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Surface-induced biomineralization represents a flexible approach to immobilizing DNA onto biomaterial surfaces for surface-
mediated DNA delivery. Immobilized naked DNA is uniformly embedded in thin films of nanocomposites, which limits the
internalization of DNA to some cell types, such as neuronal cells. In this study, DNA molecules were initially complexed with
liposomes to form lipoplexes. Subsequently, these lipoplexes were immobilized onto a cell culture compatible surface through
surface-induced biomineralization. Under all the conditions we examined, lipoplexes were efficiently immobilized onto the surface
and formed lipoplex-nanocomposites. We have shown that the size of liposomes and the composition of mineralizing solutions
have significant effects on the morphology and topology of nanocomposites and thus the organization and the intracellular levels
of DNA. The transgene expression mediated by lipoplex-nanocomposites was greatly enhanced in neuronal cells compared to the
immobilized naked DNA.

1. Introduction

Delivering genetic materials to mediate functions of cells
present in tissue engineering scaffolds holds great promise for
regenerative medicine. Systemic gene transfer approaches are
unable to deliver genes across the barriers of tissue scaffolds
and thus limit the availability of DNA to cells. Surface-
mediated DNA delivery, which provides a highly localized
level of DNA for cells, possesses great potential to direct cell
functions on tissue engineering scaffolds while supporting
cell growth [1–3].

A number of approaches have been developed to enable
surface-mediated gene delivery. DNA molecules are either
directly immobilized onto surfaces by coprecipitating with
calcium phosphate [4, 5] or first complexed with dendrimers
[6–8], cationic polymers [9–11], or liposomes [1, 12, 13] and
then immobilized onto biomaterial surfaces through electro-
static interactions. Up to 27%DNA immobilization efficiency
has been obtained by the aforementioned methods [1, 14];
and, in the presence of extracellular matrix (ECM) proteins,
the efficiency has been increased up to 80% [11]. Surface-
induced biomineralization represents a flexible approach to

immobilizing DNA onto substrates [15–18]; the immobiliza-
tion efficiency has been shown to be nearly 100% regardless
of the composition of mineralizing solutions [15, 17]. More
importantly, the level of transgene expression can be easily
tuned bymanipulating the composition of mineralizing solu-
tionswith respect to individual cell types [15, 17, 18]. However,
the internalization of DNA is cell type-dependent. A low
level of cellular DNA uptake mediated by surface-induced
nanocomposites has been observed in several cell types such
as neuronal cells and breast cancer cells [17]. When naked
DNA is immobilized by surface-induced biomineralization,
DNA is embedded in a continuous thin film of nanocompos-
ites. The morphology and topology result in strong binding
between nanocomposites and biomaterial surfaces, which
limits the effective release of DNA for internalization by cells.
Therefore, we hypothesized that controlling the morphology
and topology of surface-induced nanocomposites would
improve the internalization ofDNAby cells and thus enhance
the level of transgene expression.

DNA and cationic liposomes are often rapidly self-
assembled as supramolecular structures. Depending on the
type of liposomes, the ratio of DNA to liposomes, and
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the complexation duration, several structures, including
multilamellar structure with alternating lipid bilayer and
DNA monolayers [19], columnar inverted hexagonal struc-
tures [20], and spaghetti-meatball assemblies [21], have been
observed. Lipid monolayers and vesicles have been used as
templates for the induction ofmineralization in solutions [22,
23]. We reason that these supramolecular structures can be
used as templates to control the morphology and topology of
surface-induced nanocomposites. A recent study has shown
that lipoplexes formed from DNA and commercially formu-
lated Lipofectamine 2000 can be incorporated into nanocom-
posites that are induced in a solution mimicking a simulated
body fluid [24].

In this study, by using liposomes made of a widely used
cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), and six different mineralizing solutions (Table 1),
we systematically examined the effects of the size of liposomes
and the charge ratio of DNA to cationic lipids on the mor-
phology and topology of surface-induced nanocomposites of
different compositions, the distribution and cellular uptake
of DNA, and gene transfer efficiency. We did not choose
the commercially available lipids, Lipofectamine 2000, since
we had no information on the composition of lipids. The
DNA/DOTAP complexes, or lipoplexes, were immobilized
onto plasma-treated polystyrene surfaces through surface-
induced biomineralization. The nanocomposites containing
lipoplexes are called lipoplex-nanocomposites in comparison
with DNA-nanocomposites doped with naked DNA. The
cellular DNA uptake, gene transfer efficiency, and cell viabil-
ity mediated by lipoplex-nanocomposites were subsequently
examined by using a model neuronal cell line, B35 cells.
Potentially, the as-developed DNA/DOTAP complexes could
be used in bone tissue engineering to promote fracture
healing and bone growth where peripheral innervation is
needed [25].

