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ABSTRACT: We investigate the effects of spherical meso-
porous silica nanoparticles (MSNs) as an oral drug delivery
system to improve the oral bioavailability of the model drug
telmisartan (TEL) and examine their cellular uptake and
cytotoxicity. Further, we explore the mechanisms behind the
improved oral absorption of poorly soluble drugs promoted by
MSN . An investigation of intestinal epithelial cellular binding,
association and uptake was carried out by laser scanning
confocal microscopy, transmission electron microscopy and
fluorescence activated cell sorting. The results show that the
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cellular uptake is highly time-, concentration- and size-dependent. The model drug permeability studies in the human colon
carcinoma (Caco-2) cell lines indicated that MSNs could significantly enhance TEL permeability and reduce rate of drug efflux.
After loading TEL into MSNS, its oral bioavailability was compared with that of the marketed product Micardis and TEL-loaded
ordered mesoporous silica microparticles (MSMs) in beagle dogs. The relative bioavailability of TEL-loaded MSN formulation
and TEL-loaded MSM formulation was 154.4 + 28.4% and 129.1 + 15.6%, respectively. MSNs offer the potential to achieve
enhanced oral bioavailability of poorly soluble drugs via improved drug dissolution rate and enhanced drug permeability.
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B INTRODUCTION

Oral delivery is the most preferred route for the administration
of drug formulations due to its simplicity." However, it is
estimated that 40% of new chemical entities (NCE) are poorly
soluble or insoluble in water."” Dissolution rate in gastro-
intestinal fluids (GI) and permeability through biological
membranes are considered as the most important aspects in
determining the bioavailability of orally administered poorly
soluble drugs.*~® Nanotechnology has benefited a number of
biomedical areas including drug delivery.”” The use of
nanostructured materials (e.g.,, nanoparticles) as drug delivery
systems has begun to impact biomedical areas due to beneficial
size-dependent physical and chemical properties.*”** In the
past decade, mesoporous materials (pore diameter 2—50 nm)
have found widespread application as controlled drug delivery
systems.”>~'> Mesoporous materials offer several attractive
features for controlled release, such as a high adsorption
capacity,'®"” the ability of the mesoporous channels to change
the crystalline state of a drug to an amorphous one,"®™*° the
possibility of stabilizing loaded drugs within these pores and the
ease of modifying the pore dimensions to control drug delivery
kinetics.”""**

In previous studies, mesoporous materials have been mainly
used to develop slow-release formulations, and a few model
drugs, such as ibuprofen,zo’23 griseofulvin,24 nimodipine,25
carbamazepine,26 itraconazole®” and simvastatin,®® have been
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loaded into mesoporous materials and investigated in vitro.
When the release of the model drugs from mesoporous
materials was examined in vitro, it was found that sustained
release took place which was dependent on the pore size,
morphology and the pore channel length of the mesoporous
materials used.*>>° However, few in vivo studies have been
conducted using drug delivery systems involving mesoporous
silica nanoparticles (MSNs) and, as far as we are aware, there
are no reports of the use of spherical MSNs (particle diameter
less than 100 nm) for oral drug delivery in vivo and no reports
of the determination of their intestinal epithelial cellular uptake
as well as investigation of their effects on drug permeability.
The aim of this work was to investigate the effects of MSNs
as an oral drug delivery system on the oral bioavailability and
permeability of the model drug TEL. In addition, it is important
to determine their cellular uptake and cytotoxicity for future
applications. To achieve this aim, the oral bioavailability of
TEL-loaded MSNs was compared with that of the commercial
product Micardis and TEL-loaded MSMs in beagle dogs, the
model drug permeability studies using the Caco-2 cell
monolayers. A systematic evaluation of the intestinal epithelial

Received: June 4, 2011
Revised:  December 25, 2011
Accepted: January 4, 2012
Published: January 4, 2012

dx.doi.org/10.1021/mp200287c | Mol. Pharmaceutics 2012, 9, 505-513


pubs.acs.org/molecularpharmaceutics

Molecular Pharmaceutics

cellular binding, association and uptake was carried out using
transmission electron microscopy (TEM), fluorescene-activated
cell sorting (FACS) and laser scanning confocal microscopy
(LSCM).

B EXPERIMENTAL SECTION

Cell Lines and Drugs. Human colon carcinoma (Caco-2)
cell lines were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and used at passages
40—60. Telmisartan (TEL, 98.0%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used as received. Valsartan
(99%) was obtained from the National Institute for the Control
of Pharmaceutical and Biological Products (Beijing, China).
Telmisartan tablets (Micardis) were purchased from Boeh-
ringer Ingelheim Pharma GmbH (Ingelheim am Rhein,
Germany).

