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Stimuli-responsive functionalized mesoporous
silica nanoparticles for drug release in response to
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A silica-based mesoporous nanosphere (MSN) controlled-release drug delivery system has been
synthesized and characterized. The system uses L-cysteine derivatized gold nanoparticles (AuNPs), bound
to the MSNs using Cu?* as a bridging ion. The AuNPs serve as removable caps that hinder the release
of drug molecules inside the amino functionalized MSN mesoporous framework. The modified MSNs
themselves exhibit negligible cytotoxicity to living cells, as revealed using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The drug delivery system requires one of two biological
stimuli to trigger drug release. These stimuli are either: low pH (pH < 5); or elevated levels of adenosine
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strated through the stimuli-induced removal of the AuNP caps over the MSN releasing the anticancer
drug doxorubicin. We envisage that this MSN system could play a significant role in developing new
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1. Introduction

Stimuli-responsive controlled-release systems have begun to
attract attention because of their potential applications in the
area of targeted drug and gene delivery."® Drawing inspiration
from the biological systems in which they will be applied,
self-assembled carriers such as vesicles and micelles formed
from organic molecules have been extensively investigated
as drug delivery systems due to their biodegradability and
biocompatibility.*® Limitations of such systems can include
limited drug loading capacity and poor stability in blood after
injection (leading to immediate release of encapsulated com-
pounds upon dispersal in blood®™"). In addition, the release
mechanism of many biodegradable organic molecule-based
drug delivery systems rely on hydrolysis-induced erosion of the
carrier structure.”>*
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generations of controlled-release delivery vehicles.

An alternative to organic molecule based drug delivery
vehicles is inorganic particulate systems such as mesoporous
silica nanoparticles (MSN). Surface-functionalized MSNs have
begun to be considered as potential stimuli-responsive con-
trolled-release systems.'>” The interest in MSNs is because
they possess stable mesoporous structures, large surface areas,
the ability to easily functionalize the external and/or internal
area and have been shown to exhibit a “zero premature
release” property. The latter is particularly useful when the
drug to be delivered is toxic (e.g. antitumor drugs) or its thera-
peutic dosage requires precise control. Furthermore, silica-
based materials are also known for their biocompatibility as
they slowly degrade to orthosilicic acid which is easily carried
by the blood or lymphatic system and subsequently excreted
through the kidneys.'®° This removal of Si(OH), from the
body is sufficiently rapid so as not to induce toxic effects.>

The initial controlled drug delivery systems employing
MSNs as drug carriers were mainly based upon the physical
and morphological properties of the MSNs.>*>* For instance,
Vallet-Regi et al. loaded ibuprofen into a series of MSNs with
different pore sizes and found that the release rate of the drug
was linearly dependent on the pore size.'” Such a strategy
results in the released of the drug beginning immediately after
administration.”*>* In some applications this immediate
release results in premature and untargeted drug release
that could cause undesirable side effects to normal cells and
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organs.”>® Therefore, it is highly desirable to design a
controlled drug delivery system that can release the loaded
drug specifically in the target environment by responding to
appropriate external stimuli.>® To achieve this goal, a variety of
stimuli-responsive surface-functionalized, end-capped MSNs
have been developed. The Lin group, Wang group and Wu
group have employed quantum dots,*® gold nanoparticles,*"*>
iron oxide nanoparticles,>® and polymers®* as gatekeepers to
cap the pores of MSN and prevent the loaded drug from
being released. The opening/closing of the gatekeepers can be
controlled by various external stimuli, such as disulfide
reduction,*® photochemistry®*> and redox chemistry.*®

The purpose of the present work is to design a MSN drug
delivery system with controlled drug release triggered by bio-
logically-relevant stimuli. Further, we intend to demonstrate a
system that is responsive to two different biological stimuli
that potentially could work synergistically to ensure drug
release only at the target site.

Drug carriers, upon reaching the target cells, are generally
internalized by endocytosis®”*® and routed to the lysosomes.*”
The internalized carrier can release the drug in one of two
possible ways, or both: (1) within the lysosome, followed by
drug diffusion,’®™** and/or (2) in the cytosol, following carrier
escape from the lysosome.** Thus for a specific cell, the drug
release rate can be expressed by the following equation:

Ry = Ripr + Ric

where R, is the drug release rate, Ry p, is lysosomal drug release
rate and R, is drug release rate of the carrier in cytosol.

