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Biocompatible mesoporous silica nanoparticles with different
morphologies for animal cell membrane penetration
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bstract

Two MCM-41 type, fluorescein-labeled mesoporous silica nanomaterials (MSNs) consisting of spherical and tube-shaped particles were syn-
hesized and characterized. Both materials have hexagonally arranged mesopores with high surface area (>950 m2/g) and a narrow distribution of
ore diameters. The cellular uptake efficiency and kinetics of both MSNs were measured in a cancer cell line (CHO) and a noncancerous cell line

fibroblasts) by flow cytometry and fluorescence confocal microscopy. The correlation between the particle morphology and aggregation of MSNs
o the effectiveness of cellular uptake was investigated. We envision that our study on the morphology dependent endocytosis of MSNs would lead
o future developments of efficient transmembrane nanodevices for intracellular sensing and gene/drug delivery.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of surfactant-templated synthesis of
esoporous silica materials in 1992 [1,2], many reports in

he literature have explored the functionalization and utiliza-
ion of these structurally ordered materials for applications in

variety of areas, such as catalysis [3–5], separation [6,7],
nd sensor [8,9]. The unique properties, such as high surface
rea (>700 m2 g−1), large pore volume (>0.9 cm3 g−1), tun-
ble pore size with a narrow distribution (2–10 nm), and good
hemical and/or thermal stability, of these silica materials also
ake them potentially suitable for several important biologi-

al applications, such as drug delivery, imaging, and controlled
elease/sequestration [10–16].

While several research groups worldwide have investigated
he controlled release properties of various mesoporous sil-
ca materials, the amorphous nature of these materials make
hem difficult to handle under physiological conditions. The
andom aggregation of the amorphous and polydisperse parti-

les of mesoporous silicas in aqueous solutions with high ionic
trength complicates their circulation lifetime and cell mem-
rane permeability. Because of these issues, it is difficult to
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redict and regulate the biocompatibility of amorphous meso-
orous silica materials both in vitro and in vivo. In contrast,
urface-functionalized solid silica particles with spherical shape
nd narrow size distribution have been used for biological appli-
ations [17–20].

To construct mesoporous silica-based functional materials
or practical applications in biotechnology and biomedicine, the
bility to control the particle morphology and surface properties
f these materials is of fundamental importance. Several recent
eports on the morphological control and surface functionaliza-
ion of mesoporous silica nanoparticle (MSN) materials have
hown promising results in improving their in vitro biocompat-
bility and cell membrane permeability [9,21–24]. In particular,
he recent demonstrations on the endocytosis of these MSN
articles into animal and plant cells highlight the possibility
f designing nanodevices for controlling cell membrane traf-
c [23], which would allow efficient deliveries of a variety of
iogenic molecules into cell bodies.

To date, only spherical MSNs with an average particle size
round 100–200 nm have been investigated for the endocyto-
is of live cells [23]. To further advance this burgeoning field
f research, it is important to gain fundamental insight on how

he different shapes and particle sizes would impact the cell

embrane permeability of mesoporous silica materials. Herein,
e report on the synthesis and characterization of two kinds of
esoporous silica particles with spherical and tube-like mor-

mailto:vsylin@iastate.edu
dx.doi.org/10.1016/j.cej.2007.09.045
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Fig. 1. Schematic representation of cell uptake and

hologies. The cellular uptake efficiency and kinetics were
easured and compared to particle size and aggregation occur-

ence in aqueous buffer, as depicted in Fig. 1. We discovered that
ancer cells endocytosed both MSNs more efficiently and at a
aster rate than fibroblast cells. We also discovered that the rate
f endocytosis correlates with the degree of particle aggregation.

. Experimental

.1. Synthesis of spherical fluorescein
sothiocyanate-doped MSNs (S-FITC-MSN)

