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A novel pH- and glutathione-responsive drug delivery system has been developed by deposition of tannic acid (TA) -Fe(lll)

complex on the surface of mesoporous silica nanoparticles (MSN). The coating was easily accomplished within 30 seconds

by successive addition of iron chloride (FeCl;) and tannic acid in aqueous dispersion of MSN (e.g. MCM-41). A hydrophobic

model drug, curcumin, showed sustainable drug release under physiological condition (pH 7.4), while a rapid curcumin

release was triggered by lowering the pH to 6.0 or 4.5. Moreover, curcumin release could be controlled by adjusting the

glutathione level, which accelerate the decomposition of TA-Fe(lll) complex by competitive liganding. Therefore, these

results would allow developing novel and simple pH- and glutathione-responsive drug delivery systems with potential

applications such as in biomedicine.

Introduction

In the past decade, mesoporous silica nanoparticles (MSN)1
have attracted great attention as a potential drug delivery
system (DDS) owing to their unique properties such as tunable
pore size, good
biocompatibility, and easy synthesis and functionalization. s

large pore volume and surface area,

In addition, mesoporous silica nanoparticles are able to load
and protect a wide range of therapeutic molecules during drug
deIivery.G'7 Especially, a stimuli-responsive drug delivery
system is of high interest in clinical medicine to enhance
therapeutic efficiency by minimizing the side effect and
controlling drug release.®. Numerous stimuli-responsive drug
delivery system based on MSN have been proposed,
demonstrating controllable drug release under different
external or initial stimuli such as Iight,g'10 pH variation,“’12
enzyme,13 temperature,14 or magnetic field.” The main idea of
designing stimuli-responsive mesoporous silica as drug delivery

system relies on the surface functionalization with a

. . . 16-18 .

gatekeeper (i.e. metallic nanoparticle, organic
19,20 . . 21,22 23

molecules, ), targeting ligands, or polymers™ for

mesopore sealing. In addition, organic-inorganic hybrid
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mesoporous silica materials have also been developed using
solid lipid nanoparticles (SLN),M'25 micelles,zs’27 with some
advantages over conventional MSN, such as a high drug
loading  capacity. Nevertheless, the  synthesis of
aforementioned stimuli-responsive drug delivery systems
consists in a multi-step strategy, especially during the gate-
sealing step.zs'29 Therefore, it is necessary to design novel drug
delivery system based on mesoporous silica with a simplified
method for the industrial production. Among the synthetic
strategies proposed, the surface coatinggo'33
straightforward approach because it could be easily scaled up,
since the essential techniques like spray drying, have been
widely adopted in pharmaceutical industry.34

Indeed, the development of pH- or glutathione-responsive
drug delivery system has been one of the main topics for
scientists, because the cancer tissues show generally more
acidic environment, and their glutathione (GSH) level are also

appears to be a

4-fold higher than those of normal tissues.* Thus, the drug
carrier should be stable at physiological condition (pH 7.4)
without drug release to reduce the side effect on normal
tissue. However, the carrier has to release the encapsulated
drug when it reaches a slightly lower pH zone such as in cancer
tissue (pH 5 - 6). In addition, for more efficient targeting drug
delivery, it is also preferred that drug release is controlled by
glutathione concentration level. For this goal, a gatekeeper
approach already showed its excellent efm‘iciency.36’37 However,
metallic nanoparticles as keepers could induce toxicity38, which
might limits their practical applications.

Very recently, an extremely rapid, one-step coating method
using coordination complex of natural polyphenols, tannic acid
and Fe(lll) ions has been reported.39’40 The resulting film
prepared using this complex showed pH-dependent behavior,
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with a good stability above pH 7 due to multivalent
coordination. Afterward, the film becomes less stable as the
pH decreases, forming a bis-complex, then a mono-complex
between tannic acid and Fe(lll) Moreover, the
decomposition rate of tannic acid-Fe(lll) complex could be
controlled by addition of strong ligand such as EDTA.