2. Materials and Methods

2.1. Cell Culture. B35 cells were cultured in Dulbecco’s Mod-
ified Eagle Media (DMEM), supplemented with 10% fetal
bovine serum (FBS) and 2mMof L-glutamine.The cells were
maintained in an incubator at 37∘C and 5% CO

2
.

2.2. DOTAP Liposome Preparation. A given amount of chlo-
roform solution of DOTAP (10mg/mL) was placed in a glass
tube and the chloroform was evaporated under a stream of
argon gas. For the direct-mixing method, which has been
used by previous studies [26–28], the lipid film was resus-
pended at 2mg/mL in Dulbecco’s phosphate buffered saline
(D-PBS) at room temperature and then directly used for
the complexation with DNA. For the freeze-thaw-extrusion
method, the lipid film was resuspended at 2mg/mL in
HEPES-buffered saline (20mM HEPES, 150mM NaCl, pH
7.4) and incubated at 43∘C for 1 h. The resulting solution was
subjected to freeze- (−196∘C) thaw (40∘C) cycles for 10 times
and then passed through the extruder (Avanti Polar Lipids,
Alabaster, AL)with a polycarbonatemembrane filter (100 and
1000 nm) five times before the complexation with DNA.

Table 1: Formulations of mineralizing solutions.

Concentration (mM) A B G H G-Sr G-F
CaCl
2

⋅2H
2

O 2.5 3.7 2.5 2.5 2.5 2.5
KH
2

PO
4

1 1 1 1 1 1
NaCl 141 141 141 141 141 141
KCl 4 4 4 4 4 4
MgSO

4

⋅6H
2

O 0.5 0.5 0 0.5 0 0
MgCl

2

⋅6H
2

O 1 1 0 5 0 0
NaHCO

3

4.2 4.2 4.2 4.2 4.2 4.2
SrCl
2

0 0 0 0 3 0
NaF 0 0 0 0 0 3

2.3. Size and Stability Measurements. The sizes of liposomes
and lipoplexes were examined using Zetasizer Nano ZS
(Malvern Instruments, Westborough, MA). The measure-
ments were carried out at 25∘C in the indicated solution. The
size change with the time was used to evaluate the stability of
liposomes and lipoplexes.

2.4. Topology of Lipoplex-Nanocomposites on Substrates.
Atomic force microscopy (AFM) was used to determine the
topology of lipoplex-nanocomposites on substrates. AFM
images were taken using tapping mode with a Veeco Dimen-
sion 3100 (Center for Nanotechnology, University of Wash-
ington) and a FESP silicon probe. A scan rate of 1.4Hz was
used with an integral gain of 0.4 and proportional gain of 0.8.
The images were analyzed using NanoScope (Veeco, Plain-
view, NY).

2.5. DNA Complexation Efficiency. 25 𝜇L of pcDNA3-
LDHC4 (1 𝜇g/mL)wasmixedwith 100𝜇L of 1 : 500 dilution of
Quant-iT PicoGreen dsDNA reagent (Invitrogen, Carlsbad,
CA) for 5min. The resulting solution was then mixed with
25 𝜇L of 12 𝜇g/mL DOTAP liposomes to yield DNA to
DOTAP ratio of 1 : 12 (w/w). As the DNA was complexed
with liposomes, the fluorescence intensity decreased. The
fluorescence change of the resulting solution at 520 nm
was recorded (excitation wavelength: 480 nm) using a
SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA). Controls, including DNA and liposomes
only in the presence or absence of dye, were also included
to take into account the change of fluorescence due to the
prolonged incubation of dye with DNA and photobleaching,
interference from liposomes themselves, and light scattering.
Both liposomes and DNA in the absence of PicoGreen did
not exhibit detectable emission at 520 nm. PicoGreen did
not directly interact with liposomes, resulting in detectable
emission. The amount of DNA complexed with DOTAP was
calculated by subtracting the free DNA remaining in the
solution from the total DNA added to the solution.

