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Abstract

Delivering genes to mediate functions of cells is a crucial technology for both basic science and
clinical applications. Though numerous non-viral gene delivery systems have been developed, the
diversity of mammalian cells poses a great challenge to the material design. Here, we demonstrate
that surface-induced mineralization represents a promising approach to systematically customize
DNA delivery with respect to the characteristics of cells. We initially examined gene transfer in nine
cell types derived from different tissues and organisms by surface-induced DNA/calcium carbonate
nanocomposites derived from a library of mineral solutions. Subsequently, we correlated gene
transfer efficiency with cellular uptake, pH responsiveness of nanocomposites, and phagosomal pH
of individual cell types. Based on the correlation, we were able to optimize the DNA delivery to the
cell types of interest. Surface-induced mineralization possesses great potential for customizing gene
transfer in realizing gene- and cell-based therapy and probing functions of genes.
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1. Introduction

Delivering DNA macromolecules to mammalian cells represents a promising therapeutic
strategy and an effective tool for basic sciences. DNA molecules cannot efficiently diffuse
across the intercellular and intracellular barriers alone and require the assistance of delivery
vectors. Though viral-based vectors are more effective, concern over safety issues and
difficulty in engineering viruses for specific cell types have limited their applications[1-3].
Non-viral delivery vectors are an attractive alternative strategy due to their safety, low cost
and flexibility[4,5]. However, a great challenge to the material design of gene delivery systems
is the heterogeneity of cell types, which exhibit distinct characteristics of transporting materials
across membranes, intracellular routing, and regulation of gene expression. Though
combinatorial approaches have been developed to screen a vast library of polymeric materials
for gene and siRNA delivery[6,7], the usable library has so far been limited to a few number
of cell types. Development of a versatile material design platform that allows customization
of gene transfer with respect to an individual cell type could advance the applications of
synthetic DNA delivery systems.
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Recently, a surface-induced mineralization process has been developed to fabricate DNA/
calcium carbonate nanocomposites that can effectively deliver DNA to bone and neural cells
[8,9]. The composition and morphology can be easily controlled and tuned through adjusting
the composition of the mineral solutions and surface properties of substrates. Interestingly, it
appeared that the gene transfer efficiency in different cell types can be tuned by adjusting the
composition of mineral solutions[9]. In addition, cells can be directly grown on DNA/calcium
carbonate nanocomposite-coated, cell-culture-friendly surfaces, which permit high throughput
screening of mineral formulations or substrates for a given cell type.

In this study, we explored the possibility of establishing a platform based on the surface-
induced mineralization process to customize the nanocomposites with respect to characteristics
of individual cell types. By using a small library of mineral solutions, we initially examined
gene transfer efficiency in nine different cell types derived from different tissues and
organisms. Subsequently, we correlated the efficiency of gene transfer with the properties of
nanocomposites and the physiological characteristics of individual cell types. Based on the
correlation, we optimized the DNA delivery to two cells types.

2. Materials and methods

2.1. Formation of surface-induced DNA—doped nanocompaosites

All reagents for mineralization were purchased from Sigma. Mineral solutions were prepared
as previously described[10]. All components except CaCl, were added together to Milli-Q
water and CaCl, was added last to prevent spontaneous precipitation. The resulting solution
was buffered to pH 7.4 with Tris-HCI and filtered by a 0.2 um pore-size filter and stored at 4°
C. One milliliter of a given mineral solution with different formulations (Table 1) was mixed
with 10 pl of a DNA solution (100 pg/ml) and added to 24-well tissue-culture plates (BD
Biosciences; San Jose, CA). The reporter plasmid, gwWIZ Beta-gal (Aldevron; Fargo, ND),
encodes for the reporter enzyme B-galactosidase (B-gal). The mineralization was conducted at
37 °C in a humidified incubator for an indicated period of time.