The MSN material was prepared by the following pro-
edures: First, 1.0 mg fluorescein isothiocyanate was stirred
or 30 min at room temperature with 5.0 �L 3-aminopro-
yltrimethoxysilane (APTMS) in 500.0 �L anhydrous DMF.
ext, n-cetyltrimethylammonium bromide (CTAB, 1.0 g,
.7 × 10−3 mol) was dissolved in 480.0 mL nanopure water.
his solution was made basic by the addition of 3.5 mL 2.0 M
aOH, followed by adjusting the solution temperature to 353 K.
etraethyl orthosilicate (TEOS) (5.0 mL, 2.6 × 10−3 mol) was
rst introduced dropwise to the CTAB-containing solution, fol-

owed by the dropwise addition of the FITC-APTMS/DMF
olution. The mixture was stirred for 2 h at 353 K to give rise
o orange precipitates (as synthesized S-FITC-MSNs). The solid
roduct was filtered, washed with deionized water and methanol,
nd dried under high vacuum at 353 K. To remove the surfactant
emplate (CTAB), the as-synthesized FITC-MSN (1.0 g) was
efluxed for 18 h in a solution of 1.0 mL of HCl (37.4%) and
00.0 mL of methanol, followed by washing with methanol and
ater. The surfactant-removed FITC-MSNs (washed S-FITC-

SNs) were placed under high vacuum to remove solvent from

he mesopores, shown previously to remove surfactant to com-
letion by 13C solid state NMR [25]. The amount of fluorescein
ncorporated to the mesoporous material was determined to be

2

l

alization of spherical and tube-shaped FITC-MSN.

.3 ± 0.5 × 10−4 mol/g by 29Si direct polarization solid-state
MR using a previously reported method [25,28].

.2. Synthesis of tube-shaped fluorescein
sothiocyanate-doped MSNs (T-FITC-MSN)

The MSN material was prepared by the following
rocedures: First, fluorescein isothiocyanate (2.0 mg) was
tirred for 30 min at room temperature with 500.0 mL 3-
minopropyltrimethoxysilane (APTMS) in 500.0 mL anhydrous
MF. Next, n-cetyltrimethylammonium bromide (CTAB, 2.0 g,
.5 × 10−3 mol) was dissolved in 480.0 mL nanopure water.
his solution was made basic by the addition of 7.0 mL 2.0 M
aOH, followed by adjusting the solution temperature to 353 K.
EOS (10.0 mL, 5.1 × 10−3 mol) was first introduced quickly to

he CTAB-containing solution, followed by the rapid addition
f the FITC-APTMS/DMF solution. The mixture was stirred
or 2 h at 353 K to give rise to orange precipitates (as synthe-
ized T-FITC-MSN). The solid product was filtered, washed
ith deionized water and methanol, and dried in under high
acuum at 353 K. To remove the surfactant template (CTAB),
he as-synthesized FITC-MSN (1.0 g) was refluxed for 18 h
n a solution of 1.0 mL of HCl (37.4%) and 100.0 mL of

ethanol, followed by washing with methanol and water. The
urfactant-removed FITC-MSNs (washed T-FITC-MSN) were
laced under high vacuum to remove solvent from the meso-
ores. The amount of fluorescein incorporated to the mesoporous
aterial was determined to be 1.1 ± 0.6 × 10−4 mol/g by 29Si

irect polarization solid-state NMR using a previously reported
ethod [25,28].
.3. Reagents and materials for biological studies

Chinese Hamster Ovarian (CHO) and Human fibroblast cell
ines were obtained from American Tissue Culture Collection
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ATCC). Formaldehyde solution (37%, w/w) was purchased
rom Fisher. 4,6-Diamidino-2-phenylindole, dihydrochloride
DAPI) and trypan blue were purchased from Sigma–Aldrich.
rypsin (1×, 0.25%) in 0.1% EDTA-Na without calcium and
agnesium was purchased from Fisher Scientific.

.4. Cell line maintenance

CHO and fibroblast cells were maintained in T75 flasks using
MEM (Dulbucco’s modified Eagle’s medium) supplemented
ith 10% equine serum, 2 mM l-glutamine, 100 U mL−1 peni-

illin, 100 mg mL−1 streptomycin, and 1 mg mL−1 gentamycin.
HO and fibroblast cells were split every 2–3 days.

.5. Measuring the dosage of spherical-FTIC-MSN and
ubular-FTIC-MSN uptake

To investigate the maximum amount of material that can
e incorporated by CHO and fibroblast cells, a dosage exper-
ment was designed. The cells were grown in 6-well plates
or 24 h or until visual confluency developed. The cells were
hen treated with incremental amounts of T-FITC-MSN and S-
ITC-MSN suspended in media. Experiments were designed
or both T-FITC-MSN and S-FITC-MSN with concentrations
f 0, 5, 10, 25, 50, and 100 �g mL−1. The cells were incu-
ated with the different concentrations of MSNs for 12 h at
7 ◦C in 5% CO2. After 12 h, the cells were washed two
imes with PBS (phosphate-buffered saline) and trypsinized.
he cells were incubated in 830 mM trypan blue for 10 min

o quench the fluorescence of any MSNs adhered to the exte-
ior of the cells. The MSN uptake was measured by flow
ytometry.

