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Abstract: In this study, a promising drug nano-carrier system consisting of mono-dispersed and pH sensitive carboxylated
chitosan-hollow mesoporous silica nanoparticles (Ccs-HMSNs) suitable for the treatment of malignant cells was synthesised
and investigated. At neutral pH, the Ccs molecules are orderly aggregated state, which could effectively hinder the release of
loaded drug molecules. However, in slightly acidic environment, Ccs chains are heavily and flexibly entangled in gel state, which
would enhance the subsequent controlled release of the loaded drug. Using doxorubicin hydrochloride (DOX<HCI) as the drug
model, their results demonstrated that the system had an excellent loading efficiency (64.74 ug/mg Ccs-HMSNs) and exhibited
a pH-sensitive release behaviour. Furthermore, confocal laser scanning microscopy revealed that the Ccs-HMSNs
nanocomposite could effectively deliver and release DOX+HCI to the nucleus of Hela cells, thereby inducing apoptosis. In
addition, MTT assay also confirmed that DOX*HCI loaded Ccs-HMSNs (DOX<HCI@Ccs-HMSNs) exhibited a good anticancer
effect on HelLa cells with a time-dependent manner. Finally, haemolysis experiment showed Ccs-HMSNs had no haemolytic
activity at all the tested concentrations (5—-320 pg/mL). Thus, this biocompatible and effective nano-carrier system will have

potential applications in controllable drug delivery and cancer therapy.

1 Introduction

Over the past few decades, nanoparticles have been developed for
application as drug carriers to deliver therapeutic agents into
targeted cells or organs [1-3]. Among them, mesoporous silica
nanoparticles (MSNs) are one of the most promising candidates
owing to its remarkable properties, including favourable
biocompatibility, facile synthesis, large surface area, excellent
chemical stability, unique mesoporous structure, as well as easy
functionalisation and chemical inertness [4—6]. Thus, numerous
efforts have been devoted to the development of MSNs-related
drug delivery systems. For instance, polymer-coated mesoporous
silica nanoparticles were exploited for pH-triggering drug delivery
[7]. In another study, chitosan was capped onto the surfaces of
MSNs to achieve pH-responsive nanocarriers [8—11]. In these
theranostic systems, polymer-coated MSNs can improve drug
solubility and targeting, provide controlled release of the
therapeutics into the targeted tumour tissues or the blood stream,
and prolong the circulation time of drugs [12]. Hollow mesoporous
silica nanoparticles (HMSNs), with a unique large hollow cavity
inside each original MSN, are ideal as new-generation drug
delivery systems with extraordinarily high loading capacity. In
comparison with MSNs, HMSNs have greater potential in diverse
applications, including the facts that (i) the interstitial hollow
cavities can serve as reservoirs to store cargo or as nanoreactors to
support chemical reactions, (ii) mesopores enable the cargo to
diffuse through the intact shell [13]. In particular, when the pores in
the HMSNs shell were tuned, such a drug delivery system could
combine the merits of hollow interior/large surface area/high pore
volume for efficient drug encapsulation, and tunable pore sizes for
controlled drug delivery [14]. In addition, foreign material
depositions in vivo are reduced due to need lower amount of
HMSNSs to achieve desired therapeutic effect comparing with that
of MSNs. Therefore, HMSNs have received increasing interests,
and many research studies on HMSNs employed as drug delivery
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system have been reported. For example, Shen et al. reported that
HMSNs were used to encapsulate bortezomib so as to improve its
efficacy for non-small cell lung cancer therapy [15]. However,
some issues need to be further overcome.

On one hand, just as MSNs, burst release of anticancer agents is
one of the well-documented disadvantages of unmodified HMSNss
[16, 17]. On the other hand, silica materials are known to cause the
haemolysis of mammalian red blood cells (RBCs) [8, 18]. So, it is
essential to improve their biocompatibility and minimise the
toxicity of anticancer drugs so as to enhance the therapeutic
efficacy. Like the conventional bare MSNs [19, 20], the above
shortages will be overcome and the nanoparticles will be highly
desirable in clinical applications when the surface of the HMSNs
can be conjugated with specific ligands that are stimuli-responsive.

