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G
ene therapy has been considered an
important therapeutic option for
the treatment of genetically caused

diseases such as cancer,1�3 hepatitis,4,5 and
sickle-cell anemia.6,7 Such therapy necessi-
tates efficient gene delivery to cells because
naked nucleic acids alone are not able to get
across cell membranes. Gene delivery sys-
tems are divided into two methods;viral
and nonviral systems. Viral systems, which
harness the infection mechanism of natural
viruses, are evidently most effective but
possess safety issues such as immunogenicity
and the possibility of gene recombination.8

Nonviral gene delivery methods based on
chemical methods involve cationic com-
pounds,9 recombinant proteins,10 or pol-
ymeric11 or inorganic nanoparticles.12 Ca-
tionic compounds usually exhibit high toxi-
city, and recombinant proteins require a
high cost to prepare. The major drawback
of polymeric systems involving poly(L-
lysine) (PLL) and polyethylenimine (PEI) is
high toxicity.13

Inorganic nanoparticles possess several
advantages over polymeric ones for gene
delivery system.14 With the advancement of
nanotechnology, many inorganic nanopar-
ticles could be easily prepared, and surface
modification becomes straightforward.
Some of inorganic nanoparticles have rela-
tively low toxicity and can be engineered to
have less cytotoxicity. Most of them can be
stored with high long-term stability. To
date, many different kinds of inorganic na-
noparticles have been used for gene deliv-
ery, such as gold,15,16 quantum dot,17,18

calcium phosphate,19 carbon nanotubes,20,21

and silica.22 Deoxyribonucleic acids (DNAs)
that are conjugated or adsorbed onto a

nanoparticle surface can be easily degraded
by nucleases. Therefore, DNAs are preferred
to be packaged into a suitable space for
protection from degradation until they ar-
rive where they should be released inside
cells. Among various nanoparticles, the sili-
ca nanoparticle (SiNP) is attractive because
it has such advantages as availability in
porous forms, easy surface manipulation,
biocompatibility, long-term stability, and
ease of preparation in large quantity with
low cost. In fact, porous SiNPs with small
pore size (∼2.7 nm) have been utilized for
plasmid delivery. Xia, T. et al. reported the
use of SiNPs modified with PEI to adsorb
negatively charged plasmid DNA onto the
surface for loading and cellular delivery.23

Others used cationic materials such as
dendrimer24 and cationic lipid25 for surface
modification. Modification of the surface
with cationic components was necessary
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ABSTRACT Among various nanoparticles, the silica nanoparticle (SiNP) is an attractive candidate

as a gene delivery carrier due to advantages such as availability in porous forms for encapsulation of

drugs and genes, large surface area to load biomacromolecules, biocompatibility, storage stability,

and easy preparation in large quantity with low cost. Here, we report on a facile synthesis of

monodispersed mesoporous silica nanoparticles (MMSN) possessing very large pores (>15 nm) and

application of the nanoparticles to plasmid DNA delivery to human cells. The aminated MMSN with

large pores provided a higher loading capacity for plasmids than those with small pores (∼2 nm),

and the complex of MMSN with plasmid DNA readily entered into cells without supplementary

polymers such as cationic dendrimers. Furthermore, MMSN with large pores could efficiently protect

plasmids from nuclease-mediated degradation and showed much higher transfection efficiency of

the plasmids encoding luciferase and green fluorescent protein (pLuc, pGFP) compared to MMSN

with small pores (∼2 nm).

KEYWORDS: biocompatibility . gene delivery . large pores . plasmid . porous silica
nanoparticle
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for DNA adsorption.26�28 In these strategies, plasmids
cannot be effectively protected from nucleases and
cationic coating materials can increase cytotoxicity of
the whole gene carrier. Therefore, porous SiNP with
very large pores should be useful to accommodate
large plasmid DNAs by providing more inner space to
hold DNA for better protection against nucleases.
Here, we report on a facile synthesis of monodis-

persed mesoporous silica nanoparticles (MMSN) pos-

sessing very large pores (>15 nm) and application of

the nanoparticle to plasmid DNA delivery to human

cells. The aminated MMSN with large pores provide

cationic pores large enough to encapsulate plasmids,

at least partially, without supplementary polymers

such as PEI (Scheme 1).