.6. Measuring the kinetics of spherical-FTIC-MSN and
ubular-FTIC-MSN uptake
To investigate the rate of MSN uptake into CHO and fibrob-
ast cells, a kinetic experiment study was conceived. The cells
ere grown in 6-well plates for 24 h, or until visual confluency

o
C

Fig. 2. Scanning electron micrographs of S-FITC-MSN (a) and T-FITC-MS
ring Journal 137 (2008) 23–29 25

eveloped. The cells were incubated with a uniform amount of
SNs (50 �g mL−1) for varying amounts of time. Uptake was
easured at 0, 10, 30, 60, 180, and 360 min time intervals. After

he pre-determined amount of time, the cells were washed twice
ith PBS, and incubated in standard growth media. Fourteen
ours after initial inoculation, the cells were trypsinized, and
he MSN uptake was measured by flow cytometry.

.7. Fluorescence confocal microscopy measurements

To visually investigate the endocytosis of T-FITC-MSN
nd S-FITC-MSN, fluorescence confocal microscopy was
mployed. Coverslips (22 mm2) were cleaned with 1.0 M HCl,
anopure water (3×), 50% ethanol, 70% ethanol, and 100%
thanol, and dried overnight at 60 ◦C. Following cleaning, the
overslips were placed on the bottom of the wells of 6-well
lates and covered with 3.0 mL of standard growth media. CHO
1.0 × 105 cells mL−1) were grown for 24 h on the coverslips.
fter 24 h, the cells were inoculated with 50.0 �g mL−1 MSNs,

nd grown for an additional 12 h. Afterwards, the growth media
as removed, the cells were washed with PBS (2×), and the cells
ere then reincubated with a PBS solution of 3.7% formalde-
yde and 57.0 mM DAPI for 30 min. These coverslips were
emoved from the PBS solution and fixed to glass slides with
iquid adhesive.

.8. Nitrogen adsorption/desorption isotherms

Surface analysis of the T- and S-FITC-MSN materials was
erformed by nitrogen sorption isotherms in a Micromeritics
ristar 3000 sorptometer. The surface areas were calculated by

he Brunauer–Emmett–Teller (BET), and the pore size distribu-
ion was calculated by the Barrett–Joyner–Halenda method.

.9. X-ray diffraction measurement
X-ray diffraction patterns of the MSN materials were
btained in a Scintag XDS-2000 powder diffractometer using
u K� irradiation. Both materials possess a hexagonal structure

N (b), giving evidence of morphology control during MSN synthesis.
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ypical of MCM-41 with three characteristic d1 0 0, d1 1 0, and
2 0 0 peaks.

.10. �-Potential measurement

The �-potential of the MSN materials was measured in a
alvern Nano HT Zetasizer. Five hundred micrograms per

illiliter suspensions of each of the materials in phosphate buffer

aline buffer were prepared. The pH 7.5 buffer was composed
f 2.7 mM KCl, 1.5 mM KH2PO4, 136.0 mM NaCl and 8.1 mM
a2HPO4·7H2O in nanopure water.

c
c
2
t

ig. 3. Transmission electron micrographs of S-FITC-MSN (a) and T-FITC-MSN
nternal mesopore structure. Low angle X-ray diffraction spectra (c) of S-FITC-MS
erifying hexagonal mesopore structures. (For interpretation of the references to c
rticle.)
ring Journal 137 (2008) 23–29

.11. Scanning and transmission electron microscopy

Particle morphology was studied with a JEOL 840A scan-
ing electron microscope with a 10 kV acceleration voltage. For
ransmission electron microscopy measurements, an aliquot of
he powder was sonicated in nanopure water for 15 min. A sin-
le drop of this suspension was placed on a lacey carbon coated

opper TEM grid and dried in air. The TEM examination was
ompleted on a Tecnai G2 F20 electron microscope operated at
00 kV to examine at electron optical magnification of 64,000
o 550,000.