In this framework, we designed herein a new drug delivery
system using tannic acid-Fe(lll) complex deposition on the
outer surface of mesoporous silica nanoparticles (MSN-TA),
with the aim to provide pH- and glutathione-responsive drug
release, to inhibit burst release at early stages as well as to
the bioavailability. Tannic acid-Fe(lll) complex
deposition was conducted by a successive addition of Fe(lll)
and tannic acid into the aqueous dispersion of mesoporous
silica nanoparticles within 30 seconds. The resulting silica
nanoparticles were characterized by various techniques,
including small and wide angle X-ray scattering (SAXS and
WAXS), nitrogen adsorption/desorption measurements,
dynamic light scattering (DLS), diffuse reflectance UV-vis (DR
UV-vis) spectroscopy, and scanning and transmission electron
microscopies (SEM and TEM). To demonstrate the potential
application of novel MSN-TA, in vitro curcumin release
experiments were carried out, showing a significant
suppression of drug release at pH 7.4, while a fast but
sustained curcumin release was observed below pH 6. It was
also shown that glutathione (GSH), which would also induce a
competitive liganding with Fe(lll), can trigger the curcumin
release. In addition, tannic acid is generally recognized as safe
(GRAS) ingredient by the U.S. Food and Drug Administration.*!
Cell viability tests were also performed and showed that the
newly designed mesoporous silica nanoparticles have potential
for in vivo applications.

ions.

increase

Experimental
Chemicals

Tetramethylorthosilicate (TMOS), tetraethylorthosilicate
(TEOS), Pluronic P123 and hexadecyltrimethylammonium
bromide (CTAB), tannic acid (TA), sodium hydroxide (NaOH),
glutathione (reduced form (GSH)), curcumin, sodium dodecyl
sulfate (SDS) and thiazozyl blue tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich. Ethanol, methanol and
iron (lll) chloride (FeCl;) was purchased from Alfa Aesar.
Deionized water was purified using a Milli-Q pack system. All
reagents were used as received, except phosphate buffered
saline (PBS), which was sterilized before use.

Synthesis of mesoporous silica nanoparticles, MCM-41

MCM-41 was synthesized as previously reported.“z‘43 Briefly,
300 mg of CTAB was dissolved in 120 g of deionized water at
35°C and kept under stirring to obtain a clear solution. Then,
0.35 mL of 2M NaOH solution was added, and the mixture was
heated to 80°C. Afterward, 0.67 ml of TEOS was added as silica
precursor, kept under continuous stirring for additional 2 h.
The as-synthesized product was filtered and washed with

2| J. Name., 2012, 00, 1-3

deionized water then calcinated at 550°C for 5 h, giving
mesoporous silica nanoparticles of MCM-41 type.

Curcumin loading into MCM-41

Curcumin loading was performed using a rotavapor as
reported in the literature.** Briefly, 10 mg of curcumin was
dissolved in 5 mL of methanol, and then 100 mg of MCM-41
was added to this solution. The mixture was sonicated for
5min, and the solvent was slowly removed using rotary
evaporator at 50 °C for 2 h. This product was kept at 30 °C for
more than 24 h to remove the residual solvent. Dried curcumin
loaded mesoporous silica nanoparticles are denoted as MCM-
41-CU.

Coating of curcumin loaded MCM-41 using tannic Acid-Fe(lll)
complex

Deposition of the tannic acid-Fe(lll) complex on MCM-41 was
conducted by the method reported by Ejima et al.* with slight
modifications. In brief, 0.020 mL of tannic acid solution (24
mM) and 0.020 mL of FeCl; solution (24 mM) were added to 4
mL of MCM-41-CU (1 mg/ 1 mL) under vortex stirring for 30
seconds. 0.15 mL of phosphate buffer solution (pH 8.0, 100
mM) was added to the mixture to raise the pH value around
7.2. The resulting suspension product was decanted and then
the supernatant was removed. The silica materials were
filtered and washed with 3 mL of deionized water for 3 times
to remove any residual tannic acid-Fe(lll) and phosphate salt,
then dried at 35 °C for 48 h. The final products, tannic acid-
Fe(lll) complex coated curcumin loaded silica materials are
denoted as MCM-41-CU-TA. Multi-layer coating of curcumin
loaded silica materials was performed on MCM-41-CU-TA by
repeating the procedure described above up to 3 times, and
the product is denoted as MCM-41-CU-TA-n, where n is the
number of repeated coating process. Besides, tannic acid-
Fe(lll) complex coated silica materials without curcumin
loading were also prepared to calculate the weight percentage
of tannic acid-Fe(lll) complex deposited on the surface of silica
materials, and the sample is denoted as MCM-41-TA.

