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Abstract: New drug delivery system (ZnO@CMS) of the redox and pH dual-stimuli responsive based on colloidal mesoporous
silica nanoparticles (CMS) has been designed, in which zinc oxide quantum dots (ZnO QDs) as a capping agent was
conjugated on the surface of nanoparticles by amide bonds. The release behaviour of doxorubicin (DOX) as the model drug
from ZnO@CMS (ZnO@CMS-DOX) indicated the redox and pH dual-stimuli responsive properties due to the acidic dissolution
of ZnO QDs and cleavage of the disulphide bonds. The haemolysis and bovine serum albumin adsorption assays showed that
the modification of ZnO QDs on the mesoporous silica nanoparticles modified by mercapto groups (CMS-SH)(ZnO@CMS) had
better biocompatibility compared to CMS-SH. The cell viability and cellular uptake tests revealed that the ZnO@CMS might
achieve the antitumour effect on cancer cells due to the cytotoxicity of ZnO QDs. Therefore, ZnO@CMS might be potential
nanocarriers of the drug delivery system in cancer therapy. The in vivo evaluation of ZnO@CMS would be carried out in future

work.

1 Introduction

Although the treatment of cancer has improved in the past few
decades [1], current therapies mainly rely on traditional cytotoxic
drugs with undesirable side effects and limited efficacy due to the
similarities between cancer cells and healthy cells [2-5]. To
address this formidable challenge, the diverse classes of nanoscale
drug delivery systems (DDSs) have been developed in recent years,
including liposomes, polymeric micelles, gold nanoparticles,
carbon nanotubes, polymeric nanoparticles, quantum dots, and
mesoporous silica nanoparticles (MSNs) [6—10]. Compared with
the various nanoparticles, MSNs exhibit the attractive properties,
such as the ease of surface functionalisation, high specific surface
area, tunable pore size, high stability, and good biocompatibility
[11-15]. Therefore, MSNs as the ideal candidates for the
development of stimuli-responsive DDSs have been paid close
attention.

The ideal stimuli-responsive DDSs should consist of the
following advantages: biocompatible, high drug-loading capacity, a
specific transport mechanism to protect normal cells and tissues,
zero premature drug release and accurate release in response to
extrinsic or intrinsic stimuli including pH, redox potential,
temperature, enzyme, light, magnetic field, and ultrasound [16-22].
The disulphide bond as a redox-responsive bond can be cleaved
under a high concentration of glutathione (GSH) with its
advantages on the relative stability in extracellular fluids and
plasma, and the easy rupture in intracellular fluid, since the
concentration of GSH in tumour cells (1-10 mM) is nearly 103-
fold higher than that of GSH in the plasma environment (2-20 uM)
[23]. So drug can be released from the nanomaterials
functionalised with a nanovalve containing a disulphide bond in
specific times in tumour cells.

The zinc oxide quantum dots (ZnO QDs) are stable under
neutral and physiological conditions, which can be dissociated into

IET Nanobiotechnol., 2019, Vol. 13 Iss. 6, pp. 640-649
© The Institution of Engineering and Technology 2019

Zn2" in the acidic environment below a pH value of 6 [24-27].
Therefore, it can be used as a pH stimulus response for antitumour
drugs in the mild acid environment with the extracellular
environment in solid tumours (pH 6) and within the cell such as
endosomes and lysosomes (pH 6.5-4.5). In addition, the ZnO QDs
consist of the following advantages: firstly, they possess good
fluorescent properties compared to organic dyes including narrow
emission peaks, broad absorption spectra, longer-fluorescence
lifetime, photobleaching resistance, tunable luminescent colours by
controlling the size of particles, a wide range of solvent types and
surface modification, which can be used for long-term fluorescence
tracking [28-32]. Secondly, the ZnO QDs are relatively
biocompatible and environmental safety compared with the
cadmium-based QDs [33]. Finally, ZnO QDs have been found to
have the potential for bioimaging applications related to drug
delivery [34, 35]. The acid sensitive ZnO QDs as a capping agent
of mesoporous silica was designed to ensure the minimum release
of the drug before reaching the target site and achieve the tumour
therapy.