RESULTS AND DISCUSSION

Preparation of MMSN with Large Pores. We prepared
MMSN possessing large pores (>15 nm in diameter)
according to a swelling agent incorporation method29

with a slight modification. 1,3,5-Trimethylbenzene
(TMB) was used for swelling of the mesopores with a

mixed solvent of water and ethanol. Mesopores were

expanded to about 10 times the size (23 nm, mean

pore size) of the original one (2.1 nm)30 when equal

volumes of TMB, water, and ethanol were used, accord-

ing to nitrogen sorption data. Transmission electron

microscopy (TEM) images indicate that the prepared

MMSN had outer diameter of about 250 nm, while

retaining high monodispersity and spherical morphol-

ogy (Figure 1). To endow the positively charged surface

Scheme 1. Monodispersed mesoporous silica nanoparticles (MMSN) with large pores are expected to give higher loading
capacity for plasmid DNA (pDNA) compared to those with small pores and better protection from nucleases.

Figure 1. TEM images of (a, b) nonexpandedmonodispersed mesoporous silica nanoparticles (MMSN-2) and (c, d) expanded
monodispersed mesoporous silica nanoparticles (MMSN-23).

A
RTIC

LE



KIM ET AL. VOL. 5 ’ NO. 5 ’ 3568–3576 ’ 2011

www.acsnano.org

3570

for loading plasmid DNA through electrostatic interac-
tion, the primary amine groups were introduced using
3-aminopropyltriethoxysilane (APTES) through a post-
grafting method. The degree of amination on the
surface was determined as 3.6 mmol/g for both
MMSN-2 (MMSN with 2 nm pore) and MMSN-23
(MMSN with 23 nm pore) by elemental analysis. To
facilitate visualization of the MMSN in intracellular
delivery, 5-carboxytetramethylrhodamine (TAMRA)
dye was conjugated to the particles. The zeta potential
of the prepared delivery vehicles after TAMRA conju-
gation was measured as 12.3 and 17.5 mV for MMSN-2
and MMSN-23, respectively.

Internalization of MMSN into Mammalian Cells. To observe
cellular uptake ofMMSN-23, TEM and fluorescencemicro-
scopy were used for locating the particles. TEM micro-
graph shows a large number ofMMSNwere endocytosed
by HeLa cells when cells were exposed to 80 μg/mL of
MMSN (Figure 2a). The fluorescence micrograph also
indicates that TAMRA-labeled MMSN (red fluorescence)
were entered intoHeLa cells and accumulatedaround the
perinuclear region of the cytoplasm (Figure 2b). Nuclei
were stainedwithDAPI, showingblue fluorescence. These
micrographs confirmed that MMSN readily entered into
cells across cell membranes without further supplemen-
tary materials such as cationic polymers and lipids.

Figure 2. TEM (a) and fluorescence (b) images of HeLa cells with internalized MMSN-23. Black solid and dotted arrows in the
TEM image indicate MMSN-23 that underwent cellular uptake and that are about to enter into cells, respectively. Red
fluorescence represents location of MMSN-23 inside cells, arising from TAMRA dyes that are conjugated to MMSN-23. Nuclei
are stained with DAPI, showing blue fluorescence (b). The cell images confirmed that MMSN-23 readily enter into cells across
cell membranes without further surface treatment and without cationic polymers or lipids.

Figure 3. (a) Zeta potential of MMSN-2 and MMSN-23 after pDNA binding with 80 μg/mL of MMSN. (b) Gel retardation assay
demonstrating pLuc�nanoparticle complexation with increasing amounts of MMSN. The amount of pLuc (4.8 kbp) was
constant (0.5μg). Loading capacity ofMMSN-23 is about four times higher than that ofMMSN-2. (c) Average amount of loaded
plasmids was calculated for both MMSN-2 and MMSN-23. For complexation, 0.5 μg of pDNA was incubated with MMSN in a
total volume of 10 μL.
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Loading of Plasmid DNA (pDNA) to MMSN. To evaluate
pDNA loading capacity, the surface charge of MMSN
was estimated by zeta potential (Figure 3a). As de-
scribed above, zeta potentials of MMSN-23 andMMSN-
2 were 17.5 and 12.3 mV in pH 7.4 buffered solution.
After pDNA binding (pLuc, plasmid encoding lucifer-
ase, 2 μg/mL) with MMSN (80 μg/mL), the zeta poten-
tial of pDNA/MMSN-23 complexes still showed a
positive value, 4.53 mV, whereas the pDNA/MMSN-2
complexes gave a highly negative value, �34.5 mV.
This result suggests the MMSN-23 has a high loading
capacity of pDNA with a high possibility of efficient

