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We designed a novel oral colon-specific drug delivery system (OCDDS) using a modification of
mesoporous silica nanoparticle (MSN) surfaces with pH-sensitive trimethylammonium (TA) groups
through a pH-sensitive hydrazone bond. The pH-sensitive TA groups can efficiently increase the
loading amounts of anionic drugs by a strong electrostatic attraction. After oral administration, the
acidic pH of gastric juice can fully hydrolyze the TA-hydrazone bonds and further eliminate the
positive charges of TA groups from MSN surfaces. When the hydrolyzed complexes were further
delivered to the colon’s pH of 7-8, a rapid and complete release of adsorbed drugs was observed. From
the studies of spectroscopic characterizations, we demonstrated that the combination of pH-sensitive
hydrazone-TA groups and nano-sized particles of the MSN carriers took the advantages of increasing
the accessible surface areas of drug molecules and varying the charges of MSN surfaces, which can
increase dissolution and release rate of hydrophobic drug molecules. In addition, a cell viability assay
also indicated that no cytotoxicity of MSN-hydrazone-TA complexes was observed even with
treatment in an extremely high nanoparticle concentration. Consequently, our new formulation is
highly biocompatible for the OCDDS, and we can completely solve the low stability, low solubility, and
low drug bioavailability in the free form of drug molecules for the design of OCDDS.

Introduction

With the progress of human civilization, dietary habits have
become diversified; therefore, many gastrointestinal diseases
such as inflammatory bowel disease and gastrointestinal cancer
have grown progressively in recent years. The use of oral
administration is the first priority for delivering drug molecules
for colon-related diseases such as irritable bowel syndrome,
Crohn’s disease, ulcerative colitis, and colon cancer. For the
purpose of pharmacotherapy, the delivery of drug molecules
through the oral route can provide patient compliance, conve-
nience, and increase the therapeutic efficacy. Especially, the
design of an oral colon-specific drug delivery system (OCDDS)
has the advantage of being more effectively treated when the
therapeutic drugs are delivered to the colon tissue.! To increase
the drug bioavailability, the design of an OCDDS should be
formulated to protect the fragile drug molecules to overcome the
dissociation by the enzymes (for example, pepsin) and the low pH
of gastric acid in the stomach. The major OCDDSs developed
during the past decade are based on the formulation of time-
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controlled release, pH-sensitive coated tablets, and colon-specific
prodrug systems. Time-controlled release is designed to regulate
the dissolution rate of the coated polymers, which can delay the
onset of drug release until the formulated drugs have reached the
colon tissues.>® The pH-sensitive coated tablets are based on the
solubility of the coated pH-sensitive polymers at various pH
values of the GI tract, which increases from the stomach
(pH 1.0-3.0) to the small intestine (pH 6.5-7.0), and to the colon
(pH 7.0-8.0).7'° When the formulated drugs pass through the
low pH of stomach fluid, the low solubility of enteric coating
shells can efficiently protect the drug core from dissociation.
Furthermore, the high pH values of the colon can accelerate the
release of the drug core through the increasing solubility of the
coated shells. For the prodrug strategy, the prodrug molecules
can be activated by a bacteria-catalyzed reaction in the colon
(approximately 10> CFU mL™')."" The major metabolic
enzymes, such as reducing and hydrolytic enzymes in the colon-
bacteria, can activate the prodrug molecules through the
hydrolysis of ester/amide bonds or the reduction of azo-bonds.'?
Although many researchers have studied OCDDSs through the
above three approaches, the increase of drug bioavailability in
OCDDSs still encounters numerous challenges.!*-'¢

