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Abstract

Salivary glands are becoming a promising candidate for gene
delivery to treat systemic and oral disease due to several
advantages. Salivary glands are multiple, well-encapsulated organs
and thus the risk of systemic side effects caused by gene
transfection is lower than that of other critical organs such as the
pancreas, kidney, or liver. In addition, since gene delivery through
duct cannulation is possible, non-invasive delivery, one of the gold
standards in this field of study, can be achieved. In spite of those
advantages there are several technical drawbacks in delivering
genes to the salivary glands. Transfection efficiency is a concern,
and the safety of conventional vectors has always been a
controversial issues. The possibilities of viral vector inflammation
and unexpected mutations are major problems. In contrast, nonviral vectors warrant little concern about those particular safety
issues or biocompatibility, but transfection efficiency is extremely
low compared to that of viral vectors. With the labyrinth-like
complex anatomical structure of salivary glands and the outward
current of salivary flow, localization and uniform distribution of
vector are even more hampered.
In this study, we report a magnetic gene transfer system
combining extra-dermal magnetic field and Iron oxide-Mesoporous
sillica-PEI nanoparticle to overcome those major hurdles of gene
4

transfer to salivary glands. Uniformly constructed iron oxide
nanoparticles

were

encapsulated

by

mesoporous

silica,

then

electrostatically interacted with linear 10kDa PEI(Poly-ethylimine)(MSNNP in short). Characterization of synthesized MSNNP
showed adequate zeta potential and excellent solution dispersion
and magnetic responsiveness. MSNNPs were complexed with
Aquaporin 5-GFP plasmids in 20:1(w/w) ratio then transferred to
Human Salivary Gland(HSG) cell-line.
Under non-flowing condition, the transfection efficiency of
MSNNP combined with magnetic field was 3 times higher than that
of Lipofectamine 2000. Confocal image of HSG transfected with
MSNNP showed distinctive AQP5-GFP protein expressed and
located at membrane region. Magnetofection using MSNNP seems
to be a practicable and promising system for non-viral gene
delivery to salivary glands.
Keywords ; Magnetofection, gene delivery, salivary gland, iron
oxide silica nanoparticle, Aquaporin-5
Student Number : 2011-22467
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I. Introduction
Salivary glands have recently become a promising target
organ for gene delivery, offering novel means of treating both oral
and systemic diseases. Salivary glands appear to have several
distinctive advantages in delivering therapeutic genes [1-6].
First, salivary glands are well-encapsulated organs, having
duct systems isolated from circulation – thus the systemic
spreading of transfected genes is highly limited and confined
targeting is possible [3]. Second, because salivary gland cells are
able to secrete proteins to both saliva (unidirectional secretion) and
the circulatory system (via the constitutive pathway), they can act
as highly efficient bioreactors for oral cavities and the overall body
[1-7]. Cells which are capable of producing and secreting proteins
into the circulatory system are mainly concentrated in critical
organs such as the liver, pancreas, and kidneys, but these are too
risky to utilize as targets for clinical gene delivery since the
functional failure of those organs would lead to a life-threatening
situation. In contrast, salivary glands are multiple organs and not
critical for life - other salivary glands can functionally replace
malfunctioning salivary glands, and even should every single
salivary gland be destroyed due to adverse side effects of gene
delivery,

it

is

unlikely

that

directly life-threatening severe

systemic complications would occur [5]. In addition, because
7

epithelial cells in salivary glands have a low mitotic rate, accurate
calculation of gene/vector concentration is possible and long, stable
levels of gene expression can be achieved [5]. Lastly, delivery of
gene/vector complexes to salivary gland cells is easily achieved via
intraoral cannulation, with no need to involve invasive procedures
[5, 6].
Based

on

these

advantages,

numerous

studies

have

illuminated the possibility of using salivary glands as surrogate
endocrine systems to replace malfunctioning endocrine organs. For
example, genes coding alpha-1 antitrypsin [4], erythropoietin [3],
human growth hormone [8], and parathyroid hormone [9] were
successfully transfected to animal models to demonstrate the
possibility of treating endocrine disorders through these methods.
By narrowing the scope down to the orofacial system, gene delivery
to salivary glands demonstrates novel approaches entirely different
from the conventional approaches to improving oral health and
treating oral conditions. For example, anti-microbial, anti-fungal,
and anti-biofilm peptide-coding genes can be delivered to improve
saliva’s anti-cariogenic capacity [10, 11]. Xerostomia or salivary
gland atrophy caused by drugs, irradiation, Sjogren’s syndrome, and
even unknown causes can be treated by delivering functional genes
of AQP1 [12], Superoxide dismutase [13], Tousled kinase [14],
and siRNAs silencing pro-apoptotic genes [15, 16].
Although

salivary

glands
8

have

many

attractive

characteristics

suited

for

clinical

gene

delivery

and

have

demonstrated their clinical potential through numerous in vitro and
in vivo trials, there are also several hurdles to be solved before
clinical application [1-5, 17-23]. Transfection efficiency and the
safety of the conventional vectors have always been controversial
issues. The vector system generally used in gene delivery to
salivary glands is the viral vector – more specifically, Adeno virus
(Ad) and Adeno Associated Virus (AAV) [1-6]. AAV is widely
used in gene delivery in other fields of biology due to its excellent
transfection efficiency (almost 100% in vitro), but its safety
problem is controversial as of yet [5, 19-23]. Viral vectors often
cause immune reactions and inflammatory reactions, and the
frequency of these side effects usually depends on the quantity of
virus used in the experiment and the frequency of viral exposure
[20-23]. MJ Passineau et al. reported that the average grade of
sialoadenitis observed in salivary glands was 2.5 times higher in the
group treated with 5X10^9 virus that in the control group[21].
When the virus count was decreased to 5X10^8, no significant
inflammation was observed in salivary glands [21]. Accurate
control over the virus count is therefore crucial for safety, but
technically difficult. The internal structure of salivary glands is
composed of labyrinth-like lobular and duct complexes secreting
significant