cellular uptake even after pDNA binding, whereas a
MMSN-2 carries pDNA mostly on the outer surface of
the particle rather than inside the pores.31 We next
measured hydrodynamic diameters of a pDNA/MMSN
complex with a zetasizer after 30 min of co-incubation
with pDNA. Hydrodynamic diameters of the particles
increased after incubation with pDNA from 905 to
1223 nm and from 543 to 1071 nm for MMSN-2 and
MMSN-23, respectively. We observed that longer in-
cubation tends to induce further aggregation over
time. This aggregation behavior may attenuate merit
of nanosized particles. In addition, it may also lead to

Figure 4. (a, c) AFM and (e, g) TEM images of MMSN-2 and MMSN-23 and (b, d) AFM and (f, h)TEM images of MMSN-2 and
MMSN-23 loaded with pLuc. Height profiles indicate that pLuc was loaded onto both MMSN, resulting in increased size of
overall nanocomplex. MMSN-23 loaded with pLuc showed rough surface morphology, implying that some portions of the
loaded pLuc are extruded from the pores.

Figure 5. DNase I protection assay. Upper dotted arrow indicates linear form of pDNA, and lower solid arrow indicates
supercoiled form of pDNA. The amount of pDNA (0.5 μg) and SiNPs (20 μg) were constant. Lane 1, naked pDNA (pLuc); lane 2,
pDNA/MMSN-2; lane 3, pDNA/MMSN-2 after pDNAwas released by heparin; lane 4, pDNA/MMSN-23; lane 5, pDNA/MMSN-23
after pDNA was released by heparin; lane 6, naked pDNA treated with DNase I; lane 7, pDNA/MMSN-2 treated with DNase I
before pDNA was released by heparin; lane 8, pDNA/MMSN-23 treated with DNase I before pDNA was released by heparin.
MMSN-23 showed remarkable protection of pDNA to DNase I degradation.
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faster sedimentation in cell culture and thus lead to
higher transfection efficiency as compared to nonag-
gregated particles. To examine loading capacity of
pDNA according to the concentration of MMSN, a gel
retardation assay was performed with complexes of
pDNA and varying concentrations of MMSN-23 and
MMSN-2. A constant amount of pDNA (pLuc, 4.8 kbp,
0.5 μg) was complexed with various amounts of MMSN
from 5 to 60 μg. MMSN-23 made stable complex with
pDNA showing higher amount of condensed pDNA/
MMSN-23 complex retained in the well even though
smaller amount of MMSN-23 was used than MMSN-2,
suggesting that loading capacity of MMSN-23 was
higher than MMSN-2 (Figure 3b). The average number
of loaded plasmids was calculated based on DNA band
intensities on a gel. As expected, MMSN-23 had higher
loading capacity for pDNA than MMSN-2 in all the
conditions (Figure 3c). The higher plasmid loading
capacity of MMSN-23, while maintaining positive zeta
potential unlike MMSN-2, suggests that MMSN-23 may
have more inner space to hold plasmids than MMSN-2.

