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a b s t r a c t

Integrating inductivity with conductivity in a material may advance tissue engineering. An organic/
inorganic hybrid was developed by incorporating plasmid DNA encoding for the b-gal gene complexed
with Lipofectamine 2000� (DNA–Lipoplex) within apatite via coprecipitation. It was hypothesized that
this system will result in enhanced transfection efficiency compared to DNA–Lipoplexes adsorbed to the
mineral surface and DNA coprecipitated without Lipofectamine 2000�. PLGA films were cast onto glass
slips and apatite and DNA were coprecipitated in modified simulated body fluid (mSBF). DNA–Lipoplex
presence in mineral, DNA–Lipoplex stability (vs. coprecipitation time), and transfection efficiency
(determined with C3H10T1/2 cells) as a function of coprecipitation time, DNA–Lipoplex concentration,
and DNA incorporation method were studied. DNA–Lipoplex presence and spatial distribution on apatite
were confirmed through fluorescence. Transfection efficiency was highest for 6 h of DNA–Lipoplex
coprecipitation. Differences in transfection efficiency were found between the DNA concentrations, with
the highest efficiency for coprecipitation being 40 mg/ml (p� 0.009 relative to other coprecipitation
concentrations). Significant differences in transfection efficiency existed between incorporation methods
(p< 0.05) with the highest efficiency for DNA–Lipoplex coprecipitation. This hybrid material system not
only integrates inductivity provided by the DNA and conductivity provided by the apatite, but it also has
significant implications in non-viral gene delivery due to its ability to increase transfection efficiency.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical basis for developing strategies to regenerate bone is
the healing of bone defects caused from trauma, congenital mal-
formations, and progressively deforming skeletal disorders. Bone
tissue engineering provides an alternative to bone grafting and
direct usage of growth factors to regenerate bone. An ideal bone
tissue engineering approach would incorporate osteoconductivity
and osteoinductivity potential into the design of the supporting
biomaterial, as well as biocompatibility, degradability, mechanical
integrity, and the ability to support cell transplantation.

Direct bonding between implants and bone, the ultimate goal of
osteoconductivity, can occur if a layer of bone-like mineral forms on
the surface of the implant [1]. It has therefore been hypothesized
that formation of a bone-like mineral layer within the pores of
a tissue engineering scaffold may enhance the conduction of host
cells into scaffolds [2], and also enhance osteogenic differentiation
of cells transplanted on scaffolds [3]. The bone-like mineral

enhances the osteoconductivity and mechanical properties of the
scaffold and can serve as a cell transplantation vehicle [2]. Bone-
like mineral coatings can also serve as carriers for inductive agents
[2,4], providing a platform for the three tissue engineering
approaches of conduction, induction, and cell transplantation.

The coprecipitation of biological factors and bone-like mineral
has been used to incorporate growth factors on metal substrates,
such as titanium alloy implants [5–7]. An important advantage to
coprecipitation is the ability to form calcium phosphate coatings at
a physiological temperature, minimizing conditions that would
degrade the biological activity of the factors [8–11]. For example,
the biological activity of bovine serum albumin, tobramycin, and
recombinant human bone morphogenetic protein 2 (BMP-2) is
retained when each of these biomolecules is coprecipitated with
calcium phosphate onto titanium [6,7,12]. More specifically, BMP-2
coprecipitated into biomimetic apatite coatings can induce ectopic
bone formation in vivo [13]. The ability to increase the loading
efficiency and to control the spatial localization of proteins within
bone-like mineral coatings has also been demonstrated utilizing
coprecipitation [14].

Gene therapy is one approach to achieve the design objective of
integrating inductivity into a material. Gene delivery provides an
alternative to utilizing proteins, and has advantages over protein
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delivery, including a longer half-life, and lower expense [15]. The
incorporation of genes into cells can be achieved virally and non-
virally [16–19]. However, viral approaches present disadvantages,
including the risk of mutations, insert size limitations, and viral-
induced immune responses [15]. An alternative is the use of non-
viral methods, such as naked DNA, cationic polymers, and cationic
lipids [16,20,21]. While non-viral methods are less efficient than
viral techniques, they are more promising in terms of accommo-
dating larger genes of interest, lower immunogenicity, and the
potential for tissue targeting [15,22]. An optimal non-viral gene
delivery system will fulfill the following design objectives: 1) the
carrier should avoid aggregation or negative interactions with the
extracellular matrix, 2) the carrier should condense the DNA to
facilitate cellular internalization, and 3) cellular processes to tran-
scribe and translate the gene of interest should not be inhibited [15].

