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We designed a novel cis-platin (CP) delivery system by modification of mesoporous silica nanoparticle
(MSN) surfaces with a carboxylate group through a hydrazone bond. The further immobilization of CP
can be achieved through the coordination of the carboxylate-modified MSN surfaces with the hydroxo-
substituted CP. This new formulation can efficiently increase efficiency of both the cellular uptake and the
drugrelease under endosomal or lysosomal pHs; therefore, the anti-proliferative effect of this new formu-
lation on the colon cancer cell line (HT-29) was twenty times more than the free CP molecules. In addition,

gi{lgzredlf;ery the encapsulation of CP complexes in the confined spaces of MSNs can decrease non-specific release from
Anticancer enzymatic hydrolysis because most hydrolytic enzymes have diameters considerably greater than the
Cis-platin pore size of MSNs. The DNA fragmentation and caspase-3 activity assay showed that the apoptosis was

induced by DNA damages and then an increase in caspase-3 activity. Thus, the TA-MSN-carboxylate-CP
samples were induced cell apoptosis through the caspase-3 dependent pathway. Moreover, the hemoly-
sis assay also indicated that the exposure of the carboxylate-modified MSNs in red blood cells (RBCs) did
not observe the release of red hemoglobin from the cell lysis, and the further exposure of the TA-MSN-
carboxylate-CP complexes to RBCs also did not observe notably the lysis of RBCs under the effectively
therapeutic dosage. Therefore, our design of MSN with controllable release of CP has highly therapeutic

Controllable release

effects and is highly biocompatible; however, a low cytotoxicity and site effect were observed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been a growing trend of people suf-
fering from malignant cancer and this disease has become one
of the major causes for death worldwide. Many researches have
attempted to develop an efficient approach to cure and prevent can-
cer. For a novel therapeutic strategy, the use of nanoparticles as a
drug delivery system can provide a possible opportunity, which can
deliver drug molecules to the targeting site through the nanopar-
ticle formulation (Ferrari, 2005); therefore, an enhancement of
therapeutic efficiency by selectively increased local drug concen-
tration in the tumor tissues can be easily achieved. The nanoparticle
drug delivery system has the advantages of accumulating large
amounts of therapeutic drugs in the tumor tissues through the
passive and active targeting approach (Wu et al., 2011). For pas-
sive tumor targets, nanoparticles can increase selectivity and the
local concentration in the tumor by the enhanced permeability and
retention effect (EPR effect), which can target the high permeability
of leaky microvessels from the tumor angiogenesis (Brigger et al.,
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2002). Regarding the active target, the nanoparticle surfaces are
functionalized with targeting molecules; therefore, the nanoparti-
cles can interact with the over-expression of specific receptors in
the cancer cell surfaces (Ferris et al., 2011).