Characterization of pDNA/MMSN complex. The pDNA load-
ing to MMSN was further characterized by AFM and TEM.
Height profiles of MMSN before (Figure 4a, c) and after
(Figure 4b, d) pLuc binding show that pLuc was loaded
onto both MMSN, resulting in increased overall size of
nanocomplexes. Notably, MMSN-23 loaded with pLuc
(Figure 4d) shows many small compact structures on
the surface with rough surface morphology, implying
higher plasmid loading capacity of MMSN-23 than that
ofMMSN-2. TEM images also showed changes inmorpho-
logyof theparticles afterpDNA loading (Figure4e, f, g, h). It
appears that MMSN-23 shows lower tendency to get
aggregated into clusters of nanoparticles than MMSN-2
after pDNA loading (Figure4h). BothAFMandTEM images
suggest that pDNAs are loaded to the MMSN-23 and
MMSN-2. One pDNAmolecule may adsorb to both inside
and outside of the MMSN-23, whereas it may mostly
adsorb to the outside of the particles with 2 nm pores.

DNase Ι Protection Assay. For efficient gene delivery,
the pDNA loaded to the gene carrier should be

protected against degradation by nucleases.32 The
degree of pDNA degradation under various conditions
was examined in the presence of DNase I. After DNase I
treatment, the pDNA was released from positively
charged carriers by heparin treatment33 at 50 �C for
60 min right before gel electrophoresis. The loading
capacities of pDNA to MMSN-2 and MMSN-23 were
different from the beginning (Figure 5, lanes 2,4). In a
releasing test without treatment of DNase Ι (lanes 3, 5),
pDNA complexed with MMSN-2 was almost comple-
tely released, whereas pDNA with MMSN-23 was not
and was retained in the well even with a higher
concentration of heparin. This result demonstrated
that MMSN-23 formed very stable complexes with
pDNA. After DNase Ι treatment at 37 �C for 30 min,
naked pDNA was completely degraded and not de-
tected on the gel (lane 6). The degradation of pDNA
proceededmuch slowerwhen complexedwithMMSN-
23 than with MMSN-2 (lane 7, 8) showing that a half of
pDNA from pDNA/MMSN-23 after DNase I treatment
exists as an intact supercoiled form (lane 8), while
pDNA from pDNA/MMSN-2 after DNase I treatment
was mostly present as a linear form, not an intact
supercoiled form (lane 7). These results suggest that
MMSN-23 can more efficiently protect pDNA from
nuclease-mediated degradation than MMSN-2.

Cytotoxicity of MMSN-23. For gene therapy, gene car-
riers would be better to have low cytotoxicity with high
biocompatibility. To evaluate toxicity of MMSN-23,
HeLa cells were treated with various concentrations
of MMSN, and cell viability was determined by CCK-8
assay. Figure 6a shows that the silica nanoparticles did
not induce noticeable cell death even at high concen-
tration (640 μg/mL). Live/dead staining shows most
cells were viable (green fluorescence) at 320 μg/mL of
MMSN-23 with very few dead cells (red fluorescence)
(Figure 6b) similar to untreated HeLa cells (Figure 6c).

pLuc (Luciferase Plasmid) and pGFP (GFP Plasmid) Transfec-
tion Efficiency. Gene transfection experiments were per-
formed using HeLa cells with MMSN-23 and MMSN-2.
The pLuc (0.5 μg) was used as the luciferase reporter

Figure 6. (a) Cell viability of MMSN determined by CCK-8 assay. All samples were run in triplicate. (b, c) Live/dead staining of
cells treated with 320 μg/mL of MMSN-23 (b) and untreated (c). Scale bar is 200 μm. (d) In vitro transfection efficiency of the
luciferase gene (pLuc) into cells with increasing concentration of MMSN-2 and MMSN-23. The amount of pLuc was constant
(0.5 μg) and results were normalized to total cell protein.
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gene, and the luciferase expression induced by pLuc/
MMSN complexes was investigated with increasing
amounts of MMSN. Figure 6d shows pLuc/MMSN-2
complexes were not able to induce protein expression
inside the cells efficiently even at high concentration.
Naked pLuc also showed little or no luciferase expres-
sion. However, expression efficiency by pLuc/MMSN-
23 complexes increased with increasing amounts of
the nanoparticles, as shown in Figure 6d. At a high
concentration of MMSN-23 (320 μg/mL), gene expres-
sion efficiency was overwhelmingly high compared to
MMSN-2 and naked pLuc. These results demonstrate
that MMSN-23 not only have a high loading capacity of
pDNA, but also can deliver pDNA into cells efficiently.