In vitro drug release experiments

Release experiments were carried out for MCM-41-CU and
MCM-41-CU-TA. The appropriate amount of material
containing 1 mg of curcumin was weighted and dispersed in 75
mL of 0.3 wt% of CTAB contained dissolution medium (pH 7.4,
6.0 and 4.5) using phosphate or acetate buffer system. The
ionic strength of the receiving phase was adjusted to 10 mM in
the experiments at various pH values, and to 30 mM in the
experiments of GSH-triggered release. The release
experiments were maintained at 25°C under magnetic stirring
at 100 rpm. At predetermined times, 1.5 mL aliquots were
withdrawn and replaced by an equal volume of dissolution
media. The withdrawn samples were centrifuged at 5000 rpm
for 5 min and the supernatants were filtered on a 0.45 um
membrane filter. The released curcumin was analysed using a
UV-Vis spectrometer and its concentration was calculated

This journal is © The Royal Society of Chemistry 20xx
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using a standard curve of curcumin established for each
dissolution medium. The cumulative release percentage was
calculated using a dilution factor correction. All data reported
are the mean value with standard deviation of at least three
different experiments.

Cell line and culture conditions

MRC-5 (ATCC CCL-171) human lung fibroblasts were used as
model for cytotoxic assays. Cells were grown in Minimum
Essential Medium (MEM, 31095-029, Life Technologies-Gibco)
supplemented with 10% heat-inactivated fetal calf serum
(CVFSV00-0U, Eurobio, Courtaboeuf, France) and 2 mM L-
glutamine (G7513-100ML, Sigma Aldrich), at 37°C in a 5% CO,
humidified atmosphere.

Cytotoxicity assay on MRC5 cell line

The impact of MCM-41, MCM-41-CU, MCM-41-CU-TA, and
MCM-41-TA (without curcumin) on cell viability was evaluated
by the MTT assay45 based on the reduction of MTT by
mitochondrial succinate dehydrogenase into purple formazan
in living cells. Cells were plated at 10* cells per well in 96-well
tissue culture plates (83.1835, Sarstedt) and grown for 24
hours at 37 °C in a 5% CO, atmosphere. Then medium was
discarded and replaced by fresh medium containing increasing
amounts of tested silica nanoparticles (range 1 to 150 uM
curcumin equivalent) previously dispersed in the medium.
Three different controls were added: medium alone, cells in
medium and 150 pM curcumin equivalent in medium. Each
condition was repeated in eight wells. After 48 h of incubation,
medium was discarded and cells were washed with PBS.
Hundred microlitres of medium containing 0.5 mg/mL MTT
previously prepared in PBS, were added to each well and the
plates were incubated for 4 hours at 37°C. Then formazan
crystals were dissolved by the addition of 100 pl of SDS (100
pg/mL) and incubation for 3 hours in 37°C. Finally absorbance
was measured at 540 nm vs 690 nm using a 96-well plate
reader (Multiskan EX, Thermo Electron Corporation).
Percentages of survival and half maximal inhibitory
concentration (ICso) were then calculated.

General Characterization

Small and wide angle X-ray scattering (SAXS and WAXS)
measurements were carried out on a SAXSess mc’ (Anton
Paar) apparatus, using a line-collimation system. This
instrument is attached to an ID 3003 laboratory X-Ray
generator (General Electric) equipped with a sealed X-Ray tube
(PANalytical, A ¢, kg = 0.1542 nm) operating at 40 kV and 50
mA. A multilayer mirror and a block collimator provide a
monochromatic primary beam. A translucent beam stop allows
the measurement of an attenuated primary beam at g=0.
Samples were sealed between two sheets of Kapton®
polyimide film, before being placed inside an evacuated
sample chamber, and exposed to X-Ray beam for 15 min.
Scattering of X-Ray beam was recorded on an Image Plate
detector, with a sample-detector distance of 261.2 mm. All the
data were then corrected for the background scattering from

This journal is © The Royal Society of Chemistry 20xx

the Kapton® and for slit-smearing effects by a desmearing
procedure using the Lake method. Transmission electron
microscopy (TEM) analyses were performed using Philips
CM200 microscope, operated at an accelerating voltage of 200
kV. Scanning electron microscopy (SEM) analyses were
performed using JEOL JCM-6000 operating at 10 kV. The
samples were prepared by deposing directly silica powders
onto carbon tape. N, adsorption-desorption isotherms were
determined on a Micromeritics Tristar 3000 sorptometer at -
196°C. The mesopore size distribution was calculated by the
BJH (Barret, Joyner, Halenda) method applied to the
adsorption branch of the isotherm. UV-Vis spectra were
recorded using a UV-Vis/NIR spectrometer (Perkin Elmer
Lamda 1050).