Chemicals. Hoechst 33258, rhodamine-phalloidin, Pluronic
123 triblock polymer [(EO),,(PO).,o(EO),], thiazolyl blue
tetrazolium bromide (MTT), defined fetal bovine serum
(FBS), guaranteed-grade glucose, nonessential amino acids, L-
glutamine, penicillin streptomycin, trypsin, bovine serum
albumin and Dulbecco’s modified Eagle’s medium (DMEM)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
HPLC-grade methanol, acetonitrile and phosphoric acid were
purchased from Merck (Darmstadt, Germany). Guaranteed-
grade 3-aminopropyltriethoxysilane (APTES), tetraethyl ortho-
silicate (TEOS), 1,3,5-trimethylbenzene (TMB) and fluores-
cein isothiocyanate isomer (FITC) were purchased from
Aladdin (Shanghai, China). All other chemicals were of reagent
grade and used as purchased without further purification.

Synthesis of FITC-MSNs, MSMs and FITC-MSMs.
Spherical MSNs and APTES modified MSNs (AP-MSNs)
were synthesized according to the procedure reported by
Zhang et al.®! For fluorescence detection, MSNs were matrix-
labeled with the fluorescent dye FITC. Briefly, 200 mg of AP-
MSNs was resuspended in 10 mL of carbonate buffer solution
(pH 9.0). Then AP-MSNs were mixed with 1 mg/mL FITC
solution. The suspension was stirred at 4 °C for 10 h, and the
FITC labeled MSNs were collected by centrifugation (at 12,000
rpm). After thorough washing of the labeled materials with
carbonate buffer, the particles were dried under vacuum and
stored as dry powders. The dried composite samples were
named FITC-MSNs.

Fibrous MSMs were synthesized according to the procedure
reported by Zhao et al** with some modifications. The
preparation, in brief, was as follows: 2.0 g of Pluronic 123
triblock copolymer was dissolved in a mixture of 15 mL of
water and 60 mL of 2 M hydrochloric acid solution; then, 0.025
g of ammonia tetrafluoride and 0.75 mL of TMB were added to
the surfactant solution, the mixture was stirred for 2 h, and 4.5
mL of TEOS was added to the solution. Following this, the
reaction solution was stirred for 24 h at 38 °C and the mixed
solution was then allowed to stand at 120 °C for 24 h. The
solid product was filtered, dried in air, and calcined at 600 °C
for S h. The procedure for FITC labeling of MSMs was similar
to that used for labeling MSNs, and the dried composite
samples were named FITC-MSMs.

Drug Encapsulation and in Vitro Dissolution Test-
s. Preparation of TEL-Loaded MSNs. The procedure for
loading TEL into MSMs was similar to that used for loading
MSNs.*! Briefly, MSMs were transferred into an acetic acid
solution of TEL (100 mg/mL). The MSMs:TEL ratio in the
loading solution was $:3 (w:w). Then, the mixture was
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ultrasonicated, vortexed under ambient conditions and dried.
The dried composite samples were named TEL-MSMs. The
TEL-MSNs tablets were prepared by a process of direct
compression with physically blending TEL-MSNs, mannitol,
microcrystalline cellulose and cross-linked polyvinylpyrrolidone
(in a mass ratio of 35/25/25/15).

Field Emission Scanning Electron Microscopy (FESEM),
Field Emission Transmission Electron Microscopy (FETEM)
and Nitrogen Adsorption Studies. The morphology and
particle size of the prepared samples were characterized using a
JSM-6301F FESEM instrument (JEOL, Japan). The porous
structure of the samples was characterized using a Tecnai G2
F30 FETEM instrument (FEI, The Netherlands). Before
examination, the samples were dispersed in deionized water
through sonication and subsequently deposited on carbon-
coated copper grids. The pore characteristics of the samples
were studied by determining the nitrogen adsorption using a
SA3100 surface area and pore size analyzer (Beckman Coulter,
USA) at —196 °C. The MSNs (or SBA-15) samples were
degassed at 300 °C for 12 h prior to analysis, while the TEL-
loaded samples were degassed at 50 °C for 12 h.

In Vitro Dissolution Study. The in vitro dissolution study
was conducted using a USP II paddle method with a D-800 LS
dissolution tester (Tianjin University Radio Factory, China).
TEL-loaded tablet samples, equivalent to 40 mg of TEL, were
exposed to enzyme-free simulated intestinal fluid (pH 6.8).> At
predetermined intervals, 5 mL samples were withdrawn and
suitably diluted and then the drug concentration was
determined by a HPLC system consisted of a L7100 pump
and a L7420 UV—vis tunable absorbance detector (Hitachi,
Japan). Analysis was carried out on a reversed-phase Cg
column (Agilent Zorbax Rx, S pm, 4.6 X 250 mm). The
mobile phase consisted of an 80:20 (%v/v) mixture of
methanol and 5 mM potassium dihydrogen phosphate solution,
the flow rate was 1.0 mL/min and the detection wavelength
was 296 nm.