Non-viral gene delivery has been achieved by complexing DNA
with cationic lipids [17], as well as precipitating DNA with calcium
phosphate [23,24]. However, the two approaches of cationic lipids
and calcium phosphate precipitation have not been combined.
Cationic lipids are typically composed of a positively charged head
group, a hydrophobic chain, and a linker group [25]. The positively
charged lipids interact with the negatively charged DNA chains,
resulting in complexes. The cellular uptake of these complexes
depends on their stability and size [25]. For example, Lipofectamine
2000�, which is a lipid based transfection agent for eukaryotic cells,
protects the DNA from enzymatic digestion from DNase treatment
[26], whereas plasmid DNA alone is prone to degradation by
nucleases [15]. DNA–Lipoplexes are therefore successful in cellular
transfection, both in vitro and in vivo [27,28].

The precipitation of DNA/calcium phosphate nanocomposites
has also been successful in inducing transfection of cell lines, due to
the concentrated quantity of DNA localized in the immediate
cellular environment [20,24]. The precipitation of a calcium phos-
phate coating onto a polymer scaffold increases the stiffness of the
scaffold [2] and increased substrate stiffness increases cellular
uptake of DNA condensates [29]. These advantages of calcium
phosphates can be combined with the advantages of cationic lipids
by coprecipitating coatings of calcium phosphate and DNA–Lip-
oplexes onto a biomaterial substrate.

In this study, we developed an organic/inorganic hybrid by
coprecipitating plasmid DNA encoding for the b-galactosidase gene
complexed with a cationic lipid (Lipofectamine 2000�) and
biomimetic apatite onto a polymer substrate. The lipid condenses
the DNA, better enabling cellular uptake, while the coprecipitation
of DNA–Lipoplexes with mineral localizes high, homogeneously
dispersed concentrations of DNA in the immediate cellular envi-
ronment. We hypothesized that this combinatorial inductive/
conductive system would result in enhanced transfection efficiency
compared to DNA–Lipoplexes adsorbed to the mineral surface and
DNA coprecipitated without Lipofectamine 2000�. To test this
hypothesis, experiments were conducted to address: 1) DNA–Lip-
oplex presence in mineral, 2) DNA–Lipoplex stability (vs. copreci-
pitation time), and 3) transfection efficiency (determined with
C3H10T1/2 cells) as a function of coprecipitation time, DNA–Lip-
oplex concentration, and DNA incorporation method.

2. Materials and methods

2.1. PLGA film preparation

The films were prepared using 5 wt.% PLGA, 85:15 PLA:PGA ratio (Alkermes), in
chloroform solution. The films (approximately 200–300 mm thick) were cast onto
15 mm round glass coverslips, covered with aluminum foil and air dried for at least
24 h under a fume hood. Prior to mineralization, the films were etched in 0.5 M NaOH
for 7 min. They were rinsed thoroughly with ddH2O before use.

2.2. Modified simulated body fluid

A modified simulated body fluid (mSBF, which contains 2� the concentration of
Ca2þ and HPO4

2� as standard SBF) was used to mineralize the films [14]. mSBF
consists of the following reagents dissolved in Millipore water: 141 mM NaCl, 4.0 mM

KCl, 0.5 mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2$2H2O, and 2.0 mM

KH2PO4. mSBF was prepared at 25 �C and titrated to pH 6.8 using NaOH to avoid
homogeneous precipitation of calcium phosphate.

2.3. Plasmid DNA preparation and purification

Plasmid DNA encoding for b-galactosidase (b-gal) was produced via the trans-
formation of Escherichia coli competent cells (Promega #L2001). Plasmid DNA
purification was completed using the protocol provided by Qiagen. Cells were har-
vested from 500 ml of LB broth. Following centrifugation and cell lysis, the purified
DNA was precipitated by isopropanol. DNA pellets were washed with ethanol, dried,
resuspended in TE buffer at pH 8.0, and stored at �20 �C.

2.4. Complexing plasmid DNA to Lipofectamine 2000�

DNA–Lipofectamine 2000� complexes (DNA–Lipoplex) were prepared in poly-
propylene centrifuged tubes according to the protocol provided by the manufacturer
(Molecular Probes, Invitrogen). The ratio of complexation was 3 ml of Lipofectamine
2000� per mg of plasmid DNA. Briefly, the DNA and the Lipofectamine 2000� were
individually diluted in Opti-MEM Reduced Serum Medium and gently mixed. The
samples were then incubated for 5 min at room temperature, after which they were
combined together. The DNA–Lipofectamine 2000� mixture was then incubated for
20 min at room temperature.