Results and discussion
Characterization of Materials

In this study, a hydrophobic model drug, curcumin was loaded
into mesoporous silica nanoparticles, MCM-41 and the drug
release behavior before/after surface coating using tannic
acid-Fe(lll) complex was investigated. Indeed, the applications
of curcumin have been limited because of it low water
solubility at acidic and physiological pH and its rapid hydrolysis
under alkaline conditions. In addition, its poor absorption and
rapid metabolism in the body decrease the

. . .- .7
bioavailability of curcumin.” Therefore, to overcome these

human

drawbacks, it is necessary to encapsulate curcumin into a drug
delivery system, here into mesoporous silica nanoparticles.
First, small angle X-ray scattering (SAXS) pattern of bare MCM-
41, (Fig. 1a) exhibit three well resolved peaks at 3.7, 2.1, and
1.9 nm. The ratio of these peaks is 1:v/3:2, which can be
attributed to the (100), (110) and (200) reflections of the
hexagonal structure. The corresponding cell parameter ag is
estimated to be 4.3 nm (Table 1), which is in accordance with
results presented elsewhere.***

For curcumin loaded mesoporous silica nanoparticles, MCM-
41-CU, and for tannic acid-Fe(lll) coated silica, MCM-41-CU-TA,
the spectra are superimposed to those of the bare materials.
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Fig. 1. a) SAXS patterns of MCM-41 with and without curcumin loading, and before and
after surface coating, b) WAXS patterns of MCM-41 with and without curcumin loading,
before and after surface coating, and of physical mixtures of curcumin with MCM-41.
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This indicates that the hexagonal structure is maintained, and
that neither the curcumin loading nor the tannic acid-Fe(lll)
coating seems to affect the structure of the materials.

In order to investigate the crystallinity of curcumin after
encapsulation into mesopores, WAXS experiments were
performed. As shown in Fig. 1b, most of characteristic peaks of
pure curcumin are observed for physical mixtures of curcumin
with silica nanoparticles (MCM-41-CU-MIX), suggesting that
curcumin is in its crystallized form in these materials. However,
for curcumin loaded mesoporous silica nanoparticles using
rotavapor method (MCM-41-CU) and tannic acid-Fe(lll) coated
curcumin loaded mesoporous silica nanoparticles (MCM-41-
CU-TA) no diffraction peak is observed in the high g-region,
indicating that curcumin has been well loaded and dispersed
over mesopores with an amorphous form.**

Nitrogen adsorption-desorption isotherm experiments were
performed on bare mesoporous silica (MCM-41) and curcumin
loaded mesoporous silica MCM-41-CU), showing a type IV
isotherm (Fig. 2) with a capillary condensation at a relative
pressure p/pg in the range of 0.2 - 0.4, which is characteristic
of mesoporous materials. The detailed data of surface area,
pore volume and pore diameter are given in Table 1. The
surface area and pore volume for silica materials decrease as
curcumin is loaded into mesopores, while the decrease of the
pore diameter is not significant (from 2.3 nm to 2.1 nm). It is
thus believed that during the evaporation of methanol at
curcumin loading step, given that curcumin presents a
hydrophobic nature, curcumin molecules might prefer to get
together, forming nano-scale aggregates due to the presence
of hydrophilic silanol groups on the surface.*® Indeed, the
rotavapor drug loading method has been widely employed for
hydrophobic molecules because of its simple procedure and
high drug loading efficiency that could reach around 100 %.
Moreover, by this method, the drug exhibits very low ratio of
crystalline phase that cannot be obtained by other methods
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Fig. 2. N, adsorption—desorption isotherms and pore size distribution (inset) of (a)
MCM-41, (b) MCM-41-CU

Table 1. Physicochemical properties of silica materials (MCM-41) with and without
curcumin loading®

Sample Dp (nm) Seer (mz grl) Ve (Cm3 grl)
MCM-41 2.3 838 0.52
MCM-41-CU 2.1 640 0.40

a. Dp = Pore diameter, Sger = BET surface area, Vp = Pore volume

4| J. Name., 2012, 00, 1-3

like the fluid bed, in which the fast solvent evaporation could
induce the crystallization of hydrophobic drug molecules.*®
The surface coating was then performed by adding tannic acid
and Fe(lll) ions in the aqueous dispersion of mesoporous silica
nanoparticles. The general mechanism of one-step assembly of
TA-Fe(lll) could be explained, as previously reported,39'47 by
the adsorption of free TA or small TA-Fe complexes onto the
surface of the substrate, here mesoporous silica nanoparticles
through multiple hydrogen bonding or coordination between
Fe and silanol from the silica surface.*®