Uptake and Cytotoxicity in Caco-2 Cell Experiment-
s. Laser Scanning Confocal Microscopy (LSCM) Study. For
LSCM measurements, Caco-2 cells were seeded at a density of
S X 10* cells per well in 12-well plates in 1 mL of DMEM
medium with coverslips at the bottom of the wells and allowed
to attach and proliferate for 7 days until reaching a confluence
of 80—90%. The culture medium was changed three times a
week. Afterward, adherent cells were incubated with 50 pug/mL
FITC-MSNs (or FITC-MSMs) in the serum-free DMEM
medium for various incubation times. The Caco-2 cells were
washed three times with PBS and then fixed in 4%
formaldehyde solution in PBS at room temperature for 10
min. The cells were then washed twice with PBS and incubated
with 0.1% Triton X-100 plus 1% bovine serum albumin in PBS
at room temperature for 30 min followed by 1 ug/mL Hoechst
33258 staining in PBS for 20 min. The Caco-2 cells were then
washed twice with Hanks balanced salt solution (HBSS),
followed by Rhodamine-phalloidin staining in PBS for 20 min.
After staining, fixed cells were examined under a TCS NT Sp$
LSCM instrument (Leica, Germany) using a 63X oil immersion
objective.

Transmission Electron Microscopy (TEM) Study. For TEM
measurements, Caco-2 cells were seeded at a density of 5 X 10*
cells per well in 6-well plates over a week. The culture was
maintained under standard culture conditions at a temperature
of 37 °C and in a humidified atmosphere of 5% CO,. The
medium was then removed, and 100 uL of MSN suspensions

dx.doi.org/10.1021/mp200287c | Mol. Pharmaceutics 2012, 9, 505—-513



Molecular Pharmaceutics

(100 pg/mL in the serum-free DMEM) were added to each
well and incubated for 4 h. After incubation, the medium
containing the MSNs not taken up by the cells was discarded,
and the cells were washed twice with PBS. Cells were collected
from the 6-well plates and centrifuged at 1000g for 5 min, and
the supernatant was removed. The cell pellets were fixed with
2% glutaraldehyde in 0.1 M PBS solution (pH 7.4) for 10 h at 4
°C. Afterward, the cells were rinsed with 0.1 M PBS, embedded
in 2% agarose gel, and postfixed in 4% osmium tetroxide
solution. The cells were then dehydrated and embedded in
epoxy resin. The resin was polymerized at 60 °C for 24 h.
Ultrathin sections (50—70 nm) obtained with an ultra-
microtome (EMUCS, Leica, Germany) were poststained with
5% aqueous uranyl acetate and 2% aqueous lead citrate and
examined with a H9000 TEM instrument (Hitachi, Japan).

Fluorescene Activated Cell Sorting (FACS) Study. For the
flow cytometry assays, Caco-2 cells were seeded at a density of
1 X 10° cells per well in 6-well plates in 1 mL of DMEM
medium and allowed to attach and proliferate for 7 days until
reaching a confluence of 60—70%. The media were then
removed from the wells, and the attached cells were washed
with PBS. Afterward, adherent cells were incubated with
different concentrations of FITC-MSNs in the serum-free
DMEM medium for various incubation times. Treated Caco-2
cells were washed three times with PBS and then harvested by
trypsinization. Caco-2 cells without any addition of nano-
particles (the serum-free DMEM treated cells) were carried
along as a control in every measurement. After centrifugation
the cell pellets were resuspended in PBS containing 0.1% FBS.
All the tests were run in triplicate. The cellular uptake of FITC-
MSNs was determined by a FACS instrument (Becton
Dickinson, CA).

In Vitro Cytotoxicity Assay. For cytotoxicity assay, Caco-2
cells were seeded at a density of 5 X 10° cells per well in 96-well
plates over a week. Caco-2 cells were incubated with different
concentrations of MSNs in the serum-free DMEM medium for
various incubation times. Caco-2 cells cultured in the absence
of MSNs acted as controls. The MTT reagent was subsequently
added for a further 24 h. Cytotoxicity was determined by
measuring the reduction of the yellow tetrazolium salt MTT to
water-insoluble purple formazan crystals by metabolic active
cells. Then, 100 uL of DMSO was added to each well and left
in the dark at room temperature for 24 h. The absorbance of
the resulting formazan solution was recorded at 590 nm with an
Infinite M200 microplate reader (Tecan, Germany).