2.6. Surface Induction of DNA- or Lipoplex-Nanocomposites.
The process of inducing nanocomposites on cell culture sur-
face has been developed previously [15]. Briefly, one milliliter
of mineral solutions (Table 1) with different formulations was
mixed with 1 𝜇g of DNA either in the form of naked DNA
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(10 𝜇L of 100 𝜇g/mL DNA in Tris-EDTA) or DNA/DOTAP
complexes (lipoplexes, 20𝜇L in Milli-Q water). The mixtures
were added to each well of 24-well tissue culture plates (BD
Biosciences, San Jose, CA). The mineralization was con-
ducted at 37∘C in a humid incubator for 8 h. The remaining
mineral solution was removed, and surface-induced DNA-
or lipoplex-nanocomposites were washed using cell culture
media before seeding cells. We did wash the deposited DNA/
lipid complexes after mineralization and before seeding
cells. This means the remaining precipitated complexes were
removed if there are any, and, after seeding cells on top of
DNA/DOTAP complexes, the cells were transfected by the
immobilized complexes exclusively. The resulting nanocom-
posites were named after the respective mineralizing solution
shown in Table 1.

2.7. Quantification of the DNA Deposition Efficiency. During
the course of mineralization, 50𝜇L of the supernatant in
each well was sampled and assayed for the DNA concen-
tration by 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. The standard curve was constructed by
using lipoplexes formed under the same conditions as those
used for mineralization to take into account the effect of
complexation on the fluorescent intensity. DNA or lipoplexes
in D-PBS were included as a control and incubated at 37∘C as
samples formineralization.The concentration of DNAbefore
and after the incubation was tested. There was no DNA
or lipoplexes bound to the sides of wells in the absence of
mineralizing solutions.

2.8. Solubility of Nanocomposites in Extracellular Environ-
ment. The release of calcium from nanocomposites was used
to evaluate the solubility. Mineralization was carried out for
8 h. The amount of calcium precipitated on the surface was
then determined by subtracting the calcium that remained in
the solution from the initial calcium added to the wells.Then,
500𝜇L of tissue culture medium was directly placed on the
surface deposited with DNA- and lipoplex-nanocomposites
at 37∘C and 5% CO

2
. 24 h later, calcium released from

nanocomposites was determined using a modified colori-
metric method based on complex formation with orthocre-
solphthalein [29].The percentage (%) of calcium releasedwas
determined by normalizing the calcium released against the
amount of calcium precipitated on the surface.

2.9. DNA Organization on the Surface Deposited with Nano-
composites. Fluorescein isothiocyanate- (FITC-) labeled
DNA (2.7 kb) (Mirus Bio, Madison, WI) was used. DNA-
or lipoplex-nanocomposites were fabricated as above. DNA
distribution was examined with a 20x objective by a Nikon
TE 2000 inverted microscope. Images were acquired with
a CoolSNAP ES2 charge-coupled camera (Photometrics;
Tucson, AZ). The surface plot of the fluorescence intensity of
FITC-labeled DNA was generated by ImageJ (National
Institute of Health).

2.10. Size andMorphology of Lipoplex-Nanocomposites. Scan-
ning electron microscope was used to examine the size and
morphology of surface-induced nanocomposites. The sam-
ples were sputter-coated with 12 nm of platinum using a SPI
Sputter Sputter Coater (Structure Probe, Inc.; West Chester,
PA) and were analyzed with a JEOL 7000 SEM with a beam
voltage of 10 kV (Electron Microscopy Center, University of
Washington).

2.11. Gene Transfer. Cells in 500 𝜇L of tissue culture medium
were directly plated on the surface deposited with DNA- and
lipoplex-nanocomposites at the density of 1×105 cells perwell
of a 24-well tissue culture plate and incubated at 37∘C and 5%
CO
2
.The reporter plasmid, gWIZ Beta-gal (Aldevron; Fargo,

ND) encoding 𝛽-galactosidase (𝛽-gal), was used. 36 h later,
cells were lysed with 150𝜇L of a solution containing 10 𝜇M 2-
ME, 9mMMgCl

2
and 0.1% triton X-100 in D-PBS for 15min.

Then, three freeze-thaw cycles between −80∘C and 37∘C
were performed to ensure the complete release of proteins
from cells. 50𝜇L of the lysed cell solution was mixed with
50 𝜇L of solution containing 0.15mM chlorophenol red-𝛽-
D-galactoside (CPRG), 10 𝜇M 2-ME, 9mM MgCl

2
and 0.1%

triton X-100 in D-PBS and incubated at 37∘C for 30min. The
absorption was measured at 570 nm using a SpectraMax M5
microplate reader.The quantity of 𝛽-gal produced by the cells
was determined by using a standard curve constructed with
known concentrations of 𝛽-gal. Gene transfer efficiency was
expressed as ng of 𝛽-gal per mg of total protein. Total protein
was measured using the Coomassie protein assay (Biorad;
Hercules, CA). Briefly, 5𝜇L of the lysed cell solution was
diluted with 5 𝜇L of D-PBS and then mixed with 200𝜇L of
Coomassie solution. The absorption at 595 nm was deter-
mined with a microplate reader. The quantity of protein was
determined by using a standard curve with known concen-
trations of bovine serum albumin (BSA).