Based on these two release processes, an AuNPs-capped-
MSN controlled drug delivery system was synthesized which
could be triggered by two different biologically-relevant stimuli,
namely pH or concentration of adenosine triphosphate (ATP).
Compared with the pH value in the bloodstream, the low pH in
endosomes (pH = 4.5-5.0***) means pH becomes an effective
stimulus which not only triggers the drug release, but restrict
the drug release to specific organelles in the cell. Although
many of the internalized carriers will release the drug within
the lysosome, some of the drug delivery vehicles may escape
from the lysosome before drug release.** Hence, there is also a
need for a stimulus in the cytosol to trigger drug release. Owing
to ATP being predominantly present in the cytosol,*® and
assuming the concentration of ATP inside cells is high enough
to release the drug (concentration range of 1-10 mM*"*%), ATP
is considered as a second stimulus for drug release in the
cytosol. Scheme 1 shows the main design features of the AuNPs-
capped-MSN based drug encapsulation and release system. Ion-
ligand interactions were chosen to cause capping of the MSNs
by AuNPs, as these AuNP caps can be removed when the pH is
lower than 5 or when ATP is present. Fluorescein was chosen as
a model drug to assess the drug loading and release behavior of
the AuNPs-capped-MSNs under different conditions of pH and
ATP concentration. In vitro cellular cytotoxicity tests were also
conducted to evaluate the biocompatibility of the system. There-
after the performance of the AuNPs-capped-MSN in killing
HelLa cells with doxorubicin was assessed.
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Scheme 1 Schematic representation of the AuNPs-capped-MSN based
drug delivery system. The controlled-release mechanism of the system
is based on forming and breaking of ligand bond between the AuNPs
caps, Cu?* and the MSN hosts. The scheme is presented by (A) MSN
functionalization, (B) AuNP functionalization, (C) AuNP capping of MSNs,
(D) AuNP displacement by pH mechanism and (E) AuNP displacement by
interaction with ATP.

2. Materials and methods
2.1 Materials

Fluorescein sodium, cupric chloride, 3-aminopropyltriethoxy-
silane (APS), tetraethyl orthosilicate (TEOS), N-cetyltrimethylam-
monium bromide (CTAB) and ammonium hydroxide were
purchased from Sigma-Aldrich (Sydney, Australia). Hydrogen
tetrachloroaurate(m) trihydrate and r-cysteine were purchased
from Sigma (Sydney, Australia), tri-sodium citrate (99% purity)
was purchased from Ajax Chemical Co. (Sydney, Australia) and
sodium borohydride (99%, Fluka). All the chemicals were
analytical grade and used without further treatment.

2.2 Synthesis of L-cysteine functionalized gold nanoparticles

2.2.1 Preparation of gold colloidal solutions.*>*® All glass-
ware used for the synthesis of gold nanoparticles were rinsed
in piranha solution (H,SO,-H,0, = 3:1, strong oxidizer) and
then with Milli-Q water followed by a rinsing in aqua regia
(HCI-HNO; = 3:1, highly corrosive) and then Milli-Q water. A
vigorously stirred 20 mL solution containing 2.5 x 10~* M gold
chloride and 2.5 x 10~* M trisodium citrate was heated to boil.
Then 0.6 mL of ice-cold, freshly prepared 0.1 M NaBH, solu-
tion was added to the solution. The solution turned light red
immediately after addition of NaBH, and the solution was left
stirring for 5 min.

2.2.2 Modification of gold nanoparticles.” Modification
of nanoparticles proceeded by adding i-cysteine to colloidal
gold in water. Typically 0.1 mL of a 0.1 mM solution of
L-cysteine in water was added to 5 mL of the gold nanoparticle
solution (2.5 x 10* M Au), mixed well, and stirred for 2 h. The
functionalized nanoparticle solution was isolated by multistep
centrifugation and re-dispersed in Milli-Q water.

This journal is © The Royal Society of Chemistry 2014
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2.3 Synthesis of mesoporous silica nanoparticles (MSNs)

MSNs were prepared by a typical CTAB-templated, base-cata-
lyzed sol-gel method.>> The pH value of 1000 mL deionized
water was adjusted to approximately 11 with 52.8 mL
ammonium hydroxide (29 wt% NH; in water). The temperature
was raised to 323 K, and then 1.12 g CTAB and subsequent
5.8 mL TEOS were added with rapidly stirring. After 2 h, the
sample was centrifuged and washed thoroughly with distilled
water and ethanol. The surfactant templates was then were
removed by extraction using acidic methanol (9 mL of HCI-
400 mL of methanol, 36 h) at 70 °C, which were further centri-
fuged, washed several times with ethanol and dried under
vacuum for 20 h.

2.4 Drug load and 3-aminopropyltriethoxysilane
functionalized of MSN (MSN-1)

1 g MSN was dispersed in 50 mL anhydrous ethanol, and then
0.5 g fluorescein sodium or doxorubicin (Dox) was added. The
mixture was stirred at room temperature for 24 h. After that,
3-aminopropyltriethoxysilane (1 mL, 50% in ethanol) was
added into the suspension and stirred for another 8 h. The
resultant solid was filtered, washed with ethanol, and then
dried under vacuum to get MSN-1. The amount of loaded drug
for MSN was determined by emission peak at 520 nm in fluore-
scence spectra for fluorescein sodium and 590 nm for Dox.