The amount of tannic acid-Fe(lll) complex deposited on MSN
was also calculated, (see Sl for detailed calculation) giving that
approximately 0.102 mg of tannic acid and 0.001 mg of Fe
ions were deposited on the surface of silica nanoparticles.
Thus, the weight percent of tannic acid and Fe ions is 2.5 %
and less than 0.1 %, respectively.

The size measurement was performed using dynamic light
scattering (DLS) for MCM-41 before/after tannic acid-Fe(lll)
complex coating. (Fig. 3a) The hydrodynamic mean diameter
of silica nanoparticles is 217 nm for MCM-41, after curcumin
loading, and then tannic acid-Fe(lll) complex coating, its mean
size changed to 225 nm, and 234 nm, respectively. Then, by
multiple deposition of tannic acid-Fe(lll) complex, the mean
size increased to 248 nm, and 265 nm for 2 times (MCM-41-
CU-TA-2), and 3 times (MCM-41-CU-TA-3)
nanoparticles, respectively. The formation of multilayer of
tannic acid-Fe(lll) complex confirmed by FT-IR
measurement, showing the continuous increase of OH
stretching band and C=0 stretching band of tannic acid. (Fig.
S1) The presence of tannic acid-Fe(lll) complex in silica

coated silica

was

materials was also confirmed by the evolution of UV-Vis
diffuse reflectance spectra. (Fig. 3b) For clarity reasons, only
silica materials without curcumin (MCM-41-TA) were analyzed.
First, no significant peak was observed for MCM-41, indicating
the absence of any molecule that absorb above 300 nm.
However, one peak of MCM-41-TA was observed at 307 nm,
which corresponds to the tannic acid absorption peak
coordinated to the Fe(lll) ions, and a broad shoulder around
550 nm could be assigned to charge transfer band from a
coordinated tannic acid to Fe(lll) ions of tannic acid-Fe(lll) tris-
complex compound.‘w'48
Scanning electron microscopy (SEM) analysis was then
conducted to investigate the morphologies and the surface
properties of tannic acid-Fe(lll) complex coated mesoporous
silica nanoparticles (Fig. S2). Silica materials before/after
coating showed a spherical or ellipsoid morphology with a
particle size of ~ 150 nm that is in good agreement with the
results obtained by DLS measurements. Since the morphology
of MCM-41 silica material after tannic acid-Fe(lll) coating
(MCM-41-CU-TA) remained identical to its starting material
(MCM-41), SEM-EDS mapping experiment was performed on
MCM-41-CU-TA, showing that Fe atoms were homogenously
dispersed over silica material (Fig. S3). By spotting on several
areas using SEM-EDS beam, it was founded that iron content
on the surface of silica materials is ~ 0.2 %, (Fig. S4, Table S1),

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a) Size distribution of MCM-41 type silica materials obtained from DLS, (b) UV-
vis spectra of MCM-41 and MCM-41-TA. For clarity reasons, UV-vis measurements
were performed on the silica materials without curcumin.

which is higher than the calculated values using UV-Vis (less
than 0.1 wt.%), but seems reasonable, since SEM-EDS analysis
can measure only the silica surface.

Further evidence for tannic acid-Fe(lll) coating on the surface
of silica nanoparticles is provided by the transmission electron
microscopy (TEM) images presented in Fig. 4. First, the image
for bare MCM-41 (Fig. 4a) showed the typical well-ordered
hexagonal pore network in spherical or ellipsoid form with the
mean diameter of 155 nm with standard deviation of 27 nm,
by more than counting 20 particles. The presence of tannic
acid-Fe(lll) complex on the surface of MSN could be visualized
after coating (Fig. 4b). Especially, a zoomed image of silica
nanoparticles coated 3 times (Fig. 4c, additional image in S|
(Fig. S6a)) clearly showed the presence of tannic acid-Fe(lll)
complex coating on the surface of silica, giving the average
thickness of 16.1 nm with 4.6 nm as standard deviation, by
analyzing 20 particles. From this result, it is assumed that the
average thickness of 1 layer of coating could be of 5.3 nm. The
stability of coating as a function of pH was also monitored
using TEM analysis. The samples were prepared by incubating
mesoporous silica coated 3 times (MCM-41-CU-TA-3) in the
buffer solutions of pH 4.5 and pH 2.5 for 1 h with 15 min of
sonication. For the sample incubated at pH 4.5, (Fig. 4d) it was
found that most of tannic acid-Fe(lll) complex were removed,
and at pH 2.5, even opened mesopores were observed. (Fig.
S6b) This unique pH-dependent property of tannic acid-Fe(lll)
complex will further be discussed in in vitro curcumin release
experiments section.