For the formation of DNA-1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)-doped
nanocomposites, 10 pl of DOTAP in Dulbecco’s phosphate buffered saline (DPBS) (0.6 or 1.2
mg/ml) was mixed with 10 pl of DNA solution (100 pg/ml) in DPBS. The resulting DNA-
DOTAP complex was incubated at room temperature for 15 min. One milliliter of a given
mineral solution with different formulations (Table 1) was mixed with 20 pl of the DNA-
DOTAP complex and added to each well of 24-well plates. The mineralization was conducted
at 37 °C in a humidified incubator for an indicated period of time.

2.2. Morphology and composition of nanocompaosites

Scanning electron microscopy (SEM) was used to characterize the size and morphology of
nanocomposites mineralized for 24 h. The samples were sputter-coated with 12 nm of platinum
using a SP1 Sputter™ Coater (Structure Probe, Inc.; West Chester, PA) and were analyzed with
a JEOL 7000 SEM with a beam voltage of 10 keV (Electron Microscopy Center, University
of Washington). Energy dispersive x-ray spectroscopy (EDX) was used to characterize the
chemical compositions of hanocomposites. The samples were sputter-coated with carbon and
analyzed with a beam voltage of 15 keV.

2.3. pHresponsiveness of DNA—doped nanocomposites

Mineralization was carried out as described above for the indicated durations. After

mineralization, the solution was removed and 1 ml fresh mineral solution A (simulated body
fluid) was added to each well. Dissolution profiles of different minerals were determined by
gradually decreasing the pH of each well using 0.1 M hydrochloric acid. The volume of acid
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added was less than 20 pl for each pH point. Samples were shaken on a rotary mixer to insure
quick and even distribution and allowed to equilibrate for 2 minutes before sampling. Calcium
released from nanocomposites was determined using a modified colorimetric method based
on complex formation with ortho-cresolphthalein[11]. The pH at which 50% of the total
calcium was released, designated pHsg, was used as an indicator of pH responsiveness. The
dissolution was conducted at room temperature.

2.4. Determination of the efficiency of DNA incorporation

During the course of mineralization, 50 pl of the supernatant in each well was sampled and
assayed for the concentration of DNA. The quantity of DNA in the supernatant was determined
using the Quant-iT PicoGreen dsDNA reagent (Invitrogen; Carlsbad, CA) following the
manufacturer’s protocol. The amount of DNA precipitated was calculated by subtracting the
amount of DNA remaining in the supernatants from the total DNA added to each well.

2.5. Cell culture

MG-63 cells were cultured in Dulbecco’s Modified Eagle Media (DMEM), supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin (P-S), 1% L-glutamine and 1%
sodium pyruvate; Saos-2 cells were cultured in DMEM, supplemented with 10% FBS, 1% P-
S and 2% L-glutamine; EMT6 cells were cultured in DMEM, supplemented with 10% FBS,
1% P-S, 1% L-glutamine; Caco-2 cells were cultured in Modified Eagle Medium (MEM),
supplemented with 20% FBS and 1% P-S; Ishikawa and Hela cells were cultured in MEM,
supplemented with 10% FBS, 1% P-S and 1% L-glutamine; TC1 cells were cultured in RPMI
Media 1640, supplemented with 10% FBS, 1% HEPES, 1% sodium pyruvate, 1% L-glutamine,
0.15% sodium bicarbonate and 0.45% glucose; B35 cells were cultured in DMEM,
supplemented with 10% FBS and 1% L-glutamine; Hep G2 cells were cultured in MEM,
supplemented with 10% FBS and 1% sodium pyruvate. All the cells were maintained in an
incubator at 37 °C and 5% CO,.

2.6. Imaging of cells with bright-field light microscopy

Cells grown on surfaces coated with DNA-doped nanocomposites were monitored by a Nikon
TE2000 inverted microscope with a 20x objective. Images were acquired with a CoolSnap
ES2 charge-coupled device camera (Photometrics; Tucson, AZ).