amounts

distribution of

viral

of

saliva,

vectors

thus
through
9

maintaining
this

the

system

is

uniform
simply

impossible. Even if the local concentration of viral vector is
uniformly distributed, multiple exposures to viral vector may cause
cellular

abnormalities

such

as

tumorigenesis

or

unexpected

morphological changes [23]. In addition, viral vectors carry limited
lengths of genes and cannot achieve long term expression [24]. To
avoid these potential risks and limitations of viral vectors, various
types of non-viral vectors have been developed and studied.
Non-viral gene delivery can be divided into four different
types: 1) Physical gene delivery via sonoporation [21, 25] or
electroporation [26] 2) Use of nanoparticles such as PLGA, gold
nanoparticle, chitosan [27] 3) Use of liposome [28] 4) Polymeric
gene delivery using PEI, pluronic F-127, PEG, PSOAT [29, 30].
Those systems are usually biocompatible and biodegradable, thus if
properly administered under a certain level of concentration they
usually

do

not

cause

unexpected

cellular

deformities

or

inflammatory responses [27-30]. However, non-viral vectors
generally have lower transfection efficiency than viral vectors do
since they do not have molecular anchors like viral coat proteins.
Consider the complex anatomical structure of salivary glands and
the outward current of salivary flow, localization and the uniform
distribution of non-viral vectors are even further hampered.
Inspired by these drawbacks of non-viral vectors for
delivering genes to salivary glands, we designed a magnetic gene
transfer system combining an extra-dermal magnetic field and Iron
10

oxide-Mesoporous silica-PEI (MSMNP) nanoparticles to overcome
those drawbacks (see Scheme 2). Magnetofection is widely used in
the field of gene delivery to localize circulating vectors in specific
areas by simply manipulating the magnetic field generated extradermally [31-33]. However, the strength of a magnetic field is
inversely proportional to distance squared [31] – so technically, if
the target organ is located farther than 2cm from the source of the
magnetic

field,

target

specificity

and

transfection

efficiency

significantly decreases [31]. Since it is difficult to control and focus
a magnetic field three-dimensionally when the target organ is
anatomically overlapped by other organs and shares the same
circulatory system with them, localizing magnetic vectors to the
target organ is almost impossible [31]. However, salivary glands
are located near the skin surface and do not share duct systems
with other organs or other salivary glands. MSMNPs injected via
intraoral ducts are therefore completely isolated from other
circulatory systems and thus can be freely controlled and localized
by moving magnets on the skin or oral mucosa. Applying magnetic
force on MSMNPs has three expected advantages for gene
transfers to salivary glands. First, the magnetic field increases
MSMNPs’ sedimentation rate and thus increases the rate of
endocytosis. Second, the magnetic field prevents MSMNPs from
being flushed away via outward currents of salivary flow. Third, the
magnetic field perpendicularly grabs MSMNPs down to efficiently
11

penetrate

mucosal

and

salivary

linings

membrane of acinar cells (see Scheme 1).
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II. Materials and Methods

1.

Synthesis

of

Iron

oxide

Mesoporous-silica-

PEI/RITC nanoparticle (Mesoporous-silica magnetic
nanoparticle: MSMNP)

1) Synthesis of Fe3O4/mSiO2-PEI/RITC nanoparticle
Uniform 15nm sized Fe3O4 nanocrystals were synthesized
using the previously reported method [34]. The synthesized Fe3O4
nanocrystals were first stabilized with oleic acid then dispersed in
chloroform.

In

0.75mL

of

ethanol,

10mg

of

rhodamine

B

isothiocyanate (RITC) was reacted with aminopropyltriethoxysilane
(APTES) under 1:10 molar ratio of RITC:PEI silane. 0.5mL of the
Fe3O4 nanocrystals dispersed in chloroform was mixed with 5mL of
0.55M cethyltrimethylammonium bromide (CTAB) solution. The
mixed solution was incubated for 30 minutes with a magnetic
stirring bar until it became cloud-like brown micro-emersions, and
then it was aged for 10 minutes under 60C to evaporate the
chloroform. The resultant black Fe3O4/CTAB solution was mixed
with 0.3mL of 2M NaOH and 45mL of DDW. Under 70C, this
solution was mixed with 0.5mL of tetraethylorthosilicate (TEOS),
50ul of RITC-APTES solution, and 3mL of ethylacetate for 10
13

minutes. After that, 50ul of APTES was added to the solution and
then the final solution was incubated for 3 hours with a magnetic
stirring bar. The resultant Fe3O4-mSiO2 nanoparticles were
washed with ethanol 3 times and dispersed in ethanol. 40ul of HCl
was added to the Fe3O4-mSiO2/ethanol and incubated for 3hours
under 60C to remove CTAB from the particles (See Scheme 3).
For the polyethyleneimine (PEI) modification, 5mg of
Fe3O4-mSiO2 nanoparticles were dispersed in a solution of 2.5mg
of PEI(MW = 10kD) and 1mL of ethanol. The mixture was
sonicated and washed with ethanol and PBS three times.
All

the

synthetic

procedures

described

above

were

previously reported [35, 36] and supported by Han, Sang-Ihn.
For

in-vitro

application,

MSMNP-PEI/RITCs

were

dispersed in phosphate buffer solution (PBS – 10mM, pH 7.4) and
filtered by 0.8um cellulose acetate filter.