(b), showing respective particle morphologies at high magnification, and the
N (blue) and T-FITC-MSN (red) measured after surfactant-template removal
olour in this figure legend, the reader is referred to the web version of the
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. Results and discussion

To prepare morphology controlled MSNs functionalized
ith fluorescein, we first reacted FITC with an aminopropy-

trimethoxysilane in dry DMF to yield a trimethoxysilylated
ITC. By using this compound as a precursor, a tube-
haped, FITC-labeled MSN and a spherical FITC-labeled MSN
ere successfully synthesized via our recently reported co-

ondensation method [8,25]. As shown in the SEM micrographs
Fig. 2a), the S-FITC-MSN is indeed a monodisperse material
onsisting of spherical particles and has a narrow size distribu-
ion ranging from 80 to 150 nm in particle diameter. On the
ther hand, the SEM image of T-FITC-MSN confirmed the
ube-like particle morphology with an average particle size of
00 nm in length and 100 nm in width (Fig. 2b). Upon removal
f the surfactant template via acid/methanol extraction, both T-
nd S-FITC-MSNs comprised of MCM-41-type, hexagonally
rranged pores as determined by TEM (Fig. 3a and b) and low
ngle powder XRD (Fig. 3c). Powder XRD analysis confirms
exagonally arranged mesopores in the diffraction pattern of
oth MSN as evident by the intense d1 0 0 peak, along with a
ell-resolved d1 1 0 and d2 0 0 (Fig. 3c). Nitrogen sorption anal-
sis of both materials exhibited a Type-IV isotherm, typical
f mesoporous material with BET surface areas measured at
51.7 ± 3.0 and 991.2 ± 3.8 m2/g for T-FITC-MSN and S-FITC-
SN (Fig. 4), respectively. The average pore diameters were

etermined to be 27 Å for both materials by the BJH method
Fig. 4 inset).

The cellular uptake of both materials was analyzed by flow

ytometry. Both materials were covalently labeled with fluores-
ein as a fluorescent marker to determine the number of cells
hat internalized S-FITC-MSN and T-FITC-MSN. Flow cytom-
try measures the fluorescence of individual cells and counts the

h
o
e
r

ig. 5. Dosage efficiency and kinetic measurements in CHO and fibroblast cells S-F
broblast cells (b) measured after 12 h incubation at 37 ◦C. Normalized endocytosis
For interpretation of the references to colour in this figure legend, the reader is refer
nd T-FITC-MSN (red). BJH pore size distribution of S-FITC-MSN (blue) and
-FITC-MSN (red) (inset). (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of the article.)

umber of cells that are above the cellular autofluorescence at
ach concentration of MSN. As the dosage of MSN increased,
he number of cells showed a positive FITC signal also increased.

e discovered that the uptake of MSN was both morphology and
ell line dependent. Both materials showed more efficient uptake
n the cancer cell line (CHO) than fibroblast cells (Fig. 5a). In
act, T-FITC-MSN showed 100% efficient endocytosis between
0.0 and 100.0 �g mL−1 with an EC50 of 4.6 �g mL−1, while S-
ITC-MSN did not reach 100% efficient endocytosis below the

ighest measured concentration of 100.0 �g mL−1 and an EC50
f 56.0 �g mL−1. However, both materials showed less efficient
ndocytosis for fibroblast cells (Fig. 5b). In fact, neither material
eached 100% efficiency in fibroblast cells; specifically, T-FITC-

ITC-MSN (blue) and T-FITC-MSN (red). Dosage efficiency of CHO (a) and
kinetics of CHO (c) and fibroblast cells (d) of 50 �g mL−1 incubated at 37 ◦C.
red to the web version of the article.)
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Fig. 6. Dynamic light scattering data of S-FITC-MSN (blue) and T-FITC-MSN
(red) measured at a concentration of 500 �g mL−1 in PBS. (For interpretation
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SN reached ∼60% efficiency at 100.0 �g mL−1 with an EC50
f 82.0 �g mL−1. S-FITC-MSN seemed to reach a maximum
fficiency at 100.0 �g mL−1, where 21% of the fibroblast cells
howed uptake of spherical MSN. To avoid false positives, try-
an blue was incorporated in the flow cytometry measurements
o quench the fluorescence of MSN that were not internalized
ut may be attached to the outside of the cell.