2.7. Gene transfer of cells cultured on DNA-doped nanocompaosites

1x10° cells in 500 pl tissue culture medium were directly plated on surfaces coated with DNA-
doped nanocomposites mineralized for 8 h for MG-63, Saos-2, Caco-2, Ishikawa, TC1, Hela,
B35 and Hep G2; 5x10° cells were plated for EMT6 per well. Cells were incubated at 37°C
and 5% CO, for 36 h before analysis of cell viability and transfection efficiency. A commercial
transfection reagent, Lipofectamine 2000™ (Invitrogen; Carlsbad, CA), was used as a positive
control following the manufacturer’s protocol.

2.8. Determination of gene transfer efficiency

Cells were grown on surfaces coated with DNA-doped nanocomposites for 36 h. The media
was then removed, and samples were then lysed with 150 pl of a solution containing 10 uM
2-ME, 9 mM MgCl, and 0.1% triton X-100 in DPBS for 15 min. Then, three freeze-thaw cycles
between —80 °C and 37 °C were performed to ensure complete release of proteins from cells.
50 pl of the lysed cell solution was mixed with 50 pl solution containing 0.15 mM chlorophenol
red-B-D-galactoside (CPRG), 10 uM 2-ME, 9 mM MgCl5, and 0.1% triton X-100 in DPBS and
incubated at 37 °C and 5% CO, for 30 min. The absorption was measured at 570 nm using a
SpectraMax M5 microplate reader (Molecular Devices; Sunnyvale, CA). The quantity of p-
gal produced by the cells was determined by using a standard curve constructed with known
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concentrations of 3-gal. Gene transfer efficiency was expressed as ng of p-gal per mg of total
protein. Total protein was measured using the Coomassie protein assay (Biorad; Hercules, CA).
Briefly, 5 pl of the lysed cell solution was diluted with 5 pl DPBS and then mixed with 200
pl of Coomassie solution. The absorption at 595 nm was determined with a microplate reader.
The quantity of protein was determined by using a standard curve with known concentration
of bovine serum albumin protein.

2.9. Determination of the metabolic activity of cells cultured on DNA-doped nanocomposites

The metabolic activity of cells on DNA-doped nanocomposites was determined using the 3-
(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) colorimetric method,
which is based on the reduction of the MTT salt into formazan crystals by viable cells. Herring
sperm DNA (1 pg/ml) was used for mineralization. Briefly, cells were grown on surfaces coated
with DNA-doped nanocomposites as above. 36 h later, 50 pl of a 5 mg/ml solution of MTT
(Sigma; St. Louis, MO) in water was added and incubated at 37°C and 5% CO, for an additional
2.5 h. Following centrifugation, the supernatant was removed and 1 ml dimethyl sulfoxide was
added to cells and incubated at 37°C for 30 min to dissolve the formazan crystals. The
absorption of the wells at 570 nm was determined using a microplate reader.

2.10. Quantification of DNA uptake by flow cytometry

0.5 pg fluorescein isothiocyanate-labeled DNA (2.7 kilobase pairs) (Mirus Bio; Madison, WI)
was co-precipitated with 1 ml mineral solution for 8 h. The solution was removed and cells
were plated at the same densities as above. 24 h after cells were cultured on surfaces coated
with DNA-doped nanocomposites, the plate was washed with 0.25 ml Hank’s Balanced Salt
Solutions (HBSS). Cells were detached using 250 pl of trypsin-EDTA (0.1% Trypsin, 0.4%
EDTA:4Na) at 37°C for 15 min. Cells were then washed with a solution containing 1% FBS
in DPBS twice and analyzed by flow cytometry immediately using a BD FACScan2 (Cell
Analysis Facility, Department of Immunology, University of Washington). Trypan blue was
used to quench the fluorescence associated with the cell surface. The data was analyzed with
FlowJo (Treestar; Ashland, OR), and the arithmetic mean of fluorescence intensity (MFI) of
each sample was determined. The uptake of DNA by cells was expressed as the MFI of cells
cultured on surfaces coated with DNA-FITC-doped nanocomposites subtracted with the MFI
of cells cultured on uncoated surface.