In recent years, mesoporous silica materials have inspired
considerable interest for use as the novel drug delivery system.'’2*
Due to the large surface area, large pore volume, highly ordered
pore structure, and adjustable pore size, mesoporous silica
material can load and protect therapeutic drugs and further
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control the release of pre-loaded drug molecules.® Several
research groups have studied the sustained-release properties of
drugs loaded in conventional mesoporous silica microsized
particles (that is, MCM-41, MCM-48, and SBA-15).2?° Vallet-
Regi et al. proposed these versatile hosts as implantable, oral,
transdermal, injectable drug reservoirs, and for bone tissue
regeneration.>*** Previous studies have indicated that the drug
molecules can adsorb inside the non-functionalized silica matrix
through a weak attraction (that is, hydrogen bonding) which
usually causes a low loading capacity.?® To increase the loading
amounts of drug molecules, the silica surfaces can modify with
ionic charges or hydrophobic groups, which can produce a strong
electrostatic attraction or -7 interaction with the drug mole-
cules.*”* Furthermore, the release mechanism was triggered
through the increase of physiologically ionic strength, electro-
static repulsion, light irradiation, pH variation, temperature
regulation, perturbed magnetic field, and chemical or enzymatic
degradation.***® In various approaches for drug loading and
releasing mechanisms, the use of electrostatic attractions and the
pH dependent release has been extensively applied and studied for
oral drug delivery systems.** Owing to the drug storage capacity
and release efficacy related to surface properties of the drug
carriers, the modified density of functional groups in the drug
carriers and the drug concentrations (or the pH value) of the
adsorbed solution were all important.” Although the increase of
positive-charged functional groups on the surfaces of the drug
carriers can increase the loading amounts of an anionic drug, the
strong electrostatic attractions restrain the releasing rate of free
drug molecules when the formulated drugs are delivered to the
targeted site. The low releasing rate usually caused the delayed
release of drug molecules, which may still remain in their carriers
to excrete into the feces. Therefore, a low drug bioavailability is
observed. For this reason, we propose a new strategy for
pH-responsive mesoporous silica nanoparticles (MSNs) to
control release of an anionic drug for the OCDDS. Ritter et al.
have reported that the behavior of the functionalized MSN
through post-modification is substantially different from the
corresponding microparticles. Due to the short channel lengths of
MSN, the total surface areas are the major contribution from the
external surfaces.®*** For a drug nanoparticle to dissolve in
a liquid medium, the dissolution velocity (d Cy/df) increases with
decreasing the particle size. The Noyes—Whitney equation (1)
explains that the increase of the exposed surface areas to the
dissolved medium can increase the dissolution velocity of the
drug molecules. However, the decrease in the thickness of
diffusible layer (#) can efficiently accelerate the dissolution
velocity.>®

dC/dt = DA(C, — Clh (1)

The use of MSN as the drug carrier can increase the dissolu-
tion velocity through: (a) the increase of contact surfaces of the
drug molecules and the physiological buffer and (b) the decrease
in the thickness of diffusible layer by monolayer adsorption of
the drug molecules in the MSN surfaces; therefore, an increase of
bioavailability of a hydrophobic drug can easily be achieved.
Because of the shield effect of drug molecules in the surfaces of
MSN, we modified the trimethylammonium (TA) groups on
MSN through a pH-sensitive hydrazone bond and, thus, a highly

positive charge of TA groups generated a strong electrostatic
attraction for high loading of anionic drugs. Furthermore, the
hydrolysis of most hydrazone bonds in the stomach pH produced
a strong electrostatic repulsion, which triggered the rapid release
of adsorbed drug molecules.

Experimental section
Materials

Tetraethoxysilane (TEOS), cetyltrimethylammonium bromide
(CTAB), ethanol, ammonium hydroxide (30%), NaH,PO,4-H,0,
Na,HPO,, DMSO, and HCI (37%) were purchased from Acros.
The n-octane was purchased from Alfa Aesar. Sulfasalazine,
acethydrazide trimethylammonium, and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma. Triethoxysilylbutyraldehyde was obtained from
Gelest. A RPMI-1640 medium, fetal bovine serum, penicillin,
and streptomycin were obtained from GIBCO/BRL Life Tech-
nologies (Grand Island, NY, USA).