In this work, a novel redox and pH dual stimuli responsive
delivery system based on colloid MSNs (CMS) has been
successfully constructed for on-demand drug release and
synthesized by the following steps (shown in Fig. 1). The CMS
modified by mercapto groups (CMS-SH) was synthesized by a co-
condensation method with Tetraethoxysilane (TEOS) and 3-
mercaptopropyl-trimethoxysilane (MPTES). The disulphide bond
and carboxyl-bifunctionalised CMS (CMS-SS-COOH) was
obtained by amidation reaction with maleic anhydride in the
terminal of CMS-SS-NH,, which was prepared with CMS-SH and
S-(2-aminoethylthio)-2-thiopyridine hydrochloride (Py-SS-NH,).
Meanwhile, the NH,-functionalised zinc oxide quantum dots
(NH,-ZnO QDs) with the water-stable, monodisperse and highly
luminescent was fabricated by a novel ligand exchange-free
strategy with ZnO QDs and 3-aminopropyltriethoxysilane
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Fig. 1 Preparation of ZnO@CMS-DOX and drug release

(APTES). Finally, the ZnO@CMS was prepared by amidation
reaction with NH,-ZnO QDs as a pH-responsive gatekeeper
conjugated to the surface of CMS-SS-COOH. The doxorubicin
(DOX) as the model drug from ZnO@CMS was released by the
disulphide bond cleaved in GSH and rapid dissolution of ZnO QDs
in the acid environment. The results of bovine serum albumin
(BSA) adsorption and haemolysis assay of ZnO@CMS revealed
that ZnO QDs modified on the surface of CMS-SS-COOH could
improve the biocompatibility of CMS-SH by reducing the
denaturation of membrane proteins with silicate, and the affinity
between CMS and the tetra-alkyl ammonium groups that in red
blood cell (RBC) membranes. The cellular uptake performance of
ZnO@CMS-DOX showed a higher cellular uptake performance
than that of DOX-loaded CMS-SS-COOH (CMS-DOX) due to the
ZnO QDs as a capping agent blocking the pores of nanoparticles
and inhibiting the release of DOX. These results show that
nanomaterials of ZnO@CMS could be used as an attractive and
promising intracellular redox/pH dual stimuli-responsive drug
delivery system for therapeutic applications.

2 Materials and methods
2.1 Materials

TEOS, BSA, GSH (98%), MPTES (98%), cysteamine
hydrochloride, hexadecyltrimethylammonium chloride (CTAC),
APTES, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide—
hydrochloride (EDC-HCI), and 3-[4,5-dimethylthialzol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Aladdin
(China). Sodium hydroxide (NaOH), zinc acetate, magnesium

acetate, N,N-dimethylformamide (DMF), absolute ethanol,
methanol, acetic acid, diethyl ether, maleic anhydride,
triethylamine (TEA), hexane, doxorubicin (DOX),

paraformaldehyde, fluorescein diacetate (FDA), 4',6-diamidino-2-
phenylindole (DAPI), Coomassie Brilliant Blue, Rabbit red blood
cells (RBCs), RPMI 1640 culture medium [Dulbecco modified
eagle's medium (DMEM)], foetal bovine serum (FBS) and
penicillin—streptomycin were obtained from Sinopharm Chemical
Reagent Co. (China). All other chemicals were of analytical grade
as required and used without further purification.

2.2 Preparation of CMS-SH

The CMS-SH was synthesised using a base-catalysed sol—gel
method according to the published literature [36]. The mixture of
64 ml of distilled water, 10.5 ml of absolute ethanol and 10.4 ml of
25wt% CTAC was vigorously stirred for 10 min at room
temperature. Subsequently, 4.125 ml of TEA was added and the
solution was stirred for 15 min. Then 40 ml of the obtained mixture
solution was heated to 60 °C, followed by the drop wise addition of
the mixture of 2.9 ml of TEOS and 0.32 ml of MPTES under
stirring. After the solution was stirred for 2h, the obtained
colloidal suspension was centrifuged and washed twice with
ethanol. The products were refluxed twice in a solution of 15 ml of
HCI (37%) and 135 ml of absolute ethanol for 2 h at 60°C, and
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then the surfactant-removed samples were centrifuged, washed
alternately with water and ethanol for 5-6 times. Finally, the
resulting products were redispersed in ethanol for storage.