2.5 Synthesis of gold nanoparticles capped MSN-1
(AuNPs-capped-MSNs)

According to the previous work in our group, amino and car-
boxyl group will form complexes with Cu®*, even though there
is only 3 ppm Cu®" in the system.”™®® Relevant research
exposed that a minimum dietary value of Cu** for healthy
growth in small mammal such as rabbits is at least 3 ppm in
the diet>® and the lowest dose of Cu®" that has been reported
toxic when ingested by humans is 11 ppm.*® Thus Cu*" was
chosen to connect r-cysteine derivatized gold nanoparticles
and MSN-1 to form AuNPs-capped-MSNs. Briefly, 10 mg
MSN-1 was added into 20 mL above r-cysteine functionalized
AuNPs (pH ~ 7), mixed well, and stirred for 10 min. After that,
CuCl, was added into the solution with the concentration of
Cu*" of 0.1 mM (about 6 ppm) and stirred for 30 min. The
resultant solid was filtered, washed with Milli-Q water and
ethanol, and then dried under vacuum to get AuNPs-capped-
MSNS.

2.6 Stimulated drug release

In the pH triggered drug release experiment, a certain amount
of fluorescein sodium loaded AuNPs-capped-MSNs powder
was dispersed into 2 mL of Milli-Q water. The dispersion was
transferred into a dialysis bag, and then the bag was immersed
into 100 mL of PBS solution with different pHs (5, 4.5, and 4)
at room temperature with magnetic stirring. An amount of
1.0 mL of solution was withdrawn at a given time interval,
followed by supplying the same volume of fresh PBS solution.

This journal is © The Royal Society of Chemistry 2014
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The amount of released drug was measured by fluorescence
spectra at 520 nm.

The ATP triggered in vitro drug release experiment was
achieved in similar way. A certain amount of fluorescein
sodium loaded AuNPs-capped-MSNs powder was dispersed in
50 mL of PBS buffer (pH 7) containing 1 mM, 5 mM and
10 mM of commercially available ATP at 25 °C. Subsequently,
2 mL of supernatant was taken periodically from the suspen-
sion at 25 °C followed by centrifugation (15000 rpm, 10 min).
The release of fluorescein sodium from the pore voids to the
buffer solution was determined by fluorescence emission
spectroscopy (em at 520 nm).

2.7 Endocytosis and in vitro release of AuNPs-capped-MSNs
in HeLa cells

HeLa cells were seeded in growth medium for 24 h prior to the
experiment. After 24 h, HeLa cells are cultured in glass bottom
Petri dish with growth medium containing 10% fetal bovine
serum (FBS), 1% antibiotics and 0.1 mg AuNPs-capped-MSNs
for different hours, then are washed with PBS for 3 times and
fixed by 4% paraformaldehyde solution. After 30 min fixation,
the cells are washed by PBS and subjected to fluorescent
imaging.

2.8 Cell uptake mechanism experiment with endocytosis
inhibitor

To examine different endocytic routes of FITC MSN particle
uptake, HeLa cells were incubated for 2 h in Optimem contain-
ing one of the following inhibitors: 10 pg mL™" chlorprom-
azine (clathrin dependent) or 200 pM genistein (clathrin
independent). Cells were then rinsed 2 times with PBS and
treated with FITC MSN for 1 h prior to examination via con-
focal microscopy.

2.9 Confocal microscopy

HeLa cells (2500 cells per dish) were plated in 35 mm cultured
dishes which were pre-coated with poly-p-lysine hydrobromide
for 10 minutes and left to grow for 5 days. A Zeiss LSM 780
equipped with an environmental chamber which controls the
atmospheric conditions, humidity and temperature for live-cell
imaging was used to acquire images with a 63x 1.3 NA water/
glycerol objective.

2.8 In vitro cytotoxicity (MTT method)

The experiments are performed using the HeLa cells. Before
experiments, cells are cultured in 10 mL growth medium con-
taining 10% fetal bovine serum (FBS), 1% antibiotics. Cytotoxi-
city assay are performed in 96-wells microtiter plates with
seeding density, 10 000 cells per well. Microtiter plates contain-
ing cells are pre-incubated for 24 h at 37 °C in order to allow
stabilization before the addition of the test substance (AuNPs-
capped-MSNs). The plates are incubated with the test sub-
stance for 24 h and 48 h respectively at 37 °C and 5% CO,.
Then 5 pL MTT solution (5 mg mL™" in PBS) is added to each
well to evaluate cell viability. After 2 h at 37 °C, the solution is
removed. 100 pL DMSO is added to dissolve cells. After 30 min
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incubation under 37 °C, the viability is measured using a
microreader.