According to the stimuli previously studies, pH-responsive drug
delivery systems have received particular attention for cancer
therapies because cancer tissues exhibit lower pH values compared
with normal cells [21-23]. Carboxylated chitosan (Ccs) is an
important chitosan derivative synthesised by the partial substitution
of carboxyl groups onto hydroxyl groups and amino groups. Apart
from favourable biodegradability and excellent biocompatibility,
Ccs possess a high water solubility. Meanwhile, the carboxyl
groups in its structure can make it react with other molecules easily
through graft polymerisation [24]. So, it can be extensively used in
different drug delivery and biomedical applications [25, 26]. In
addition, the amino groups in Ccs would be protonated at a certain
pH range, which indicates the Ccs can be responsive to an external
pH-stimuli. Hence, Ccs may serve as a promising biopolymer that
provides HMSNs with a pH responsive polyelectrolyte layer to
control the release of entrapped therapeutic agents to the acidic
local environment in cancer tissues.

In this work, we report a straightforward and facile fabrication
of carboxylated chitosan-grafted hollow mesoporous silica
nanoparticles (Ccs-HMSNs) through a covalent binding reaction,
and demonstrate that the fabricated nanocarriers can efficiently
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load anticancer drugs and tailor the release of drug molecules
under different pH conditions (Fig. 1). In this core-shell structured
nanoparticles, a hollow mesoporous silica nanoparticle acts as the
drug loading core, and the carboxylated chitosan serves as the
gating shell. Furthermore, the loading and controlled-release ability
of the Ccs-HMSNs was studied using a classic anticancer drug,
doxorubicin hydrochloride (DOX+HCI), as the model. In addition,
the cellular internalisation and cytotoxicity of DOX<HCl@Ccs-
HMSNs were investigated. Finally, the biocompatibility of Ccs-
HMSNs was explored through haemolysis assay.

2 Materials and methods
2.1 Materials

Tetraethylorthosilicate (TEOS),
(C18TMS), dimethylsulfoxide (DMSO), 3-
aminopropyltrimethoxysilane (APTMYS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC-HCIl), and N-hydroxysuccinimide (NHS) were purchased
from Aladdin Chemistry Co. Ltd. (Shanghai, China). Ccs with a
carboxylation degree (>60%) and viscosity (10-80 mPas) was
purchased from Amresco (Solon, OH, USA). Absolute ethanol,
aqueous ammonia (28 wt%), and sodium carbonate (Na,COj3) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Doxorubicin hydrochloride (DOX<HCI, purity > 98%) was
purchased from Shanghai Hualan Chemical Co., Ltd. (Shanghai,
China). 3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma-Aldrich Co. (St Louis,

octadecyltrimethoxysilane
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MO, USA). 2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI) was purchased from KeyGen Biotech Co.,
Ltd. (Nanjing, China). Dulbecco's modified Eagle's medium
(DMEM) and foetal calf serum (FCS) were purchased from
HyClone (Logan, UT, USA). All chemicals were of analytical
grade and were used without further purification. Deionised water
with a resistivity of 18.2 MQ/cm produced by a Milli-Q water
system was used in all the experiments.

Cell culture: HeLa cells were cultured at 37°C in flasks
containing DMEM and 10% FCS in a humidified atmosphere and
5% CO, in a Thermo culturist (Thermo Fisher; Waltham, MA,
USA).

2.2 Synthesis of HMSNs

The synthesis of HMSNs was performed using a Na,CO3-etching
method according to the previously published reports [14, 27].
Briefly, 71.4 mL of absolute ethanol was mixed with 10 mL of
deionised water and 3.14 mL of aqueous ammonia, then the
solution was stirred for 10-20 min at 30°C. Subsequently, 6 mL of
TEOS was added to the above mixture under vigorous stirring, and
the reaction lasted for 1 h. After that, 5 mL of TEOS and 3 mL of
C1sTMS were sufficiently premixed and added into the reaction
medium rapidly, and the reaction lasted for another 1 h.
Furthermore, the nanoparticles collected by centrifugation which
served as the solid silica core/mesoporous silica shell nanospheres
(designated as sSiO,@mSiO;) were dispersed into Na,COj
aqueous solution (0.6 M), which was etched under constant stirring
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for 6 h at 80°C. The resultant was centrifuged, washed with
deionised water and ethanol, and dried in a vacuum oven at 55°C
for 24 h to yield the as-prepared HMSNSs. Finally, uniform HMSNs
were obtained after the calcination of the as-prepared products in
air at 550°C for 6 h.