In recent years, interest in inorganic materials has arisen in the
fields of chemical, biological, and drug delivery applications. Par-
ticularly, the Mesoporous silica nanoparticles (MSNs) have recently
generated vast amounts of studies for use as a novel delivery vehi-
cle(Mamaevaetal.,, 2011)and aninvivo contrast agent (Hsiao etal.,
2008; Kim et al., 2008; Lebret et al., 2010; Lee et al., 2010) to accu-
rately control the release of therapeutic drugs (Rosenholm et al.,
2010) and genes (Suwalski et al.,2010; Torney et al., 2007). Because
of the large surface areas, large pore volumes, highly ordered pore
structures, and adjustable pore sizes, mesoporous silica has wide
and interesting applications as a support for chemical and biolog-
ical catalysts. For drug delivery applications, the abundant silanol
groups (Si—OH) that tile their pore surfaces facilitate mesoporous
silica post-synthesis modification with various organic linkers,
thereby simplifying the design of controlled-release mechanisms
and targeting approaches for the decrease of systemic toxicity
and side effects. Several research groups have also studied the
sustained-release properties of drugs loaded in various meso-
porous based materials such as MCM41S (Sun et al., 2009), SBA
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(Chenetal., 2011b), HMS (Wang, 2009), TUD (Heikkila et al., 2007),
FDU (Hartono et al., 2009), and MSU families (Tourne-Peteilh et al.,
2003). Different types of mesoporous materials with various pore
structures, pore sizes and surface functionality were designed for
the drug formulations which can enhance absorption of the poorly
soluble drug (Zhangetal.,2011) and provide sustained drug release
(Van Speybroeck et al., 2010). Vallet-Regi et al. have reported that
these versatile hosts can be applied to implantable, oral, trans-
dermal, injectable drug reservoirs (Vallet-Regi et al., 2007), and
for bone tissue regeneration (Vallet-Regi et al., 2008). Simply for
drug loading, the drug molecules can be adsorbed inside the non-
functionalized silica matrix through hydrogen bonding attractions;
however, the low affinity usually caused low loading amounts and
the burst release of the pre-loaded drug molecules. To increase the
drug loading amounts and regulate the releasing profile, the sil-
ica surfaces can be further modified with ionic charges which can
increase the electrostatic attractions between the carrier surfaces
and the opposite charges of the drug molecules (Chang et al., 2010).
Another approach to stabilize the immobilized drug molecules in
the mesoporous silica surfaces can employ the surface modification
of an organic linker, which can tether the drug molecule through a
covalent conjugation. The conjugated groups between the organic
linker and the drug molecule can be designed for different release
mechanisms such as pH variation (Knezevic et al., 2011), temper-
ature regulation (Liu et al., 2009), light irradiation (Aznar et al.,
2009), electrostatic repulsion (Lee et al., 2008), magnetic field per-
turbation (Hu et al., 2008) or enzymatic cleavaged release (Coll
et al,, 2011; Sauer et al., 2010). In addition to the sustained and
spontaneous release systems, the stimuli-responsive release sys-
tems have been widely studied recently (Gao et al.,, 2009); for
example, a cap formed (Wang et al., 2010; Zhao et al., 2010) by
a cleavage bond (Chen et al., 2011a; Giri et al., 2005) or a dissol-
uble substance (Muharnmad et al., 2011; Yuan et al,, 2011) can
be opened by the biological environments to trigger the release
of the entrapped molecules (Bernardos et al., 2010; Gan et al.,
2011). The pH stimuli-responsive controlled release systems (Gao
et al., 2010b; Sun et al., 2010) composed of oppositely charged
ionic interactions between the modified mesoporous silica surfaces
and the organic molecules have also been studied (Cauda et al.,
2010; Yang et al., 2005). A novel pH responsive controlled release
system based on the coordination bonding of metal ions and func-
tional groups in mesoporous silica has also reported recently (Gao
et al., 2010a; Zheng et al., 2011). In addition to the solid meso-
porous silica, a hollow mesoporous silica nanosphere with pore
channels penetrating from the outside to the inner hollow core can
store significantly more drug molecules than conventional meso-
porous silica(Wang et al., 2011). For the design of various releasing
mechanisms, the use of pH dependent release has great potential
in cancer therapy because the tumor tissues and the endosomal
(or lysosomal) environments have more acidic pH values (Gao
et al., 2010b). From this advantage, many studies have reported the
combination of pH-sensitive and pro-drug strategies through the
conjugation of cytotoxic drugin a carrier surface which canincrease
tumor targeting, decrease side effects and the systemic toxicity of
traditional chemotherapy (Song et al., 2007). The conjugation of
anticancer drugs to a polymer backbone or nanoparticle surfaces by
active bonds, such as acetal (Schlossbauer et al., 2011), hydrazone
(Etrych et al., 2002), or ester bonds has been reported (Xue and
Shi, 2004). Although a number of studies have confirmed endo-
somal release of the pH-sensitive formulation (Prabaharan et al.,
2009), considerable extracellular pre-release of the drug from the
hydrolysis of the drug-conjugating linker by enzymatic catalysis
remains a problem. For this reason, we grafted the drug molecules
in the nanochannels of MSN through a pH-sensitive bond which
is inherently immune to enzymatic degradation and hydrolysis
while enabling extraordinarily large loadings of drugs. The confined

spaces of the nanochannels can provide steric barriers to enzyme
entry and reaction, as most hydrolytic enzymes have diameters
considerably greater than those of the traditional functionalized-
MSN pores (2-3 nm). Therefore, drugs conjugated to the inner walls
of the MSN nanochannels through a pH-sensitive bond are largely
protected from extracellular hydrolysis and premature release. Fur-
thermore, the acidic environments of endosomal or lysosomal pHs
can diffuse protons into the nanochannels of MSNs and cleave the
labile linker tethered in the internal walls of the nanochannels.
Thus, the conjugation of drug molecules to MSN surfaces through
a pH-sensitive linker can provide a sustained released property
which can further decrease systemic toxicity by increasing tumor
targeting while the reducing fluctuations of peaks of the unutilized
drug in the extracellular plasma. In addition, the cellular uptake of
MSNs can be well controlled through the regulation of the particle
size and surface charges (Vallhov et al., 2007). When MSNs have
diameters of between 50nm and 100 nm and positively charged
surfaces, they can readily undergo endocytosis in cancer cells with
much higher cellular uptake efficiency than the passive transfer of
free drug molecules by the simple diffusion across the cell mem-
branes (Lu et al., 2009).

In this work, we reported a novel pH-sensitive release of cis-
platin, a clinically used anticancer drug for widely treating various
types of cancers, by the combination of a carboxylate group with
a pH-sensitive hydrazone bond in the MSN surfaces. For tradi-
tional cancer therapy, CP has shown the severe drawbacks of low
solubility, a lack of vivo circulation, organic toxicity and nerve
damage. To overcome the drawbacks of CP, many researches
have reported the incorporation of CP in organic and inorganic
materials (biopolymers, dendrimer, carbon nanotube, and gold
nanoparticles) through the physical adsorption (Tao et al., 2010)
or coordination from the carboxylate group which can solve some
of the disadvantages of systemic toxicity (Bhirde et al., 2009; Gu
et al.,, 2010; Malik et al., 1999; Rieter et al., 2008; Uchino et al.,
2005). Due to the good leaving group of carboxylate, the coordi-
nated CP can be efficiently released through NAD(P)H-reductase,
the high Cl~ concentration or H,O in the cytosol (Taylor et al.,
2010; Xie et al., 2010). For our approach, CP molecules can be
stabilized by being tethered to MSN surfaces through the pro-
duction of CP-carboxylate complexes inside the nanochannels.
We further incorporated CP-carboxylate complexes with a pH-
sensitive hydrazone bond to tether CP complexes to the internal
surfaces of MSNs; therefore, the release of CP-carboxylate com-
plexes from the endosomal (or lysosomal) environments of the
tumor tissues was further enhanced in the pH range of 5.0.
The combination of MSNs with a pH-sensitive release to deliver
CP has the advantages of preventing extracellular pre-release of
the CP from the enzymatic degradation and hydrolysis. Further-
more, an enhancement of CP release in the cancer cells can be
achieved through (1) the pre-hydrolysis of hydrazone bond in
endosomal (or lysosomal) environments, (2) the further reduc-
tion and release of CP molecules from the NAD(P)H-reductase
and/or glutathione in the cytosol, and (3) the sustained release
of CP molecules by the replacement of high Cl~ concentra-
tions.