Preparation of MSN

Large pore diameters of MSN samples, with hexagonal well-
ordered pore structures, were synthesized in a low concentration
TEOS, a surfactant (CTAB), and a base catalyst (NH4,OH), in
a two-step preparation. The sol-gel process, for the co-conden-
sation of TEOS to synthesize MSNs, was as follows. First, CTAB
(0.58 g) was dissolved in NH,OH (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 1 h, 5 mL of 0.2 M TEOS (in ethanol) was
added with vigorous stirring. After the solution was further
stirred for 5 h, 5 mL of 1.0 M TEOS (in ethanol) was added with
vigorous stirring for another 1 h. The solution was aged at 40 °C
for 20 h. Samples were collected by centrifuging at 12 000 rpm
for 20 min, washed, and redispersed in deionized water and
ethanol several times. The solid products were obtained by
centrifugation. The surfactant templates were removed by
extraction in acidic ethanol (approximately 1.0 g of HCl in 50 mL
of ethanol at 65 °C for 24 h).5’

Synthesis of aldehyde-modified MSN

The anchoring of aldehyde-silane groups onto the surfaces of
MSN was accomplished as follows. First, 200 mg of the extracted
MSN was placed in 50 mL of toluene and stirred for 30 min.
Then, 800 pL of triethoxysilylbutyraldehyde was then added to
the resulting suspension and allowed to react for 20 h at 80 °C.
Samples were collected by centrifuging at 12 000 rpm for 20 min,
washed, and redispersed in acetone several times.

Conjugation of acethydrazide trimethylammonium in aldehyde-
modified MSN

Conjugation of acethydrazide trimethylammonium groups on
MSN surfaces was achieved through the nucleophilic addition of
aldehyde-modified MSN and acethydrazide trimethylammo-
nium to produce a hydrazone bond. The reaction conditions
were as follows. First, 200 mg of aldehyde-modified MSN was
suspended in 10 mL of anhydrous methanol. Next, 200 mg of
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acethydrazide trimethylammonium was added to the above
solution, followed by two drops of acetic acid. The solution was
then stirred at room temperature for 24 h. The solids of MSN-
hydrazone-TA samples were isolated by centrifuging at 12 000
rpm for 20 min, washed, and redispersed in methanol several
times.

Preparation of the sulfasalazine-loaded MSN-hydrazone-TA
samples

To prevent the hydrolysis of pH-sensitive linker and increase the
solubility and loading percentages of sulfasalazine, we used
DMSO as the solvent to load sulfasalazine in the MSN carriers.
The experimental steps were as follows. First, 20 mg of MSN—
hydrazone-TA samples were added to 1.5 mL (10 mM) of sul-
fasalazine. The mixture was stirred at 800 rpm for 4 h. At the end,
the particles were washed with DMSO, centrifuged at 12 000 rpm
for 20 min and further dried under vacuum. The residual solution
was analyzed with a UV-Vis spectrometer. Sulfasalazine adsor-
bed in the nanoparticles was determined by measuring the
decrease of absorption peak at 360 nm.

In vitro release study

In vitro release experiments were performed in simulated
gastrointestinal fluids (pH 1.2 of 0.1 M HCIL; pH 5.0, 7.4, and 8.0
of 0.1 M Na,HPO4,~NaH,PO, buffer) to mimic sulfasalazine
release in the stomach, duodenum, small intestine, and colon.
The experimental condition was as follows. First, 4 mg of sul-
fasalazine-adsorbed MSN-hydrazone-TA samples was added
into 1 mL of 0.1 M HCI (pH 1.2) and maintained at 37 °C for 4 h
with shaking at 150 rpm to mimic the gastric emptying time.
Then, we changed the pH values of the incubated solution to 5.0,
7.4, and 8.0 to study the release rate of sulfasalazine in the
duodenum, small intestine, and colon. The release medium was
removed for analysis at given time intervals by centrifuging at
12 000 rpm for 20 min. The residual solids were added to the
same volume of fresh simulated fluids. The released percentage of
the sulfasalazine in the solution phase was determined by
measuring the increase of absorption peak at 360 nm at the
constant pH (9.0).

Cell culture

HT-29 (human colon cell line) was cultured in an RPMI-1640
medium supplemented with 10% (v/v) fetal bovine serum and
penicillin (100 units mL~")/streptomycin (100 pg mL~"). Cultures
were maintained in a humidified incubator at 37 °C in 5% CO,.