2.9 Characterization

Transmission electron microscopy (TEM) images were
recorded on a Philips CM200 transmission electron micro-
scope operated at 200 kV. For the TEM observation, samples
were obtained by dropping 5 pL of solution onto carbon-
coated copper grids. All the TEM images were visualized
without staining. X-ray diffraction patterns were obtained in a
RINT2000 vertical goniometer (Rigaku, Japan) using Cu Ko
irradiation. The surface areas were calculated by the Brunauer
Emmett Teller (BET) method, and the pore size distributions
were calculated by the Barrett Joyner Halenda (BJH) method.
The infrared (IR) spectra were measured by AVATAR 320 FT-IR
using KBr pellets. The fluorescence spectra were recorded
using a Varian Cary Eclipse spectrometer. Inductively coupled
plasma mass spectrometry (ICP-MS) was performed using
a Perkin Elmer ELAN 6100 ICP-MS. The ultraviolet-visible
(UV-vis) spectra were measured with dilute aqueous solution
in a 2 mm thick quartz cell using a SHIMADZU UV-2401 PC
spectrophotometer. All pH value measurements were carried
out on a Sartorius BECKMAN F 34 pH meter. Dynamic light
scattering (DLS) and the zeta potentials were measured by a
Malvern Zetasizer Nano Series running DTS software and
using 4 mW He-Ne laser operating at a wavelength of 633 nm
and avalanche photodiode (APD) detector. Thermogravimetric
analysis was measured by PerkinElmer STA 6000 simultaneous
thermal analyzer from 25 °C to 800 °C at heating rate of
10 °C min~".

3. Results and discussion
3.1 Synthesis and characterization AuNP-capped-MSNs

As depicted in Scheme 1, the AuNP-capped-MSNs require the
synthesis of cysteine functionalized AuNPs and the functio-
nalized MSNs. AuNPs was synthesized with average size of 5 nm
based on DLS and TEM measurements (Fig. S1 and S2t). The
preparation of 3-aminopropyltriethoxysilane (APTES) functio-
nalized MSN (MSN-1) was first investigated by FTIR spec-
troscopy. As can be seen from Fig. S3,f the asymmetric
vibration of Si-OH at 957 cm™' disappeared and a new in-
plane bending vibration of N-H from the NH, groups was
observed at 1560 cm™' after attachment of APTES, which
demonstrates that OH groups are replaced by NH, group on
the surface of MSN. The structure of MSN-1 was then further
characterized by TEM. As shown in the TEM images (Fig. 1a),
the prepared MSNs were uniform spherical nanoparticles with
a mean diameter of approximately 100 nm. The MSN that has
been synthesized here is of type MCM-41, which is defined by
its uniform two-dimensional (2D) hexagonal p6m mesopores.
This type of MSN is chosen due to its simplicity in synthesis
and is one of the most popular choices of MSN for drug deli-
very applications.*® This highly ordered mesoporous network
with a hexagonal array could be clearly seen from the TEM
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Fig. 1 Transmission electron micrographs of bare MSN (a), AuNPs-
capped-MSN at pH 5 (b) and pH 4 (c) after 20 h. Arrow indicates aggre-
gated gold nanoparticles. Samples were obtained by dropping 5 pL of
PBS solution with different pH containing 0.1 mg mL~! AuNPs-capped-
MSN or MSN onto carbon-coated copper grids, and then dried for 10 h
in air.

images and was also confirmed by XRD measurements
(Fig. S47). The three well-resolved diffraction peaks observed in
the XRD pattern of MSN, assigned as (100), (110) and (200)
planes, are consistent with the characteristic diffraction
pattern of MCM-41 type MSN.>”*®

The successful immobilization of AuNPs on the MSN
matrix is confirmed by various analytical and microscopic
methods. As shown in Fig. S4a,f the immobilization of the
surface functionalized AuNPs to the MSN material reduced the
intensity of the powder X-ray diffraction (XRD) peaks. Such a
reduction of scattering contrast between the pores and the
framework of the MCM-41 materials due to the pore-filling
effect has been reported previously in the literature.”® ** Com-
pared with the d,o, value of the MSN material, a small increase
in the d,oo value of AuNPs-capped-MSN was observed. The
decrease of the djo, values may be attributed to the ligand
linkage induced pore-filling effect between the AuNPs and the
mesoporous silica matrix.>® Fig. S4bt shows the high-angle
XRD diffraction patterns of the AuNPs-capped-MSN within the
26 range of 30°-90°. As can be seen from this figure, four
typical reflections of Au atoms are observed that can be attri-
buted to the diffraction of (111), (200), (220) and (311) lattice
planes of the AuNPs attached to the mesoporous silica.”®*?

TEM investigations of the AuNPs-capped-MSNs also pro-
vided direct evidence of the AuNPs distribution on the functio-
nalized MSN material (Fig. 1b). Individual AuNPs are clearly
visible on the outside of the MSN. Furthermore, scanning elec-
tron microscopy (SEM) was also used to investigate the AuUNP
coverage on the MSNs because of the dramatic increase of

This journal is © The Royal Society of Chemistry 2014
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conductivity that results from AuNP attachment onto the MSN
particles. As shown in Fig. S5,f comparing before and after
attachment of AuNPs, the image of as-prepared MSNs has no
obvious features present. On the other hand, after modifi-
cation with AuNPs, a clear image of MSNs with a large number
of bright dots was observed on the SEM micrograph.