2. Materials and methods
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), tetraethoxysilane
(TEOS), ethanol, acetone, ammonium hydroxide (30%), and HCl
(37%) were purchased from Acros. The n-octane was purchased
from Alfa Aesar. Potassium hydrazinocarbonyl-acetate, cis-platin,
AgNOs, acetic acid, trichloroacetic acid, sulforhodamine B, and
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trizma base were purchased from Sigma. Triethoxysilylbutyralde-
hyde, N-trimethoxysilylpropyl-N,N,N-trimethyl-ammonium chlo-
ride (50% in methanol) was obtained from Gelest. A RPMI-1640
medium, fetal bovine serum, penicillin, and streptomycin were
obtained from GIBCO/BRL Life Technologies (Grand Island, NY,
USA). A Genomic DNA purification kit was obtained from Promega
(Madison, WI). A caspase-3 colorimetric assay kit was obtained
from R&D Systems Inc. RBCs (goats) were a gift from the Hualien
District Agricultural Research and Extension Station, Taiwan.

2.2. Incorporation of trimethylammonium (TA) groups in the
frameworks of MSN (TA-MSN)

Large pore diameters of MSN samples with hexagonal well
ordered pore structures and TA-modified frameworks were
synthesized in a low concentration TEOS, surfactant (CTAB),
trimethylammonium silane and base catalyst (NH4OH) under a
two-step preparation (Lin et al., 2005). The sol-gel process, for the
co-condensation of TEOS to synthesize TA-MSN, was as follows.
First, CTAB (0.58 g) was dissolved in NH4OH (0.51 M, 300 mL) at
40°C and 5.0 g of the structural swelling agent (n-octane) was then
added. After stirring for 1h, 5mL of 0.2 M TEOS (in ethanol) was
added with vigorous stirring. After the solution was further stirred
for 5h, 5mL of 0.2 M trimethylammonium silane (in ethanol) was
added and stirred for 5min; and further, 5mL of 1.0 M TEOS (in
ethanol) was added with vigorous stirring for another 2h. The
solution was aged at 40°C for 20h. Samples were collected by
centrifuging at 12 000 rpm for 20 min, washed, and redispersed
in deionized water and ethanol three times. The solid products
were obtained by centrifugation and the surfactant templates
were removed by extraction in acidic ethanol (one batch of as-
synthesized MSN in 1.0 g of 37% HCl and 50 mL of ethanol (99.5%) at
65°C for 24 h). Further, nanoparticles were collected and washed
with 20 mL ethanol three times.

2.3. Synthesis of aldehyde-modified TA-MSN

The anchoring of aldehyde groups onto the surfaces of TA-MSN
was accomplished as follows. First, 200 mg of the extracted TA-
MSN was placed in 50 mL of toluene and stirred for 30 min. Then,
1.0 mL of triethoxysilylbutyraldehyde was then added to the result-
ing suspension and allowed to react for 20 h at 80 °C. Samples were
collected by centrifuging at 12000 rpm for 20 min, washed, and
redispersed in acetone several times.

2.4. Conjugation of hydrazinocarbonyl acetate in aldehyde
modified TA-MSN

Conjugation of pH-sensitive carboxylate groups on aldehyde-
modified TA-MSN surfaces was achieved through the nucleophilic
addition of the aldehyde and hydrazinocarbonyl acetate groups to
produce a hydrazone bond. The reaction conditions were as fol-
lows. First, 10 mg of aldehyde-modified TA-MSN was suspended
in 1.0mL of anhydrous methanol. Next, 5.0mg of potassium
hydrazinocarbonyl-acetate was added to the above solution,
followed by one drop of acetic acid. The solution was then
shaken at room temperature for 24 h. The solids of pH-sensitive
carboxylate-modified TA-MSN samples were isolated by centrifug-
ing at 12 000 rpm for 20 min, washed, and redispersed in methanol
several times.

2.5. Coordination of CP onto the pH-sensitive
TA-MSN-carboxylate samples

To increase the reactive concentration of CP in aqueous solution,
the chloro ligand of the CP molecules was replaced by the hydroxo

ligand through the reaction of CP (20 mg) in AgNOs3 solution (23 mg
in 1.5mL dd-H,0) under 37°C and kept dark for 12 h. After the
reaction, an AgCl precipitation was produced and the solution was
then centrifuged for 20min at 12 000g to remove the precipi-
tate. The supernatant containing highly water soluble CP adjusted
its pH value to 7.2 and was then diluted to 4 mL by the addition
of dd-H,0. The TA-MSN-carboxylate CP complexes were synthe-
sized by the addition of pH sensitive TA-MSN-carboxylate samples
(8 mg)in 2 mL of CP solution, the mixtures were shaken under 37 °C
and kept dark for 12 h and the TA-MSN-carboxylate-CP solids and
the un-coordination of free hydroxo-CP solution were separated
by centrifuging at 12 000 rpm for 20 min and further washed, and
redispersed in dd-H;O several times. The conjugated amounts of
cis-platin in the nanoparticles were determined by measuring the
decrease of absorption at 276 nm. Calibration experiments were
done separately before each set of measurements with cis-platin
of different concentrations. The loading percentage of cis-platin in
pH-sensitive TA-MSN-carboxylate samples was near 10.25% (w/w).