Caco-2 Permeability Experiments. Caco-2 cells (5 x 10°
cells) were seeded onto Transwell polycarbonate inserts and
grown for 21-28 days, renewing the culture medium every
other day. The cells were left to differentiate for 15—21 days
after being seeded, and then transepithelial electrical resistance
(TEER) values monitored using a Millicell ERS meter
(Millipore, Bedford, MA, USA) should be more than 500 Q/
cm?. Prior to the experiment, the cells were washed with HBSS
pH 7.4 buffer (with 10 mM HEPES) and incubated with HBSS
pH 7.4 buffer for 1 h. For an apical (AP) to basolateral (BL)
permeation direction (AP — BL) study, 1.5 mL of HBSS was
added to the basolateral side and 0.5 mL of test solution was
added to the apical side. For the basolateral to apical
permeation direction (BL — AP) study, 0.5 mL of HBSS
was added to the apical side and 1.5 mL of test solution was
added to the basolateral side. Following addition of the
different test solution (2 ug/mL TEL solution, 2 ug/mL TEL
solution with 12 pg/mL cyclosporin A and 2 pug/mL TEL
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solution with 75 pg/mL MSNG, respectively.), the plates were
incubated at 37 °C, 5% CO,, 95% humidity, and shaking at 50
rpm. At predetermined intervals, 100 yL samples were drawn
out of the acceptor compartment and immediately replaced
with an equal volume of HBSS medium to keep the volume
constant. Sample was stored at —20 °C until HPLC analysis.
Results were expressed as cumulative transport as a function of
time. All experiments were done in triplicate. The apparent

permeability coefficient (P,,,) was calculated according to eq 1,

= (dQ/dt)/(A x Cy) cmes ™! 1)
where dQ/dt (mol/s) is the permeability rate of TEL on the
acceptor compartment, A is the effective growth area of the
monolayers (1.12 cm?), and C, (mol/L) is the initial drug
concentration in the donor compartment.

Absorption enhancement ratios (AR) were calculated
according to eq 2:

PaPP

AR = Papp (AP—> BLsample)/ Papp (AP— BLcontrol)

)

Efflux ratios (ER) were calculated from P, values by using eq

PP
3:

)

In Vivo Absorption Studies. Animal Experiments. All
the procedures used in the present study were conducted
according to the guidelines approved by the Institutional
Animal Care and Ethical Committee of Shenyang Pharmaceut-
ical University. Six male beagle dogs, weighing 10—12 kg, were
randomly allocated to three treatment groups and given tablets
based on MSNs loaded with TEL, tablets based on MSMs
loaded with TEL, and the commercial tablets (Micardis)
according to a three-period crossover experimental design. A
wash-out period of 7 days was allowed between dose
administrations. The dogs were fasted for 12 h prior to the
experiments but were allowed free access to water. Each dose
(40 mg, expressed as TEL equivalents) was given by gavage.
After receiving the oral dose, 20 mL of water was given to
facilitate swallowing. After 4 h, the dogs had free access to food
and water. Blood samples (1.5 mL) were taken from the vena
jugularis before drug administration and at 0.25, 0.5, 0.75,1, 1.5,
2, 4, 6, 8, 12, 24, 48, and 72 h. These blood samples were
collected in heparinized tubes and centrifuged for 1S min at
4000 rpm, and the plasma obtained was stored at —20 °C until
HPLC analysis.

Bioanalytical Method. Plasma concentrations of TEL were
determined by an isocratic HPLC method. After addition of 50
uL of internal standard solution (valsartan, 100 pg/mL in
methanol) to 0.4 mL of plasma, 1.5 mL of acetonitrile was
added. Plasma proteins were precipitated by vortex mixing for 3
min. Following centrifugation at 9000 rpm for 10 min, the
upper organic layer was removed and a 20 uL aliquot was
injected into the HPLC system. The HPLC system (Hitachi,
Japan) consisted of two L2130 pumps, an L2000 Elite
chromatography system controller, an L2300 column oven
and an L2485 fluorescence detector. The data were collected
and processed using L2000 Elite chromatography data station
software. The HPLC separation was performed using a
reversed-phase C;g column (Agilent Zorbax Rx, S um, 4.6 X
250 mm). The oven temperature was set at 40 °C, and the
mobile phase consisted of methanol-10 mM potassium
dihydrogen phosphate solution (adjusted to pH 3.0 with
phosphoric acid)—acetonitrile in a volume ratio of 20/45/35

ER = P, (BL—aP)/ Pipp(AP—BL)
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(v/v/v) which was eluted at a flow rate of 1.5 mL/min. The
fluorescence detection was performed at an excitation wave-
length of 300 nm and an emission wavelength of 385 nm. The
analyses were identified from the retention times of 98—99%
pure reference standards. Under these chromatographic
conditions, the retention time was 6.7 min for telmisartan
and 5.4 min for valsartan. Calibration curves (2—200 ng/mL,
seven different concentrations) and QC samples (2, 50, and
150 ng/mL) were prepared freshly for each analysis. The linear
regression coefficients of the calibration curves ranged from
0.9991 to 0.9997. The lower limit of quantification and
detection for this analytical method were 1 and 0.5 ng/mL,
respectively. The accuracy and the precision of the QC samples
ranged from 95.2 to 104.6% of the nominal values, with a CV
(coefficient of variation) of 2.5 to 7.3%, respectively. The
absolute recovery of TEL from the QC samples (n = 9) was
90.1 £ 2.4%.