In vitro release experiments

The release experiments of curcumin loaded mesoporous silica
nanoparticles (MCM-41-CU) and tannic acid-Fe(lll) coated
curcumin loaded mesoporous silica nanoparticles (MCM-41-
CU-TA) were carried out in 3 different receiving solution (pH
7.4, 6.0 and 4.5) containing 0.3 wt.% of CTAB in order to

This journal is © The Royal Society of Chemistry 20xx

100 nm

50 nm

50 nm

Fig. 4. TEM image of (a) MCM-41 (arrow indicates opened pores), (b) MCM-41-CU-TA,
(c) MCM-41-CU-TA-3 (coated 3 times), (d) MCM-41-CU-TA-3 incubated at pH 4.5

solubilize the released curcumin®® that is poorly soluble and
rapidly degraded in water.”®

During the release experiments, the sink condition was kept by
adding the same volume of receiving solution as the
withdrawn volume. As shown in Fig. 5, the curcumin release
from tannic acid-Fe(lll) coated MCM-41 is significantly
decreased compared to non coated MCM-41, and the release
profile depends on the pH values. Indeed, at pH values lower
than 2, only the mono-complex TA-CU can be formed, while at
pH values higher than 7, three moieties of tannic acid are
strongly bonded to Fe(III).39 (Fig. 8) The release of curcumin
from MCM-41-CU-TA is effectively retained at pH 7.4,
however, it is not completely suppressed, probably due to a
good permeability of tannic acid-Fe(lll) complex to small
molecules like curcumin.*’ Since the curcumin release from
tannic acid-Fe(lll) coated mesoporous silica nanoparticles
showed only tannic acid-Fe(lll) coating dependence, the
further investigations were conducted by varying some
parameters concerning tannic acid-Fe(lll) agent complex.

J. Name., 2013, 00, 1-3 | §
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Fig. 5. Cumulative release of curcumin for MCM-41-CU, and MCM-41-CU-TA

First, the concentration of tannic acid-Fe(lll) complex was
varied from 24 mM to 72 mM in order to investigate the effect
of coating agent concentration on curcumin release. As shown

50

N
(=)
1

in Fig. 6, there is no significant improvement of curcumin
release at pH 7.4, even with silica material prepared using 72
mM of tannic acid-Fe(lll) (MCM-41-CU-TA-72), giving about 40
% of curcumin cumulative release after 360 min, which is
similar to the result of the silica material prepared with 24 mM
of tannic acid-Fe(lll) complex. (MCM-41-CU-TA) However, this
is in a good agreement with the studies reported by Ejima et
= 24 mM of TA-Fe(lll) al.,39 showing that the thickness of the complex film is not
® 48 mM of TA-Fe(lll) depending on the tannic acid-Fe(lll) concentration. Therefore,
4 72 mMof TA-Fe(lll) it can be concluded that 24 mM as concentration of tannic
0 60 120 180 240 300 360 acid-Fe(lll) seems to be enough to cover all the surface of

Time (min) mesoporous silica nanoparticles during coating process.
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Fig. 6. Effect of coating agent concentration on curcumin release Afterward, the effect of multiple coating on curcumin release
was also investigated. (Fig. 7) Indeed, more tannic acid-Fe(lll)

s coating process is repeated, more curcumin release from the

silica nanoparticles is effectively retained. For example,
curcumin loaded MCM-41 coated 3 times with the complex

405 (MCM-41-CU-TA-3) showed only 17 % of curcumin release
after 360 min, while 38 %, and 28 % of curcumin release was

9

()

[72]

3

® 304 obtained for MCM-41-CU-TA (coated 1 time), and MCM-41-
f;) CU-TA-2 (coated 2 times), respectively. Thus, contrary to the
©