2.11. Measurement of phagosomal pH

100 nm beads with amine functional groups (Polysciences; Warrington, PA) were coupled with
the pH-sensitive dye FITC and the pH-insenstive dye AlexaFluor 647 succinimidyl ester
(AlexaFluor647) (Invitrogen; Carlsbad, CA). Beads were resuspended in 500 pl 0.1 M
carbonate buffer with a pH of 9 at 1% w/v. 5 pl of FITC, and AlexaFlour647 from a 10 mg/
ml stock in PBS were added to the beads and mixed. The beads were then incubated at 4°C for
16 h, washed 3 times with PBS, and resuspended 500 pl PBS. Cells were incubated with beads
for 15 min, washed 3 times with PBS, and further incubated at 37 °C in media for 15 min and
immediately analyzed by flow cytometry. The ratio of the mean fluorescence intensity of FITC
and AlexaFluor647 for each sample was determined (FL1/FL3 ratio). Values were calibrated
against a standard curve obtained by resuspending cells that were exposed to coupled beads
for 2 h. Cells used for obtaining calibration curves were fixed with 4% PFA, permeabilized
with 0.1% triton X-100, incubated in citrate buffers with defined pH and immediately analyzed
by flow cytometry.
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2.12. Statistical analysis

Triplicate samples were included for all experiments and expressed as the average.
Experiments were repeated at least two times. The standard deviation is within 5% if not
mentioned.

3. Results and discussion

3.1. Morphology and composition of surface-induced calcium carbonate nanocomposites

A library of six mineral solutions was chosen in this study based on variations from simulated
body fluid (Table 1). Our initial choice of mineral compositions was based on our previous
study[9]. Additionally, two mineral solutions, G-F and G-Sr, were included. In G-Sr, strontium
(Sr) was added to mineral solution G. Previous reports have shown that DNA/strontium
phosphate precipitates resulted in less lethal and differentiation-inducing effects on many
epithelial cell types compared to calcium phosphate (CaP) preciptates[12]. In mineral solution
G-F, fluoride (F) was added to mineral solution G. It has been demonstrated that replacing
OH™ ions with F~ ions in hydroxyapatite decreases the solubility of the mineral phase, making
it more resistant to acid-induced de-mineralization[13].

The mineralization was initiated on tissue culture-treated polystyrene surfaces.
Nanocomposites were named after the mineral formulation they are derived from. Scanning
electron microscopy (SEM) was used to examine the morphology of nanocomposites. As
shown in Fig. 1a, nanocomposites A, B, H, and G-Sr exhibited similar morphology, in which
clusters of minerals formed “grape-shaped” micro-domains with a size of 100 ~ 200 nm in
diameter. In contrast, mineral solution G resulted in athin, “plate-like” morphology and mineral
solution G-F resulted in clusters of “needle-like” morphology. Energy-dispersive x-ray
spectroscopy (EDX) was used to examine the composition of the nanocomposites. All of the
mineral solutions resulted in structures containing calcium and phosphate (Fig. 1a, insets). For
nanocomposites A, B, and H, magnesium was detected whereas it was absent in nanocomposite
G, G-Srand G-F. For nanocomposites G-Sr and G-F, strontium and fluoride, respectively, were
detected indicating their incorporation into the mineral structures. Semi-quantitative analysis
with EDX revealed varying calcium-to-phosphate (Ca/P) ratios for each mineral formulation
(Supplemental Table 1). Among all the mineral solutions, formulation G, which lacks
magenesium, resulted in the highest Ca/P ratio (1.83 + 0.35) in nanocomposites. The
incorporation of both magnesium (formulations A and B) and strontium (formulation G-Sr)
resulted in a decrease of the Ca/P ratio, indicating that calcium in nanocomposites can be
replaced by magnesium and strontium, respectively. Incorporation of fluoride (G-F) led to a
slight decrease of the Ca/P ratio to 1.68 + 0.34. Taken together, the compaosition of CaP
nanocomposites, which may potentially affect their environment responsiveness[14] and thus
gene transfer efficiency, can be easily tailored by adjusting the formulation of mineral
solutions. This would offer great flexibility for rapid and high-throughput screening of a wide
range of mineral formulations for a cell type of interest.