2.6. Cell culture

HT-29 (human colon cancer cell line) was cultured in an RPMI-
1640 medium supplemented with 10% (v/v) fetal bovine serum and
penicillin (100 units mL~1)/streptomycin (100 mgmL~1). Cultures
were maintained in a humidified incubator at 37 °C in 5% CO,. Mor-
phology of control cells and samples-treated cells were observed
by optical microscope (Olympus).

2.7. Sulforhodamine B assay

1 x 10% HT-29 cancer cells were seeded onto 96-well plates con-
taining RPMI-1640 medium with 10% fetal bovine serum and then
further incubated in 5% CO, at 37°C overnight. After cell attach-
ment, one group of cell line was fixed in situ with 25 pL of 50%
(w/v) trichloroacetic acid (TCA) to determine the cell number at
the time the cells received the tested drug (Ty). For the other
groups, various drug concentrations in serum free medium were
added and incubated for 4 h and then the same volume of 20% FBS
medium was added to treatment for 20 h (Tx groups). After 24h
of drug treatment, the Ty groups and the control group (Ctl: no
drug treated wells) were added into cold TCA (50 L) and incu-
bated at 4°C for 1 h. Further, the medium was removed by suction,
and washed three times with dd-H,O (200 p.L each time), and then
dried under air for 12 h. Then, 100 L of 0.4% (w/v) sulforhodamine
B solution prepared in 1% acetic acid was added to each well, and
the plates were incubated for 20 min at room temperature. The
unbound sulforhodamine B was removed and washed three times
with 1% (v/v) acetic acid. The bound sulforhodamine B was sub-
sequently soluble by addition of 10 mM of trizma base (pH 10.5),
and the absorbance was measured at 515 nm. The percentage of
growth inhibition was defined as 100 — [(Tx — Tp)/(Ctl — Tp)] x 100
(when Ty > Tg). Gl5¢ (concentration of 50% cell growth inhibition)
was defined as {100 — [(Tx — To)/(Ctl — Ty)] x 100} =50 and calcu-
lated by the SigmaPlot software.

2.8. DNA fragmentation assay

HT-29 cells (1 x 10%/mL) were treated with or without drug for
24 h, washed with PBS twice, lysed in cell lysis solution, and then
pipetted until no visible cell clumps remained. Genomic DNA was
purified by the Wizard Genomic DNA purification kit. After iso-
propanol precipitation, samples of 10 g in each lane were loaded.
The pattern of DNA cleavage was analyzed by 2.0% agarose gel elec-
trophoresis at 100V for 1.5 h in Tris-borate/EDTA electrophoresis
buffer.
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2.9. Measurement of caspase-3 activity

To determine the caspase-3 activity, we used a commercial assay
kit (caspase-3 colorimetric assay) from R&D Systems Inc. To analyze
the increased enzymatic activity of the caspase-3 class of proteases
in apoptotic cells by colorimetric reaction, we treated various con-
centration (10, 20, 50, 100, 200 p.g/mL) of TA-MSN-carboxylate-CP
for 24 h and then washed twice with PBS. Further, the cells were
collected and centrifuged (250¢g for 10 min) in a conical tube. The
cell pellet was resuspended in cold lysis buffer (about 25 L of
lysis buffer per 1 x 108 cells). After incubated on ice for 10 min, cell
homogenates were centrifuged at 10000 x g for 1 min and trans-
ferred the supernate to a new tube and kept on ice. The protein
content of the cell lysate was estimated using BCA Protein Assay.
The enzymatic reaction for caspase activity was performed by reac-
tion of cell lysate (50 wL with 200 pg of total protein) with 50 pL
of reaction buffer containing 1% (v/v) of DTT stock and then 5 L
of Caspase-3 colorimetric substrate (DEVD-pNA) was added. The
reaction mixture was incubated at 37 °C for 1h, and then read the
plate on a microplate reader using a wavelength of 405 nm.

2.10. Hemolysis assay

The method for hemolysis assay has been reported previously
(Lin and Haynes, 2010). Heparin-stabilized goat blood samples
were freshly obtained from the Hualien District Agricultural
Research and Extension Station, Taiwan. A mixed sample of 5mL
blood and 10 mL PBS was centrifuged at 10000 x g for 10 min, the
pellet of RBCs was washed with PBS (10 mL) five times, and then
50 mL of PBS was added for further dilution. To evaluate the hemol-
ysis of the various concentrations of nanoparticle exposure, the
leach of red hemoglobin in the supernatant was determined by
measurement of the absorption from the positive and negative
control experiments by incubation of RBCs with dd-H,O and PBS,
respectively. The treated condition was as the following. A 200 L
of diluted RBC suspension was added into 800 L of different con-
centrations of MSN in PBS solution by vortex and then the mixture
samples were kept at room temperature for 3 h. After the nanopar-
ticle treatment, the mixtures were centrifuged at 10000 x g for
3 min, and a 100 p.L of supernatant from each treatment was trans-
ferred to a 96-well plate. Absorbance was measured using a micro
plate reader set at 570 nm. Background correction was performed
at 655 nm. The hemolysis percentages of RBCs were defined as:

Hemolysis (%) =

sample absorption — negative control absorption

— - - — x 100
positive control absorption — negative control absorption

2.11. Characterization

FT-IR spectra were recorded on a Nicolet 550 spectrometer with
a KBr pellet. Approximately 1 mg of a sample was mixed with
300 mg of dried KBr and then pressed. The zeta potentials of various
MSN samples were measured in a Malvern Nano-HT Zetasizer. The
{-potential distribution was obtained by an average of ten mea-
surements. The samples were prepared at a concentration of 2 mg
in 1 mL of dd-H,0. The {-potential from different pH values (2-9)
was measured by an auto-titration system.

3. Results and discussion

3.1. Preparation of TA-MSNs-hydrazone-carboxylate-CP
complexes

As shown in Scheme 1, the synthesis of a pH-sensitive hydra-
zone bond of the carboxylate-modified TA-MSNs was achieved

through the reaction of hydrazinocarbonyl acetate groups with
the aldehyde-modified TA-MSN surfaces (Scheme 1a). The incor-
poration of TA groups in the frameworks of MSNs can increase the
cellular uptake through endocytosis because the positive charges
of TA groups have high affinity to the negative charged surfaces
of cell membranes. When the TA-MSNs-hydrazone-carboxylate-CP
complexes (Scheme 1b) inherently accumulate in the solid tumors
through the EPR effect, CP-loaded TA-MSN complexes have been
highly uptaken by the cancer cells and then a pH-sensitive linker
of the hydrazone bond was cleaved at the endosomal or lysoso-
mal pHs (Scheme 1c¢) to release the CP-carboxylate complexes from
the nanochannels of TA-MSNs. Furthermore, the activation of the
carboxylate CP complexes and the release of free CP molecules
were achieved by the NAD(P)H-reductase or glutathione reduc-
tion. Other mechanisms to release active CP may come from the
replacement of carboxylate coordination (a good leaving group) of
CP complexes from a strong nucleophile such as the cytosol Cl~
ions (Scheme 1d) (Gu et al., 2010). The activation of CP molecules
can further diffuse into the nucleus and covalently bind with the
DNA bases. Afterward, the cross-linked DNA transforms the DNA
conformation and influences the transcription and translation of
the cancer cells leading to irreparable DNA damage and tending to
apoptosis pathway.

3.2. Characterization of the functionalized MSN samples

To conjugate the carboxylate group through a pH-sensitive
hydrazone bond and the further coordination with CP-complexes
onto the nanochannels of MSN surfaces, we synthesized large pore
TA-MSN samples (1200 m2 g~!and 5.2 nm) by addition of a swelling
agent(n-octane). TEM images of TA-MSN-hydrazone-CP complexes
(Fig. 1) show that the sample generally has a round shape and
a uniform size, with average particle diameters of approximately
60 nm. By using n-octane as a swelling agent to expand the inner
micelle space, the as-synthesized MSN possesses both large pore
diameters and well ordered pore structures. The conjugation of the
hydrazinocarbonyl-acetate linkers and the further immobilization
of CP complexes onto the TA-MSN surfaces did not affect the mor-
phology and structure of TA-MSNs. To confirm that the chemical
bonds and the organic groups of our modifications existed in the
MSN surfaces, we employed FT-IR spectroscopy. The FT-IR spec-
tra of surfactant-extracted TA-MSNs (Fig. 2a) showed a broad band
(2700-3800 cm~"!) from the O—H stretch of the absorbed H,0. The
bands at 1077 cm~! (with a shoulder at 1200 cm~') and 796 cm™!
are assigned to Si—0—Si vibration. The band at 1637 cm™! is pre-
sumably caused by H, O deformation. The presence of v(C—H) mode
at 1485 and 2980 cm~! after HCI-EtOH extraction indicated that the
TA groups were indeed modified in the framework of MSNs by cova-
lent bonding in the one step sol-gel process. The aldehyde-silane
modified TA-MSN sample (Fig. 2b) displays C=0 stretch modes
at near 1720cm~!. Conjugation of potassium hydrazinocarbonyl-
acetate groups in TA-MSN-aldehyde surfaces (Fig. 2c) through the
formation of hydrazone bonds showed an overlapping vibration
absorption of carboxylate (C=0) and imine (C=N) near 1662 cm~!.
Other vibrations of N—H (bend), C—N (stretch), C—H (bend) absorp-
tion were displayed at 1546cm~1, 1409cm~!, and 1386cm™1,
respectively. Especially, the hydrazinocarbonyl acetate-modified
TA-MSN surfaces showed strong N—H (stretch) at 2888 cm™!
and C—H (stretch) at 2937, and 2975 cm~!, which indicated that
the hydrazinocarbonyl acetate groups exhibited highly modified
amounts in the TA-MSN surfaces. Furthermore, the coordination of
CP molecules in carboxylate-modified TA-MSNs (Fig. 2d) caused a
decrease of the 1 electron cloud from carboxylate (C=0) groups;
thus, the decrease of bond order caused a low frequency shift from
1662 of no CP-coordinated (C=0) to 1597 cm~! of CP-coordinated
(C=0) and the peak was overlapping with the N-H (bend) at
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(b) After drug conjugation