2.3 Synthesis of HMSNs-NH, and Ccs-HMSNs

To functionalise the HMSN surface with -NH, groups, 0.2 g of
HMSNs was first dispersed in 40 mL of absolute ethanol, followed
by addition of 0.5 mL of APTMS. After being stirred at room
temperature for 24 h, the mixture was extensively washed with
absolute ethanol and dried in a vacuum oven at 55°C to obtain the
aminated HMSNs (HMSNs-NH,). Next, Ccs was covalently
conjugated onto HMSNs-NH; through the -COOH group by using
cross-linking reagents EDC<HCI and NHS. Specifically, 0.02 g of
Ccs was dissolved in 4 mL of deionised water followed by the
addition of 0.02 g of EDC-HCI and 0.04 g of NHS. The mixture
was then stirred at room temperature for 15 min to activate the
carboxylic group of Ccs. Subsequently, 0.05 g of the prepared
MSNs-NH; powder well dispersed in 5 mL of deionised water was
added to the above solution, and the mixture was stirred for 24 h at
room temperature. Finally, Ccs-HMSNs were obtained by
centrifugation, washing three times with deionised water, and
freeze-drying using a tabletop lyophiliser.

2.4 Characterisation

Transmission electron microscopy (TEM) images were obtained on
a JEM 1230 transmission electron microscope (JEOL 1230; JEOL,
Tokyo, Japan). Scanning electron microscopy (SEM) images were
obtained on a S-4800 scanning electron microscope (Hitachi,
Tokyo, Japan). Zeta potential measurements were carried out on a
Malvern NanoZS 90 zetasizer (Malvern Instruments, Malvern,
UK). Fourier transform infrared (FTIR) absorption spectra were
recorded on a Nicolet Nexus 470 spectrometer (Nicolet; Madison,
WI, USA). An X-ray diffraction (XRD) pattern was recorded on an
X-ray diffractometer (D8 Advance; Bruker Corporation, Billerica,
MA, USA) using CuKa irradiation (41=0.154 nm). Nitrogen
adsorption—desorption isotherms were measured at 77K on a
Micromeritics TriStar 3000 analyser (Micromeritics, Norcross,
GA, USA). The surface areas were calculated using the Brunauer—
Emmett-Teller (BET) model, and the pore-size distributions were
calculated using the Barrett-Joyner—Halenda (BJH) model.

2.5 Drug loading

Two major steps were involved in the preparation of DOX*HCI
loaded Ccs-HMSNs (DOX<HCl@Ccs-HMSNs). Firstly, 0.1 g of
HMSNs-NH, was dispersed in 25 mL of 0.5 mg/mL DOX-HCl
water solution at pH 7.5. After the mixture was stirred for 24 h in
the dark, HMSNs loaded with DOXeHCl (denoted as
DOX-HClI@HMSNs-NH;) were centrifuged and washed with 20
mL of deionised water for three times. Then, DOX*HCI@HMSNs-
NH, were freeze-dried in a tabletop lyophiliser. Secondly, the Ccs
was capped onto the surface of DOX.HCI@HMSNs-NH, to
produce the DOX<HCl@Ccs-HMSNs through the same method in
synthesis of Ccs-HMSNs. The amount of DOX<HCI loaded into
the HMSNs-NH, and Ccs-HMSNs was determined by subtracting
the mass of DOX*HCI in the supernatant from the total mass of
DOX-<HCI determined by UV—vis spectroscopy at 480 nm.

