumors ob-
tained from five groups were shown in Fig. 5C. The tumor
sizes in the control group were significantly larger than those
for other four groups. In the PFPSNT-treated group, the sizes
of tumors were the smallest, and two tumors disappeared
post treatment. Each tumor was weighted, and average
weights for each group were shown in Fig. 5D. Average tumor
weights were 478 &+ 129 mg for the control group, 172 + 56 mg
for the PTX-treated group, 116 + 47 mg for PTX-NCs-treated
group, 88 £ 25 mg for TRAIL-treated group and 16 £ 15 mg
for the PFPSNT-treated group. These results obtained from in
vivo study clearly show that PFPSNT indeed displays high
anticancer activity.
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Fig. 5 The body weights (A) and the relative tumor volumes (B) of HepG2 xenografted nu/nu mice treated with PBS, PTX, PTX-NCs, TRAIL and
PFPSNT, respectively. (C) Photographs of excised tumors and the mice after 14 day treatments. (D) Mean weights of five tumors in each group
after 14 day treatments.*** Presented significant difference (p < 0.01), and** means P values of <0.05.
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Fig. 6 Histological observations of HepG2 xenografts and major
organs of HepG2-xenografted nu/nu mice treated with PTX, PTX-NCs,
TRAIL or PFPSNT. (A) The tumor tissues were stained with H&GE, TUNEL
and DAPI respectively, and (B) all tissues of mouse organs were stained
by H&E staining.
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3.6 Histological evaluations of HepG2 xenografts and major
organs of HepG2 xenografted mice

Tumor necrosis and apoptosis were visualized by staining
with H&E, TUNEL and DAPI. As shown in Fig. 6A, there were
obvious tumor cells with little red cytoplasm and big purple
nucleus, while vascular in tumor also could be found. Tumor
necrosis area of H&E stained tumor tissues were statistical
analysis by Image-pro Plus and SPSS. The mean tumor
necrosis area of PFPSNT, TRAIL, PTX-NCs, PTX and control
groups were 38.8%, 31.1%, 23.9%, 17.2% and 9.4%. The
tumor tissues from five groups were stained with TUNEL and
observed under fluorescence microscope. In this experiment,
apoptotic cells displayed green fluorescence. As shown in
Fig. 6A, the tumor tissue treated with PFPSNT showed much
stronger green fluorescence as compared to other four
groups, indicating that the combination of TRAIL and PTX
indeed induced cell apoptosis, which was more than those
treated with single therapeutic approach alone. DAPI staining
showed a smaller amount of nucleus presented in the tumor
tissues of the PFPSNT-treated group, indicating that more cell
necrosis happened in this group. Tumor tissues photos
viewed in the bright field and merged picture were also shown
in Fig. 6A.

In vivo toxicity was also examined via H&E staining of major
organs of the mice bearing HepG2 xenografts used in this study,
including heart, liver, spleen, lung and kidney. As shown in
Fig. 6B, no obvious lesion or inflammation was found in all
histological samples collected from five groups. These results
showed that the nano material and TRAIL protein used in this
study had a good biocompatibility, and could be used as drug
carriers for further clinical treatment.
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Fig. 7 A schematic presenting the synthetical route of the novel nano-drug PFPSNT and its possible anticancer mechnism.
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4. Conclusion

In this study, we describe a novel strategy to develop an anti-
cancer drug for targeting cancer therapy, in which PTX-NCs was
made firstly and then conjugated with TRAIL to form a novel
nano-drug PFPSNT. We expected that TRAIL linked to the
carboxylic groups of the F127 on the surface of PFPSNT acted as
a direct anticancer reagent and a delivery vector targeting DR4
and DR5 death receptors of cancer cells. Meanwhile, PTX
embedded in pluronic F127/P123 silica nanocapsules acted as
another anticancer reagent and performed a sustained release
in order to reduce its side effects during cancer therapy. Fig. 7
presented the technical route for synthesizing PFPSNT and
a possible anticancer mechanism. At first, PFPSNT targets
cancer cells via interactions of TRAIL with death receptors DR4
and DR5, and then TRAIL induces apoptosis of tumor cells.
Meanwhile, PTX released from PFPSNT goes directly into tumor
cells to cause cell necrosis. As expected, the pluronic F127/P123
silica nanocapsules prepared in this study were spherical
nanoparticles with a size of 24 nm, and more stabile than the
F127/P123 nanomicelles. Polymeric F127/P123 silica nano-
capsule indeed enhanced PTX solubility, and sustained PTX
release. In both in vitro and in vivo studies, the PFPSNT made in
this study showed a strong capability for killing HepG2 and
CaSki cells and restraining the growth of HepG2 xenografts
without impairment of host organs. As a result, PFPSNT could
be considered as a promising drug to treat complex tumors in
targeting cancer therapy.
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