Pharmacokinetic Calculations. The pharmacokinetic pa-
rameters were determined using the PC software of the Drug
and Statistics (DAS version 2.1.1) computer program (issued
by the State Food and Drug Administration of China for
pharmacokinetic study), employing a noncompartmental
model. The maximum plasma concentration (C,,) and the
time to reach the C_,, (t,,,.) were obtained from the individual
subject plasma concentration versus time curves. The relative
bioavailability (F,) was calculated using the following eq 4:

E(%) = [AUCO—)t(test)/AUCOﬂt(reference)] x 100 4)

where AUC_, y(;eference) 18 the AUC,_,; after oral administration
of Micardis, while AUC_ () represents that of the
formulation based on MSNs (or SBA-15) loaded with TEL.

Statistical Analysis. The experimental data were analyzed
using the Statistical Package for Social Sciences (SPSS version
11.0). Post hoc multiple comparisons were performed using
one-way analysis of variance (ANOVA) and the Student—
Newman—Keuls test to determine the significance of differ-
ences between groups. The difference was considered to be
statistically significant if the probability value was less than 0.05
(p < 0.05).

B RESULTS AND DISCUSSION

Solid State Characterization. FESEM imaging showed
that the MSM sample consisted of many rodlike subparticles
with a relatively uniform size of about 0.5 ym in diameter and
1-2 pm in length, which were aggregated into wheatlike
macrostructures (Figure 1A). As shown in Figure 1B, the
FETEM image confirms the ordered mesoporous structure of
MSMs. The pore diameter of SBA-15 was approximately 12
nm. As shown in Figures 1C and 1D, FITC-MSNs and FITC-
MSMs retained the shape of the MSNs and MSMs,
respectively. The values for the BET specific surface area, the
total pore volume and the BJH pore diameter of MSMs were
917.6 m*/g, 1.15 cm®/g and 11.3 nm, respectively.

In Vitro Dissolution. The effect of the prepared TEL-
loaded MSN (or MSM) formulation on the TEL dissolution
rate in enzyme-free simulated intestinal fluid (pH 6.8) is shown
in Figure 2. The dissolution rate of TEL from a TEL-loaded
MSN tablet or TEL-loaded MSM tablet was significantly
improved. The dissolution improvement may be largely
attributed to the pore channels of the two carriers changing
the crystalline state of TEL to an amorphous state, which is
known to improve the drug solubility and dissolution rate. In
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Figure 1. FESEM photographs of (A) MSMs, (C) FITC-MSNs and
(D) FITC-MSMs. FETEM photograph of (B) MSMs.
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Figure 2. Dissolution profiles of TEL from (A) TEL-loaded MSN
tablet, (B) TEL-loaded MSM tablet and (C) TEL commercial tablet in
PBS (pH6.8). Each data point represents the mean + SD of three
determinations.

addition, the particle sizes of the amorphous drug incorporated
in the pore channels (nanometer range) were significantly
reduced compared with that of pure crystalline TEL (micro-
meter range). It is evident that a further decrease in the particle
size down to the nanometer range will further accelerate the
drug release profile and, consequently, improve the dissolution
rate.”®** It is worth noting that a faster TEL release of the two
drug-loaded samples was observed from the TEL-loaded MSN
tablet. The difference in release rate between the TEL-loaded
MSN tablet and the TEL-loaded MSM tablet could be
attributed to the carrier pore channel length. The TEL
molecules adsorbed in the short MSN pore channels (the
pore channel length was less than the radius of MSN) have a
greater chance of escaping from the pore channels and diffusing
into the release medium compared with those adsorbed in the
2-D cylindrical MSM pore systems (the pore channel length
was more than 1 ym, as shown in Figures 1A and 1C).
Uptake and Cytotoxicity in Caco-2 Cells. Laser
Scanning Confocal Microscopy (LSCM). The cellular binding,