2.6 Drug release

The in vitro release patterns of DOX<HCI from the Ccs-HMSNs
were studied using the dialysis membrane method [28]. Briefly,
two batches of DOX*HCl@Ccs-HMSNs (50 mg) were suspended
in a phosphate-buffered saline (PBS) solution (10 mL) at respective
pH values of 7.4 and 6.0, shaking at 100 rpm (37°C). At fixed time
intervals, 2 mL of solution was withdrawn from the beaker, and the
same volume of fresh corresponding buffer was added to the
original suspension. For the measurement of DOX*HCI release
amount, the absorbance of the release medium at 480 nm was

448

recorded on a Cary 50 UV-vis spectrophotometer (Varian, Palo
Alto, CA, USA). Besides, in vitro pH-responsive release behaviour
of the Ccs-HMSNs in cancer cells (HeLa) was investigated
according to previously reported procedures [29]. Briefly, HeLa
cells were seeded into glass bottom dishes (In Vitro Scientific,
Sunnyvale, CA, USA) at a density of 2 x 105 cells per dish and
incubated for 24 h. Subsequently, cells were treated with
DOX-HCI@HMSNES, DOX-HClI@HMSNs-NH,, and
DOX-HCI@Ccs-HMSNs at DOX<HCI concentration of 10 pg/mL
for 3h. To investigate the intracellular release efficiency, the
culture media containing excess nano-carriers were discarded and
replaced by 2 mL of pH 6.0 and pH 7.4 buffer solution. After the
cells were further incubated for 30 min, the buffer solutions were
discarded, and the cells were washed thrice with PBS (pH 7.4) to
remove excess nanoparticles. The cells were fixed with 4%
paraformaldehyde (1 mL) for 10 min at room temperature and
stained with DAPI (0.2 pg/mL) in methanol for 15 min at 37°C.
Then, the cells were observed with a confocal laser scanning
microscope (FV1000 Fluoview; Olympus Corporation).

2.7 Cellular uptake study

To demonstrate efficient cellular uptake, HeLa cells were seeded
into glass bottom dishes (In Vitro Scientific, Sunnyvale, CA, USA)
at a density of 2 x 10° cells per dish and incubated for 24 h. Then
the cells were incubated with free DOX*HCI] and DOX*HCl@Ccs-
HMSNs (DOXeHCl concentration at 1 pg/mL) in the culture
medium at 37°C for 1, 4, 12, 24 and 48 h, respectively, followed by
three washes with PBS (pH 7.4). After that, the cells were fixed
with 4% paraformaldehyde (1 mL) for 10 min at room temperature
and stained with DAPI (0.2 pg/mL) in methanol for 15 min at
37°C. Finally, the cells were viewed and imaged as above in the
part of in vitro drug release.

2.8 Cytotoxicity of Ccs-HMSNs and DOX*HCI@Ccs-HMSNs

Cell viability was evaluated using a standard MTT assay, as
described previously [30]. Briefly, HeLa cells were seeded at 8000
cells per well into 96-well plates and incubated for 24 h. Then the
original culture media were replaced with 100 pL of fresh growth
media containing Ccs-HMSNs or DOX<HCl@Ccs-HMSNs at the
indicated concentrations. The incubation continued for 24, 48, 72,
or 96 h. A group without treatment under the same conditions was
served as control. After treatment, 20 pL MTT PBS(5 mg/mL) was
added and incubated for another 4 h. Then, the culture medium was
removed and 150 pL DMSO was added. Finally, absorbance was
monitored at 492 nm by using an ELx800 reader (BioTek
Instruments, Inc., Winooski, VT, USA).

2.9 Haemolysis assay

The assay experiment was carried out according to a previous
report [18]. 0.8 mL of the PBS solutions of HMSNs and Ccs-
HMSNs were added into 0.2 mL of diluted RBCs suspension,
respectively, and the final concentrations of the nanoparticles were
5, 10, 20, 40, 80, 160, and 320 pg/mL. Incubation of deionised
water and PBS with RBCs were served as positive and negative
controls, respectively. The mixed solutions were then vortexed and
kept in static conditions at room temperature for 2 h. Subsequently,
all the samples were centrifuged at 12,000g at 4°C for 5 min, and
the absorbance values of the supernatants at 541 nm were
measured using a UV—vis spectrophotometer.