Cell viability assay

MTT assay was used to measure the effects of MSN-hydrazone—
TA on cell viability. Cells were inoculated into 96-well plates at
the density of 10 000 cells per well. After 24 h for the cell
attachment, cells were treated with various concentrations (1, 2,
10, 20, 100, 200, 250, and 500 pg mL") of the MSN-hydrazone—
TA sample and incubated for another 24 h. At the end of incu-
bation, we added 100 pL of MTT solution (I mg of MTT in 1 mL
of PBS) and further incubated at 37 °C for 4 h. Finally, we
pirated the medium and dissolved the violet crystals (formazan)

with 150 pL of DMSO, and the reduction of MTT by mito-
chondrial dehydrogenase was measured at 550 nm using an
ELISA reader. Cells without added nanoparticles were taken as
the control experiment and the viability was set as 100%.

Characterization

The surface area, pore size, and pore volume were determined by
N, adsorption—desorption isotherms obtained at 77 K on
a Micrometric ASAP 2020 apparatus. The sample was outgassed
at 107 Torr and 120 °C for approximately 6 h prior to the
adsorption experiment. The pore size distribution curves were
obtained from the analysis of the adsorption portion of the
isotherms using the BJH (Barrett-Joyner—Halenda) method.
UV-visible spectra were taken with a GeneQuant 1300 (GE
Healthcare) spectrophotometer. The spectra were collected at the
intensity of 360 nm wavelength for sulfasalazine against a stan-
dard. 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 ¢-
potentials of various MSN samples were measured in a Malvern
Nano-HT Zetasizer. The {-potential distribution was obtained
by an average of ten measurements. The samples were prepared
at a concentration of 2 mg in 1 mL of dd-H,O. The {-potential
from different pH values (2-9) was measured by an auto-titration
system.

Results and discussion

As shown in Fig. 1, the synthesis of hydrazone-conjugated TA
groups on the surface of MSN was achieved through the reaction
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Fig. 1 The representation of the pH dependent release system of an
anionic drug (sulfasalazine) adsorbed in MSN samples through a pH-
sensitive TA group. (a) Aldehyde-modified MSN surfaces, (b) the
synthesis of pH-sensitive MSN-TA by a hydrazone bond and the further
adsorbent drug molecules by electrostatic attractions, (c) drug adsorbed
and protected in the nanochannels of MSN by the help of hydrogen
bonding in the stomach’s acidic environment, and (d) the burst release of
the adsorbed drug molecules by electrostatic repulsion in the neutral pH
of the intestinal fluid.
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of TA-hydrazide groups with the aldehyde-modified MSN
(Fig. 1a). The modification of TA-groups on the MSN surfaces
can increase the positive charges of MSN; therefore, the negative
charge of drug molecules has high loading in the TA-modified
MSN through strong electrostatic attractions. When the MSN
stayed in the stomach pH, the hydrazone bonds all demonstrated
hydrolysis, but the drug molecules were temporally entrapped in
the nanochannels of MSN through hydrogen bonding of various
functional groups. Then the adsorbed drugs produced a strong
repulsion when the pH of the solution rose to 7-8 of the colon
pH. The mechanism for the burst release of drug molecules in the
colon pH may come from the extinction of the positive charged
TA through the formation of an ion pair with the deprotonated
silanol groups on MSN surfaces. Furthermore, the production of
many deprotonated silanol groups (SiO~ groups) can generate
a strong electrostatic repulsion, which can achieve the burst
release of anionic drug molecules in the colon pH. To demon-
strate this strategy, we loaded a negative charge of the
commercially available anti-inflammatory prodrug (sulfasala-
zine) in the nanochannels of MSN-hydrazone-TA. After the
release of sulfasalazine from the nanochannels of MSN, the
sulfasalazine can be activated through the reduction and
cleavage of the azo-bond by colonic bacteria (azoreductases) in
vivo and, therefore, produce S5-aminosalicylic acid (5-ASA),
which acts as an active moiety in the treatment of two major
human chronic inflammatory bowel diseases (Crohn’s disease
and ulcerative colitis).’? Our studies showed that the hydrolysis
of most hydrazone bonds could be achieved in 4 h. The time for
hydrolysis periods was matched with the gastric emptying time so
we could efficiently eliminate the electrostatic attractions from
TA groups, once the formulated drugs were delivered into the
intestinal fluid. This new pH-triggered release mechanism
combined the advantages of time-controlled release, pH-sensitive
delivery, and prodrug strategies for rapid and complete release of
pre-loaded drugs. Moreover, the nanoparticle form of meso-
porous silica has large surface areas; therefore, the incorporation
of drug molecules on MSN surfaces can efficiently increase the
accessible surface areas between the drug molecules and the
physiological buffer. Thus, the nanoparticle formulation can
efficiently improve the drug bioavailability through increasing
the dissolution rate of free drug molecules when they are deliv-
ered to the colon-targeted site.® The silica-based materials are
also acid resistant, which can protect drug molecules in the
stomach pH; hence, MSN is a suitable carrier for an oral drug
delivery system. The MSN modified with pH-sensitive TA
groups could demonstrate their potential applications for high
drug-loading capacity and high efficient release, which can
contribute to the pharmaceutical industry by developing
OCDDSs.