Gene transfection was also demonstrated using
pGFP, a plasmid encoding green fluorescent protein.
Figure 7a shows fluorescence images of HeLa cells
transfected with pGFP (0.5 μg, 4.7 kbp) loaded to
TAMRA-conjugated MMSN-2 and MMSN-23. Cellular
uptake was confirmed by TAMRA fluorescence in both
particles, but GFP expression was hardly observed with
MMSN-2 even at high concentrations. In contrast,
pGFP/MMSN-23 showed much higher GFP expression
at all concentrations of MMSN-23 with the highest
expression at 160 μg/mL of MMSN, calculated from
GFP mean fluorescences measured by flow cytometry
(Figure 7b). Fluorescence images at highmagnification
further confirmed the internalization of MMSN-23 and
GFP expression (Figure 7c). The result indicates that
MMSN-23 could deliver pGFP into the cells efficiently
as well as pLuc. In the case of pLuc, transfection
efficiency increased as the concentration of MMSN-
23 was raised, whereas the highest transfection effi-
ciency was observed at 160 μg/mL of MMSN-23 in
pGFP transfection. Since the amount of the two plas-
mids and the experimental condition were constant,
the different trends in gene expression efficiency
might be due to differences in kinetics and biological

half-lives of pDNA and inequality in toxicity of the
expressed proteins.34 As a control, a pDNA transfection
experiment was also performed using lipofectamine
2000 in place of MMSN-23. Lipofectamine 2000
showed higher transfection efficiency than that of
MMSN-23 (320 μg/mL) by an average of 3.5-fold.
However, lipofectamine 2000 is more cytotoxic than
MMSN-23 and induced notable cell death under the
experimental condition where same amount of pDNA
was applied.35

CONCLUSION

We synthesized MMSN with large pores by a facile
method and demonstrated that MMSN-23 were an
efficient gene delivery carrier compared to MMSNwith
small pores (∼2 nm). MMSN-23 showed efficient cel-
lular uptake, high loading capacity of pDNA, remark-
able protection against DNase Ι, and low cytotoxicity.
Most importantly, MMSN-23 enabled efficient gene
delivery to deliver plasmids encoding two different
proteins, luciferase and GFP, without the assistance of
cationic lipids or polymers. Although pDNA is large,
transfection and expression of pDNA were successfully
accomplished by MMSN-23. To the best of our knowl-
edge, the present study is first to synthesize MMSN
with an overall diameter of ∼250 nm possessing
ultralarge pores of ∼23 nm with a simple preparation
strategy, which is readily applicable in living systems,
and to demonstrate its application as a gene delivery
carrier with low cytotoxicity. We believe that MMSN-23
possess high potential as a delivery carrier for other
macromolecules such as enzymes and antibodies in
addition to plasmids.
MMSN-23 have many advantages such as facile

synthesis and modification, large quantity production
at competitive cost, and encapsulation of drugs and
genes. Among them, it is worth noting that highly
aminatedMMSN-23 readily enter into cells without any

Figure 7. In vitro transfection efficiency of the GFP gene (pGFP, 0.5 μg) into HeLa cells. (a) Fluorescence images of GFP
expression and TAMRA conjugated to MMSN with increasing concentration of MMSN. Scale bar is 200 μm. (b) Quantification
of GFP expression levels by flow cytometry with MMSN-23 and MMSN-2. (c) Fluorescence image showing transfected cells
expressed GFP with internalized MMSN-23 (160 μg/mL) with high magnification.
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polymers or lipids in spite of high loading of pDNA.
MMSN-23 show efficient cellular uptake only by
introduction of amine functionality to the surface.
Further, the aminated MMSN-23 would be easily
modified to incorporate such functions as cell-spe-
cific targeting or chemotherapeutic agents by bio-
conjugation of functional molecules via primary
amines on the silica surface. MMSN-23 which have

large surface areas may be also harnessed to simul-
taneously deliver both small drugs and therapeutic
biomacromolecules, and therefore induce a syner-
getic effect. Currently, we are investigating further
bioapplications of MMSN-23 for the development of
highly sensitive enzyme/small molecule sensors as
well as for siRNA and peptide/protein delivery sys-
tems in vitro and in vivo.