2) Synthesis of Fe3O4/mSiO2-PEI nanoparticle
Uniform 15nm sized Fe3O4 nanocrystals were synthesized
using the previously reported method [34]. The synthesized Fe3O4
nanocrystals were first stabilized with oleic acid then dispersed in
chloroform.

0.5mL

of

the

Fe3O4

nanocrystals

dispersed

in

chloroform was mixed with 5mL of 0.55M cethyltrimethylammonium
bromide (CTAB) solution. The mixed solution was incubated for 30
minutes with a magnetic stirring bar until it became cloud-like
14

brown micro-emersions, then aged for 10 minutes under 60C to
evaporate chloroform. The resultant black Fe3O4/CTAB solution
was mixed with 0.3mL of 2M NaOH and 45mL of DDW. Under 70C,
this solution was mixed with 0.5mL of tetraethylorthosilicate
(TEOS) and 3mL of ethylacetate for 10 minutes. After that 50ul of
PEI-silane was added to the solution and then the final solution was
incubated for 3hours with a magnetic stirring bar. The resultant
Fe3O4-mSiO2 nanoparticles were washed with ethanol 3 times and
dispersed in ethanol. 40ul of HCl was added to the Fe3O4mSiO2/ethanol and incubated for 3 hours under 60C to remove
CTAB from the particles.
All

the

synthetic

procedures

described

above

were

previously reported [35, 36] and supported by Han, Sang-Ihn.
For in-vitro application, MSMNP-PEIs were dispersed in
phosphate buffer solution (PBS – 10mM, pH 7.4) and filtered by
0.8um cellulose acetate filter.

2. Chraracterization of MSMNP

1) Morphology characterization of MSMNP
The morphology of synthesized MSMNPs was characterized
by a transmission electron microscope (TEM – JEOL JEM-100 CX
Transmission Electron Microscopy. JEOL Ltd. Tokyo, Japan). A
15

single drop of MSMNP suspension was placed on a TEM grid and
then dried up for 12 hours. At least 3 images were taken for each
different magnification.

2) Zeta-potential measurement of MSMNP
Zeta-potential of MSMNPs was measured by ZetaSizer
Nano (Zetasizer Nano ZS. Malvern). Light scattering caused by
MSMNPs are captured and analyzed by this instrument. The angle
was set to 173 degrees.

3) Size measurement of MSMNP
Hydrodynamic size of MSMNPs was measured by ZetaSizer
Nano(Zetasizer Nano ZS. Malvern). MSMNPs were diluted in DDW
and then analyzed by ZetaSizer Nano(Zetasizer Nano ZS. Malvern).

4) Amount of PEI conjugated to MSMNP
Amount of PEI bound to MSMNPs modified with and without
RITC was analyzed by Thermogravity analysis (TGA).

5) Iron oxide content in MSMNP
Amount of iron oxide encapsulated by mesoporous silica
shell was measured by ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectroscopy).
16

6) Magnetic responsiveness of MSMNP
1000ul of synthesized MSMNPs was dispersed in DDW and
with Neodynium magnet placed underneath it. Visual observation
was conducted at intervals of 5 minutes.

7) Hydro-colloidal dispersion of MSMNP
Hydro-collidal

dispersibility

of

MSMNPs

was

visually

observed. 20ul of 14.1mg/ml MSMNPs was dispersed in DMEM(+),
DMEM(-), DDW, TAE buffer, PBS, and saliva. Samples were
visually inspected for any observable aggregation after 30 minutes.

3. MSMNP/pDNA complexation test
pDNA/MSMNP complexation was confirmed through agarose
gel retardation assay. 10ul of 100ng/ul AQP5-GFP plasmids were
mixed with 10ul of 6 different concentrations of MSMNP (1:1, 1:2,
1:5, 1:10, 1:15, 1:20 w/w) and incubated for 0min, 5min, 10min,
15min, 30min, 60min, 120min, 240min, and 480min. Incubated
samples were mixed with 6x gel loading buffer and then loaded on 1%
agarose

gel

containing

electrophoresis,

the

2ul

of

agarose

EtBr.
gel

After

was

30

minutes

analyzed

by

of
Gel

Documentation system (Gel Doc. System. SystemBio-profil Xpress zoom 2000. Vilber Lourmat. France). Acquired Bands were
17

saved as image files to quantify the band intensity by using Image J
program.

4. Cell culture
Human Salivary Gland (HSG) cells were grown in monolayer
in DMEM (WELGENE) containing 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (complete medium) in 5%CO2/95% air at
37C. Subculture was complete when cell confluence reached 70~80%
(for every 48 hour interval).

5. Cellular uptake and cytotoxicity of pDNA/MSMNP
on HSG cells
Human Salivary Gland (HSG) cells were seeded on a 24well cell culture plate and cultured for 2 days with DMEM
(WELGENE) containing 10% fetal bovine serum (FBS), 1%
penicillin/ streptomycin (referred as DMEM(+)) in 5%CO2/95% air
at 37C. When the cell confluence reached approximately 70%, cells
were transfected with 7 different concentrations of AQP5-GFP
pDNA/MSMNP-RITC complex dispersed in DMEM(-) for 12 hours.
The particle concentrations were 0, 5, 10, 25, 50, 80, 100 ng/ul and
each corresponding DNA concentration was multiplied by 1/20 since
the optimal pDNA/MSMNP complexation ratio was 1:20. For the
magnetic field (+) group, a magnetic plate designed for 24-well
18

cell culture plates was used. 24 Neodynium permanent magnets
(1cm diameter, 5mm thicnkness) were glued on the plastic cover of
the 24-well cell culture plate; the position of each magnet is
horizontally synchronized with each well. This magnetic plate was
placed under the 24-well cell culture plate for the given
transfection time (in this case, 12 hours) and then removed for
further incubation (24 hours for GFP expression). After 12 hours,
the samples were aspirated and washed with PBS 3 times and then
re-filled with fresh DMEM (+) for another 24 hours of incubation.
After the 24 hours of incubation, media were aspirated and washed
with