. 0 NH
(c) Hydrolysis of hydrazone bonds HNNH ( : (@ o HO_ NH; HighiCr] ClL _NH;
under endosomal/lysosomal pHs ‘H 9 e CI/P‘\NH
Drug release into cytosol H,NNH 0 NH; 3
oo
NAD(P)H
or st HZNNHMO'
o reductase
o HO_ NHg o
9 t H,NNH H
Pt N
NN 0" 'NH,
HO\ NH;
PE
HO™ 'NH;

Drug diffuse into nuclei

' endosomal pH 5.0

Scheme 1. The representation of the pH dependent release system of cis-platin immobilized on TA-MSN surfaces through a pH sensitive hydrazone bond: (a) aldehyde-
modified TA-MSN surfaces, (b) the synthesis of a pH-sensitive carboxylate on TA-MSN surfaces through a hydrazone bond and the further immobilization of CP by chelation,
(c) hydrolysis of a pH-sensitive hydrazone bond in the endosomal (or lysosomal) pHs, and (d) release of CP into cytosol by the helps of NAD(P)H-reductase, glutathione, or

the high CI- concentration.

1546 cm™!. After the hydrolysis of TA-MSNs-carboxylate-CP com-
plexes at pH 5.0 for 12h (Fig. 2e), the vibration absorptions of
carboxylate (C=0) at 1597 cm~! almost disappeared while the
intensity of aldehyde groups (C=0) at 1720cm~! was increased.
This phenomenon indicated that the pH-sensitive hydrazone bond
in the carboxylate-modified TA-MSNs can be efficiently hydrolyzed
under the treatment at the endosomal pH (5.0) for 12 h. To deter-
mine the loading percentages, we also measured the weight loss
of the TA-MSNs complexes by thermogravimetric analyses (TGA)
and the profiles were summarized in Fig. S1. The decomposi-
tion of TA-MSN complexes by the heating process mainly comes

from the loss of adsorbed H,0 in the MSN surfaces and further
weight loss may come from the combustion of organic ligands
and the complexes of CP molecules. The TGA profiles of TA-MSNs
only, aldehyde-modified TA-MSN samples, the conjugation of the
hydrazinocarbonyl acetate ligands, and the further coordination of
CP molecules showed a gradual increase of weight loss from 6%
(Fig. S1a), 17% (Fig. S1b), 19% (Fig. S1c) to 26% (Fig. S1d), respec-
tively. From the TGA results, we may confirm that the synthesis
of organic ligands through the multi-step modification of TA-MSN
samples was in actual existence in the MSN surfaces. To further
confirm the hydrolysis of pH-sensitive hydrazone bonds of the

Fig. 1. TEM images of the characteristic round shape and the uniform size of TA-MSN-carboxylate-CP complexes. Scale bars: (a) 500 nm and (b) 100 nm.
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Fig. 2. FT-IR spectra of (a) TA-MSN, (b) TA-MSN-aldehyde, (c) TA-MSN-carboxylate,
(d) TA-MSN-carboxylate-CP complexes, and (e) after hydrolysis of TA-MSN-
carboxylate-CP complexes at pH 5.0 for 12 h.

TA-MSN-carboxylate-CP complexes under the endosomal pH (5.0),
we measured the (-potential of TA-MSN-carboxylate-CP com-
plexes before (Fig. 3a) and after hydrolysis (Fig. 3b) at pH 5.0
for 12 h. For {-potential measurements, the samples in dd-H,O
were titrated with the pH ranging from 2 to 9 automatically.
The un-hydrolyzed TA-MSN-carboxylate-CP samples have a PZC
(point zero charge) value at pH 5.1. After the hydrolysis of TA-
MSN-carboxylate-CP samples at pH 5.0 for 12 h, we can observe
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Fig. 3. Zeta potential of (a) TA-MSN-carboxylate-CP complexes, (b) after hydrolysis
of TA-MSN-carboxylate-CP complexes under pH 5.0 for 12h, and (c) aldehyde-
modified TA-MSN.

that the PZC value of the hydrolyzed TA-MSN-carboxylate-CP sam-
ples (Fig. 3b) was shifted to 3.4, which nearly matched with
the PZC value (pH 3.2) of the aldehyde-modified MSN sample
(Fig. 3¢). From the above results of {-potentials, we can infer that
most carboxylate-CP complexes in the TA-MSN surfaces were fully
hydrolyzed under endosomal pH for 12 h. Through the hydrolysis of
hydrazone bond and the elimination of hydrazine-carboxylate-CP
complexes, the TA-MSN-carboxylate-CP samples were restored to
the initial surfaces of the aldehyde-modified TA-MSNs; therefore,
the hydrolyzed products have approximate PZC values.

3.3. Anticancer activity studies

Fig. 4 shows the cell morphology before (Fig. 4a) and after the
treatment of TA-MSN-carboxylate-CP complexes to HT-29 can-
cer cells for 24 h (Fig. 4b) at a concentration of 50 g mL~! (with
5.13 pgmL-! free CP). Compared with the morphology of the cells
without the drug treatment, we can observe that the TA-MSN-
carboxylate-CP complexes treated cells had become round and
had shrunk which is a typical phenomenon of cell apoptosis. In
the treatment of the free CP molecules, the cell morphology was
rarely round and shrunken even though a very high concentration
(20 wg mL~1) of free CP had been treated for 24 h (Fig. S2).