Next, the total surface areas and the average pore diameters
of MSN and AuNPs-capped-MSNs were analyzed by N, adsorp-
tion/desorption measurements. As shown in Fig. S6a,f the
BET isotherms of the unmodified MSN exhibited the charac-
teristic type IV N, adsorption/desorption patterns according to
the IUPAC classification, with well-defined steps at relative
pressures P/P, of 0.4-0.8, which indicated that the material
possesses both uniform mesoporous channels and narrow
pore size distribution.®® After AuNPs capping, the N, adsorp-
tion/desorption isotherms of the AuNPs-capped-MSNs dis-
played a relatively flat isotherm, which is quite different from
that of the pure MSNs. The specific surface area of the MSN
was calculated to be 1100 m* g~* (surface BET) and the cumu-
lative pore volume was found to be 1.75 cm® g~'. After AuNPs
capping, the values of calculated specific surface area and
cumulative pore volume decreased to about 200 m> g~ and
0.6 cm® g7 respectively. Furthermore, the average pore size
decreased from 3.9 nm for the unmodified MSNs to lower than
2.0 nm for AuNPs-capped-MSNs (Fig. S6bt). All these results
are in agreement and suggest that the majority of the pores
have been capped by AuNPs.

The 1-cysteine functionalized AuNPs and MSN-NH, mixed
system in the presence and absence of Cu** have been investi-
gated to understand the interaction between AuNPs and
MSN-NH,. As can be seen in Fig. S7,T a very high density of
AuNPs were found on the surface of MSN for the mixed system
when Cu®" is present. However, the surface coverage of AuNPs
is extremely low for the case when Cu®" is absent, which shows
the ion-ligand interaction is the main interaction to attach
AuNPs to MSN instead of electrostatic interaction. More direct
evidence was presented by the IR spectrum (Fig. S8 and
Table S1t). As can be seen from the IR results, a lowering of
the vcoos) band and an increase of the vcoons) band are
observed after coordination of Cu®*, due to the generation of
the Cu-O ligand and partial reconstruction of C-O double
bond after forming the ligand. Moreover, the Syy band dis-
appeared in the IR spectra of the complexes compared to the
position of these bands in the IR spectrum of MSN-NH, and
L-cysteine functionalized AuNPs, which means the forming of
ion-ligand between -NH, and Cu®*. All these observations
suggest that the coordination of the r-cysteine through -NH,
and -COO- group in a bidentate fashion.

3.2 Stimuli responsive drug release

3.2.1 pH-responsive drug release. The drug release behav-
iors of AuNPs-capped-MSNs were studied in PBS buffer as a
function of pH (7, 5, 4.5, and 4) at room temperature using flu-
orescein sodium as a model drug. The pH-triggered release of
fluorescein sodium was monitored by fluorescence emission
spectroscopy at 520 nm. It can be seen from Fig. 2 and Fig. S9t

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 pH-dependent release kinetics of fluorescein sodium loaded
MSNs comparing to the free release from unmodified MSN. The figure is
represented by B (pH 7 for AuNPs-capped-MSN), O (pH 5 for AuNPs-
capped-MSN), A (pH 4.5 for AuNPs-capped-MSN), & (pH 4 for AUNPs-
capped-MSN), x (pH 7 for MSN). The drug release percentage (normal-
ized fluorescein release) is calculated by the weight of released drug in
PBS solution divided by the initial weight of drug in MSN.

that the drug release rate from AuNPs-capped-MSNs is pH
dependent. The cumulative release of fluorescein sodium
reached up to 90% after 20 h at pH 4, much higher than that
at pH 4.5, which was 32% after 20 h. Importantly, the system
has no observable release of drug at pH > 5 indicating the on-
off aspect of the system with the appropriate stimuli. Drug
release behavior of MSNs without AuNP capping were also
investigated in PBS buffers with pH 7, pH 5 and pH 4 as
control experiments. As can been seen in Fig. S107 and Fig. 2,
in the absence of AuNPs there is no significant relationship
between the release rate and the pH. This confirms the pH
effect is based on the interaction between AuNPs cap and
MSN.

The observed pH-dependency of drug release can be under-
stood by considering the {-potential of the 1-cysteine modified
AuNPs (Fig. 3). At pH > 5, the 1-cysteine AuNPs are negatively
charged and tend to be electrostatically attracted to the proto-
nated amino groups on the MSN surface. The addition of Cu**
ions allows for a network of AuNPs to form around the MSN
due to metal chelation by free carboxy and amino groups from
both AuNPs and MSN.**> with the decrease of pH below 5,
more of the r-cysteine on the surface of the AuNPs is