To conjugate the pH-sensitive TA ligands and further load with
sulfasalazine into the nanochannels of MSN, we synthesized large-
pore MSN samples (about 5.0 nm). The hexagonal well-ordered
pore structure was synthesized through sol-gel co-condensation of
tetraethoxysilane (TEOS) in the presence of a surfactant (CTAB),
a swelling agent (n-octane), and a base catalyst (NH,OH). After
extraction of the as-synthesized MSN by HCl/alcohol solution, the
MSN surfaces were further modified with aldehyde groups by
adding triethoxysilylbutyraldehyde under the reflux temperature
of toluene. Next, the aldehyde-modified MSN reacted with

acethydrazide trimethylammonium to produce a pH-sensitive TA
group through hydrazone bonds. Nitrogen adsorption—desorption
isotherms and pore-size distributions of MSN, MSN-aldehyde,
MSN-hydrazone-TA, and MSN-hydrazone-TA-sulfasalazine
samples are shown in Fig. 2.

The surface areas are gradually decreased from 1265 m? g=! of
MSN to 823 m? g! of MSN-aldehyde, to 634 m?> g=' of MSN—
hydrazone-TA, and to 520 m? g' of the sulfasalazine-adsorbed
MSN-hydrazone-TA sample. Simultaneously, the pore volumes
and pore diameter decreased from 1.675 cm® g~! and 5.2 nm for
MSN to 0.935 cm® g! and 4.7 nm for MSN-aldehyde, to
0.651 cm® g' and 4.1 nm for MSN-hydrazone-TA and to
0.502 cm® g' and 3.2 nm for the sulfasalazine-adsorbed
MSN-hydrazone-TA sample.

Thus, the modification of the aldehyde groups, the further
conjugation of the TA-hydrazide linker, and the final adsorption
of the sulfasalazine molecules can easily be observed by the
reduction of the three parameters. TEM images of MSN-
hydrazone-TA (Fig. 3) show that the sample generally has
a round shape and a uniform size, with average particle diame-
ters of approximately 50 nm. Using n-octane as a swelling agent
to expand the inner micelle space, the as-synthesized MSN
possessed both large pore diameters (ca. 5.0 nm) and well-
ordered pore structures. Moreover, the MSN morphology and
the structure were not affected by the conjugation and loading of
the TA-hydrazide linkers and drug molecules onto the MSN
surface.

To characterize the chemical bonds and surface organic
groups within our MSN samples and their post-synthesis modi-
fications and conjugations, we employed FT-IR spectroscopy.
The FT-IR spectra of bare MSN (Fig. 4a) reflect only the surface
silanol groups and low frequency silica vibrations. The C-H
stretches at 2940 cm~' and 2980 cm™' appear only on surface
functionalized MSN samples (Fig. 4b and c). The aldehyde-
modified MSN sample displays C=O0 stretch modes at or near
1715 cm~' (Fig. 4b). Conjugation of acethydrazide trimethy-
lammonium groups in MSN-aldehyde surfaces produced TA
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Fig. 2 Nitrogen adsorption—desorption isotherms of (a) MSN, (b)