The results of Fig. 4 indicated that the TA-MSN-carboxylate-
CP complexes showed a highly anti-proliferative effect through
the induction of cell apoptosis. The observation of cell morphol-
ogy showed that the cell membranes were very intact and we
did not find the cell necrosis from the cell lysis. We inferred
that the treatment of TA-MSN-carboxylate-CP complexes only trig-
gered the apoptosis pathway and that no unexpected necrosis cell
death was induced. For an anticancer approach, cellular death can
occur by either necrosis or apoptosis while apoptosis is a bet-
ter approach than the necrosis pathway because necrosis usually
caused the cell membrane to break and further released cytokines
which trigger the inflammatory response and cause a poor prog-
nosis in chemotherapy. To evaluate the anticancer effect, we used
a sulforhodamine B assay to examine the inhibitive effects of
cell proliferation after the treatment of free CP and pH sensitive
TA-MSN-carboxylate-CP complexes. The results showed that the
modification of pH sensitive carboxylate-CP complexes in TA-MSN
surfaces can efficiently inhibit the cell growth of HT-29 cells in
a concentration dependent manner with the 50% growth inhi-
bition (Glsg) of 29.2 wgmL~! of TA-MSN-carboxylate-CP samples
(Fig. 5b). The loading percentages of CP molecules in pH-sensitive
TA-MSN-carboxylate-CP complexes are 10.25% (wt%) so we can cal-
culate that the Glsg of the TA-MSN-carboxylate-CP complexes is
3.0 ugmL-! of the free CP concentration. We also examined the
anti-proliferative effect of free CP molecules in the HT-29 cancer
cell lines while a higher Glsg (61.7 ug mL~1) was observed (Fig. 5a).
Our results showed that pH sensitive carboxylate-CP complexes
modified in TA-MSN surfaces have higher efficacy against the pro-
liferation of cancer cell lines and displayed twenty times more
than free CP molecules. We preferred an enhancement of anti-
proliferative effects of the pH-sensitive TA-MSN-carboxylate-CP
complexes to the high cellular uptake of the nanoparticles through
endocytosis which can deliver large amounts of CP complexes into
the cytoplasm. However, the low anti-proliferative activity of free
CP molecules may come from the low delivery efficiency of free
drug molecules because it only enters the cell through simple
diffusion. In addition, an extra enhancement of CP release of the pH-
sensitive TA-MSNs-carboxylate-CP complexes into the cytoplasm
was contributed from the pH-sensitive hydrazone bond which can
hydrolyze CP complexes inside endosomes and the release of CP-
complexes can further escape endosome to activate CP complexes
and induce cell apoptosis.
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Fig. 4. Cells were incubated in the (a) absence or (b) presence of 50 wgmL-! of TA-MSN-carboxylate-CP complexes for 24 h. Then, the cell cytotoxicity was detected by

microscopic morphological examination.

3.4. TA-MSN-carboxylate-CP induced the apoptotic cell death

To determine whether the inhibition of cell proliferation by
pH-sensitive TA-MSN-carboxylate-CP complexes came from the
induction of apoptosis, we measured the DNA fragmentation
with different concentration treatments of free CP and TA-MSN-
carboxylate-CP complexes. We treated the cells with different
concentrations of drug for 24h, the total genomic DNA was
extracted and analyzed by 2.0% agarose gel electrophoresis, and
visualized under ultraviolet transillumination after staining with
ethidium bromide. When the cells were treated with free CP
and TA-MSN-carboxylate-CP complexes in the CP concentration
of 5.1 ugmL~!, DNA ladders were just visible (Fig. 6¢ and f). A
gradually increase of CP concentrations from 10.3 to 20.5 pgmL™!
showed an increase of DNA fragmentation in dose dependents. The
DNA fragmentation became visible in the treatment of TA-MSN-
carboxylate-CP complexes at the CP concentration of 20.5 g mL™!
for 24 h (Fig. 6h), while the treatment of free CP in the same con-
centration only observed a slight DNA fragmentation (Fig. 6e).
The above results showed that TA-MSN-carboxylate-CP complexes
with 20.5 ug mL~1 of CP loading can efficiently induce the cell death
and is mainly caused by apoptosis.

—_

Q

~

a D

o o
L

N
o
!

301

201

101

Inhibition of cell growth (%)

0 - T T T T
0 20 40 60 80

(ug / mL)

100 120

Many studies demonstrated that apoptosis requires the induc-
tion of endogenous cellular protease. A family of cysteine proteases,
which were named caspases were activated in the apoptotic stim-
ulation. Among these caspases, the activation of caspase 3 is
important in many cancer cells to execution of apoptosis. To deter-
mine the expression of caspase 3 activity from the treatment
of various concentrations of TA-MSN-carboxylate-CP samples, we
measured a concentration-dependent elevation of caspase 3 activ-
ity using colorimetric assay (Fig. 7). Our results showed that
TA-MSN-carboxylate-CP samples induced the apoptotic cell death
through the activation of caspases leads to the death and resorption
of the cell.