dx.doi.org/10.1021/mp200287c | Mol. Pharmaceutics 2012, 9, 505-513
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Figure 3. Confocal microscopy images of Caco-2 cells after 1 h
incubation at 37 °C with FITC-MSN [MSNs with sizes of about 20
nm (A, D, G, J), 60 nm (B, E, H, K), 90 nm (C, F, I, L)] particles:
fluorescent images of the cell nucleus (A—C), fluorescent images of
the plasma membrane (D—F), images of FITC-MSN fluorescence in
cells (G-I), image of FITC-MSN fluorescence superimposed on the
nucleus and plasma membrane (J—L). The fluorescence detection of
FITC was performed at an excitation wavelength of 490 nm and an
emission wavelength of 520 nm. The fluorescence detection of
Hoechst 33258 was performed at an excitation wavelength of 360 nm
and an emission wavelength of 440 nm. The fluorescence detection of
Rhodamine-phalloidin was performed at an excitation wavelength of
485 nm and an emission wavelength of 595 nm.

Figure 4. Confocal microscopy images of Caco-2 cells after 0.25 h (A,
C, E, G) or 2 h (B, D, F, H) incubation at 37 °C with FITC-MSM
particles: fluorescent images of the cell nucleus (A, B), fluorescent
images of the plasma membrane (C, D), images of FITC-MSM
fluorescence in cells (E, F), image of FITC-MSM fluorescence
superimposed on the nucleus and plasma membrane (G, H).

Figure 5. Confocal microscopy images of Caco-2 cells after 0.25 h (A,
D,G,J),1h (B, E, H,K)or2h (C,F, I, L) incubation at 37 °C with
FITC-MSN particles: fluorescent images of the cell nucleus (A—C),
fluorescent images of the plasma membrane (D—F), images of FITC-
MSN fluorescence in cells (G—I), image of FITC-MSN fluorescence
superimposed on the nucleus and plasma membrane (J—L).

Figure 6. TEM photographs of the cellular uptake of MSNs.

association and transport of FITC-MSNs were examined by
LSCM. Merged LSCM images of Caco-2 cells show that FITC-
MSNs with different sizes of about 20, 60, and 90 nm were
internalized into Caco-2 cells after 1 h incubation at 37 °C, as
shown in Figure 3. Inside the Caco-2 cells, FITC-MSNs formed
nonuniform green fluorescent aggregates and mostly accumu-
lated in the cell membrane region, but did not penetrate the
nucleus. In contrast, no FITC-MSMs produced a green
fluorescence inside the Caco-2 cells, as confirmed by
measurement of their particle size (Figure 4). As shown in
Figure S, Caco-2 cells were incubated with 50 pg/mL FITC-
MSNs (with sizes of about 90 nm) in serum-free DMEM
medium for various incubation times. The results show that
cellular uptake is highly time-dependent. LSCM images showed
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that FITC-MSNs were internalized into Caco-2 cells after 0.25
h incubation at 37 °C. Interestingly, FITC-MSNs remained
mainly in the cytoplasm, but did not penetrate the nucleus after
a 2 h incubation at 37 °C (the intracellular distribution of
MSNs in the Caco-2 cells will be further examined by TEM).

Transmission Electron Microscopy (TEM). We further
evaluated the possible mechanisms of cellular uptake of
MSNs by TEM. Literature reports suggest that the uptake of
nanoparticulate systems into cells can typically occur through
several different processes, such as nonspecific diffusion,
phagocytosis and endocytosis.'”**** Figure 6 shows the
endocytosis of MSNs by Caco-2 cells. As shown in Figure
6A, an MSN particle binds to the intestinal villi. As shown in
Figure 6B, few MSNs bound to the cell membrane and an MSN

dx.doi.org/10.1021/mp200287c | Mol. Pharmaceutics 2012, 9, 505-513
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Figure 7. (I) Fluorescent intensity of control Caco-2 cells (A), Caco-2
cells after a 0.5 h (B), 1 h (C) or 2 h (D) incubation at 37 °C with
FITC-MSN particles and Caco-2 cells after a 0.5 h (E) or 2 h (F)
incubation at 37 °C with FITC-MSMs. (II) Fluorescent intensity of
control Caco-2 cells (A), Caco-2 cells incubation at 37 °C with FITC-
MSNs with sizes of about 90 nm (B), 60 nm (C) and 20 nm (D). (IIT)
Fluorescent intensity of control Caco-2 cells (A), Caco-2 cells after 2 h
incubation with FITC-MSNs at concentrations of 20 yg/mL (B), 100
ug/mL (C), 200 ug/mL (D), 250 ug/mL (E) and Caco-2 cells after 2
h incubation with FITC-MSMs at a concentration of 250 yg/mL (F).
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Figure 8. Effect of MSNs with different sizes and MSMs on the Caco-
2 cell viability at various concentrations from 10 pg/mL to 500 ug/
mL.