MSN-aldehyde, (c¢) MSN-hydrazone-TA, and (d) sulfasalazine adsor-

bed on MSN-hydrazone-TA samples. Corresponding pore size distri-
butions (inset: a’, b/, ¢/, and d’).
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Fig. 3 TEM images of the characteristic hexagonal structure of MSN-—
hydrazone-TA. Scale bars: (a) 500 nm and (b) 100 nm.
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Fig. 4 FT-IR spectra of (a) the MSN after extraction in a HCI-EtOH
solution, (b) the MSN modified with aldehyde groups, and (c) the MSN—
aldehyde sample modified with TA groups through the formation of
a hydrazone bond.

groups with a hydrazone bond, as seen in the absorption peaks of
imine (C=N) at 1636 cm™'. Other bands at 1400 cm™' are
attributed to CH, bends. Especially, the TA-modified MSN
surfaces showed strong C-H stretching bands at 2903, 2938, and
2982 cm™! (from trimethyl groups), which indicated that the TA
groups exhibited high loading in the MSN surfaces.®

We also measured the {-potential of MSN-hydrazone-TA
before (Fig. 5b) and after hydrolysis (Fig. 5¢) in the stomach pH
(1.2) for 4 h. For {-potential measurements, the samples in dd-
H,O were titrated with the pH ranging from 2 to 9 automatically.
Due to the positive charges of the TA groups, the MSN-
hydrazone-TA sample showed highly positive {-potential value
(approximately +38 mV) within the pH range of 3 to 6. The pH
value of point zero charge (PZC) for the MSN-hydrazone-TA
sample was 7.38. After the hydrolysis of MSN-hydrazone-TA
sample at pH 1.2 for 4 h, we washed the sample surfaces with dd-
H,O to remove the hydrolyzed TA groups. We can observe that
the titrated curve of the hydrolyzed MSN-hydrazone-TA
sample (Fig. 5¢) was nearly matched with the aldehyde-modified
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Fig.5 {¢-Potential of (a) aldehyde-modified MSN, (b) MSN-hydrazone—
TA, and (c) after hydrolysis of MSN-hydrazone-TA in pH 1.2 for 4 h.

MSN sample (Fig. 5a). The pH values of PZC in MSN-aldehyde
and the hydrolyzed MSN-hydrazone-TA samples were 3.0 and
2.7, respectively. From the above results of {-potentials, we can
infer that the most TA groups of the MSN-hydrazone-TA
sample were hydrolyzed in pH 1.2 for 4 h. In addition, the
{-potential of the hydrolyzed MSN-hydrazone-TA sample was
—41 mV at pH 7.4, and, therefore, a high electrostatic repulsion
from the negative silica surfaces (deprotonated silanol) and the
anionic drug molecules were produced to promote the burst
release of adsorbed drug molecules.

To increase the sulfasalazine solubility, we used DMSO as
a dissolved solvent to increase loading amounts of hydrophobic
drug molecules. Sulfasalazine was loaded into MSN-hydrazone—
TA at room temperature and the loading amounts were also
confirmed by the absorption decrease of UV-Vis at 360 nm. The
maximum adsorption of MSN-hydrazone-TA samples in the
sulfasalazine/DMSO solution was 168.5 umol g~'. In addition,
the thermogravimetric analyses (TGA) profiles of weight loss are
summarized in Fig. S1, ESIf.