METHODS
Materials. Cetyl trimethyl ammonium bromide (CTAB) was

purchased from Acros (New Jersey, USA). Ethanol was pur-
chased from Merck (Darmstadt, Germany). 3-Aminopropyl-
triethoxysilane (APTES), tetramethyl orthosilicate (TMOS),
toluene, dimethylsulfoxide (DMSO), and mesitylene (trimethyl
benzene, TMB) were purchased from Aldrich Chemical Co.
(Milwaukee, WI, USA). Sodium hydroxide was purchased from
Junsei Chemical Co. (Tokyo, Japan). All reagents were used as
received without further purification. DMEM (Dulbecco's Mod-
ified Eagle's Medium), FBS (fetal bovine serum), and PBS (pH 7.4)
were purchased fromWelGENE Inc. (Daegu, Korea). DNase I was
purchased from New England Biolabs Inc. (Ipswich, MA, USA).
CCK-8 (Cell Counting Kit-8) and luciferase assay system were
purchased fromDojindoMolecular Technologies, Inc. (Rockville,
MD, USA) and Promega (Madison, WI, USA), respectively. pLuc
encoding luciferase and pGFP encoding green fluorescent
protein were used for in vitro transfection experiment. Each
plasmidwas transformed in Escherichia coliDH5R and amplified
in Luria Broth (Conda, Spain) at 37 �C overnight with shaking at
300 rpm. The plasmids were purified using a QIAGEN Midi
plasmid purification kit (QIAGEN, Valencia, CA) according to
the manufacturer's protocol. Purified DNA was dissolved in a
buffer, and its purity and concentration were measured by
NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific,
USA).

Synthesis of MMSN-2 and MMSN-23. As-synthesized silica nano-
particles were prepared according to the literature with little
modification. In brief, 3.94 mg of CTAB and 2.28 mL of 1 M
NaOH solution were dissolved in 800 g of methanol/water
(0.4/0.6 = w/w). With vigorous stirring, 1.3 mL of TMOS was
added to the solution under ambient condition. After being
stirred for 8 h, the mixture was aged overnight. The resulting
white precipitate was purified to remove remaining surfac-
tant by centrifugation and washed with ethanol and water
five times each. To prepare MMSN-2, as-synthesized silica
nanoparticles were suspended in 20 mL of ethanol, and 4 mL
of HCl was added to the suspension. The suspension was
refluxed overnight. The resulting white powder was filtered
out and washed with ethanol. To prepare MMSN-23, as-
synthesized silica nanoparticles were dispersed in ethanol
by sonication for 30min, followed by the addition of 20mL of
1:1 mixture (v/v) of water and TMB. Themixture was placed in
the autoclave, and kept at 140 �C for 4 days without stirring.
The resulting white powder was washed with ethanol and
water five times each. The organic surfactant was removed
by refluxing in acidic ethanolic solution as described above
for the synthesis of MMSN-2.

Preparation of Amine-Functionalized MMSN-2 and MMSN-23 Conju-
gated with TAMRA. The prepared MMSN-2 andMMSN-23 (100mg
each) were suspended in toluene followed by the addition of
1 mL of APTES. The suspension was refluxed overnight, filtered
out, and washed with ethanol. Amine-grafted MMSN-2 and
MMSN-23 (30mg each) were then suspended in 1 mL of DMSO,
and 10 μL of TAMRA NHS solution (2.5 mg/mL in DMSO) was
added to the suspension. After stirring for 3 h, the pinkish
powder was obtained by centrifugation and washing with
ethanol and water five times each.

Characterization of MMSN. Nitrogen adsorption�desorption
isotherms were measured at 77 K with 13 and 26 mg of MMSN-
2 andMMSN-23, respectively, using aQuantachromeNova 2000
series analyzer. Before the measurements, all samples were
degassed at 300 �C for 12 h. Surface area calculations were
carried out using the BET method, whereas the pore size
distribution was calculated according to the BJH method.