PBS

once

and

treated

with

300ul

of

pre-warmed

Trypsin/EDTA for 3 minutes. Each well was filled with DMEM(+)
after trypsinization of the cells to inhibit the enzymatic activity of
trypsin. With vigorous pipetting, cells in each well were collected in
1mL Ependorf tube and centrifuged under 1200 rpm for 3min.
Supernatants were aspirated and cell pellets were fixed with 600ul
of 2% paraformaldehyde for flow cytometry (FACS) analysis. FACS
(BD ACCURI C6. BD Bioscience) was set to analyze 3000 randomly
selected cells in the prepared samples. Median SSC and mean FL2A (emission filter = 575/25) were measured to calculate cell
viability and pDNA/MSMNP-RITC complexes’ cellular uptake.
After figuring out the minimum concentration required to
reach

the

cellular

uptake

saturation

(20ng/ul

of

particle

concentration), concentration was fixed to 20ng/ul and 8 different
19

transfection times (0, 5, 15, 30, 60, 120, 240, 480minutes) were
tried to measure the time dependent cell viability and cellular
uptake rate. The general procedure for in vitro sample preparation
and FACS analysis is described above.
Each experimental group was triplicated and the average
value and standard deviation was calculated.

6. Intracellular localization of pDNA/MSMNPs
Intracellular

localization

of

pDNA/MSMNP-RITCs

was

visualized by Confocal Light Scanning Microscope (CLSM – LSM700.
Carl Zeiss MicroImaging GmbH. Germany). Approximately 9000
HSG cells were seeded in the micro-channel cell culture plate (uchannel, ibidi science). The seeded HSG cells were cultured for 48
hours with 100ul DMEM(+) per channel. After that, the HSG cells
were transfected with 100ul of 20ng/ul pDNA/MSMNP-RITC
(dispersed in DMEM(-)) for 30 min. A magnetic field was applied
by placing 10mm x 50mm x 10mm Neodynium magnet under the
culture plate. After the transfection, the magnetic field and
DMEM(-) containing pDNA/MSMNP-RITC were removed. Each
channel was washed with PBS for three times and then fixed with 4%
paraformaldehyde for 15 minutes. Fixed samples were mounted
with DAPI staining (VectaShield. Vector).
collected

under

4000,

10000X

560/590nm filter)
20

Confocal images were

magnification

using

(515-

7. Time and concentration dependent GFP expression
rate
0.05 X 10^5 HSG cells were seeded on 24-well cell culture
plate and cultured with DMEM(+) for 48 hours under the standard
cell culture conditions. After the 48 hour culture period, HSG cells
in each well were transfected with 1000ul of differentially
concentrated pDNA/MSMNP complexes (0, 1.45, 2.9, 7.2, 14.5,
21.7, 43, 87 ng/ul) for 4 hours. A magnetic field was generated by
placing a 24-well magnetic plate under the cell culture plate. After
the 4 hours of transfection, the magnetic plate and pDNA/MSMNP
containing DMEM(-) were removed and washed with PBS 3 times.
Each well was filled with 1000ul of fresh DMEM(+) and incubated
for 24 hours under the standard cell culture conditions. After the 24
hours of incubation, media were aspirated and cells were washed
with PBS once. Washed cells in each well were treated with 300ul
of pre-warmed Trypsin/EDTA and incubated for 3 minutes. Each
well was filled with DMEM(+) after the trypsinization of the cells to
inhibit the enzymatic activity of trypsin. With vigorous pipetting,
cells in each well were collected in 1mL Ependorff tube and
centrifuged under 1200 rpm for 3 min. Supernatants were aspirated
and cell pellets were fixed with 600ul of 2% paraformaldehyde for
flow cytometry (FACS) analysis. FACS () was set to analyze 3000
21

randomly selected cells in the prepared samples. Mean FL1-A
(emission filter = 530/30) were measured to quantify expressed
GFPs.
Based on the data from concentration dependent AQP5-GFP
expression rate, the optimal pDNA/MSMNP concentration was
obtained (7.2ng/ul) and set as the standard condition for the
quantification of time-dependent AQP5-GFP expression rate. 8
different transfection times (0, 5, 15, 30, 60, 120, 240, 480minutes)
were used to transfect HSG cells. Transfection, sample preparation,
and data collection procedures are described above.
AQP5-GFP expression and membrane localization was
visualized through Confocal Light Scanning Microscope (CLSM).
Approximately 9000 cells were seeded on u-channel cell culture
plate and cultured with DMEM(+) for 48 hours. 100ul of 7.2ng/ul
pDNA/MSMNP complexes were injected into each u-channel to
transfect the seeded HSG cells.

After the 30 minutes of

transfection, DMEM(-) containing pDNA/MSMNP complexes were
removed and cells were washed with PBS three times. Washed cells
were fixed with 4% paraformaldehyde for 15 minutes then mounted
with DAPI staining solution (VectaShield. Vector). Confocal images
were collected under 4000, 10000X magnification using (450490/520-560nm filter)
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III. Result

1. Chraracterization of MSMNP
We synthesized a vehicle for AQP5-GFP plasmid gene delivery
using superparamagnetic nanoparticles (MSMNP – Mesoporous
silica magnetic nanoparticle), encapsulated by Mesoporous Silica
conjugated with 10kDa PEI polymers and RITC fluorescence
molecules. To confirm the synthesized MSMNP’s physical and
chemical properties, we used several analytic approaches such as
SEM, Zeta-sizer, Thermogravitic Analysis, and colloidal dispersion
test.
According to SEM images one iron oxide nanoparticle was
encapsulated by one sphere-shaped MS with highly uniformed
particle-size

distribution.