The decomposition of MSN complexes by the heating process
comes mainly from the loss of adsorbed H,O from MSN surfaces
and further from the combustion of organic ligands and adsor-
bed drugs. The TGA profiles of MSN only, aldehyde-modified
MSN, conjugation of TA-hydrazide groups, and the further
loading of sulfasalazine showed a weight loss of 5.61% (Fig.-
Slat), 20.83% (Fig. Slbt), 25.08% (Fig. Slct) and 32.89%
(Fig. S1df¥), respectively. From the TGA data, we may estimate
that the weight percentage of sulfasalazine in MSN-hydrazone—
TA-sulfasalazine was 7.8%. This weight loss percentage of
sulfasalazine is extremely close to our quantitative results from
UV-Vis absorption (wt% = 6.7). The release profiles of loaded
sulfasalazine molecules at the MSN-hydrazone-TA samples
were studied in the simulated gastrointestinal fluids of various
pH values (1.2, 5.0, 7.4, and 8.0 corresponding to the stomach,
duodenum, small intestine, and colon pH). All the MSN-
hydrazone-TA-sulfasalazine samples were initially incubated in
a simulated gastric fluid (pH 1.2) for 4 h to mimic the gastric
emptying time, and the drug nanoparticles were then dispersed
into the simulated solution at pH 1.2, 5.0, 7.4, and 8.0. To
determine the charges of sulfasalazine molecules and silica
surfaces at a given pH, we calculated the degree of ionization of
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the carboxylic acid and silanol groups by the Henderson-Has-
selbalch equation (2), which is shown below.*®
(A7]
pH = pK, + log m (2)
The pK, value of the carboxylic acid and the silanol group in the
sulfasalazine molecule and the MSN surface was 2.4 and 3.5,
respectively. Therefore, the calculations of the [A~] percentages
from the carboxylic acid and the silanol group of the deproto-
nated forms were 6.0% and 0.5% at pH 1.2 and near 100% of the
deprotonated form at the pH of 7.4 and 8.0. The ratios of [A™] to
[HA] indicated that most sulfasalazine molecules and silanol
groups were shown to be un-charged forms at pH 1.2. However,
nearly 100% of sulfasalazine molecules and silanol groups were
de-protonated and showed negative charges when the pH values
rose to 7.4 and 8.0. The release profiles are shown in Fig. 6.
The MSN-hydrazone-TA-sulfasalazine samples were
observed with a lowest initial release of 15% at pH 1.2 at 37 °C
for 4 h. Further we still kept the pH value in 1.2, the sulfasalazine
was shown 54% slow released until 17 h. However, we changed
the pH value of incubated solution to 5.0, 7.4, and 8.0, respec-
tively. In another 4 h, we observed the burst release of 80% at pH
7.4 and 8.0. The burst release is different compared to the sus-
tained release property using the TA-modified MSN to adsorb
sulfasalazine without the help of a pH-sensitive hydrazone bond.
We suggested the release of sulfasalazine molecules from MSN—
hydrazone-TA samples dependent on electrostatic repulsions
(Fig. 1d). While the samples were submerged in the acidic envi-
ronment, the hydrazone bonds demonstrated rapid hydrolysis.
However, the drug molecules and MSN surfaces were un-
charged and entrapped in the nanochannels by hydrogen
bonding (Fig. 1c). At the colon pH (7-8), the silanol groups
(Si-OH) on the MSN surface would become de-protonated
(=40 mV). Then a strong electrostatic repulsion from the
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Fig. 6 Sulfasalazine released at pH 1.2 (37 °C) for 4 h, and then (V) pH
8.0, (A)pH 7.4, (@) pH 5.0, and (m) pH 1.2 for 16 h.