2.3 Synthesis of Py-SS-NH

The synthesis of the compound was according to a previous report
[37]. Then 4.4 g of 2,2’-dipyridyldisulphide was dissolved in 20 ml
of methanol and then 0.8 ml of acetic acid was added, followed by
the drop wise addition of 10 ml of methanol solution containing
cysteamine hydrochloride (1.14 g) within 15 min. The mixture was
stirred for an additional 48 h at room temperature and then
evaporated under high vacuum to obtain a yellow oil product
washed with 50 ml of diethyl ether and then dissolved in10 ml of
methanol with the purification step repeated for two times with
drying under vacuum for 12 h.

2.4 Synthesis of CMS-SS-NH,

CMS functionalised with an amino group containing the disulphide
bond (CMS-SS-NH,) was obtained by the following the steps:
suspending 200 mg of CMS-SH in ethanol (20 ml), and then
followed by the addition of 200 mg of Py-SS-NH,. The mixture
was stirred at room temperature for 24 h. Then the product was
collected by centrifugation and washed with ethanol for three
times. The resulting products were redispersed in ethanol for
storage.

2.5 Synthesis of CMS-SS-COOH

CMS-SS-NH; (100 mg) was dispersed in DMF solution (15 mL)
and then TEA was subsequently added under stirring until the pH
of the solution reached 10, followed by the drop wise addition of 2
ml of DMF solution containing 300 mg of maleic anhydride. The
mixture was stirred at room temperature for another 24 h. The
obtained products were centrifuged with ethanol for four times and
redispersed in ethanol for storage.

2.6 Synthesis of ZnO QDs

ZnO QDs were synthesised by the reported method with slight
modification [38]. Zinc acetate (880 mg, 4.0 mmol) and
magnesium acetate (88 mg, 0.4 mmol) were dissolved in hot
ethanol (60 ml) under vigorous stirring. In a separate flask, NaOH
(200 mg, 5.0 mmol) was dissolved in 20 ml of ethanol at room
temperature in ultrasonic bath. The solutions were then cooled
down in an ice bath. The NaOH solution was then rapidly injected
into the ethanol solution containing zinc acetate and magnesium
acetate. The mixture was stirred 6 h for growth of ZnO QDs.
Finally, ZnO QDs were precipitated by hexane as a non-solvent
and repeated this step two times.

641



2.7 Synthesis of NH>-ZnO QDs

The obtained ZnO QDs were dispersed in 20 ml of DMF and then
100 ul of APTES was added to the solution. The mixture was
reacted under stirring at 120 °C for 20 min, and then the APTES
modified ZnO QDs isolated by centrifugation and washed with
DMF for three times. Finally, the modified ZnO QDs were then
dispersed in 10 ml of water to obtain a transparent solution.

2.8 Drug loading and release

20 mg of CMS-SS-COOH was dispersed into 5 ml of phosphate
buffered saline (PBS) buffer solution (pH = 7.4), then 5 ml of DOX
(1 mg/ml) solution was added. The resulting suspension was stirred
for another 12 h at room temperature in the dark. The DOX-loaded
nanoparticles of CMS-SS-COOH (CMS-DOX) were collected,
washed with PBS three times. The carboxyl groups on the surface
of CMS-DOX was activated by adding 33 mg of EDC-HCI at room
temperature for 30 min. Then, 20 mg of NH,-ZnO QDs was added
drop wise to the above solution. Finally, the mixture was further
stirred at room temperature for another 12h. The CMS-DOX
capped with ZnO QDs (ZnO@CMS-DOX) was obtained and
washed thoroughly with water until the supernatant became
colourless. The free DOX was determined in the ultraviolet—visible
(UV—Vis) spectra of the supernatant and stock solutions at 480 nm.
The drug loading content and drug encapsulation efficiency were
calculated by following formulas:

weight of drug in nanoparticles

Drug loading content (%) = weight of nanoparticles taken

x 100%,

(see equation below) ZnO@CMS-DOX was placed in a dialysis
bag, immersed in a solution with different conditions of the release
environment. The release environments: (i) different concentrations
of GSH (0, 0.1, 1 and 10 mM) in pH 7.4 PBS buffer solution; (ii)
different pH values of PBS buffer solution (7.4, 6.0 and 5.0); (iii)
10 mM GSH in different pH PBS buffer solution (7.4, 6.0 and 5.0)
with GSH 10 mM. At predetermined time intervals, 1 ml of the
sample solutions were withdrawn for analysis, and equivalent fresh
corresponding buffer solutions were supplemented. The calibration
curve of DOX was determined by the absorbance values of
different concentrations of DOX at 480 nm. The amount of
released DOX was based on a calibration curve with a series of
diluted pure DOX solutions. The calibration curve fits the Lambert

and Beers law well: 4=0.0194C—0.0194 (R%2=0.9975), where 4
is the absorbance and C is the concentration of the sample (pg/ml).

2.9 Haemolysis assay

The rabbit RBCs were collected from 6 ml of rabbit whole blood
by centrifugation at 1000 rpm for 10 min and washed five times
with sterile normal saline solution. Then 2 ml of washed RBCs
diluted with sterile normal saline solution to a concentration of 2%
(v/v). Then 2 ml of the diluted RBCs solution was mixed with 2 ml
of CMS-SH, ZnO@CMS dispersions at the different
concentrations ranging from 20 to 1500 pg/ml, respectively, and
then kept static for 4 h. The mixtures were centrifuged at 1000 rpm
for 10 min, and the absorbance of the supernatant was measured on
a microplate reader at 541 nm. The haemolysis of RBCs in distilled
water and saline was used as the positive and negative control,
respectively. The haemolysis percentage was calculated through
the following equation [39]: (see equation below)

2.10 BSA adsorption measurements

The adsorption measurement of BSA was carried out according to
the published literature [40, 41]. Then 60 mg of BSA was
completely dissolved in 100 ml of deionised water. Then 5 mg of
CMS-SH, ZnO@CMS were dispersed in 5 ml of PBS solution,
respectively, and then 5 ml of BSA solution was added. At the
same time, the control group was 5 ml of PBS and 5 ml of BSA
solution, and the mixture was placed on the shaker for 4 h (150
rpm, 37°C). The mixed solutions were centrifuged, and the
supernatant was collected. The concentration of residual BSA
solution was determined by staining with Coomassie Brilliant Blue
solution. The supernatant was collected, and then diluted with 10-
fold water. Then 1 ml of the diluted supernatant and 5 ml of
Coomassie Brilliant Blue solution were mixed to measure the
optical density (OD) value of residual BSA at 595 nm. The amount
of BSA adsorbed can be calculated using the following formula
[42]:

0= (C-C)x10x V/m,

where Cj and Cy are the concentration of BSA in a control group
and the residual BSA after adsorption, respectively; V is the total
volume of the solution and m is the weight of the nanoparticles
added to the solution.

2.11 Cell viability studies

MCEF-7 cells were cultured in DMEM culture medium
supplemented with 10% (v/v) FBS, penicillin (1%) and
streptomycin (1%) in a humidified atmosphere containing 5% CO,
at 37°C. The medium was routinely changed every 2 days and the
cells were separated by trypsinisation before reaching confluency.
The cell biocompatibility and cytotoxicity of the carrier material
were evaluated by 3-[4,5-dimethylthialzol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay. The MCF-7 cells were
then incubated with various concentrations of CMS-SS-COOH,
ZnO@CMS, ZnO@CMS-DOX, Zn?* (ZnCl,), ZnO QDs and free
DOX for 48 and 72 h. The materials were diluted to five gradient
concentrations (based on the concentration of the nanoparticles),
respectively. MCF-7 cells were seeded into 96-well plates at a
density of 5 x 104 per well in 100 pl of medium and incubated for
48 and 72 h. After incubating, the cells were cultured in the
medium containing 5 mg/ml of MTT for 4h. The formazan
crystals formed by the living cells was dissolved in 150 pl of
dimethyl sulphoxide per well. Finally, the absorbance was
measured on a microplate reader at 490 nm. Cells without any
treatment served as normal control. The live/dead staining method
was used to make viable cells visualised. The MCF-7 cells were
seeded in a 96-well plate at a density of 5% 104 and incubated
samples with various concentrations for 48 and 72h, then
removing the medium with PBS buffer solutions washed for three
times. Each well was filled with 100 pl of staining reagent
containing FDA (6 mM) and propidium iodide (4 mM) for 10 min,
washed twice with PBS, then added 120 ul of PBS buffer and
photographed under a fluorescence microscope. The viable cells
were stained green, while dead cells were stained red.