3 Results

3.1 Synthesis and characterisation of HMSNs and Ccs-
HMSNs

From SEM and TEM images in Figs. 2a and d, HMSNs presented
monodispersed spherical morphology and uniform hollow
nanostructure, which the average particle size is around 200 nm.
However, after the modification of amino groups, the morphology
of the HMSNs was not changed (Figs. 2b and e). As shown in
Figs. 2c and f; a clear thin layer as indicated by a white arrow could

IET Nanobiotechnol., 2018, Vol. 12 Iss. 4, pp. 446-452
© The Institution of Engineering and Technology 2017



Fig. 2 SEM images

(a) HMSNS, () HMSNs-NHj, and (¢) Ccs-HMSNSs, respectively. TEM images of (d) HMSNs, (¢) HMSNs-NH», and (f) Ccs-HMSNS, respectively

304 — HMSNs
SNs —— Ces-HMSNs
204 HMSNs-NH; =
o —Cecs S
E 101 E
= 8
s 0 E
3 2 g
S -10- Ces-HMSNs g — HMSNs . =
® [ —— Ccs-HMSNs
& 20 —Ces :
230 HMSNs 0 20 30 40 5 6 70 4000 3500 3000 2500 2000 1500 1000

2 Theta (Deg.)

a

Fig. 3 Verification of the surface modification of HMSNs

b

Wavenumber em™1)
c

(a) Zeta potential distribution of HMSNs, HMSNs-NHj and Ccs-HMSNSs in PBS solution, () XRD pattern of HMSNs, Ces-HMSNs, and Ccs, (¢) FTIR spectra of HMSNs, Ces-

HMSNS, and Ces

w
a
S

= HMSNs
71 -4 Ces-HMSNs

w
S
S

I~
S
S

I~

S

S
L

an
S

s
“‘A““
sart*

=
S

-
-';1 -

g

sof
04

Adsorbed volume (cm3/g; STP

4

0.0 0.2 0.4 0.6 0.8

Relative pressure (P/Pg)
a

Fig. 4 Analysis of mesoporous structures

-
i
3

— = HMSNs
E 0204 . + Ces-HMSNs
&0
K
&

015
5 .
£ A
S >
8 A

A A

2 005
goosy T,
[

0.00 e e o -

6 10
Pore diameter (nm)

b

(a) BET N adsorption—desorption isotherm of HMSNs and Ccs-HMSNG, (b) BJH pore size distribution of HMSNs and Ccs-HMSNs

be seen on the surface of the Ccs-HMSNSs, indicating the existence
of the Ccs conjugated on the HMSNSs.

The surface modification of HMSNs has been also studied by
zeta potential, XRD, and FTIR analysis (Figs. 3a—c). As shown in
Fig. 3a, the mean zeta potential of HMSNs, HMSNs-NH,, and
Ccs-HMSNs  was —27.5, 17.8, and —6.4mV, respectively,
consistent with the modification of amine groups (HMSNs-NH,)
on the negatively charged silica surface (HMSNs) and subsequent
conjugation of Ccs on the positively charged HMSNs-NH,. Due to
the carboxy groups of Ccs would be ionised at pH~7.0, Ccs-
HMSNs are negatively charged. The results of XRD pattern
showed that Ccs-HMSNs was complex of Ccs crystallise and
HMSNs (Fig. 3b). As indicated in Fig. 3¢, unmodified HMSNs
displayed strong absorption signals at 801, 959, and 1085 cm™,
which were assigned to the symmetric stretching Si—O-Si,
stretching vibrations of Si—OH, and asymmetric stretching Si—O—
Si, respectively [31]. The Ccs revealed typical peaks of 1380 cm™!
(amide IIT) [7], 1593 cm™! (amide II) [7] and 3304 cm™! (-OH of
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carboxyl). However, after the modification of Ccs, the emergence
of a new peak at 1670 cm™' is attributed to the amide carbonyl
(CO-NH bond) stretching vibration [32].

The nitrogen adsorption—desorption technique further
demonstrated that the synthesised HMSNs possessed mesoporous
structures. As shown in Fig. 4, the HMSNs achieved exhibit typical
Langmuir IV hysteresis loops, indicating the existence of well-
defined mesopores. The BET surface area, total pore volume, and
pore diameter of the HMSNs were 393.69 m%/g, 0.48 cm?/g, and
3.51 nm, respectively. While, after being conjugation with Ccs,
these parameters were changed to 296.35 m%/g, 0.31 cm3/g, and
2.21 nm, respectively (Table 1).