2.12. Quantification of DNAUptake by FlowCytometry. 0.5 𝜇g
of naked FITC-labeled DNA (2.7 kb) (Mirus Bio, Madison,
WI) or lipoplexes (0.5 𝜇g of DNA, DNA :DOTAP = 1 : 12
(w/w)) were immobilized on the surfaces as described above.
Cells were cultured on surfaces deposited with DNA- or
lipoplex-nanocomposites. 24 h later, cells were washed with
0.25mL of Hank’s Balanced Salt Solutions (HBSS). Cells were
detached using 250 𝜇L of trypsin-EDTA (0.1% trypsin, 0.4%
EDTA⋅4Na) at 37∘C for 5min. Cells were then washed twice
with FACS (1% FBS in D-PBS) buffer and analyzed by flow
cytometry immediately using a BD FACScan2 (Cell Analysis
Facility, Department of Immunology, University of Wash-
ington). Trypan blue was used to quench the fluorescence
associated with the cell surface. The data was analyzed with
FlowJo (Tree Star, 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 DNA- or lipoplex-nanocomposites subtracted
with the MFI of cells cultured on cell culture surfaces free of
nanocomposites.

2.13. Determination of Metabolic Activity of Cells. Metabolic
activity of cells on DNA- or lipoplex-nanocomposites
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was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric method,
which is based on the reduction of the MTT into formazan
crystals by viable cells. Herring sperm DNA (1 𝜇g/mL) was
used for mineralization. Briefly, cells were seeded on surface
deposited with DNA/DOTAP or DNA-nanocomposites as
above. 36 h later, 50𝜇L of a 5mg/mL aqueous solution of
MTT (Sigma, St. Louis,MO)was added to cells and incubated
at 37∘C and 5% CO

2
for an additional 2.5 h. Following cen-

trifugation, the supernatant was removed and 1mL dimethyl
sulfoxide (DMSO) was added to cells and incubated at 37∘C
for 30min to dissolve the formazan crystals. The absorption
of each sample at 570 nm was determined using a microplate
reader. The relative cell metabolic viability was calculated by
normalizing OD values of each sample to the value of cells on
surfaces free of nanocomposites.

2.14. Statistical Analysis. Triplicate samples were included in
all the experiments. The values shown were as the means of
triplicates. All the experiments were repeated two to three
times. Data were shown asmeans± s.e. Statistical significance
of differences was determined by the unpaired two-tailed
Student’s 𝑡-test.

3. Results and Discussion

3.1. Characterization of DNA/DOTAP Lipoplexes. The size
and structure of liposomes can potentially affect the size
and colloidal stability of lipoplexes and thus the topology
and reproducibility of surface-induced nanocomposites. We
explored the methods to prepare DOTAP liposomes. Two
methods have been examined. In method 1, called the direct-
mixing method, liposomes were formed by directly mixing
dried lipids in aqueous solutions through vortexing. This
method has been used in several previous studies [26–28].
It resulted in multilamellar structures. The mean diameter of
the DOTAP liposomes was around 1800 nm with polydisper-
sity index (PdI) of 0.28. Upon the complexation with DNA
dissolved in mineralizing solutions, the size of lipoplexes
varied dramatically within an incubation period of 60min.
Significant aggregations, indicated by the turbidity, were
observed (Figure 1(a)). The aggregation and instability of
lipoplexes can potentially affect the reproducibility of surface-
induced nanocomposites.

In method 2, called freeze-thaw-extrusion method, the
liposomes were subjected to freeze-thaw cycles and then
passed through filters with pore size of 100 nm or 1000 nm
in diameter. A number of studies have demonstrated that
homogenous populations of unilamellar liposome can be
obtained using freeze-thaw procedures [30]. The size of lipo-
somes before the extrusionwas 324 nm in diameter with a PdI
of 0.36.The 1000 nm filter resulted in liposomes with an aver-
age diameter of 257 nmandPdI of 0.23, while the 100 nmfilter
resulted in liposomes with an average diameter of 129 nm
and PdI of 0.16. After complexation with DNA, the size
of lipoplexes increased to around 1500 nm and 2000 nm in
diameter for liposomes preparedwith 100 and 1000 nmfilters,
respectively.The lipoplexes were stable inmost of themineral
solutions examined (Figures 1(b)-1(c)).