40 « N L-cysteine modified AuNPsI
y S ® - AuNPs-capped-MSN
> ~

S 204
E
2 o0
c
3
2 .20
B
]
N

-40

3 4 5 6 7

pH

Fig. 3 pH dependence of the zeta potentials of L-cysteine modified
AuNPs (®) and AuNPs-capped-MSN (m).
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protonated creating electrostatic repulsion between r-cysteine
modified AuNPs and NH;" groups on the modified MSN. This
results in dissociation between AuNPs and MSNs so that the
AuNPs caps are removed and the drug is released. {-Potential
measurement of both r-cysteine modified AuNPs and AuNPs-
capped-MSN at pH 4 indicates that they are both positively
charged, giving rise to electrostatic repulsion. It is also impor-
tant to pinpoint that the stability constant log # of Cu®>*-NH,
and Cu**-i-cysteine is 3.4 and 13.72 respectively.®®®” The weak
interaction between Cu®* and NH, group provides a potential
breaking point for the removal of the AuNPs caps. Direct evi-
dence of the removal of AuNPs was observed by TEM and SEM
images. As can be seen from Fig. 1c and Fig. S5c¢,T most of the
AuNPs were removed from the surface of MSN when the
system pH reaches 4. The removed AuNPs do not distribute
well but appear to be aggregated from observation based on
TEM. DLS analysis of the AuNPs-capped-MSN solution at pH 4
provided the further evidence that the aggregation occurs in
solution, and not from the drying process during the prepa-
ration of TEM or SEM samples. As can be seen from Fig. S11,
in DLS measurements at pH of 4, besides the sharp peak of
MSN at 150 nm, a broad peak distribution from 4 nm to
150 nm is also evident in the size distribution which is attribu-
ted to aggregates of AuNPs released from the surface of the
MSNE.

TGA analysis of the system (Fig. S121) showed that the per-
centage of model drug that could be incorporated in the
system is 28% (w/w). That is, in the fully-loaded system, for
every 1000 mg of drug loaded AuNPs-capped-MSN, there is
280 mg of drug incorporated. It is also of interest to investigate
the dose of Cu®" delivered in this system. Inductively coupled
plasma mass spectrometry (ICP-MS) was used to investigate
the content of Cu®" at different parts of the AuNPs-capped-
MSN during the drug delivery process (free Cu®" in aqueous
solution, combined with MSN or combined with AuNPs) at
pH 7 and pH 4 (Table S21). As can be seen from Table S2, the
total amount of Cu”” in this system is 3.91 mg per 1000 g
AuNPs-capped-MSN. With removal of the particles, the remain-
ing solution is shown to have only trace amounts of Cu**
(0.06 ppm) indicating that the majority of Cu®" still remains
associated with the AuNPs or the MSN.

From the TGA and ICP-MS data, it is possible to calculate
the ratio of MSN : drug : Cu is 1:0.39:3.9 x 10~°. According to
the literature, typical weekly doses for the common anti-cancer
drug, doxorubicin, is around 20 mg,*®®® which means the
weekly dose of the AuNPs-capped-MSNs is less than 51.2 mg,
and the weekly dose of Cu*" is less than 2 x 10™* mg, which is
0.00095% of daily recommended intake of copper for adult
males.”®

3.2.2 ATP-responsive drug release. The time-dependence
of model drug release from the MSNs was monitored in the
presence of 10 mM ATP at pH 7. As seen in Fig. 4, the emission
intensity of fluorescein sodium begins to increase almost
immediately following the addition of ATP, indicating rapid
release. The emission intensity asymptotically approaches its
maximum value after round 800 min. Prior to the addition of
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Fig. 4 (a) Time-dependent fluorescence spectrum of fluorescein
sodium solution in PBS by adding adenosine triphosphate (ATP). (b) The
percentage of the fluorescein sodium released from AuNPs-capped-
MSN versus the incubation time in PBS with () and without (®) 10 mM
ATP.

ATP, and in the control sample omitting ATP, the emission
intensity of fluorescein sodium shows negligible increase, indi-
cating that the fluorescent dye remains trapped in the pores of
the silica particles. The data shows that the AuNPs cap could
be removed from the MSNs upon introduction of ATP. We
suggest a competitive binding mechanism is responsible for
the AuNP removal. The ATP can disrupt the AuNP capping
layer by chelating with Cu®", as the stability constant of the ion
ligand bond between Cu®" and ATP is 10.34.”" TEM and SEM
were used to verify the release of the AuNP caps due to ATP
addition. As can be seen from Fig. 5 and Fig. S13, most of the
AuNPs were stripped from the surface of MSN, which gives
direct evidence of AuNPs dissociation caused by ATP addition.
It should be noted that aggregated AuNPs were observed after
exposure of the AuNPs-capped-MSN to ATP, similarly to the
case with pH response. In addition, the amount of released
model drug from the AuNPs-capped-MSNs was dependent
on the concentration of ATP (Fig. S14}). In a lower ATP

Fig. 5 Transmission electron micrographs of AuNPs-capped-MSN after
adding 10 mM adenosine triphosphate (ATP) for 20 h. Arrow indicates
aggregated gold nanoparticles. Samples were obtained by dropping 5 pL
of PBS solution containing 0.1 mg mL™* AuNPs-capped-MSN and
10 mM ATP onto carbon-coated copper grids, and then dried for 10 h
in air.