3.2 Drug loading and release evaluation

To evaluate drug loading efficiency and pH-responsive drug release
behaviour of Ccs-HMSNs, DOXeHCI, a model drug, was
preloaded into HMSNs-NH, as described in 2.5 Drug loading.
According to the experimental parameters and calculation method,
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Table 1 Structural parameters of HMSNs and Ccs-HMSNs

Samples BET surface area, m2/g

Total pore volume, cm3/g Pore diameter, nm

HMSNs 393.69
Ccs-HMSNs 296.35

0.48 3.51
0.31 2.21
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Fig. 6 CLSM images of HeLa cells after incubation with 1 pg/mL

(a) Free DOX-HCI and () DOX*HCI@Ccs-HMSNs for 1, 4, 12, 24, and 48 h,
respectively. Left: blue colour is for nuclear stain DAPI, middle: red colour is for
DOX-HCI, right: overlap of the left and middle images. Scale bars are 50 pm

the absolute drug loading content was 78.20 and 64.74 pug/mg for
HMSNs-NH, and Ccs-HMSNS, respectively.

To investigate the pH-dependent releasing characteristics,
DOX-HCl@Ccs-HMSNs were dispersed in PBS buffer solutions at
different pHs (6.0 and 7.4) at 37°C. As shown in Fig. 5a, the
released amount of DOX<*HCI increased with the decrease of pH.
Under physiological pH condition (7.4), only about 17% of
DOX<HCI was released over 108 h. In contrast, at pH 6.0, the
released amount of DOXeHCl from DOX<HCl@Ccs-HMSNs
system remarkably increased to about 56%, more than three times
that at pH 7.4. Besides, to further evaluate the in vitro pH-
responsive release behaviour of the drug delivery system, HeLa
cells were used as the model cancer cells, and the procedure was
depicted in the Experimental Section. In this experiment, to
confirm that DOX<HCl@Ccs-HMSNs have the pH-dependent

releasing characteristics, the in vitro drug release of
DOX.HCI@HMSNs and DOX-HClI@HMSNs-NH, were also
explored. Briefly, HeLa cells were incubated with
450

DOX-HCI@HMSNS, DOX-HCI@HMSNs-NH,, and
DOXHCl@Ccs-HMSNs at DOX+HCI concentration of 10 pg/mL
for 3 h. Then, 2 mL of pH 6.0 and pH 7.4 buffer solution was,
respectively, added to replace the original cell culture medium,
followed by the cells were further incubated for 30 min. As shown
in Fig. 5b, obviously, the intracellular fluorescence of DOX+HCI
under pH 6.0 was stronger than that under pH 7.4 in the group
incubated with DOX<HCl@Ccs-HMSNs. However, as expected,
no obvious fluorescence intensity change was found in
DOX-HCI@HMSNs and DOX<HClI@HMSNs-NH, at different pH
conditions, such as pH 6.0 or 7.4, and the fluorescence intensity of
the cell nuclei in both the groups were stronger than that
DOX-HCI@Ccs-HMSNs group at the same pH conditions,
indicating that DOX*HCI was faster and easier to release from
DOX<HCI@HMSNs and DOX*HClI@HMSNs-NH,.

3.3 Cellular uptake of DOX*HCI@Ccs-HMSNs

To prove that the released DOX*HCI from the DOXHCl@Ccs-
HMSNSs could be further delivered into the cell nuclei, the cellular
uptake and distribution of the released DOX*HCI in HeLa cells
was further investigated. The cell nuclei were labelled with blue-
fluorescent DAPI as an indicator. As shown in Fig. 6, the
intracellular DOXeHCl delivery from both the DOXeHCI
formulations exhibited the similar profiles in HeLa cells but at
different time points, which was consistent with previous report
[11]. Free DOX<HCI could rapidly and easily enter into HeLa cells
and accumulated in the cell nuclei by diffusion within 1h of
incubation, and the intensive drug fluorescence could be observed
inside the cell nuclei after 4 h of incubation. For DOX*HCl@Ccs-
HMSNSs; however, the drug fluorescence was initially more located
in the cytoplasm of the perinuclear area after incubation for 1 h,
followed by appeared and became more intense in the nucleus with
increasing incubation time. Besides, with increasing incubation
time, the cells incubated with free DOX*HCI and DOX*HCI@Ccs-
HMSN:s in visual fields were both decreased.