Subsequently, we determined the DNA complexation
efficiency of DOTAP liposomes prepared by both methods.
Using the direct-mixing method, the complexation efficiency
gradually reached 40% within one hour and then leveled
off (Figure 1(d)). While using the freeze-thaw-extrusion
method, DNA molecules were more efficiently complexed
with liposomes and 70% complexation was achieved within
one hour for both filter sizes. Based on the colloidal stability
of liposomes and lipoplexes as well as the DNA complexation
efficiency, we chose the freeze-thaw-extrusion method to
prepare liposomes and 15min complexation duration unless
specified for the following studies.

3.2. Characterization of Surface-Induced Lipoplex-Nanocom-
posites. Initially, we measured the efficiency of immobi-
lization of lipoplexes by surface-induced biomineralization.
Regardless of the composition of mineralizing solutions and
initial size of DOTAP liposome, nearly 100% of DNA in the
form of lipoplexes was immobilized onto the thin films of
nanocomposites within the 8 h mineralization (Figure 2(a)).
Compared to other approaches [1, 11, 14], surface-induced
biomineralization more efficiently immobilized DNA onto
the surfaces in the form of either naked DNA or lipoplexes.

Subsequently, we examined whether the incorporation of
lipoplexes would change the solubility of nanocomposites at
the extracellular environment.The solubility was determined
by measuring the calcium release from nanocomposites at
given pH in cell culturemedium.At pH7.4 (extracellular pH),
the solubility of lipoplex-nanocomposites was similar to that
of DNA-nanocomposites for all the mineralizing solutions
(𝑝 > 0.05, Figure 2(b)).

Our goal is to control the morphology and topology of
nanocomposites so that more DNA molecules are accessible
to cells for effective gene transfer. Both SEM (Figure 3(a)) and
atomic force microscopy (AFM) (Figure 3(b)) were used to
examine the morphology and topology of surface-induced
nanocomposites, respectively. For DNA-nanocomposites, A,
B, H, and G-Sr formed small clusters with the average size
of 50–100 nm, which were organized as a continuous film. In
contrast, lipoplex-nanocomposites formed large clusters with
an average size of 150–250 nm, which were organized into
segregated structures. The roughness of substrates deposited
with lipoplex-nanocomposites was statistically significantly
higher than that of substrates depositedwithDNA-nanocom-
posites (𝑝 < 0.01, Figure 3(c)). For nanocomposites G and
G-F, lipoplexes resulted in a dramatic morphological change
of nanocomposites. When smaller liposomes were used,
nanocomposite G exhibited thickened plate-like structures.
In contrast, nanocomposite G transformed from continuous
plate-like structures to segregated spherical structures when
larger liposomes were used in the formation of lipoplexes.
Nanocomposite G-F transformed from randomly distributed
needle-like structures intomore uniformly distributed spher-
ical structures. Our results showed that the lipoplexes mod-
ulated both morphology and topology of surface-induced
nanocomposites.

We subsequently examined the DNA distribution on the
surface of substrates using fluorescence microscope. A 3D
surface plot of the fluorescence intensity of FITC-labeled
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Figure 1: Characterization of DOTAP liposomes and lipoplexes. The DOTAP liposomes were prepared using the direct-mixing and freeze-
thaw-extrusion methods. Sizes of DOTAP liposomes or lipoplexes prepared by (a) the direct-mixing method and by (b-c) the freeze-thaw-
extrusionmethodwith (b) 100 nmor (c) 1000 nmfilter. Data were shown asmeans± s.e. (d) DNA complexation efficiency.TheDNA :DOTAP
ratio was 1 : 12 (w/w). The time indicates the duration of complexation with DNA.

DNA showed that, for all the mineralizing solutions exam-
ined, DNA was organized into discrete depots when
lipoplexes were used in the process of mineralization in com-
parison to the diffused patterns when naked DNA was used
(Figure 3(d)). Larger liposomes led to larger discrete depots
of DNA. During the preparation of liposomes, the amount
of DOTAP and DNA used was kept the same. More lipoplex
particles with less DNA molecules per lipoplex were formed
using smaller liposomes than larger ones. Therefore, DNA

molecules were more localized and segregated on the surface
deposited with nanocomposites derived from larger lipo-
somes.

Our results have demonstrated that lipoplexes induce
both morphological and topological changes of surface-
induced nanocomposites but do not change the solubility
of nanocomposites. The DNA molecules are organized into
discrete depots on surfaces coated with lipoplex-nanocom-
posites.
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Figure 2: (a)The DNA immobilization efficiency in the form of lipoplexes by surface-induced biomineralization for 8 h. (b) Calcium release
from nanocomposites at pH 7.4. Nanocomposites were incubated in cell culture medium at pH 7.4 at 37∘C for 24 h. Data were shown as
means ± s.e. Statistical significance of differences was determined by the unpaired two-tailed Student’s 𝑡-test. The calcium released from
lipoplex-nanocomposites was not statistically significantly different compared to that from DNA-nanocomposites (𝑝 > 0.05).