entered through the cell membrane. As shown in Figures 6C
and 6D, most of the internalized MSNs accumulate in the
vesicular or cytosolic compartment inside Caco-2 cells as
confirmed by measurement of their particle size and
mesostructure. These results provide visual evidence of the
cellular uptake of MSNs. From the TEM images, we can
hypothesize that the process of MSN internalization is as
follows: first, MSNs are bound to the intestinal villi or cell
membrane. Then, MSNs are internalized in Caco-2 cells by
nonspecific cellular uptake and merge with endosomes.
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Figure 9. The mean cumulative transport versus time curves of 3.88
umol/L TEL in the directions of (A) AP — BL and (B) BL — AP in
Caco-2 cell monolayer. Each data point represents the mean + SD (n
= 3). *Significant difference (p < 0.05) compared with the control
group (TEL group).

Table 1. Mean P,,, of Telmisartan (TEL) in the Directions

of AP — BL and BL — AP Sides

P opap—nr) X 10¢ PopBL—ap) X 10°
wr (cmes ) wr (cms)

samples efflux ratio
TEL 6.27 + 1.09 2144 + 1.13 347 £ 043
TEL + CsA 13.11 + 2.85% 16.08 + 0.95° 1.25 + 0.20¢
TEL + 10.86 + 2.26“ 17.22 + 0.82¢ 1.62 + 0.28°
MSNs

“Significant difference (p < 0.05) compared with the control group
(TEL group).

£ 3000 Z3000

> 5

< | £25001 | —v—(a)
C2500 5 b)
& 5 2000

T £ ——()
320004 %1500

€ <

K] S 1000

2 15001 g

° 8 500

S g )

% 1000+ s O e
g E 0 2 4 6 8 10 12
S T Time (h)

8 500-

8

g o0& : ; ——t . .
8 0 12 24 36 48 60 72
o Time (h)

Figure 10. The mean plasma concentration versus time curves of TEL
following an oral dose of (a) a Micardis tablet, (b) a TEL-MSM tablet
and (c) a TEL-MSN tablet (equivalent to 40 mg of TEL) in beagle
dogs. Each data point represents the mean + SD (n = 6).

Subsequently MSNs escape from the endosomes and enter
the cytoplasm. In contrast, the fibrous MSMs incubated with
the Caco-2 cells were not internalized nor were they visible in

any of the ultrathin sections by TEM, which further supports
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Table 2. Mean and Standard Deviation Values of the Pharmacokinetic Parameters of Telmisartan (TEL) Formulations after

Oral Administration to Beagle Dogs (n = 6)

formulation toax () Cinax (ng/mL) ty, (b)
TEL-MSN tablet 0.96 + 0.29° 2315.17 + 150.20” 22.07 + 9.10
TEL-MSM tablet 142 + 0.2° 21024 + 253 22.75 + 13.19
commercial tablet 1+ 027 1891.65 + 272.81 18.73 + 4.51

AUC,_ 71 (ng-h/ ml)
743270 + 1491.56°
6183.69 + 671.68°
4804.26 + 306

AUC,_, (ng-h/ml)
777043 + 1318.825¢
6487.36 + 683.42°
4930.77 + 381.77

rel bioavailability” (%)
1544 + 284
129.1 + 15.6

“Calculated based on AUC,_,, with the commercial tablet as reference. bSignificant difference (p < 0.05) compared with the commercial tablet.

“Significant difference (p < 0.05) compared with TEL-MSM tablet.

the observed images by LSCM due to their wheatlike
macrostructures.

Fluorescene Activated Cell Sorting (FACS). The cellular
association of the particles was also investigated via FACS. As
shown in Figure 7A, control cells which were not incubated
with nanoparticles always emitted weak background fluores-
In contrast, cells which were associated with
fluorescently labeled particles exhibited higher fluorescence
intensity. These results show that cellular uptake is highly time-
and size-dependent (Figures 7I and 71II). The uptake of FITC-
MSNs (100 pg/mL) after a 2 h incubation was approximately
1.4 times that of FITC-MSNs after 1 h incubation, and 2.3
times that of FITC-MSNs after a 0.5 h incubation. In contrast,
the uptake of FITC-MSMs (100 pg/mL) after a 2 h incubation
was less than that of FITC-MSNs (100 pug/mL) after a 0.5 h
incubation, which also confirms the results obtained from the
LSCM study. Cells which were associated with FITC-MSM
particles showed a slight shift to a lower fluorescence intensity
due to the few dispersed FITC-MSM fragments internalized in
Caco-2 cells. As shown in Figures 7II and 7III, these results
show that cellular uptake FITC-MSNs is highly size- and
concentration-dependent, respectively.