3.2. Efficiency of DNA incorporation into calcium carbonate nanocomposites

The efficiency of DNA incorporation into surface-induced nanocomposites by different
mineral solutions was examined. Depending on the mineral composition, DNA molecules were
incorporated at different rates within the first 4 h (Fig. 1b). For mineral solutions A and G,
only 10% and 29% of total DNA molecules was precipitated in the first hour, respectively.
With the addition of fluoride (G-F) or strontium (G-Sr), DNA molecules were precipitated
much faster; 49% and 70% of total DNA were incorporated into nanocomposites, respectively.
For mineral solution B, which contains the highest concentration of calcium, almost 90% of
DNA molecules were precipitated in first 4 h. Despite the differences in the rate of DNA
precipitation within the first 4 h, nearly 100% of the DNA was precipitated in nanocomposites
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at 8 h independent of mineral formulations. Thus, DNA was rapidly and efficiently
incorporated into nanocomposites derived from the initial library of mineral solutions.

3.3. Biocompatibility of surface-induced DNA-doped nanocomposites

We have previously demonstrated that tissue culture surfaces coated with nanocomposites
could support cell growth[9]. However, only three cell types and three different
nanocomposites were examined. To establish a platform which could be used to screen and
optimize the mineral compositions for any cells of interest, we examined the biocompatibility
of nanocomposites derived from the current library in a variety of cell types, including
fibroblast, epithelial, and neuronal cells (Table 2). These cells are derived from various tissues,
including bone, breast, colon, endometrium, lung, cervix, liver, and brain of different
organisms. For all the cell types we investigated, cells on the nanocomposite-coated surfaces
displayed similar morphology as those on non-coated surfaces (Supplemental Figure 1). The
majority of cell types covered similar surface areas on nanocomposite-coated surfaces as non-
coated ones. Thus, nanocomposites did not adversely affect cell attachment and growth.

The cytotoxicity of nanocomposites was subsequently assessed by comparing the cellular
metabolic activity of cells on hanocomposite-coated surfaces to that of cells on non-coated
ones. DNA-doped nanocomposites did not induce significant levels of cell death and affect
cell proliferation for the majority of cell types (Fig. 2). For MG-63, Caco-2, Ishikawa, TC1,
Hela and Hep G2, cells proliferated normally on surfaces coated with nanocomposites derived
from almost all the mineral formulations except G-F, on which there were 50% less viable cells
than on non-coated surfaces for TC-1. For EMT®6 cells, most mineral formulations significantly
reduced the viability, except for G and H. For Saos-2, the relative metabolic activities of cells
on all the six DNA-doped nanocomposites were only about 30% of that on non-coated surfaces.
Previous studies have shown that the proliferation and differentiation of Saos-2, a human
osteoblast-like cell line, was affected by mineral surfaces of different properties[15]. Therefore,
nanocomposite-coated surfaces may induce Saos-2 differentiation and reduce proliferation,
which is consistent with previous observations.

3.4. Gene transfer by DNA-doped nanocomposites in nine cell types

The ability of DNA-doped nanocomposites formed from the six mineral solutions to facilitate
gene transfer to mammalian cells was tested on nine cell types (Fig. 3). DNA-doped
nanocomposites derived from different mineral solutions yielded varying gene transfer
efficiencies for all cell types. Interestingly, nanocomposite G, which lacks magnesium, resulted
in the highest gene transfer efficiency in most of the cell types, with values ranging from 500
to 1500 ng B-gal/mg protein. In Ishikawa cells, nanocomposite B yielded the highest gene
transfer efficiency, approximately 300 ng p-gal/mg protein. In contrast, nanocomposite H,
which contains the highest level of magnesium, resulted in the lowest level of gene transfer
efficiency in most cell types; nanocomposite G-Sr also yielded very low levels of gene transfer
efficiency. In all the examined cell lines but EMT6 and B35, there existed an optimized
composition of nanocomposites which could efficiently deliver genes to cells. The gene
transfer efficiency in most cell types by the optimized mineral formulation is comparable or
even higher than that of a commercial reagent, Lipofectamine 2000™.