2.12 Cellular uptake

The fluorescence microscope was used to observe the cellular
uptake of the carrier materials. The MCF-7 cells were seeded into
24-well plates at a density of 5% 104 per well adherent for 24 h,
then the medium was removed. The MCF-7 cells were incubated
with DOX, CMS-DOX, and ZnO@CMS-DOX (all samples

weight of drug in nanoparticles

Drug entrapment efficiency(%) =

% 100% .

weight of drug injected

Haemolysis percentage =

ODsample - ODnegative control

% 100% .
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Fig. 2 TEM images of
(@) CMS-SS-COOH, (b) ZnO QDs, (¢) ZnO@CMS
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Fig. 3 The characterization studies of mesoporous of CMS-SS-COOH and ZnO@CMS

(a) N7 adsorption—desorption isotherm, (b) Pore size distribution

containing 2 or 5 pg/ml of DOX) for 1, 2 and 4 h, respectively. The
cells were washed with PBS (pH = 7.4, 0.01 mol/l) three times, and
with 1 ml of 4% paraformaldehyde fixed for 15 min. After the
fixative solution was removed, the cells were washed with PBS.
The nuclei were stained with 1 ml of DAPI (100 ng/ml) for 10 min
in the dark. Thereafter, the DAPI was removed and washed with
PBS, and then the cells were placed under a fluorescence
microscope to analyse the intensity of the fluorescence.

2.13 Characterisation

The size and mesoporous structure of the nanoparticles were
measured by transmission electron microscopy (TEM) (Tecnai G2
20 S-TWIN, FEI). The specific surface area, pore volume (VP) and
pore size of each sample were obtained by nitrogen adsorption/
desorption (ASAP 2020M, Mike Murray Feldman Instrument
Corporation, Shanghai, China). The particle sizes and zeta
potentials were measured on a Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, UK). The Fourier transform
infrared (FT-IR) spectra were measured on a FT-IR spectrometer
(Bruker IFS 55, Faellanden, Switzerland). The nanoparticles of
crystal type were performed by X-ray diffraction (XRD; Rigaku,
Japan). The fluorescence spectra were recorded on a fluorescence
spectrophotometer (LS-55, Perkin Elmer, America, A =345 nm).
The UV-Vis absorption spectra were recorded on a Perkin Elmer
Lambda 35 spectrophotometer. The fluorescence imaging was
performed by using a fluorescence inverted microscope (IX73,
Olympus, Japan). The absorbance of BSA adsorption, haemolysis
assay, and MTT assay was recorded at 490 nm using a Biotek
Epoch Flash multifunctional microplate reader.

3 Results and discussion
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3.1 Preparation and characterisation of ZnO@CMS