2 2 curcumin release result obtained by the variation of tannic
3 . = - acid-Fe(lll) concentration, the multiple coating process seems
{ =

§ i 1 more efficient to tailor the drug release profile, which should
g 20 ®  Coated 1 time be due to increased thickness of tannic acid-Fe(lll) complex as
o A ® Coated 2 times

already discussed in TEM analysis section.
To further investigate a correlation between surface properties

A  Coated 3 times

T T T T T
0 60 120 180 240 300 360

) ) of silica materials and curcumin rate release, the evolution of
Time (min)

the zeta potential of mesoporous silica nanoparticles was
monitored as a function of pH. (Fig. 9) First, after tannic acid-
Fe(lll) coating, the zeta potential slight decreased by ~ 5 mV at
pH 7.4 (cf. MCM-41-CU vs MCM-41-CU-TA or MCM-41 vs
MCM-41-TA) due to the increase of the negative charge by
non-coordinated galloyl groups of tannic acid.”” Then, in all

Fig. 7. Effect of multiple coating process on curcumin release

case the zeta potential values increase as pH value decreases
from 7.4 to 4.0, because of the protonation of silanol groups of
the silica surface. However, the increase of zeta potential is
not dramatic for tannic acid-Fe(lll) coated silica materials

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx




Page7ef9—

0
54 @
n
-104 \
<15+
£ \
= 20
3 S e
= ¢
8 25 T\i
g Y\A
& 30 =
g . :
—m— MCM-41
-35 4
—e— MCM-41-CU Y
404 —A—MCM-41-CU-TA -
—v— MCM-41-TA
-45 T T T
45 6.0 7.4
pH

Fig. 9. Zeta potential of MCM-41 silica materials as a function of pH.

(MCM-41-CU-TA, MCM-41-TA) because in the pH range
between 6.0 and 4.5, tannic acid-Fe(lll) still exists as the bis-
complex on the silica surface, which could shield silanol groups
from the solvent. As a result, the surface silanol groups for
coated silica materials are less exposed to the dissolution
medium, compared to non-coated silica materials, thus the
curcumin release could be also retained. Besides, the zeta
potential reached around 0 mV at pH 2.5 (data not shown in
Fig. 9) for all silica materials with the recovery of its original
white color for MCM-41-TA (without curcumin), which
indicates the total decomposition of tannic acid-Fe(lll) complex
as confirmed by TEM analysis.

Finally, the curcumin release in the presence of other ligand
was investigated using glutathione (GSH), which has been
considered as one of the most efficient internal triggers
because its concentration is quite different between the
exterior (2 uM) and interior (10 mM) of the ceIIs,Sl'52 and in
some cancer tissues the concentration of GSH could be 4-fold
higher than normal tissues. Moreover, since the thiol group of
GSH can generally reduces disulfide bond linker, the main
approach using GSH trigger is redox-responsive mesopores
gatekeeper. However, in this study GSH that contains
carboxylate group along with amine group, was used only as a
metal chelator that can compete with tannic acid for iron
complexation. Indeed, it was already reported that contrary to
cysteine, GSH cannot reduce Fe(lll) ions because of the
liganding that occurs between carboxylate group of GSH and
iron complex compound.53 Indeed, glutathione is already
known as a good ligand for Fe(lll) ions.>* As shown in Fig. 10,
the curcumin release from MCM-41-CU-TA was slightly
increased after adding GSH in dissolution medium of pH 7.4,
and the rate of curcumin release could be also controlled by
adjusting GSH level from 0 mM to 1.0 mM, which reaches 48 %
of curcumin release at 360 min. This could be explained by
dual effect: 1) a competitive liganding of GSH with tannic acid
and 2) slight decrease of pH from 7.4 to 7 by adding GSH.
Indeed, the stability constant (logK) of the tannic acid-Fe(lll)
complex varies with the pH and is of about 9 at pH 5-7 and
increases drastically at pH 8 (IogK=17).55 For GSH-Fe(lll)
complex, its stability constant (logK) is 11 at pH 7.>* Thus, at

This journal is © The Royal Society of Chemistry 20xx
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this pH, GSH can effectively compete with tannic acid for the
formation of Fe(lll)-complex.

60

Curcumin cumulative release (%)

104/ GSH addition = 0 mM of GSH
e 0.5mM of GSH
A 1mMof GSH
0 T T T T T T
0 60 120 180 240 300 360

Time (min)

Fig. 10. Effect of glutathione (GSH) concentration level on curcumin release

In addition to MCM-41 silica nanoparticles, the feasibility of
tannic acid-Fe(lll) coating for large pore system was
investigated using curcumin loaded SBA-15 silica materials.