3.4 In vitro cytotoxicity studies

The cytotoxicity of Ccs-HMSNs was investigated to examine their
in vitro biocompatibility. Cell proliferation was assessed using
HeLa cells and an MTT assay. As shown in Fig. 7a, no obvious
cytotoxic effects were observed when the cells were treated with a
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series of Ccs-HMSNs solutions at different concentrations
(15.625-500 pg/mL) for 24, 48, 72, and 96 h, respectively.
Subsequently, the cytotoxicity of DOX*HCl@Ccs-HMSNs on
HeLa cells was also evaluated. As shown in Fig. 7b, when HeLa
cells were treated with DOX<HCl@Ccs-HMSNs at different DOX
concentrations (1 and 10 pg/mL) for 24, 48, 72, and 96 h,
respectively, the dose-dependent cytotoxicity on the cell was
observed.  Furthermore, @ DOXeHCl@Ccs-HMSNs  showed
prolonged cytotoxicity to HeLa cells over a longer period of 96 h.

3.5 Haemolytic behaviour of HMSNs and Ccs-HMSNs

To evaluate the in vivo biocompatibility of Ccs-HMSNs, a
haemolysis assay was carried out. The result of haemolysis assay
was shown in Fig. 8. As shown in Fig. 8, the optical images
presented the direct observation of haemolysis at different
nanoparticle concentrations (5, 10, 20, 40, 80, 160, and 320 pg/mL)
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of HMSNs and Ccs-HMSNS, respectively. It can be seen that the
haemolysis effect becomes visible at the increased concentrations
of HMSNS. Especially, when the concentration of HMSNs reached
320 pg/mL, the colour change of the resulting solution was obvious
compared with the negative control. However, as expected, no
visible haemolysis effect can be observed visually treated with
Ccs-HMSNs. To further determine the RBCs’ haemolysis effect,
the absorbance of the supernatant at 541 nm was measured by UV—
vis spectroscopy. In Fig. 8, when the concentration of HMSNs
reached 160 and 320 pg/mL, the percentage haemolysis was 12.82
and 25.87%, respectively. However, as expected, Ccs-HMSNs
showed no haemolytic effect on RBCs.

4 Discussion

Hollow mesoporous silica nanoparticles (HMSNs) have been
extensively investigated as a drug delivery system because of its
remarkable properties. Some issues in the process of its practical
application, however, need to be further overcome. The obstacles
include interaction between the silane groups on the surface of
HMSNs and some biological molecules during the circulation, and
undesirable premature drug release before the HMSNs-based
delivery systems reach and enter the cancerous cells. In this study,
Ccs was applied to cover the pores of HMSNs with covalent bonds
as the ‘“gatekeeper” to overcome aforementioned problems.
Moreover, compared with other similar reports about MSNs and
HMSNs-based drug delivery systems, the design and synthesis of
our formulation (DOX<HCl@Ccs-HMSNs) in this study was
straightforward and facile, as well as time-saving.