The synthetic process of the CMS-based nanoparticles with NH,-
ZnO QDs as a pH-responsive gatekeeper was displayed in Fig. 1.
As shown in Fig. 24, the prepared CMS-SS-COOH had a uniform
spherical shape with a diameter of ~70 nm. The TEM image
showed that the CMS-SS-COOH nanoparticles were spherical in
shape with a wormhole arrangement of the mesopores. As shown
in Fig. 2B, ZnO QDs had a uniform spherical shape with an
average diameter of ~3-4nm. The mesoporous structure of
ZnO@CMS could not be clearly observed in Fig. 2C. The result
revealed that the entrance of the mesopore on the outer surface of
CMS-SS-COOH was tightly covered with NH,-ZnO QDs. The N,
adsorption—desorption isotherm and pore size distribution curves of
CMS-SS-COOH and ZnO@CMS are shown in Fig. 3. The
Brunauer-Emmett-Teller (BET) surface area, total VP, and
Barrett—Joyner—Halenda pore size distribution are summarised in
Table 1. As shown in Fig. 34, the two kinds of nanoparticles show
typical IV mesoporous. By the corresponding formula calculation,
the BET specific surface area of CMS-SS-COOH and ZnO@CMS
was 864 and 363 m%/g, respectively. The VP was 1.21 and 0.78
cm3/g, respectively. The specific surface area and VP of
ZnO@CMS were significantly smaller than that of CMS-SS-
COOH due to the ZnO QDs grafted onto the surface of mesoporous
silica with the pores blocked. The pore size distribution of CMS-
SS-COOH and ZnO@CMS is shown in Fig. 3B. Compared with
the pore diameter of CMS-SS-COOH, the pore diameter of
ZnO@CMS was decreased from 2.1 to <2nm. These results
indicated that ZnO QDs as an effective capping agent of MSNs
might prevent drug leakage.

The photoluminescence (PL) spectra of the prepared samples
were recorded in aqueous solution at room temperature and the
excitation wavelength of 345 nm is shown in Fig. 44. The ZnO
QDs exhibit a yellow—green emission peak at 520 nm due to the
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Table 1

Nitrogen adsorption—desorption analysis of CMS-SS-COOH and ZnO@CMS

Samples Surface area (m?/g) VP (cm3/g) Pore size (nm)
CMS-SS-COOH 864 1.21 2.1
ZnO@CMS 363 0.78 <2
900
5000 - —a
=}
<
4000
K] 3
£ 3000 =
: g
g g
= 2000 =
1000

T T T T
400 450 500 550 600

Wavelength (nm)
A
Fig. 4 The photoluminescence (PL) spectra and XRD pattern of

650

T T T T T T
30 40 45 60
20 degree

B

(a) PL spectra of ZnO@CMS (a), ZnO QDs (b), ZnO-NHp QDs (c), (b) The XRD pattern of ZnO QDS

1631

R T T T T A
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)
A

Fig. 5 he FT-IR spectra and zeta potential of nanoparticls

o

43.2mV

23.4mV

CMS-SH CMS-SS-COOH

CMS-SS-NH, Zn0@CMS

Zeta potential (mV)

-30.1mV 32Imv

(a) The FT-IR spectra of CMS-SH (a), CMS-SS-NH3 (b) and CMS-SS-COOH (c), () The zeta potential of CMS-SH, CMS-SS-NHp, CMS-SS-COOH and ZnO@CMS

plasmon resonance on the surface. Compared to ZnO QDs, the
intensity of fluorescence emission of NH,-ZnO QDs was enhanced
with no obvious changes of the emission wavelength due to the
modification of amino groups on ZnO QDs could effectively
reduce the surface defects. ZnO@CMS also showed obvious
yellow—green emission contributed to the fluorescence of ZnO
QDs at the same position, indicating that ZnO QDs were
successfully covered on the surface of CMS-SS-COOH. The
intensity of PL of ZnO@CMS was slightly decreased compared
with the ZnO QDs due to the electrostatic interaction between
amino groups of NH,-ZnO QDs and the carboxyl group on the
surface of CMS-SS-COOH. The powder wide-angle X-ray
diffraction of ZnO QDs is shown in Fig. 4B, the typical peaks
characteristic of the ZnO hexagonal wurtzite structure was
displayed and in consistent with the previously reported literature
[43].

The FT-IR spectra of CMS-SH, CMS-SS-NH,, and CMS-SS-
COOH are shown in Fig. 54. CMS-SH showed a minimum peak at
2560 cm™! attributed to the characteristic peak of mercapto groups
with the characteristic peaks of Si—O-Si and Si—-OH remained.