Cell Culture. HeLa (Human cervical cancer cell line) cells were
cultured in DMEM (Dulbecco's Modified Eagle's Medium) con-
taining 4.5 g/L D-glucose and supplemented with 10% FBS (fetal
bovine serum), 100 units/mL penicillin, and 100 μg/mL strepto-
mycin. Cells were maintained in a humidified 5% CO2 incubator
at 37 �C.

Transmission Electron Microscopy of MMSN Treated Cells. The
MMSN-23 (80 μg/mL) treated cells were fixed with 2.5% glutar-
aldehyde in PBS for 5 h at 4 �C. The samples were rinsed 3 times
in 0.1 M cacodylate buffer and post-fixated with 2% osmium
tetroxide (OsO4) solution for 1 h at 4 �C. Then they were washed
and stained with en bloc 2% uranyl acetate in distilled water
overnight. They were subsequently dehydrated in a graded
ethanol series and a Spurr resin (mixture with ERL 4221, DER
736, NSA and DMAE, TedPella Inc.) series. Finally, the samples
were placed in fresh 100%Spurr resin inmolds and polymerized
at 60 �C for 8 h. Ultrathin (50�70 nm) sections were cut with an
ultramicrotome (XTXL, RMC) and diamond knife. Then sections
were loaded on the copper grids. The grids were stained with
2% uranyl acetate in 50%methanol followed by lead citrate and
observed by Tecnai F20 (FEI, Netherlands) at 200 kV.

Cellular uptake of MMSN. HeLa cells were seeded on glass
coverslips in a 24-well plate and cultured at 37 �C in an
incubator. After 24 h, cells were treated with 80 μg/mL of
TAMRA labeled MMSN-23 for 24 h, and then washed with PBS.
For fixation, a glass that cells adhered on was immersed in 4%
paraformaldehyde in PBS for 10 min at room temperature.
Following fixation, the glass waswashedwith PBS andmounted
on a slide with nuclei staining by DAPI. Images were collected
using a Ti inverted fluorescence microscope equipped with a
60� (1.4 numerical aperture) objective (Nikon Co., Japan) and a
CoolSNAP cf charge-coupled device (CCD) camera (Photome-
trics, Tucson, AZ).

Zeta Potential Measurement. Zeta potential of MMSN and
pDNA/MMSN complexes was measured by Zetasizer Nano ZS
(Malvern Instruments, UK). The 80 μg/mL MMSN and MMSN
loaded with pLuc (2 μg/mL) were prepared in PBS. After 30 min
of incubation with pLuc at 4 �C, data were collected.

Gel Retardation Assay. To prepare each complex, 0.5 μg of
pLuc was incubated with varying amounts of MMSN at 4 �C in
PBS. After 1 h incubation, loading star (DyneBio Inc., Korea) was
added into each mixture, and then mixtures were loaded on a
0.8% agarose gel. The electrophoresis was carried out at 100 V
for 30 min in TAE buffer, and the bands were visualized on a UV
trans-illuminator.

AFM Measurement. MMSN and pDNA/MMSN complexes pre-
pared by incubation of 0.5 μg pLuc with 20 μg MMSN were
suspended in distilled water at 4 �C. After 30 min of incubation,
each solution was half diluted with distilled water, and a drop of
solution was placed onto the silicon wafer. The wafer was then
dried at room temperature for several hours before AFM
observation. AFM images and profiles were then taken with a
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XE-100 (Park system, Korea) with a backside gold-coated silicon
probe (M to N, Korea).

TEM measurement. Transmission electron microscope (TEM)
observation was carried out on a Tecnai F20 (Philips, Netherlands)
at 200 kV. Samples were prepared in PBS, and a drop of each
suspension was placed onto the Formvar-coated copper grid,
stabilized with evaporated carbon film (Electron Microscopy
Sciences, PA, USA). The grids were then dried at room temperature
for several hours before TEM observation.