This journal is © The Royal Society of Chemistry 2014
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concentration regime (0-4 mM), the release percentage of the
model drug after 20 h slowly increased with an increase in the
amount of ATP added. This dependence of model drug release
with respect to ATP concentration is important because the
concentration of ATP outside of the cell is far lower than 1 mM
and the concentration of ATP inside cell is between 1 mM to
10 mM.*”*® This ATP concentration dependence ensures that
the AuNPs-capped-MSN drug delivery system will only release
drug inside cells. ICP-MS was also performed on the AuNPs-
capped-MSN in the presence of 10 mM ATP at pH 7, indicating
that the system also has the ability to restrict the release of
free Cu®>" with an even lower level of Cu>* observed (0.02 ppm)
when the trigger of drug release is ATP instead of pH.

3.3 Cellular internalization and delivery studies

Having demonstrated stimuli-responsive behavior of the
AuNPs-capped-MSN drug delivery system, cellular uptake
experiments were performed in order to confirm a possible
therapeutic application of these nanoparticles as drug carriers.
In this case, experiments employing HeLa cells were con-
ducted. As can be seen from Fig. 6b, green fluorescence was
observed in the cytoplasm of HeLa cells after 2 h incubation
with fluorescein sodium loaded AuNPs-capped-MSNs (50 pg
mL™"). The inhomogeneous fluorescence distribution suggests
that the AuNPs-capped-MSNs were taken up by endosomes.
After incubation for 6 hours, as can be seen from Fig. 6c,
green fluorescence homogeneously filled the whole cells and a
small amount of green fluorescence appeared in the cell
nucleus (setting the background as 0, the relative fluorescence
intensity of cell nucleus and cytoplasm is 55 and 122,

.

Fig. 6 Optical microscope images (left), fluorescent images (middle)
and overlay images (right) of HeLa cells before (a) and after incubation
with fluorescein sodium loaded AuNPs-capped-MSN for 2 h (b) and 6 h
(c). The insert numbers are the relative fluorescence intensity (arbitrary
units) at different parts of the cells.
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respectively). It has previously been shown that MSNs with size
larger than 50 nm cannot enter the cell nucleus,”” which leads
us to believe that the green fluorescence in the cell nucleus is
due to free fluorescein sodium released from AuNPs-capped-
MSNs. This result suggests that the fluorescein sodium mole-
cules were released from the MSN intracellularly. The control
samples without any nanoparticles do not exhibit extensive
fluorescence.

3.4 Invitro cell uptake and cytotoxicity

The in vitro cell cytotoxicity of MSNs, AuNPs, and AuNPs-
capped-MSNs was tested on HeLa cells using the MTT assay. It
can be seen from Fig. 7 that the AuNPs-capped-MSNs showed
no obvious cytotoxic effects on the HeLa cells at 6.25-100 pg
mL™" after incubation for 24 h and 48 h. At AuNPs-capped-
MSN concentrations as high as 100 ug mL™", the cell viability
was about 80% even after incubation for 48 h. These results
demonstrate that the AuNPs-capped-MSNs are well-tolerated,
even at higher concentrations. Other groups have reported that
the concentration of MSNs required for effective drug delivery
to kill cancer cells is lower than 10 pg mL™".°®> Therefore, the
AuNPs-capped-MSN system is suitable for use as the drug car-
riers in controlled drug delivery systems.

To determine the specific endocytic pathway of MSNs
uptake, endocytosis inhibition studies were carried out in
which common chemical inhibitors of clathrin-dependent
(CDE) and clathrin-independent (CIE) endocytosis were
employed. Chlorpromazine, an inhibitor of CDE, is a cationic
amphiphilic molecule which translocates clathrin and its
related proteins to intracellular vesicles thus suppressing
the formation of clathrin coated pits.”® Caveolae-mediated
endocytosis was inhibited by the tyrosine-kinase inhibitor
genistein.”*

Inhibitor specificity for the CDE and CIE inhibitors was
established in HeLa cells by their ability to block uptake of
molecules known to be internalized via the specific endocytic
pathway with minimal toxic effects. In the case of CDE, uptake
of human transferrin receptor (hTf), known to be taken up via
CDE, was effectively blocked via treatment with chlorprom-
azine (Fig. S151) with little change in cellular morphology and

&

120{E=] 100 mg/m! 21 50 mg/mi E) 25 mg/mi b

(1100 mg/mi 72222 50 mg/mi 253 25 mg/mi
[ 12.5 mg/ml =) 6.25 mg/mi, !
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MSN AuNPs AuNPs-MSN MSN AuNPs AuNPs-MSN