644

CMS-SS-NH, showed a new adsorption peak at 1515 cm™! while
the minor peak of thiol groups around 2560 cm™! disappeared,
indicating the formation of CMS-SS-NH,. Compared with CMS-
SS-NH,, CMS-SS-COOH showed a sharp new peak at 1631 cm™!
while retaining the characteristic peak of silica, which is attributed

to the stretching vibration of the carbonyl group. As shown in
Fig. 5B, owing to the amino group in CMS-SS-NH,, the zeta

potential value of CMS-SH reverses from a negative value of
—30.1 mV to a positive value of 43.2 mV. The {-potential value
reversed to a negative value of —32.1 mV by the introduction of the
carboxyl group. The zeta potential finally reversed to 23.4 mV
after NH»-ZnO QDs grafted on the surface of CMS-SS-NH,. The

result further supported the observation of FT-IR spectra and
demonstrated successful functionalisation.
3.2 In vitro release behaviour

Since the large VP of CMS-SS-COOH and the high encapsulation
ability of ZnO QDs gatekeeper, the highest drug loading efficiency
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and encapsulation efficiency of ZnO@CMS-DOX were up to 6.09
and 97.58%, respectively. As shown in Fig. 64, ~3.63% DOX
released from ZnO@CMS within 36 h at physiological pH without
GSH, indicating that the ZnO QDs could completely cover the
surface of mesoporous silica. The amount of DOX released
significantly increased with the increasing concentration of GSH.
The rate of DOX release was relatively fast within 10 h, the
cumulative release of DOX reached 32.4% within 36 h. The
cumulative release of DOX reached 18.7% within 4 h in 10 mM
GSH due to the cleavage of disulphide bonds. Therefore, the
obtained ZnO@CMS as an effective drug carrier had the ability to
control the drug release by GSH. In Fig. 6B, the amount of DOX
release was significantly increased and the release rate relatively
faster within 8 h with the acidic increasing. Since the ZnO QDs
were stable at pH 7.4 and dissolved rapidly at pH<S5.5, the
cumulative release reached 22.03% in pH 5.0 and 42% in pH 6.0
within 36 h, respectively. The release behaviour affected by GSH
and pH is shown in Fig. 6C, the concentration of GSH was 10 mM,
the cumulative release reached up to 60% within 36 h in pH 5 and
the drug release rate was promoted with the acidic increasing.
Compared with Figs. 64 and B, the dual response of drug release
efficiency was significantly higher than that of the single pH or
redox responsive. Therefore, the grafting of ZnO QDs on the
surface of CMS-SS-COOH via amide linkage could possibly
render the carrier with acid-responsive and GSH responsive
capability, which might be an effective drug carrier for the delivery
system.

3.3 Haemolytic Behaviour and BSA adsorption of CMS-SH
and ZnO@CMS

A haemolysis test was considered as a simple and reliable measure
to evaluate the biocompatibility of materials. It has been reported
that haemolysis up to 5% was allowed for biomaterials [44]. The
haemolysis images of CMS-SH and ZnO@CMS over the
concentration range of 20-1500 pg/ml are shown in Fig. 74. The
ZnO@CMS nanoparticles showed excellent dispersibility and
stability in high concentrations of normal saline up to 1500 pg/ml.
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The haemolysis results for CMS-SH and ZnO@CMS are shown in
Fig. 7B. When the concentration of CMS-SH reached 1500 pg/ml,
the percentage haemolysis reached 87%. The haemolysis
percentage of CMS-SH was so high due to the reactive oxygen
species (ROS) induced by the surface of the silica [45, 46], the
electrostatic interaction between the silanol groups with the
membrane protein, affinity between the silicate with the tetra-alkyl-
ammonium groups present in the membrane of RBCs [47]. The
high degree of haemolysis raised serious safety concerns regarding
the application of nanomaterials for drug delivery. Therefore, the
modification of ZnO QDs on the surface of CMS could improve
the biocompatibility of CMS-SH by reducing the electrostatic
interactions, and the affinity between CMS and the tetra-alkyl-
ammonium groups. As expected, the haemolysis percentage of
ZnO@CMS was decreased significantly to 3.6% at an extremely
high concentration of 1500 pg/ml. Therefore, the ZnO QDs
modified on the CMS-SH could improve the biocompatibility of
nanomaterials.