DNase I Protection Assay. pDNA/MMSN complexes were pre-
pared with 20 μg of MMSN and 0.5 μg of pLuc in 10 μL total
volume (in PBS). Naked pLuc (0.5 μg) and complex solutions
were incubatedwith 0.25 U of DNase I (2 units/μL) in 10mMTris-
HCl, 2.5mMMgCl2, 0.5mMCaCl2, pH 7.6, at 37 �C for 30min. The
DNase I was inactivated by adding 1 μL of 500 mM ethylene-
diaminetetraacetic acid (EDTA). The pLuc was then released
from the complex by treatment with heparin (3.4 mg/mL) at
50 �C for 60min, and analyzedby 0.8%agarose gel electrophoresis.

Cell Viability Test of MMSN. The cytotoxicity of MMSN was
tested by examining the viability of HeLa cells after MMSN
treatment using CCK-8 assay. HeLa cells were seeded in a 96-
well cell culture plate 24 h before MMSN treatment at a density
of 1� 104 cells/well. Following incubation, the cells were added
with various concentrations of MMSN, and control cells were
added with equivalent volume of PBS. After 24 h, media
containing MMSN was removed, and 100 μL of serum-free
media and 10 μL of CCK-8 solution were added to each well.
Plate was then incubated under cell culture conditions for 1 h.
The optical density of formazan salt at 450 nm was measured
using a microplate reader (Molecular Devices, Inc., USA), and
background absorbance of media was subtracted. Experiment
was carried out in triplicate, and data were shown as mean (
SEM.

Live/Dead Staining of MMSN-Treated Cells. The biocompatibility
of MMSN-23 was evaluated using the Live/Dead Viability/Cyto-
toxicity Assay Kit (Molecular Probes Invitrogen). HeLa cells were
seeded in a 96-well cell culture plate 24 h before MMSN-23
treatment at a density of 1 � 104 cells/well. The cells were then
incubated with 320 μg/mL of MMSN-23, and untreated cells
were added with equivalent volume of PBS. After 24 h, media
containingMMSN-23was discarded and cells werewashedwith
PBS. Following washing, 50 μL of the combined live-dead cell
staining solution (2 μM Calcein AM and 4 μM EthD-1 in D-PBS)
was added to each well and incubated with cells for 20 min at
room temperature. Images of live (green fluorescence) and
dead (red fluorescence) cells were obtained using a Ti inverted
fluorescence microscope.

pLuc (Luciferase Plasmid) Transfection and Luciferase Assay. HeLa
cells were seeded in a 24-well cell culture plate at a density of
4� 104 cells/well 24 h before transfection. Prior to transfection,
pLuc/MMSN complexes were freshly prepared as follows: 0.5 μg
of pLuc (pGL3) was incubated with various amounts of MMSN,
from 0 to 80 μg, in PBS at 4 �C for 1 h. Eachmixture (total volume
of 10 μL) was then diluted with 240 μL of serum-free media.
pLuc/MMSN complexes in serum-free media (250 μL) were
added to the cells and incubated at 37 �C. After 4 h, cells were
washed with PBS and incubated for additional 48 h in 500 μL of
fresh serum-containing media. All transfections were per-
formed in triplicate. Following incubation, cells were washed
with PBS and then treated with 100 μL of 1X passive lysis buffer.
The cell culture plate was rocked at room temperature for
15 min. Next, the lysate was centrifuged at 14000 rpm for
5 min. Supernatant (20 μL) was added to 60 μL of luciferase
assay reagent, and luminescence of samples wasmeasured by a
MicroLumat LB 96P bioluminometer (EG&G Berthold, Bad Wild-
bad, Germany). The relative light units (RLU) were normalized
against protein concentration in the cell lysate, measured by a
Bradford assay. Luciferase activity was expressed as RLU/mg
protein in the cell lysate. Data were shown as mean ( SEM for
triplicate samples.

pGFP (GFP plasmid) Transfection and GFP Expression. Condition of
cell plating, pGFP/MMSN complex preparation, and complex
treatment to cells were the same as in the pLuc transfection
experiment. After 48 h of incubation in serum-containing
media, GFP expression and TAMRA-labeled MMSN were

observed through Ti inverted fluorescence microscope. For
quantification, the fluorescence intensity of positive cells was
measured with a FACSCalibur flow cytometer (Becton Dickin-
son, USA) equipped with an argon laser. Transfection efficiency
was shown as mean fluorescence of GFP.
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