The

size

of

each

particle

was

approximately 60nm (Fig1-A) and when dispersed in DDW, size
was increased up to 124nm according to the data from Zeta-sizer
(Fig1-B).
The average Zeta-potential of MSNNP was +53.3mV, capable of
electrostatically interacting with nucleic acids with negative zetapotential (Fig1-C).
Thermogravitic analysis data revealed that 10kDa PEI molecules
were successfully conjugated on the surface of MSMNPs with a
conjugation ratio of 5% wt(Fig1-D). The PEI molecules are tightly
bound to MSMNP, thus 30 minutes of 130W/20kHz sonication could
23

not break the bonding between PEI and MSM (data not shown).
Since the dispersibility of the nanoparticle largely affects delivery
efficiency and cytotoxicity, a colloidal stability test was performed
by using both zeta-sizer and visual inspection. DMEM(with 5%
Penicillin + 10% FBS), DMEM (with 5% Penicillin only), PBS, TAE
buffer, DDW, and saliva were tested as solvent and there was no
significant aggregation of MSNNP or increase of particle size in any
of those solvents (Fig1-E).
Response of MSNNPs to magnetic agitation was also tested to
measure the time required for the magnetic field to attract
nanoparticles to the area covered by the ND magnet. Within 5
seconds, MSMNPs dispersed in DDW were rapidly concentrated
around the ND magnet and after 30 minutes they were more focally
concentrated by forming a visible ‘dot’ (Fig2). After removing the
magnet the concentrated MSNNPs were easily re-dispersed by
gently shaking the dish for 5 seconds (Fig2).

2. Identifying the optimal DNA/MSMNP complexation
To prove that the synthesized MSMNPs are capable of delivering
DNAs to salivary gland cells, we used an AQP-5 plasmid containing
Green Fluorescent Protein (GFP) gene with a constitutive promoter.
To find the optimal complexation ratio for pDNA and MSMNP, six
different DNA/MSMNP ratios (1:1, 1:2, 1:5, 1:10, 1:15, 1:20) were
tested by electrophoresis. The optimal complexation ratio for
24

DNA/MSMNP was 1:20(w/w). With this ratio, pDNA and MSMNP
formed a stable complex leaving no free DNA after 24 hours of
incubation

(Fig3-A,B).

Optimal

time

required

for

stable

DNA/MSMNP complexation was also found by varying incubation
time (0min, 5min, 10min, 15min, 30min, 60min, 120min, 240min,
and 480min). Complexation almost instantly occurred within 5
minutes but for stable complexation, we set the ideal complexation
time at 30 minutes (Fig3-C,D).

3. Differences in the cytotoxicity potential of MSMNP
depending on concentration and uptake time.
To screen for particle cytotoxicity, we used FACS, which
indirectly reflects cell viability by sorting cells according to
SSC(side scatter) and FSC(forward scatter). SSC reflects the
granularity of cells and usually normal cells return high SSC values
while apoptotic or dead cells show low SSC values [37, 38]. FSC
reflects cell size and thus debris particles and dead cells show
lower FSC values than normal cells do. Since internalized MSMNPs
may increase the complexity or granularity of cells, SSC parameter
was not used - only the median FSC value was used to measure the
approximated cytotoxicity. Median FSC values of 7 different
pDNA/MSMNP complex concentrations were measured after 12
hours of transfection. As the concentration of pDNA/MSMNP
increased, cytotoxicity also increased (Fig4A). Cell viability started
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dropping at 10ng/ul and significantly decreased after treating cells
with >20ng/ul pDNA/MSMNP. Setting the optimal concentration of
pDNA/MSMNP as 10ng/ul, we proceeded to time-dependent
cytotoxicity tests. Under 10ng/ul concentration, cytotoxicity of
pDNA/MSMNP was not dependent on transfection time (Fig4B).
Pattern of time and concentration dependent cytotoxicity did not
vary significantly between Magnetic field (+) and magnetic field ()(Fig4 A,B).

4.

Concentration

and

incubation

time

dependent

cellular uptake of pDNA/MSMNPs
Cellular uptake rate of MSMNPs was analyzed by varying
concentration of pDNA/MSMNP complex and transfection time.
Since we used RITC-labeled MSMNPs for this experiment, FACS
was used to measure the fluorescence peak shifting and mean
fluorescence. According to Tian Xia et al.’s study, fluorescence
molecules such as FITC or RITC do not affect particle uptake rate
since the uptake rate is highly dependent on the cationic charge of
the particle [35].
HSG

cells

were

incubated

with

various

concentrations

of

pDNA/MSMNP-RITC for 12 hours to identify the minimum
pDNA/MSMNP-RITC

concentration

required

to

reach

uptake

saturation. Overall, the magnetic field (+) group showed higher
uptake rates than the magnetic field (-) group. However, both
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groups

displayed

a

continuous

incremental

tendency

as

pDNA/MSMNP-RITC concentration increased. First uptake plateau
was shown from 10 to 20ng/ul and finally saturated at 100ng/ul
when the magnetic field was on; when the magnetic field was off,
uptake saturation occurred at 160ng/ul(Fig5B). In both magnetic
field (+) and (-), significant fluorescence peak shifting was
observed as the concentration of pDNA/MSMNP-RITC increased
but the peak shifting was more conspicuous for magnetic field (+)
group (Fig5A – peak shifting data for magnetic field (-) group was
not shown).
Although the maximal particle uptake saturation was reached at
100ng/ul for the magnetic field (+) group, considering the fact that
cytotoxicity of pDNA/MSMNP above 20ng/ul significantly increased,
20ng/ul seemed to be the reasonable concentration for further
experiments. 100ng/ul was set as the default concentration for
analyzing

time

dependent

pDNA/MSMNP-RITC

uptake

rates.