negative charges of MSN (from SiO~ groups) was produced and
followed the competition of TA-hydrazide bonds, producing an
ion pair with SiO~ groups. Therefore, the anionic drug molecules
lose the attraction from TA groups at pH 7-8, the highly negative
surfaces of hydrolyzed and de-protonated MSN pump the
anionic drug out, rapidly (Fig. 1d). Although, sulfasalazine has
partly released in the duodenum pH values (5.5-6.5), the prodrug
(sulfasalazine) can only be activated by a bacteria-catalyzed
reaction in the colon. Thus, our design can increase the specific
activation and accumulation of drug molecules in the colon. Our
previous studies have shown that the modification of N-trime-
thoxysilylpropyl-N,N,N-trimethylammonium groups in MSN
surfaces (the TA groups cannot be hydrolyzed in the stomach’s
pH) can increase the positive charges of MSN surfaces and, thus,
an increase of loading amounts of anionic drugs can be ach-
ieved.®” However, the further release of the adsorbed drug is also
suppressed by the strong electrostatic attractions from the
surface TA groups. This system exhibited sustained release for
long periods (more than 20 h) and usually 10-20% of the loading
drugs remained in support, finally. The residual drug molecules
may be produced by an ion pair with the TA group of MSN;
therefore, the adsorbed drug molecules could not achieve the
overall release. For our new approach, we designed the MSN—
hydrazone-TA nanocarrier through a pH-sensitive hydrazone
bond, which can efficiently solve slow and incomplete release of
anionic molecules in the colon’s pH owing to the advanced
hydrolysis of TA groups in the stomach. Finally, the cytotoxicity
of MSN-hydrazone-TA was evaluated by MTT assay in the HT-
29 colon cell line (Fig. 7). The HT-29 cells were treated with the
MSN-hydrazone-TA sample at various concentrations (1, 2, 10,
20, 100, 200, 250, and 500 pg mL~") for 24 h. Cells without added
nanoparticles were taken as the control experiment and the
viability was set as 100%. The insignificant toxicity was observed
in HT-29 cells even if an extremely high concentration
(500 pg mL~") of MSN-hydrazone-TA was used in our MTT
assay. Therefore, we can confirm that the use of MSN-hydra-
zone-TA as the drug carrier has the advantages of high loading
of drug molecules and high biocompatibility, which can develop
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Fig. 7 MTT cytotoxicity assay of HT-29 cells treated with MSN-
hydrazone-TA at various concentration ranges (1, 2, 10, 20, 100, 200,
250, 500 pg mL~") for 24 h. Cells without added nanoparticles were taken
as the control experiment and the viability was set as 100%. The final
report data were expressed as a percentage of the control (mean +
standard deviation).
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a pH-sensitive OCDDS. The nano-sized carrier can provide both
the high surface areas and the variable charges, which can
increase the releasing rate in the targeted site. For our design, the
targeting delivery of the therapeutic drug to the colon tissues and
an enhancement of drug bioavailability can be easily achieved by
increasing the release rate and the dissolution rate of a more
hydrophobic drug molecule. Previously, we incorporated a high
stability of the near infrared (NIR) fluorophore (Atto-647)
within the MSN silica framework which provided a means of
non-invasively tracking the biodistribution in vivo, as most
mammalian tissues are relatively transparent at NIR wave-
lengths, and background tissue autofluorescence is minimal.?®
After oral administration of Atto-647-MSN, the nanoparticles
were excreted into the feces in 12 h and therefore we observed
a high fluorescent intensity in the feces. Further, the visceral
groups of the dissected mouse showed that no fluorescent
intensity of Atto-647-MSN revealed in the organs (Fig. S2,
ESI+). Therefore, we can confirm that the MSN is mostly kept in
the gastrointestinal tract and not assimilated into the systemic
circulation.

Conclusion

We propose a new pH-sensitive OCDDS using MSN-hydra-
zone-TA nanoparticles as a drug carrier. The pH-sensitive and
positively charged TA groups regulated the adsorption of
anionic drugs and eliminated the TA groups through the
hydrolysis of hydrazone bonds, giving the adsorbed drugs rapid
and complete release. For the immobilization of various sizes of
drug molecules, the pore size of MSN can be easily adjusted by
directing agents that change the structure or by introduction of
a swelling agent to expand the inner micelle space.®$' The
various spectroscopic characterizations and cell viability assay
indicated that the nano-sized MSN-hydrazone-TA sample
exhibited both high surface areas and high biocompatibility,
showing no cytotoxicity even with the treatment to the colon cell
line in an extremely high nanoparticle concentration. Therefore,
the self-adjusted drug release system, which has the advantages
of being time dependent, pH-sensitive, and with prodrug delivery
strategies, can accurately deliver the therapeutic drugs to the
targeted tissue (colon). In the stomach pH, we observed only 15%
release from MSN-hydrazone-TA during 4 h of gastric
emptying times. Regarding the drug carriers into the stimulated
environment of the colon (pH 7-8), the rapid release could be
observed (80% during another 4 h) and no drug remained in
support for a long period. Consequently, this type of MSN could
be designed as an OCDDS to increase the drug-loading capa-
bility, the release rate in the colon pH, and further improvement
of drug bioavailability.*!
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