3.5. Correlation of gene transfer efficiency with the effectiveness of DNA uptake

The nanocomposites formed from the initial library of mineral solutions and mineralization
conditions achieved successful gene transfer in most of the cell types investigated except EMT6
and B35. Nanocomposites from different mineral solutions exhibited significant differences
in the efficiency of gene transfer to a designated cell type. The cellular uptake and intracellular
transport of DNA are two key steps for effective gene transfer. Initially, we examined how the
gene transfer efficiency mediated by surface-induced nanocomposites correlated with the level
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of cellular uptake. The uptake of DNA by cells cultured on the surfaces coated with
nanocomposites was determined using flow cytometry (Fig. 4). DNA was effectively delivered
into Saos-2, Caco-2, Ishikawa, TC1, and Hela by nanocomposites derived from almost all the
mineral formulations except those from formulation G-F. Correspondingly, high levels of gene
transfer efficiency were observed in those cells, particularly when nanocomposites from
formulation G were used. DNA was poorly transported into MG-63, EMT6, B35 and Hep G2
by nanocomposites formed from the current library of mineral formulations. For EMT6 and
B35, the low gene transfer efficiency correlated with the low level of DNA uptake. However,
we cannot exclude the possibility that the intracellular transport of DNA in both cell types may
also be limited. Surprisingly, for MG-63 and Hep G2, though a much lower level of DNA was
delivered into the cells compared to other cell types, the gene transfer efficiency was high,
particularly in nanocomposite G.

3.6. Correlation of gene transfer efficiency with the deviation of pH responsiveness of
nanocomposites from early phagosomal pH of cells

The efficiency of gene transfer in general correlates with the intracellular level of DNA across
cell types. However, for each individual cell type, there was not a direct correlation between
the level of intracellular DNA and the gene transfer efficiency of nanocomposites derived from
different mineral formulations. After normalizing the gene transfer efficiency based on the
amount of intracellular DNA to exclude the effect of uptake of DNA (Fig. 5a), in a designated
cell type, nanocomposites derived from different formulations exhibited varying gene transfer
efficiency per endocytosed DNA; for most of cell types, nanocomposite G demonstrated the
highest gene transfer efficiency. The results so far have raised two questions: first, why does
nanocomposite G result in the higher efficiency of gene transfer by DNA being endocytosed
compared to nanocomposites derived from other formulations? Second, why do most of the
cells exhibit the highest gene transfer efficiency when nanocomposite G was used? Clearly,
the efficiency of gene transfer by endocytosed DNA correlates with both properties of the
nanocomposites and that of cells. The intracellular fate of DNA is closely associated with the
phagosomal pH and pH responsiveness of delivery systems[4] [16]. Therefore, we set out to
determine the correlation between the efficiency of gene transfer by endocytosed DNA,
phagosomal pH of cells and pH responsiveness of nanocomposites.

We first examined the pH responsiveness of DNA-doped nanocomposites. The pH at which
50% of the total calcium was released from nanocomposites, denoted as pHsg, was used as an
indicator of pH responsiveness. As illustrated in Fig. 5b, nanocomposite A, B, H, and G-Sr,
had pHsg values ranging from 7.0—7.3 for the duration of mineralization examined. In contrast,
nanocomposite G and G-F were more resistant to acidification, particularly as the
mineralization duration was prolonged. For nanocomposite G, as the duration of mineralization
increased from 8 h to 48 h, the pHsgq decreased from 6.8 to 5.6, respectively; for formulation
G-F, the pHsgq decreased from 7.1 to 4.7 and finally to 4.2 as the mineralization time increased
from 8h, 24h, to 48h, respectively. Nanocomposites derived from the initial library of mineral
solutions demonstrate appreciably different pH responsiveness.

We subsequently measured the phagosomal pH of cells at 15 min post exposure to 100 nm-
polystyrene beads (Fig. 5¢) by a flow cytometry-based method[17]. Different cell types
exhibited significantly different early phagosomal pH. Although the phagosomal pH of the cell
types we examined has not been extensively characterized, the value we obtained for the J774A.
1 macrophage cell line was consistent with those reported in literature[18].