Magnetic field (+) group showed a significantly faster uptake rate
than magnetic field (-) group and the minimum incubation time
required to reach the uptake saturation point was approximately 30
min. However, without magnetic field at least 240 minutes were
required to reach the maximal uptake saturation.
With the estimated condition for optimal pDNA/MSMNP uptake
(20ng/ul, 30min), particle localization was imaged with a confocal
microscope. Based on the observed intensity and number of RITC
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signals, a significant amount of particles was internalized to the
cells transfected with magnetic field while few particles were
internalized to the cells transfected without magnetic field (Fig5D).

5. Concentration and transfection time dependent gene
expression efficiency.
Although we have confirmed that the optimal concentration and
incubation of pDNA/MSMNP for efficient uptake are 20ng/ul and 30
min, this does not mean that those conditions are also optimal for
the expression of transfected genes. Transfection efficiency largely
depends

on

PEI’s

proton

sponge

effect

[39].

Delivered

pDNA/MSMNP complexes via endocytosis are encapsulated in
lysosome and primary amine groups of PEI absorb protons, causing
osmotic rupture of endosome [39]. Major cytotoxicity of PEI
originates from this mechanism and thus finding the minimum
particle concentration for the maximum expression of transfected
genes is crucial for clinical application.
Therefore under different conditions, varying concentrations, and
transfection times of pDNA/MSMNP, GFP expression rate was
measured

by

FACS

detecting

FITC

fluorescence

signal.

Transfection time used for the concentration dependent expression
rate experiment was 4 hours. After that, we washed cells with PBS
twice, refilling the well with serum containing media. 24 hours of
incubation time were given to cells to express proteins. With
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magnetic field, GFP expression was saturated at 7.2ng/ul of
pDNA/MSMNP

showing

peak

value

of

mean

fluorescence

comparable to that of 87ng/ul(Fig6A). The group without magnetic
field displayed generally lower GFP expression rates than the group
with magnetic field, and the expression rate was saturated at
20ng/ul.
Based on the data above, 7.2ng/ul was set as the ideal
concentration for transfection using MSMNP to HSG cell line. With
the fixed concentration, we varied the transfection time to find the
optimal condition for the most efficient expression of delivered
genes. Both magnetic field (+) and (-) groups showed similar
patterns observed in the time-dependent pDNA/MSMNP uptake
experiment above; 30 minutes was the minimum time required to
reach the saturated expression rate (Fig6B). Transfecting HSG cell
line using MSMNP with concentration of 7.2ng/ul for 30 minutes
seems to show the most optimal delivery and expression of the
genes.

6. Comparing the transfection efficiencies of MSMNP
and Lipofectamine 2000 on HSG cells.
To compare the transfection efficiency of MSMNP and a
commercialized non-viral vector, Lipofectamine 2000 was selected
as a candidate. Lipofectamine 2000 is a liposome-based gene
carrier and has highly efficient transfection modality on HSG cell
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line. However it requires at least 12 hours of transfection time and
does not have any membrane-binding group.
Under

30

minutes

of

magnetic

field

stimulation,

7.3ng/ul

concentration pDNA/MSMNP complex successfully transfected HSG
cells and showed 1.2 folds higher mean FL1A absorbance than
Lipofectamine 2000 (Fig 7A). However, if we subtract the control
group’s auto-fluorescence value from each sample’s measured
mean FL1 value the difference gets more dramatic – thus in reality
pDNA/MSMNP with magnetic field shows 2.7 folds higher FL1
absorbance than Lipofectamine group either with or without
magnetic field. In contrast, transfection using pDNA/MSMNP
complex without magnetic field showed similar efficiency as
lipofectamine 2000 either with or without magnetic field. HSG cells
transfected only with naked pDNA and MSMNP showed no
significant increase in FL1A absorbance either with or without
magnetic field (Fig7A,B). Even when the transfection time was
elongated to 12 hours, there was no significant GFP expression
observed in the group treated with naked pDNA either with or
without magnetic field (data not shown).

30

IV. Discussion
The combination of magnetic nanocrystals and mesoporous
silica nanoparticle itself has emerged as an MRI imaging tool and
drug-delivering vehicle [35, 36, 40, and 41]. However MSMNPs
have never been used as a gene carrier supported by an extra
dermally generated magnetic field. In this study, we have developed
the iron oxide nanoparticles encapsulated by mesoporous silica
conjugated

with

10kDa

linear

PEI

molecules

(MSMNPs)

to

efficiently and conveniently deliver the AQP5-GFP plasmids to the
Human Salivary Gland (HSG) cell line.
The surface of mesoporous silica can easily be modified
with various functional polymers or receptors and thus its
versatility is extremely high [35]. In our study, the surface of
silane-functionalized mesoporous silica was chemically conjugated
with PEI molecules. Therefore the chemically anchored PEIs are
not dissociated by electrostatic interactions created by various
proteins and ions existing in saliva or media, ensuring stable
conformation.