Samples Samples

Fig. 7 Cell viability of Hela cells exposed to different concentrations of
MSNs, AuNPs and AuNPs-capped-MSNs, as determined by the MTT
assay. Materials at the indicated concentrations were incubated with
cells for 24 hours (a) and 48 hours (b). For each sample, columns rep-
resent 100 mg mL™% 50 mg mL™ 25 mg mL™% 125 mg mL7?
6.25 mg mL™* respectively from left to right.
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minimal cell death. Lactosylceramide (LacCer) uptake, which
is known to be taken up via CIE,”>’® was effectively inhibited
via tyrosine kinase inhibitor genistein (Fig. S16T). Once the
specificity and effectiveness of these particular inhibitors was
established, HeLa cells were first exposed to one of the above
mentioned CDE or CIE inhibitors followed by incubation with
FITC labelled MSNs and examined via confocal microscopy
(Fig. 8). Clathrin dependent endocytosis appears as the domi-
nant uptake mechanism for the MSN’s with little to no par-
ticles apparent in the cytoplasm of cells treated with
chlorpromazine. Furthermore, genistein had little to no effect
on uptake. Clathrin dependant uptake has been shown in pre-
vious studies to dominate in the uptake of certain MSN
formulations.””””® Hao et al. demonstrated that particle shape
and aspect ratio had a major effect on the uptake route of
MSNs, with CDE dominating the uptake of spherical MSN,
while CIE routes dominated the uptake of MSN with larger
aspect ratios in HeLa cells.”®

Fig. 8 Endocytosis inhibition of FITC labeled MSNs. Cells were incu-
bated for 2 h in either (A,D) Optimem or (B,E) Optimem containing
10 mg mL™* chlorpromazine or (C,F) Optimem containing 200 mM gen-
istein. Cells were rinsed with PBS and then incubated with FITC labeled
MSNs for 1 h prior to imaging. Green: FITC labelled MSNs, blue: Hoescht
33342 live nuclear stain.

128 | Biomater. Sci,, 2014, 2, 121-130

View Article Online

Biomaterials Science

The in vitro release of an anticancer drug from the AuNPs-
capped-MSNs was also performed by using Dox. Fig. S177
shows the Dox release behavior of AuNPs-capped-MSNs
in PBS buffers as a function of pH (7 and 4) at room temp-
erature. The pH-triggered release of Dox was monitored by
fluorescence emission spectroscopy at 590 nm. As can be seen
from the figure, there is almost no Dox release after 20 h
under pH 7. However, the cumulative release of Dox reached
up to 87% after 20 h at pH 4 indicating that the low pH could
effectively trigger the Dox release. The ATP triggered Dox
release from the MSNs was monitored in the presence of
10 mM ATP at pH 7. As seen in Fig. S18,1 the emission inten-
sity of Dox begins to increase almost immediately following
the addition of ATP, indicating rapid release. The emission
intensity asymptotically approaches its maximum value after
approximately 1200 min while prior to the addition of ATP, the
emission intensity of Dox shows negligible increase, indicating
that the Dox remains trapped in the pores of the silica par-
ticles. Moreover, HeLa cells were used to investigate the in vitro
drug release in biological system. As can be seen from
Fig. S19,T the Dox loaded MSN shows high toxicity to the HeLa
cells after 24 h and 48 h, which means the Dox was success-
fully released from the uptaken MSN and killed HeLa cells.
Moreover, HeLa cells show much lower viability after 48 h,
which suggests the sustained release ability of the AuNPs-
capped-MSN for long time treatment. These results present the
successful in vitro release of real anticancer drug from our
AuNPs-capped-MSNs.

The comparison between free Dox and Dox loaded AuNP-
capped-MSNs were also performed. As can been seen from
Fig. S20,T the free Dox and Dox loaded MSN all show toxicity
to HeLa cells after 24 h incubation. The free Dox killed the
cells more rapidly, but the effect does not be continued for
long time periods and it did not have stimuli targeting mech-
anism that the particles possess.

4. Conclusions

A mesoporous silica-based system for loading and releasing
drug molecules was developed using a capping concept where
the release is controlled by the removal of AuNP caps that
block the pores of the MSNs. The capping is achieved using
NH,-group modified MSNs, Cu*" ions and 1-cysteine function-
alized gold nanoparticles. Both pH and ATP concentration can
trigger the release of the caps and hence delivery of the drug.
In relation to the pH-controlled delivery, the release of the
drug is inhibited at pH above 5, whereas there is rapid release
of the guest molecule from the mesoporous silica host at pH
below 5. The pH-controlled “opening” mechanism is associ-
ated with the switch in the {-potential of the cysteine-coated
AuNPs from negative to positive at pH < 5. At the same time
the use of Cu®" ligands also opens up the possibility of ATP as
a suitable stimulus for release procedures. This is related to
the disruption of the capping by formation of ion-ligand bond
between Cu®' and ATP. Under both stimuli, the AuNPs remain

This journal is © The Royal Society of Chemistry 2014
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associated with Cu®" after leaving the MSN surface, allowing
the release of the entrapped drugs and minimal release of
Cu*". Both low pH and ATP biologically-relevant stimuli are
appealing methods of releasing entrapped guest molecules
within either the lysosome (low pH) and/or the cytosol (con-
tains high concentration of ATP) respectively. The incorpor-
ation of both pH and ATP responses provides multiple routes
for intracellular drug release and represents a novel strategy
for maximizing drug delivery. The modular nature of the con-
struct means that the system has wide applicability for con-
trolled delivery purposes and is demonstrated here for the
delivery of the anticancer drug doxorubicin to cancer cells
under stimuli responsive conditions.
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