We then correlated the normalized gene delivery efficiency with the deviation of pHsg of
nanocomposites from the phagosomal pH of cells (Fig. 5d). For eight out nine cell types,
nanocomposites with a pHsq that displayed the slightest deviation from the early phagosomal
pH of cells yielded the highest gene transfer efficiency per endocytosed DNA. As the pHsg of
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nanocomposites deviated from the phagosomal pH of cells, the gene transfer efficiency
correspondingly de creased. This may indicate that both the pH sensitivity of nanocomposites
and phagosomal pH of cells are critical parameters that determine the optimal release of DNA
from nanocomposites to mediate gene delivery to the cell nucleus. For nanocomposites that
possess a pHsq that is above the phagosomal pH of cells, the DNA may not be completely
released as it is trafficked in the phagosomes, thus leading to inefficient gene transfer.
Nanocomposites with a pHsg that match the phagosomal pH of cells would enable the optimal
release of DNA. Further studies are required to provide detailed intracellular mechanisms in
which DNA nanocomposites facilitate the efficient transport of DNA to the cell nucleus.

Our results so far suggest that the gene transfer efficiency medicated by DNA-doped
nanocomposites strongly correlates with the cellular uptake of DNA and the deviation of
pHsg of nanocomposites from phagosomal pH of individual cell types. This correlation will
enable us to customize the gene delivery system with respect to each individual cell type.

3.7. Optimization of gene transfer in B35 and EMT6 cells

Based on our preliminary analysis on how cellular uptake and deviation of pHsgg of
nanocomposites from phagosomal pH affected gene transfer efficiency, we attempted to
improve gene transfer in both B35 and EMTG6 cells. The cellular uptake in both cells was very
low compared to other cell types; therefore, we initially focused on improving cellular uptake.
It has been shown that the cellular uptake can be facilitated by concentrating high levels of
DNA on cell substrates[9,19]. Therefore, we aimed to control the spatial distribution of DNA
to achieve higher local concentrations of DNA molecules per cell.

DOTAP, a cationic lipid able to condense DNA[20], has been widely used as a non-viral gene
delivery vector. We first complexed DNA with DOTAP at two different ratios, followed by
subsequent mineralization to form DNA/DOTAP nanocomposites. Fluorescent microscopy
images of fluorescent DNA in modified nanocomposites revealed large, punctuate structures,
suggesting a high local concentration of DNA (Supplemental Fig. 2); a higher DNA: DOTAP
ratio (Supplemental Fig. 2c) resulted in more localized distributions compared to a lower ratio
(Supplemental Fig. 2b). In contrast, DNA in un-modified nanocomposites showed a more
diffuse distribution of DNA, suggesting lower local concentration of DNA (Supplemental Fig.
2a). The inclusion of DOTAP slightly affected the pH responsiveness of nanocomposites, but
not the DNA precipitation efficiency (Supplemental Fig. 3).

DOTAP-nanocomposites greatly enhanced the uptake of DNA compared to un-modified ones
for both EMT-6 and B35 cell lines, respectively (Fig. 6a). Consequently, the gene transfer
efficiency was markedly enhanced, with the greatest improvement shown by formulations B,
G, and G-Sr (Fig. 6b). The gene transfer efficiency directly correlated with the enhanced uptake
of DNA for all mineral formulations. Modified nhanocomposites enhanced the viability of
EMTG cells, yet slightly reduced the viability of B35 cells compared to un-modified
nanocomposites (Fig. 6¢). Currently, we are carrying out more detailed experiments to examine
the mechanisms by which DOTAP enhances the cellular uptake of DNA incorporated into
nanocomposites.