The

potential

for

the

chemical

versatility

of

mesoporous silica surfaces is immense; for example, fabricating the
surface with functional moieties such as gluthathion or Ceria oxide
can scavenge harmful radical oxygen species (ROS) generated by
radiotherapy. Combining the nucleic acid delivery (AQP1 and 5
plasmids or pro-apoptotic gene siRNA) and ROS scavenging
capability may provide the most ideal multi-functional salivary
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gland protecting agent for patients suffering from short and long
term radiotherapy-induced Xerostomia. Furthermore, mesoporous
silica can be used as a drug delivering vehicle, as local delivery of
anti-inflammatory drugs or antibiotics for infected and inflamed
salivary glands would be possible.
In addition to the versatile chemical surface property,
mesoporous silica shows high internalization efficiency even if there
is no specific surface receptor for silica [42]. The major mechanism
involved in the internalization of mesoporous silica is clathrinmediated endocytosis pathway and pinocytosis [42]. Considering
the fact that the conventional magnetofection techniques also share
the same internalization mechanism with that of mesoporous silica
[33], increased transfection efficiency of MSMNPs shown in this
study is probably due to the increased sedimentation rate due to the
magnetic field. In Tian Xia et al.’s study the optimal concentration
and

transfection

time

for

FITC-labeled

mesoporous

silica

nanoparticle-PEI was 25ng/ul and 3 hours respectively [35], and
similar conditions were found to be optimal for our MSMNPs
without magnetic field (20ng/ul, 3.3 hours). However, with magnetic
field, the optimal concentration and transfection time significantly
decreased to 7.2ng/ul and 0.5 hours, showing improved transfection
efficiency and less potential cytotoxicity (Fig 6A and B).
The pattern of concentration –dependent cytotoxicity was
also similar to that described in Tian Xia et al.’s study. Cell viability
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was significantly decreased at the point around 20~30ng/ul for
PANC-1 and BxPC3 cells, which is similar to that of HSG cells in
our study, but HEPA-1 cell showed no significant decrease in
viability even at the range around 50 to 60 ng/ul [35]. These
differences in cytotoxicity according to cell type suggest that
careful optimization based on target cells is crucial for minimizing
potential side effects in clinical application. Interestingly, the
cytotoxicity of MSMNPs increased with the generation of a
magnetic field and thus exhibited stiffer negative slope in the
concentration dependent cell viability result (Fig. 4A). This was
probably due to the particle aggregation caused by uneven
distribution

of

magnetic

field

strength.

The

circular shaped

permanent magnets create magnetic fields converging to the center
of the magnet and thus the local concentration of MSMNPs would be
slightly higher at the center of the magnet than the peripheral. To
solve this problem we arranged magnets in alternating polarity, but
local aggregation of MSMNPs was still inevitable. However, several
studies suggest that oscillating or pulsating magnetic fields created
by

electromagnets

can

be

useful

for

dispersing

magnetic

nanoparticles [33, 43]. The efficacy of using electromagnets as a
source of magnetic field should be examined in future studies.
Another expected advantage to be gained with the use of
electromagnets would be the compaction of the magnetic source.
Electromagnets can be manufactured in a thin, pad-like shape with
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a certain degree of flexibility and this flexibility will increase the
fitness and site-specific proximity between the magnetic source
and MSMNPs injected into the complex anatomy of salivary glands.
Biocompatibility of mesoporous silica is still controversial
but numerous studies have shown that the biocompatibility of silica
nanoparticle highly depends on size, surface area, and shape [44].
For the cellular uptake of nanoparticles, 50 nm sized particles
showed 2.5 times higher uptake rates than 30 nm particles and the
uptake efficiency was in the order of 50nm > 30nm > 110nm >
280nm > 170nm [45, 46]. However, according to recent studies, the
size of particle affects the bio-circulation of particles. For example,
larger particles show higher bio-degradability and excretion rates
via urinary system than smaller ones [47]. Also, smaller particles
have higher hemolytic tendencies than larger particles [48]. Based
on these results, in our study, MSMNPs were designed to have
50~60-nm size and when dispersed in aqueous solution they
swelled to 110~120nm (Fig. 1B). However since there is no study
reporting the systemic bio-distribution of mesoporous silica when
they are injected through salivary ducts and delivered to acinar and
duct cells, further investigation such as particle tracing by using
magnetic resonance imaging or tracer molecules should be done in
in-vivo study.
Another

facet

of

MSMNPs’

superiority

over

other

conventional gene delivery systems for salivary glands is its radio34

opacity. Conventional gene delivery systems such as liposome,
cationic polymers, and viral vectors are untraceable after they are
injected via cannulation and thus it is difficult to tell whether they
successfully reach the sufficient amount of cells with adequate
distribution. However, MSMNPs are radiopaque due to the iron
oxide core and thus it is easy to confirm the distribution of
MSMNPs in the salivary glands by simply taking a panoramic X-ray
similarly to conventional sialography. After confirming the sufficient
distribution

of

MSMNPs

around

salivary

canaliculi,

activated

electromagnets will be attached to the buccal or chin sides near the
target salivary glands to accelerate gene transfer.
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V. Conclusion
In this study, MSMNPs were successfully synthesized and
characterized

and

MSMNPs

and

AQP5-GFP

plasmid

were

successfully complexed with the maximal complexation ratio of 20:1.
MSMNP/pDNA complexes were rapidly and efficiently delivered
into HSG cell line under 7.3ng/ul concentration and 30 minutes of
transfection time with magnetic field. Transfection efficiency of
MSMNP/pDNA complexes was significantly higher than that of
Lipofectamine 2000. Our results suggest that Magnetofection using
MSNNP could be a practicable and promising system for non-viral
gene delivery in salivary glands.
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Schematic Diagrams
Scheme 1.

Scheme 1. Conceptual schematic diagram of magnetic delivery of
gene to salivary glands. (A) Conventional non-viral gene delivery
method to salivary glands. Polymeric viral vector slips away from
glandular lumen due to the continuous outward flow of saliva.
44

Transfection efficiency is very low in polymeric gene delivery. Viral
vector shows better efficiency but has problems related to
inflammatory reaction and unexpected mutation. (B) Gene delivery
system using magnetic nanoparticle and magnetic field. External
generation of magnetic field can anchor the delivery vectors around
target cells. Also magnetic force can accelerate the penetration of
delivery vectors into the cells.