It has been reported that BSA could be non-specific and
adsorbed by MSNs [48]. As shown in Fig. 7C, the amounts of BSA
adsorbed by CMS-SH and ZnO@CMS were 15.2 and 3.2 wt%,
respectively. Compared with CMS-SH, the amount of BSA
adsorbed on to ZnO@CMS was decreased significantly by 12%.
The result indicated that ZnO QDs modified on the CMS-SH might
decrease the adsorption of BSA by changing the chargeability on
the surface of nanomaterials.

3.4 Cytotoxicity assay

The viability of MCF-7 cells cultured with ZnO QDs and the
corresponding concentration of Zn%" ions (ZnCl,) were studied. As
shown in Figs. 84 and C, the cell viability of both samples has the
same trend, and the cell viability decreased below 20% by
extending the time when their concentrations above 20 pg/ml. The
greater cytotoxicity of ZnO QDs might be on account of the ROS
production, lipid peroxidation and DNA damage by Zn2" by the
intracellular dissolution of ZnO QDs [49]. The cytotoxicity of
other samples (CMS-SS-COOH, ZnO@CMS, ZnO@CMS-DOX,
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free DOX) was evaluated by MTT assay. As shown in Figs. 8B and
D, the CMS-SS-COOH showed no obvious cytotoxicity at a
concentration of 100 pg/ml, while the cell viability of ZnO@CMS
decreased to 27% at a the same concentration by the ZnO QDs
dissolved in Zn?* in tumour cells at 48 h. It was demonstrated that
the cell viability of ZnO@CMS-DOX was <20% at a concentration
of 50 pg/ml and more effective than free DOX at 48 h. The cell
viability decreased with extending the time, and when their
concentrations were 100 pg/ml, the cell viability of ZnO@CMS-
DOX decreased below 10% at 72 h. These results revealed that the
redox and pH dual stimuli-responsive could promote the rapid
release of the drug and show the corresponding toxicity. Therefore,
the constructed ZnO@CMS delivery system had a broad
application prospect in chemotherapy specific to the tumour site.
The cell viabilities were further visualised by live/dead
fluorescence imaging shown in Fig. 9. Nearly all of the cells were
stained green (live cells) at a different concentration of samples, a
part of cells was stained red (dead cells) when treated with a high
concentration of samples. The obtained results reflected by the
fluorescence images were in consistent with the results of MTT
assay.

3.5 Cellular uptake

The intracellular uptake of DOX, CMS-DOX, and ZnO@CMS-
DOX incubated with MCF-7 cells is shown in Fig. 10. With the
concentration of samples increasing, the intracellular DOX
fluorescence intensity was stronger in 5 pg/ml than in 2 pg/ml and
the fluorescence intensity of samples in MCF-7 cells at 6 h was
obviously stronger than at 2 and 4 h. The results indicated that the
cellular uptake of ZnO@CMS-DOX appeared in time and
concentration-dependent pattern. The CMS-DOX has a relatively
weak fluorescence due to the pores of CMS-DOX without blocked
by ZnO QDs and leading to the leakage of DOX. The red
fluorescence of ZnO@CMS-DOX was mainly presented in the
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cytoplasm, and slowly diffuses into the nucleus with time and the
red fluorescence of the free DOX was presented in the nucleus,
indicating that DOX loaded nanomaterials diffused into the nucleus
and then released intracellularly.

4 Conclusions

In this study, we have successfully prepared the redox/pH dual-
stimuli responsive drug delivery systems based on mesoporous
silica nanoparticles grafted with NH,—ZnO QDs as a gatekeeper by
the amidation reaction for effective control of the drug release. The
in vitro release studies indicated the redox and pH-sensitive drug
release behaviours. The haemolysis and BSA adsorption
experiments showed that the modification of ZnO QDs on CMS-
SH (ZnO@CMS) has better biocompatibility compared to CMS-
SH. The cell viability assay exhibited that the ZnO@CMS might
achieve an antitumour effect on cancer cells due to the cytotoxicity
of ZnO QDs. The ZnO@CMS-DOX showed a higher cellular
uptake performance in MCF-7 cells than that of CMS-DOX due to
the ZnO QDs as a capping agent blocking the pores of
nanoparticles and inhibiting the release of DOX. Therefore, the
excellent properties of ZnO@CMS might make it the excellent
redox/pH-responsive nanocarrier for broad application in tumour
chemotherapy.
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