4. Conclusions

The survey of gene transfer in nine cell types suggest that surface-induced nanocomposites
provide a flexible platform to examine the efficiency of nanocomposites derived from a wide
variety of mineral formulations in various cell types in a high throughput fashion. The initial
success in correlating the gene transfer efficiency with cellular uptake, pH responsiveness of
surface-induced nanocomposites and phagosomal pH of cells suggest that this platform
potentially allows us develop a design principle, which can be applied to optimize and design
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gene delivery systems for cell type of interest in silica. Further studies are under way to translate
this platform to different substrates for the applications in both systematic and surface-mediated
gene delivery.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of DNA-doped nanocomposites
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a, SEM images of surface-induced nanocomposites from different mineral formulations. The
insets are EDAX spectra from the corresponding nanocomposites. Scale bars are 200 nm. b,
The kinetics of DNA precipitation. The inset is the kinetics of precipitation during the first 4

h of mineralization.
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Figure 2. The relative metabolic activity of cells cultured on cell-culture surfaces coated with DNA-
doped nanocomposites

The metabolic activity of cells cultured on surfaces coated with nanocomposites formed from
different mineral formulations was determined with the MTT assay after 36h and normalized
to the value of cells on non-coated surfaces.
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Figure 3. The gene transfer efficiency in nine cell lines by DNA-doped nanocomposites
Nanocomposites were mineralized incorporating the Lac Z reporter gene encoding p-
galactosidase (B-gal) for 8h. The gene transfer efficiency of cells was expressed as the amount
of the reporter enzyme B-gal normalized by total protein.
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Figure 4. The cellular uptake of DNA mediated by surface-induced nanocomposites
Nanocomposites were mineralized with fluorescein-labeled DNA for 8h. The degree of DNA
uptake, quantified as the mean fluorescence intensity (MFI) by flow cytometry, was expressed
as the MFI of cells cultured on surfaces coated with DNA-doped nanocomposites subtracted
that of cells on surfaces in the absence of DNA.
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Figure 5. Correlation of gene transfer efficiency with DNA uptake and pHsgg of nanocomposites
a, The gene transfer efficiency normalized by the cellular uptake of DNA by cells. b, The pH
responsiveness, pHsg, of nanocomposites. pHsg is the pH at which 50% of calcium ions were
released (MIN: mineralization). c, The early phagosomal pH of cells at 15 minutes post-
phagocytosis of 100 nm beads. d, Correlation of the normalized gene transfer efficiency with
the phagosomal pH of cells and the pHsg values of nanocomposites. Red: the relative
normalized gene transfer efficiency > 0.9; green: 0.9> the relative normalized gene transfer
efficiency > 0.5; blue: the relative normalized gene transfer efficiency < 0.5. The relative
normalized gene transfer efficiency is the normalized gene transfer efficiency divided by
highest normalized gene transfer efficiency of that cell type among different mineral
formulations. The dashed line stands for equal pH. Values shown are the mean of the triplicates

with a standard deviation less than 5% of the mean.
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Figure 6. The gene transfer in EMT6 and B35 cells on DOTAP/DNA nanocomposite-coated
substrates

a, Cellular uptake of DNA. Fluorescein-labeled DNA was complexed with DOTAP at a
DNA:DOTAP ratio (w/w) of 1:6 for EMT6 and 1:12 for B35 cells, respectively. DNA uptake
was quantified by flow cytometry and expressed as the MFI of cells cultured on
nanocomposites subtracted the MFI of control cells without DNA. The uptake for cells on un-
modified nanocomposites is shown for comparison. b, The gene transfer efficiencies. The
LacZ reporter gene was complexed with DOTAP at a DNA:DOTAP ratio (w/w) of 1:6 for
EMT6 and 1:12 for B35 cells, respectively. The formed complex was mineralized with different
mineral formulations for 8h and the gene transfer efficiency was evaluated. ¢, The metabolic
activity of cells. Values shown are the mean of the triplicates with a standard deviation less
than 5% of the mean.
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Cell lines used in this study
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Cell type Organ Organism
MG-63 fibroblast bone human
Saos-2 epithelial bone human
EMT6 epithelial breast mouse
Caco-2 epithelial colon human
Ishikawa epithelial endometrium human
TC1 epithelial lung mouse
Hela epithelial cervix human
Hep G2 epithelial liver human
B35 neuronal nervous system rat
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