Scheme 2.

Scheme

2.

mesoporous

Schematic

diagram

silica(mSiO2)

of

10kDa

containing

nanoparticle.
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linear

Iron

PEI-coated

oxide(Fe3O4)

Scheme3. Synthesis of MSMNP-RITC
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Figure legends

Figure 1. Characterization of MSMNPs.
MSN-Fe3O4-PEI(MSMNP) was successfully synthesized. (A)
SEM shows that one MSMNP contains one iron oxide nanoparticle.
Shape and size was uniformly distributed. Without any solvent,
particle size was approximately 60nm. (B) Zeta-sizer data of
MSMNPs dispersed in H2O. Average size was 124nm. (C) Zeta
potential of MSMNPs = +53.3mV (D) Thermogravitic Analysis
result for MSMNPs. 10kDa linear PEI was successfully conjugated
(5% wt). (E) Colloidal disperse test shows that MSMNPs are well
dispersed

in

various

types

of

solution

without

any

visible

aggregation.

Figure 2. Magnetic responsiveness of MSMNPs.
Neodymium magnet was used to generate magnetic field.
MSMNPs were spontaneously attracted to the source of magnetic
field and when the magnetic field was removed particles were
dispersed after 5seconds of gentle shaking.

Figure 3. Identifying optimal ratio for DNA/MSMNP complexation.
(A,B)

Gel

electrophoresis

data

showed

that

the

maximal

complexation was achieved at the DNA/MSMNP ratio of 1:20. (C,D)
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The

minimum

time

required

for

complexation was 5 minutes.
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the

optimal

DNA/MSMNP

Figures
Figure 1.
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Figure 2.
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Figure 3A.

Figure 3B.
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Figure 4A.
Concentration dependent cell viability
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Figure 4B.
Transfection Time Dependent Cell Viability
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Figure 5A.

Figure 5B.
Concentration Dependent Uptake Rate
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Figure 5C.
Time Dependent Uptake Rate
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Figure 6A.
Concentration Dependent GFP expression rate
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Figure 6B.
Time Dependent GFP expression rate
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Figure 7A.
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Lipofectamine DNA/MSMNP

국문초록

타액선에서의 다공성 실리카
자성나노입자를 사용한 유전자 전달
방법의 개발

이 상 우
치의학과
치의학전문대학원
서울대학교

1. 연구목적
Salivary gland 는 기관 전체가 피막으로 well-encapsulation 되어있기
때문에 전달된 유전자가 systemic 하게 영향을 줄 가능성이 매우
적으며 multiple organ 이기 때문에 risk 가 타 장기나 기관에 비해
매우 적다. 또한 duct를 통한 gene delivery,

즉 non-invasive

delivery 가 가능하다는 장점이 있다. 그러나 viral vector 의 경우
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virus 에 대한 잠재적인 위험과 함께 체내 immune system 과의
반응이 문제가 되었고 non-viral polymeric vector의 경우 viral
vector보다 낮은 transfection 효율과 긴 transfection time, 그리고
외부로 방출되는 salivary flow 에 의한 vector localization 의 어려움
등이 문제가 되었다.
위와 같은 기존의 delivery system의 단점과 타액선의 구조적,
생리학적 한계를 보완하기 위해 본 연구는 Magnetic nanoparticle을
therapeutic AQP-5 plasmid의 vector 로 사용하였으며 체외에서
발생시킨

magnetic

field를

이용하여

delivery

efficiency를

향상시키고자 한다.

2. 연구대상 및 방법
Mesoporous sillica 에 iron oxide nanoparticle을 결합한 뒤 branched
PEI(poly-ethyl-imine)를

코팅한

vector를

개발하였다.

이하

MSMNP(Mesoporous Sillica Magnetic Nanoparticle) 라 지칭.
1. MSMNP 의 morphological, chemical characterization: - TEM,
DLS (Dynamic Light Scattering), X-ray diffraction, Zeta-sizer를
이용하여 MSMNP 의 morphology, size, hydrodynamic size, iron
oxide 함량, surface potential을 측정한다.
2. MSMNP 와 AQP-5-GFP 의 complexation: Gel electrophoresis를
이용한 zeta potential value change 관찰.
3. MSMNP-AQP-5-GFP complex의 HSG cell line 에서의 in-vitro
transfection efficiency 측정 (HSG cell line 사용, FACS 사용하여
uptake efficiency 및 GFP expression 관찰)
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3. 결론
MSN-Fe3O4-PEI 나노파티클이 균일한 크기 (120nm) 로
합성되었으며 제타 포텐셜값은 +52mV 로 유전자 전달에 적합한 값을
보였다.
비율에서

파티클은
약

30

AQP5-GFP
분의

플라스미드

incubation

시간을

벡터와
통해

1:20(w/w)

의

complexation을

이루었다. 이렇게 complex 된 particle/pDNA를 7.2ng/ul 의 농도로
HSG cell line 에 처리하였을 때 가장 효율적인 uptake 와 낮은
cytotoxicity를

보였으며

자기장을

형성했을

때

최소

30분의

transfection time 이 요구되었다. Transfection 후 24시간이 지나자
AQP5-GFP
confocal

단백질이

microscopy

발현되어
로

세포막에

관찰하였으며

localization
타액선

구조를

된

것을
모사한

관류장치에서 transfection 실험을 한 결과 외부자기장을 형성시킨
그룹이 그렇지 않은 그룹 및 기존의 Lipofectamine 2000 보다 월등한
transfection efficiency를 보였다.

주요어 ; Mesoporous silica, magnetic nanoparticle, magnetofection,
salivary gland gene delivery, iron oxide nanoparticle, Aquaporin 5
학 번 : 2011-22467
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