3.5. Hemolysis assay

To further evaluate the in vivo toxicity of the pH-sensitive
TA-MSN-carboxylate-CP complexes, we used hemolysis assay to
measure the damage of RBCs after the treatment of nanopar-
ticle drugs. Because the damage of RBCs can release red
hemoglobin, we can measure the absorbance values of hemoglobin
at 570nm to determine the extent of RBC hemolysis. Previ-
ously, Haynes et al. indicated that silica nanoparticles with
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Fig. 5. Glso from the SRB assay of (a) free CP and (b) TA-MSN-carboxylate-CP complexes to HT-29 cells. Various concentrations of TA-MSN-carboxylate-CP complexes were
added to cells for 24 h. Then, cells were fixed, stained with SRB, washed with dd-H;0, subsequently solubilized and finally absorbance was read at a wavelength of 515 nm.
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Fig. 6. Induction of DNA fragmentation of free CP molecule and pH-sensitive
TA-MSN-carboxylate-CP complexes to colon cancer cells (HT-29) in various con-
centrations: (a) 100 bp DNA marker and (b) the control experiment without drug
treatment; free CP of (c) 5.1 wgmL~1, (d) 10.3 pgmL~', and (e) 20.5 pgmL~'; TA-
MSN-carboxylate-CP complexes with (f) 5.1 ugmL', (g) 10.3 pgmL-!, and (h)
20.5 wgmL-! of corresponding amounts of free CP loading.

varied sizes, porous structures and the surface silanol group
density effected the nanoparticle-cell interactions and caused
red blood cell membrane damage in a concentrated man-
ner (Lin and Haynes, 2010). We treated various concentrations
(3.125-1600 pg mL~1) of pH-sensitive TA-MSN-carboxylate sam-
ples and TA-MSN-carboxylate-CP complexes to RBCs for 3 h. As
shown in Fig. 8, the exposure of pH-sensitive TA-MSN-carboxylate
samples in RBCs did not observe the release of hemoglobin from cell
lysis (Fig. 8a); therefore, our design of these pH-sensitive nanocar-
riers is highly biocompatible and has no cytotoxicity in spite of the
treatment in a very high nanoparticle concentration. Fig. 8b shows
the hemolysis of RBCs after the treatment of TA-MSN-carboxylate-
CP complexes for 3 h. We can observe that in the low concentrations
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Fig. 7. Involvement of caspases-3 in TA-MSN-carboxylate-CP complexes induced
HT-29 apoptosis. Cells were treated without (control) and with various concentra-
tions of TA-MSN-carboxylate-CP complexes for 24 h, and then cells were lysed for
the determination of caspase-3 activity.

of the nano-drug treatment (3.125-100 ugmL-1), there wasn’t
noticeable hemolysis of RBCs; however, the high concentration
treatments (800-1600 g mL~!) of TA-MSN- carboxylate-CP com-
plexes showed near 60% of the hemoglobin release (Fig. S3).
Although the percentages of the hemolysis increase under a high
concentration treatment of pH-sensitive TA-MSN-carboxylate-CP
complexes, our pH sensitive CP nano-drugs showed near 100% of
growth inhibition at a very low concentration (40 ugmL~1). Our
results demonstrated that the pH-sensitive TA-MSN-carboxylate-
CP complexes are highly biocompatible, have high drug released
efficiency and released specificity which can improve the tradi-
tional CP formulation of the chemotherapy. Our previous studies
of the in vivo biodistribution also demonstrated that MSN with a
highly positive charge can quickly be excreted from the liver into
the gastrointestinal tract (Souris et al., 2010). Other researches also
indicated the degradation behavior of mesoporous silica in simu-
lated body fluid and urinary excretion of MSNs (He et al., 2011).
The use of MSN as a nano-delivery platform in the practical clinical
translation showed its feasibility and applicability because many

3.125 6.25 12.5

positive negative

positive negative 100 200 800

Fig. 8. Photographs of the RBC hemolysis after treatment of various concentrations of (a) TA-MSN-carboxylate and (b) TA-MSN-carboxylate-CP complexes for 3 h. The red
hemoglobin in the supernatant indicated the damage of RBCs. dd-H,0 and PBS are used as positive and negative controls, respectively. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)
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studies have determined the biodegradation and excretion of MSN.
Thus, the use of pH-sensitive TA-MSN-carboxylate-CP complexes
as a highly efficient therapeutic has the potential to be developed
for cancer therapy in clinical applications through the increase of
therapeutic efficiency while decreasing the side effects.

4. Conclusion

We propose a new pH-sensitive controlled release of CP
molecules by coordination of hydroxo-substituted CP with the
carboxylate-modified TA-MSN surfaces through a pH-sensitive
hydrazone bond. The conjugation of CP-carboxylate complexes
through this hydrazone bond can specially release the CP-
carboxylate complexes under the endosomal (or lysosomal)
environments. Our novel drug delivery platform offers a number of
attractive features such as (1) sustained release of potentially toxic
CP molecules, (2) decreased non-specific release from enzymatic
hydrolysis, (3) increased cellular endocytosis through the incorpo-
ration of TA groups in the framework of MSNs, and (4) increased
therapeutic effects with decreased side effects. Therefore, the tradi-
tional CP formulations for chemotherapy, which usually undergoes
dose limiting, low solubility, a lack of in vivo circulation, and nerve
toxicity can be efficiently solved through the novel formulation of
the pH-sensitive controllable release of CP molecules. The intrinsic
accumulation of MSNs in tumor tissues through the EPR effect can
especially release highly toxic drugs within tumors, but with nearly
none of the side effects that arise from premature drug release.
Moreover, the combination of the intrinsically large drug payload
and typical endosomal proton densities of MSNs enables the local-
ized, sustained release of CP complexes within diseased tissues.
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