In addition to investigating the efficiency of endocytosis,
he kinetics of endocytosis for both MSNs was studied. We
iscovered that the rates of endocytosis for both MSNs were
imilar and rapid for CHO cells (Fig. 5c). However, the rates
f endocytosis for fibroblast cells were different for the MSN
ith different morphologies. Specifically, the rate of endocytosis

or S-FITC-MSN was significantly faster than that of T-FITC-
SN. In the case of S-FITC-MSN, the endocytosis reached

early 100% uptake in 180 min, while T-FITC-MSN required
60 min to reach 100% endocytosis. This difference in endo-
ytosis kinetics may be attributed to two variables. One is the
article size, S-FITC-MSN are much smaller as is evident from
he SEM and TEM analyses (Figs. 2a and 3a). The particle size
f S-FITC-MSN is on the order of 80–150 nm in diameter, while

-FITC-MSN have a similar width of 80–150 nm but can vary
n length. SEM and TEM data revealed that T-FITC-MSN could
each 400–1000 nm in length. This size variation may account
or the difference in the rate of MSN endocytosis.

e
t
d
m

ig. 7. Fluorescence confocal micrographs of CHO cells incubated with 50 �g mL−
xcited at 340 nm to visualize the cell nuclei stained with DAPI. (b and e) Fluoresce
nternalized by cells. (c and f) Overlaid micrographs of (a and b) and (d and e), respe
f the references to colour in this figure legend, the reader is referred to the web
ersion of the article.)

The other variable, which can also explain the difference in

ndocytosis kinetics, is the different aggregation ability between
he MSN particles with different shapes. We have previously
emonstrated that the uptake of S-FITC-MSN is a clathrin-
ediated endocytosis process [23] and there are numerous

1 T-FITC-MSN (a–c) and S-FITC-MSN (d–f). (a and d) Fluorescence image
nce image excited at 488 nm to visualize the FITC doped MSN that have been
ctively.
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xamples of enhanced uptake of cancer cells and receptor over-
xpressed cells over noncancerous cells [26,27].

To investigate the aggregation ability of these MSNs in aque-
us solutions, the zeta potential (ζ-potential) of both materials
ere measured using a Malvern Nano Zetasizer to determine the

urface charges that correspond to T-FITC-MSN and S-FITC-
SN. The ζ-potentials were measured to be −1.90 mV and
1.50 mV for T-FITC-MSN and S-FITC-MSN, respectively.
ince the surface charges of the MSN are statistically equiv-
lent, we assumed that endocytosis efficiency and rate were
ependent exclusively upon morphology and particle aggrega-
ion. The aggregation and particle sizes were measured using
dynamic light scattering technique. Both morphologies were
iscovered to aggregate at 500.0 �g mL−1 (Fig. 6). Specifically,
-FITC-MSN showed a rather sharp peak at 712 nm, represent-

ng a small aggregation distribution while T-FITC-MSN showed
broader distribution ranging from 955 to 1480 nm. The fact that
-FITC-MSN aggregates into larger particles may be another
eason for the slower cellular uptake of T-FITC-MSN.

To further investigate the cellular uptake and biocompatibility
f the MSNs, CHO cells (∼1 × 105 cells mL−1) were incu-
ated overnight (∼12 h) with T-FITC-MSN and S-FITC-MSN
50.0 �g mL−1). The first fluorescence confocal micrographs in
ach series (Fig. 7a and d) showed the presence of healthy, round
uclei, stained blue by 4′,6-diamidino-2-phenylindole (DAPI)
nd excited at 340 nm. DAPI is a blue-fluorescent dye known to
omplex with double-stranded DNA. Green fluorescence from
-FITC-MSN and S-FITC-MSN were observed in the cell bod-
es of these CHO cells in Fig. 7b and e. The DAPI and green
uorescent excited micrographs were recorded at the same focal
epth. As we are able to clearly observe the nuclei, we can be
ssured that we are observing a focal plane that intersects the
ell. The existence of oval, seemingly healthy nuclei lead us
o believe that these MSN are in fact biocompatible, and do not
ffect the cell cycles in a detrimental way during the endocytosis
rocess.

. Conclusion

In summary, we demonstrated the endocytosis of MSN with
pherical- and tube-like morphology in cancer and noncancerous
ell lines. These MSN have unique efficiencies of endocytosis,
hich are both morphology and cell line dependent. We have

ationalized the size and aggregation tendencies to be determin-
ng factors in endocytosis efficiency and kinetics. We envision
hat understanding this difference in efficiency and kinetics may
llow researchers to more accurately control the rate of drug and
herapeutics delivery.
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