3.3. Biocompatibility of Lipoplex-Nanocomposites. The mor-
phology and metabolic activity of cells cultured on these sur-
faces were assessed. Except for formulationG-F, for both sizes
of liposomes and most of the mineralizing solutions exam-
ined, B35 cells on nanocomposite-deposited surfaces could
attach and spread out as well as on surfaces free of nanocom-
posites (Figure 4(a)). The cells on surfaces coated with
lipoplex-nanocomposites exhibited similarmetabolic activity
as cells on surfaces with DNA-nanocomposites (Figure 4(b)).

As for mineral solution G-F, cells exhibited a statistically
significantly lower (𝑝 < 0.001) metabolic activity when
they were cultured on lipoplex-nanocomposites compared
to those on DNA-nanocomposites. More detailed studies
are required to determine the exact mechanism by which
lipoplex-nanocomposite G-F leads to higher level of cytotox-
icity. We speculate that the morphological and topological
change of nanocomposites can result in an enhanced uptake
(Figure 5) of nanocomposites, thus an increase of intracel-
lular F− ion concentration. The F− ion can inhibit enzymes
essential for many physiological processes of cells [31]. In
addition, the changes in morphology and hydrophobicity of
surfaces have also been shown to affect the metabolic activity
of cells [32, 33].

3.4. Cellular Uptake of DNA. We hypothesized that con-
trolling the morphology and topology of nanocomposites
on biomaterial surfaces to which cells were exposed could
potentially enhance the cellular uptake of DNA and thus gene
transfer efficiency.Thenwe examinedDNA cellular uptake in
neuronal cells, B35. Clearly, for all the nanocomposites and
both sizes of liposomes examined, immobilized lipoplexes
resulted in 2 to 14 times more cellular uptake of DNA

than the immobilized naked DNA (Figure 5). Lipoplex-
nanocomposites B, H, G-Sr, and G-F resulted in more
statistically significant increases of cellular uptake of DNA
than biomineral A and G (𝑝 < 0.01). The initial liposome
size also affected the cellular uptake of DNA for lipoplex-
nanocomposites H, G-Sr, and G-F. Nanocomposites formed
from larger liposomes showed a reduced level of cellular
uptake of DNA compared to those from smaller liposomes.

DNAwasmost likely taken up as individual or a cluster of
nanocomposites instead of nakedDNA or lipoplexes released
from the dissolution of nanocomposites. The dissolution of
both DNA- and lipoplex-nanocomposites at pH 7.4 (extra-
cellular pH) was less than 15% and similar (Figure 2(b)).
A low level of free DNA or lipoplexes was expected in
extracellular environment. Therefore, the uptake of DNA
would be low if the released DNA or lipoplexes from dissolu-
tion of nanocomposites contributed to a significant fraction
of DNA uptake. The change of morphology and topology
affected the detachment of nanocomposites from the bio-
material surface and dissociation from neighboring clusters,
which mostly resulted in the enhanced uptake mediated
by lipoplex-nanocomposites. Less lipoplex-nanocomposites
were observed than DNA-nanocomposites after they were
exposed to cells for 24 h (Figure 4(a), small dark dots on the
surface of cell culture plates).

3.5. Gene Transfer Efficiency. The gene transfer in neuronal
cells, B35, mediated by either immobilized lipoplex- or DNA-
nanocomposites was examined. Compared to immobilized
naked DNA, immobilized lipoplex-nanocomposites A, B, G,
H, andG-Sr resulted in significantly higher transgene expres-
sion (Figure 6). For a given composition of nanocomposites,
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Figure 3: (a) SEM images of surface-induced nanocomposites formed from the indicated mineralizing solutions. The scale bar is 200 nm.
(b) AFM topographic images (top 3 panels) and 3D surface plot (bottom 3 panels) of surface-induced nanocomposites on substrates formed
from the indicated formulations. The scan size is 2𝜇m × 2 𝜇m. (c) Surface roughness (𝑅

𝑞

, root mean square roughness) of surface-induced
nanocomposites on substrates formed from the indicated mineralizing solution. 𝑅

𝑞

was calculated using NanoScope (Veeco, Plainview, NY).
Data were shown as means ± s.e. Statistical significance of differences was determined by the unpaired two-tailed Student’s 𝑡-test. The 𝑅

𝑞

of
substrates deposited with lipoplex-nanocomposites was considered statistically significantly different from that with DNA-nanocomposites
at &
𝑝

< 0.01. (d) The surface plot of the fluorescence intensity of FITC-labeled DNA on the surfaces deposited with DNA- or lipoplex-
nanocomposites. (e)The profiles of fluorescent intensity along the diagonal direction determined using ImageJ (National Institute of Health)
was used to demonstrate the DNA distribution.
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the level of transgene expression was affected by the initial
size of liposomes (Figure 6(a)), the DNA to DOTAP ratio
(Figure 6(b)) and the duration of complexation (data not
shown).