SEM and TEM images shown a clear thin layer can be seen on
the surface of the fabricated Ccs-HMSNSs, indicating the existence
of the Ccs conjugated on the HMSNs, which was further confirmed
by the evidence of the N, adsorption and desorption measurements.
In comparison to HMSNs without surface functionalisation, the
specific surface area, pore volume and pore diameter of Ccs-
HMSNs were reduced, which were consistent with the results
previously reported in [10, 33]. The surface area, pore volume and
pore diameter of HMSNs were 393.69 m?/g, 0.48 cm?/g, and 3.51
nm, respectively. After being coating with Ccs, these parameters
were reduced to 296.35m%g, 0.31cm’/g, and 2.21 nm,
respectively. This result suggested that that the pore openings of
the HMSNs were indeed coated by Ccs. In addition, we speculate
that Ccs was easier to form a pH-responsive protection layer on the
outer surface of the fabricated DOX*HCl@Ccs-HMSNSs, because
DOX*HCl was firstly loaded into the hollow cavities and
mesoporous channels of HMSNs-NH,. When DOX<HCl@Ccs-
HMSNs was resuspended in PBS (7.4), the DOX*HCI release
percent was very low (<20%), while the corresponding release
percent in PBS (6.0) was ~3.3-fold as that of in PBS (7,4),
indicating the good controlled release property of Ccs as the
gatekeepers. Consistent with our expectations, by conjugating Ccs
on HMSNS, the fabricated Ccs-HMSNs were endowed with a pH-
responsive release capability. This postulation would further draw
support from the intracellular fluorescence intensity and the
phenomenon that were observed with a confocal laser scanning
microscope. Based on these results, it can also be demonstrated
that DOXHCI@Ccs-HMSNs possess a pH-sensitive releasing
behaviour. Besides, the cellular uptake result demonstrated that the
DOX-HCl@Ccs-HMSN:s initially were endocytosed into the cells
and released the DOXeHCl within the cytosol, followed by
diffusion into the nuclei, resulting in a prolonged and slower
DOX<HCI accumulation in the nuclei.

The MTT and the haemolysis data collected from the current
study demonstrated that the blank nano-carriers showed good
biocompatibility and were suitable for use as drug delivery
systems. Moreover, the MTT assay also revealed that
DOX.HCI@Ccs-HMSNs exhibited a dose-dependent and time-
dependent cytotoxicity on HeLa cells. As we know, in the
physiological environment, HMSNs could cause haemolysis
phenomenon which limited its biomedical applications in vivo. In
the process of haemolysis, haemoglobin will be released from the
RBCs into solution, which leads the resulting solution to be
visually red. It is beyond doubt that the high degree of haemolysis
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raised serious safety concerns in the term of the application of
HMSNs as drug delivery. Some explanations for the haemolytic
effect have been proposed, including the generation of reactive
oxygen species induced by the surface of the silica [34], the high
affinity of silanol group of silica for binding with tetra-alkyl
ammonium groups that are abundant in RBCs membranes [18, 35]
and denaturation of membrane proteins through electrostatic
interactions with (—SiO-) groups at the silica surface [36].
However, modification of the Ccs on the surface of HMSNs can
significantly reduce the generation of ROS, and the affinity
between the tetra-alkyl ammonium groups and HMSNS, as well as
the electrostatic interactions between membrane proteins and
groups at the silica surface. In this work, when the surface of
HMSNs was modified with Ccs, the resulting Ccs-HMSNs showed
no haemolytic effect on RBCs, indicating Ccs can improve the
biocompatibility of HMSNs when administered intravenously,
which improved the clinical application of HMSNs. Looking to the
future, many issues, such as distribution and anti-tumour efficacy
of DOX.HCl@Ccs-HMSNs in vivo, need to be systematically
investigated.

5 Conclusion

In summary, we have successfully developed a novel pH-sensitive
nanocomposite-based drug delivery system consisting of hollow
mesoporous silica nanoparticles capped with Ccs (Ccs-HMSNS). It
was constructed with simplicity of design and easy of synthesis. In
this study, DOX*HCl, a commonly used anticancer drug, was
selected as the drug model. It was presented that the Ccs-HMSNss
system had a high loading amount of drug (64.74 pg/mg Ccs-
HMSNs) and good pH-triggered release behaviour. Besides, the
images captured by confocal laser scanning microscopy revealed
that Ccs-HMSNs nanocomposite could effectively deliver and
release DOX*HCI to the nucleus of HeLa cells, thereby inducing
apoptosis. In addition, DOX<HCl@Ccs-HMSNs demonstrated
obvious cytotoxicity towards HeLa cells with a dose and time-
dependent manner. Finally, the good biocompatibility of Ccs-
HMSNs was confirmed by haemolysis experiment. Thus, a simple,
highly effective, and pH-responsive nanocomposite has been
demonstrated, which can serve as a promising anticancer drug
carrier for clinical applications.
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