100

Curcumin loaded SBA-15

~
o
1

B pH 7.4 with coating

O pH 7.4 without coating

® pH 6.0 with coating

O pH 6.0 without coating

A pH 4.5 with coating

A pH 4.5 without coating
T

Curcumin cumulative release (%)
> g
1 1

0 T T T T T
0 60 120 180 240 300 360
Time (min)

Fig. 11. Cumulative release of curcumin from SBA-15-CU, and SBA-15-CU-TA

Despite of interesting pore size of ~ 7.0 nm, (Fig. S7, S8) the
morphology of SBA-15 is not well defined, showing randomly
ordered block silica with more than 1 um in diameter, as
observed by SEM and TEM. (Fig. S9, S10) Moreover, due to its
not-well defined morphology that might cause the bad water-
dispersability, only agglomerated silica materials could be
obtained after tannic acid-Fe(lll) coating process. (Fig. S10b)

However, curcumin release from tannic acid-Fe(lll) coated
SBA-15 silica material (SBA-15-CU-TA) showed also pH-
dependent release pattern, (Fig. 8) while a burst release
phenomenon for non-coated SBA-15 (SBA-15-CU) was
observed, due to the large pores that provide high diffusion
rate. Interestingly, cumulative release values (%) after 360 min
are very close to those of coated MCM-41 silica nanoparticles,
which suggest that the decomposition process of tannic acid-
Fe(lll) complex is the crucial factor for the release of
encapsulated molecules. As a result of curcumin release
experiments, one can suggest that tannic acid-Fe(lll) complex
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coating is a powerful method for controlling the release of

encapsulated molecule, especially for bulky molecules in large

pore system. Work is underway for the fine deposition of

tannic acid-Fe(lll) on spherical silica materials with larger
56 . . . . . .

pore,”” with potential applications in pharmaceutics for a

controlled release of macromolecules, i.e. enzymes.

Cytotoxicity test

The impact of tannic acid coating of mesoporous silica
nanoparticles on cell viability was tested with MRC5 cells
(Table 2). After 48 hours treatment MCM-41 and MCM-41-TA
showed no cytotoxicity, meaning that addition of tannic acid-
Fe(lll) complex on mesoporous silica nanoparticles has no
impact on cell viability. However, MCM-41-CU and MCM-41-
CU-TA induced higher cytotoxicity compared to curcumin
alone, which is also in good agreement with previous reported
results.” As a result, mesoporous silica nanoparticles (MCM-41)
coated with tannic acid-Fe(lll) would have potential biomedical
applications, due to their biocompatibility and bioinertness.

Table 2. Half maximal inhibitory concentration (ICsq) of curcumin, MCM-41, MCM-41-
CU, MCM-41-CU-TA and MCM-41-TA for the treatment of MRC5 cells (n=2)

Curcumin ~ MCM-41°  MCM-41- MCM-41- MCM-41-
CcU CU-TA TA®
1Cso (uM) > 150 >150 22.1+3.8 20.2+3.5 > 150

a. ICso were calculated with respect to the same amount of silica as other
materials

Conclusions

It has been shown that pH-responsive curcumin-loaded
mesoporous silica nanoparticles (MSN) were successfully
prepared by deposition of tannic acid-Fe(lll) complex on the
surface of silica. Curcumin, a hydrophobic drug, was
encapsulated into mesopores using simple rotary evaporation
method, which prevent its crystallization inside pores. The
deposition of tannic acid-Fe(lll) complex on MSN resulted in
multi-responsive drug delivery carrier, which triggers curcumin
release upon the variation of pH or glutathione concentration
level. Moreover, it was also demonstrated that the
sustainability of drug release increased with the number of
deposition layers of tannic acid-Fe(lIl) complex.

Therefore, using tannic acid-Fe(lll) complex coating method is
a straightforward way to design pH- and glutathione-
responsive drug carrier with mesoporous silica materials,
showing reduced burst release, improved stability,
bioavailability and bioinertness. This strategy could provide a
general route for designing various systems, combining other
stimuli-responsive nanocarriers® or sensors.”® Moreover, due
to good biocompatibility of tannic acid,59 this method would
be also useful in various applications such as designing drug
delivery systems for in vivo biological experiments.60
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