As shown in Figure 6(a), the initial size of DOTAP had
a significant effect on the level of transgene expression.
Nanocomposites formed with larger liposomes resulted in a

statistically significantly higher level of transgene expression
than those from smaller liposomes (𝑝 < 0.01). As demon-
strated in Figures 1(b)-1(c), liposomes formed using 1000 nm
filters resulted in larger lipoplexes than using 100 nm ones.
Previous studies demonstrated that lipoplex size has a signif-
icant effect on the efficiency of gene transfer [34–36]. Larger
lipoplex results in higher gene transfer efficiency because
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that by DNA-nanocomposites at †𝑝 < 0.001.

of either larger lipoplexes leading to higher lipoplex-cell
uptake and fusion [36] or the formation of larger intracellular
vesicles, which are easily disrupted for the release of DNA
into cytoplasm [35]. In addition, encapsulation of DNA
within larger structuresmay better shield it from degradation
by DNases [37]. The gene transfer in B35 cells mediated
by immobilized lipoplexes displayed similar lipoplex size-
dependency as free lipoplexes. As we discussed previously
(Figure 5), immobilized lipoplexes most likely entered cells
in the form of nanocomposites. Upon the entry into cells,
nanocomposites were dissolved to release free lipoplexes due
to the progressive acidification of phagosomes. As a result,
for a given composition of nanocomposites, the level of gene
transfer efficiency mediated by lipoplex-nanocomposites
derived from different sizes of liposomes may be largely due
to the difference in the integrity and release of DNA into
cytoplasm instead of cellular uptake.

The gene transfer efficiency by lipoplex-nanocomposites
was also dependent on the ratio of DNA to DOTAP (w/w)
(Figure 6(b)). As demonstrated in previous studies, for the
liposome-mediated gene transfection, the transfection activ-
ity peaked at certain charge ratios and decreased with higher
or lower charge ratios [38–40]. The immobilized lipoplexes
exhibited a similar trend as free lipoplexes. This result
demonstrated that the efficiency of gene transfer mediated
by lipoplex-nanocomposites is further controlled by the
properties of lipoplexes.

Lastly, we examined the gene transfer mediated by
DNA/Lipofectamine 2000 nanocomposites. Since we had no
information on the composition of lipids, we tested two
ratios based on the manufacturer’s instructions. The size of
liposomes was 114.23 ± 8.40 nm. The size of the resulting

lipoplexes was 496.90 ± 102.67 and 220.60 ± 0.57 nm for
lipoplexes prepared at the DNA to Lipofectamine 2000
ratio (w/w) of 1 : 2 and 1 : 3, respectively. As shown in
Figure 6(c), DNA/Lipofectamine lipoplex-nanocomposites
exhibited higher transgene expression than DNA/DOTAP
ones, indicating the composition of lipids was an addi-
tional parameter to optimize the gene transfer efficiency
of lipoplex-nanocomposites. The efficiency of gene trans-
fer by DNA/Lipofectamine lipoplex-nanocomposites was
also dependent on the charge ratio and composition of
nanocomposites. These results suggest that our observations
onDOTAP liposomes can be generalized for other liposomes.
The previous study examined one DNA to liposome ratio and
one mineralizing solution (simulated body fluid, i.e., mineral
solution A) [24]. We cannot make direct comparison to their
results. However, both studies demonstrate that immobi-
lized lipoplexes through surface-mediated biomineralization
improve the efficiency of gene transfer.