In Vitro Cytotoxicity Assay. The MSNs with different sizes
and MSMs were incubated with Caco-2 cells for 24 h at various
concentrations (from 10 pug/mL to 500 pg/mL), and the
cytotoxicity of the particles was examined using the MTT cell
viability assay. The results of MTT cell viability assay showed
that the MSNs (or MSMs) used in this study were nontoxic
(even at a high concentration of 500 ug/mL) (Figure 8). This
result is in good agreement with those described in the
literature®®*® with similar nanoparticles. To determine which
shaped particles are suitable candidates for particular
applications, MSNs with different sizes and MSMs were
compared for their cytotoxic effects. The cytotoxicity of
MSMs was slightly higher than that of MSNs. The cytotoxicity
of MSNs with sizes of about 60 nm (MSNs-2) was slightly
lower than that of MSNs with sizes of about 20 nm (MSNs-1)
or 90 nm (MSNs-3) at the same concentration. The toxic effect
of all particles was also found to be concentration-dependent,
with the higher concentrations producing the greatest toxic
response.

Drug Permeability. The cultured human Caco-2 cell
monolayers are generally considered representative of the
intestinal epithelium as concerns drug penetration.’”** In all
the experiments, TEER measurements showed that no cellular
damage occurred. As shown in Figure 9, the transport of the
drug was linear over the time period studied; both an inhibitor
for P-glycoprotein (P-gp) and MSNs caused a significant
increase (P < 0.0S) in transport of TEL compared to TEL
alone. The apparent permeability coefficient (P,,,) and efflux
ratio (ER) values of TEL, alone or in its combinations with an
inhibitor for P-gp cyclosporin A (CsA) or MSNS, are shown in
Table 1. The permeation studies elucidated the sensitivity of

cence.

TEL transport to P-gp in Caco-2 cells. For the model drug TEL
a higher transport from the basolateral to the apical side as
compared to the reverse direction could be measured.
Incubation of the cell monolayer with CsA or MSNs can
reduced the efflux process of TEL in Caco-2 cell monolayers. A
significant (P < 0.05) 2.1- and 1.7-fold increase in TEL
absorption enhancement ratios (AR) was observed in systems
containing CsA and MSNs, respectively. The results indicated
that MSN’s could significantly reduce the rate of P-gp mediated
drug efflux and enhance TEL permeability.

In Vivo Absorption. To further investigate the role of
MSNS, the oral bioavailability of TEL-MSNs in beagle dogs was
compared with that of the commercial tablet Micardis and
TEL-MSMs. The mean plasma concentration versus time
curves of TEL following a single dose of each formulation are
shown in Figure 10, and the pharmacokinetic parameters are
listed in Table 2. It can be seen that the AUC,_,,;, was
approximately 1.29 times greater when TEL was administered
as TEL-MSM tablet compared with the commercial tablet.
However, the mean value of C,,, for the TEL-MSM tablet was
not significantly different from that of the commercial tablet (p
> 0.05). It is worth noting that the TEL-MSN tablet exhibited a
significantly increased AUC,_,,, and C,, compared with the
commercial tablet (p < 0.05). It was found that the mean value
of C,,., for the TEL-MSN tablet was approximately 1.24- and
1.13-fold greater than that of TEL administered as the
commercial tablet and the TEL-MSM tablet, respectively. In
addition, more rapid absorption with a t,, of 0.96 h was
observed for the TEL-MSN tablet compared with the TEL-
MSM tablet (p < 0.05). The significantly larger AUC_
obtained from the TEL-MSN tablet indicated that MSNs
facilitated the fast dissolution of the drug in the gastrointestinal
fluid which resulted in higher concentration gradient between
the gastrointestinal lumen and blood, and enhanced drug
permeability through biological membranes consequently
enhanced oral bioavailability of the poorly soluble drug
TEL3%~4

B CONCLUSIONS

In summary, our studies support the potential value of spherical
MSNSs as an oral drug delivery system for poorly soluble drugs.
MTT cell viability assay showed that the MSNs used in this
study were nontoxic. The cellular binding, association and
transport of MSNs are highly time-, concentration- and size-
dependent. In addition, MSNs could significantly enhance TEL
permeability and reduce rate of P-gp mediated drug efflux, and
enhanced in vivo pharmacokinetics (increased C,h, and
bioavailability) is demonstrated for the TEL-MSN formulation
when compared with either a commercial formulation or TEL-
MSM formulation. A higher drug release rate and the resulting
higher concentration gradient between the gastrointestinal
fluids and blood as well as enhanced drug permeability through

biological membranes are the principal mechanisms behind the
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improved oral absorption of poorly soluble drugs promoted by
MSNs. This work demonstrates the significant potential for the
use of spherical MSNs as a novel delivery system for poorly
soluble drugs.
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