Taken together, our results demonstrated that the immo-
bilization of DNA as lipoplexes through surface-induced
biomineralization significantly improved the gene transfer
efficiency for neuronal cells. Lipoplexes modulated the mor-
phology and topology of nanocomposites on the surface
and resulted in enhanced cellular DNA uptake. The possi-
ble pathway by which immobilized lipoplexes mediate the
gene transfer was the following: DNA entered cells in the
form of nanocomposites composed of biomineral-decorated
lipoplexes; in acidic phagosomal compartments, nano-
composites were dissolved and lipoplexes were freed from
nanocomposites; subsequently, DNA escaped from phagos-
omal compartments as free DNA or lipoplexes and then
entered nuclei for transcription. Through this pathway, the



Journal of Nanomaterials 11

0

50

100

150

200

250

#

&&

&

&

#

#
&

&

†
#

&

A 
B 
G 
H

G-Sr 
G-F 
DOTAP

Naked DNA 1000nm filter100nm filter

G
en

e t
ra

ns
fe

r e
ffi

ci
en

cy
 (n

g𝛽
-g

al
/m

g 
pr

ot
ei

n)

(a)

Naked DNA 

&&
#

&

†

†

&

†

&

†

†
†

&

†

&

&

†

&

†
†

1 :201 :121 :61 :1

A 
B 
G 
H

G-Sr 
G-F 
DOTAP

0

50

100

150

200

250

G
en

e t
ra

ns
fe

r e
ffi

ci
en

cy
 (n

g𝛽
-g

al
/m

g 
pr

ot
ei

n)

(b)

A 
B 
G 

H
G-Sr 
G-F 

1 :31 :2
DNA: Lipofectamine (w/w)

0

50

100

150

200

250

300

G
en

e t
ra

ns
fe

r e
ffi

ci
en

cy
 (n

g𝛽
-g

al
/m

g 
pr

ot
ei

n)

(c)

Figure 6: The gene transfer efficiency in B35 cells medicated by surface-induced lipoplex-nanocomposites. (a) The effect of liposome sizes.
DNA :DOTAP ratio was 1 : 12 (w/w); the complexation duration was 15min. (b) The effect of DNA :DOTAP ratios. The complexation
durationwas 15min; the filter size is 1000 nm.TheDOTAP liposomeswere prepared using freeze-thaw-extrusionmethod.NakedDNA-doped
nanocomposites (nakedDNA) and free lipoplexes prepared usingDOTAP (DOTAP)were used as controls. (c)The lipoplexesweremade from
Lipofectamine 2000. The DNA was complexed with Lipofectamine 2000 at different ratios and the complexation duration was 20min. Data
were shown as means ± s.e. Statistical significance of differences was determined by the unpaired two-tailed Student’s 𝑡-test.The gene transfer
efficiency mediated by lipoplex-nanocomposites was considered statistically significantly different from that by DNA-nanocomposites at
#
𝑝

< 0.05, &𝑝 < 0.01, and †𝑝 < 0.001.

gene transfer efficiency mediated by lipoplex-nanocompos-
ites can be tuned by manipulating both the composition of
mineralizing solutions and the physiochemical properties of
lipoplexes.

4. Conclusions

In this study, we demonstrated that the immobilization of
lipoplexes by surface-induced biomineralization modulated

the morphology and topology of resulting nanocomposites
on the surfaces of biomaterials and thus the internalization
of DNA to cells. As a result, the cellular uptake of DNA
and transgene expression were greatly enhanced in neuronal
cells compared to immobilized nakedDNA.Thegene transfer
efficiency can be tuned by the composition of mineralizing
solutions, the initial size of the liposomes, and the ratio of
liposomes to DNA (w/w). The surface-induced biomineral-
ization represents a flexible approach to immobilizing DNA
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in the form of bothDNA and lipoplexes onto biomaterial sur-
faces. In our studies, we did not alter the process of mineral-
ization but only replaced naked DNA with lipoplexes. There-
fore, all the processes developed previously can be adapted
for lipoplexes.
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[20] I. Koltover, T. Salditt, J. O. Rädler, andC. R. Safinya, “An inverted
hexagonal phase of cationic liposome-DNA complexes related
to DNA release and delivery,” Science, vol. 281, no. 5373, pp. 78–
81, 1998.

[21] B. Sternberg, F. L. Sorgi, and L. Huang, “New structures in com-
plex formation betweenDNA and cationic liposomes visualized
by freeze—fracture electronmicroscopy,” FEBS Letters, vol. 356,
no. 2-3, pp. 361–366, 1994.

[22] D. D. Archibald and S. Mann, “Template mineralization of self-
assembled anisotropic lipid microstructures,” Nature, vol. 364,
no. 6436, pp. 430–433, 1993.

[23] S. R. Letellier, M. J. Lochhead, A. A. Campbell, and V. Vogel,
“Oriented growth of calcium oxalate monohydrate crystals
beneath phospholipid monolayers,” Biochimica et Biophysica
Acta—General Subjects, vol. 1380, no. 1, pp. 31–45, 1998.

[24] L. N. Luong, K. M. McFalls, and D. H. Kohn, “Gene delivery
via DNA incorporation within a biomimetic apatite coating,”
Biomaterials, vol. 30, no. 36, pp. 6996–7004, 2009.
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