2.5. Mineralization and DNA incorporation methods

Four types of samples were prepared: PLGA coated with mineral, PLGA with DNA
incorporated, PLGA coated with mineral and coprecipitated DNA–Lipoplexes, and
PLGA coated with mineral and DNA–Lipoplexes adsorbed to the mineral surface.
PLGA covered glass slips were submerged into each Petri dish containing 50 ml of
mSBF. Mineralization was carried out for 3–4 days at 37 �C and the solutions were
exchanged daily in order to replenish the ion concentration to supersaturated levels.
For coprecipitation of mineral–DNA and mineral–DNA–Lipoplexes, the mineraliza-
tion scheme to deposit the precursor mineral layer was the same (i.e. the starting
point for coprecipitation was similar). Samples were removed from the Petri dishes
after mineralization and placed into 24 well plates. An mSBF solution containing
DNA–Lipoplexes or DNA alone was then added to the samples (1 ml per sample).
Concentration and coprecipitation time were dependent on the experiment per-
formed as detailed in Sections 2.6–2.10. Coprecipitation was carried out at 37 �C; the
samples were placed on a rotational shaker to evenly distribute the complexes
(approximately 50 rpm). For the DNA incorporated into PLGA, the DNA was added to
the 5 wt.% PLGA, 85:15 PLA:PGA ratio (Alkermes), in chloroform solution. The films
were cast onto 15 mm round glass coverslips (250 ml), covered with aluminum foil
and air dried for at least 24 h under a fume hood. DNA–Lipoplexes incorporated into
PLGA was not included due to the inability to achieve the required composition of
DNA–Lipoplexes in PLGA/chloroform solution. For DNA–Lipoplex adsorption to
mineral, the complexes were prepared in the Opti-MEM media and pipetted onto
the surface of the mineralized substrate.

2.6. Plasmid DNA incorporation and effects on mineral morphology

Effects of DNA incorporation on mineralization were examined using scanning
electron microscopy (Philips XL30 FEG Scanning Electron Microscope). The
following groups were examined: 1) mineralized controls, 2) plasmid DNA copre-
cipitated with mineral onto films, 3) plasmid DNA–Lipoplex adsorbed to mineralized
films, and 4) plasmid DNA–Lipoplex coprecipitated with mineral onto films. Films
were coated with a thin layer of gold and examined at 3 kV.

2.7. Verification of plasmid DNA presence and spatial distribution

The spatial distribution of the DNA was determined using a fluorescence
microscope (Nikon TE 3000 Inverted Microscope). The following groups were
examined: 1) mineralized controls, 2) plasmid DNA incorporated into PLGA,
3) plasmid DNA coprecipitated with mineral, 4) plasmid DNA–Lipoplex adsorbed to
mineralized films, and 5) plasmid DNA–Lipoplex coprecipitated with mineral. For
this qualitative assessment, 10 mg of plasmid DNA was used per sample. For the
coprecipitation groups,10 mg was the DNA concentration in solution and the samples
were incubated at 37 �C for 24 h. Samples were then removed and dried in the
chemical fume hood. Bisbenzimide Hoescht (Sigma–Aldrich) was used to determine
the spatial distribution of the plasmid DNA, while DiO Cell Labeling Solution
(MicroProbes, Invitrogen) was used to determine the presence of the Lipofectamine
2000�. Briefly, a 1:500 dilution of Hoescht and a 1:200 dilution of DiO solution were
made using 1� PBS. Samples were placed into 24-well plates, and rewet with ddH2O,
which was then removed. Staining solution was placed over the samples; the plate
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was covered with aluminum foil and incubated for 30 min at 37 �C. Solution was then
removed and the samples were rinsed 4–5 times with ddH2O. Samples were placed
on glass microscope slides with GelMount (Biomedia) as a mounting medium.
Samples were imaged on the same day on a fluorescence microscope with emission
wavelengths of 420 and 510–560 nm for DNA and Lipofectamine 2000�, respectively.

2.8. Plasmid DNA stability and plasmid DNA-Lipofectamine 2000� complex stability

To determine the stability of the complexes formed, gel electrophoresis (based
on size) and transfection efficiency at varying timepoints (6, 12, 24 and 48 h) were
examined. All samples were prepared in polypropylene tubes. At first, the stability of
the plasmid DNA in water was examined to determine its intrinsic stability. The
protocol was then repeated to examine DNA–Lipofectamine 2000� complexation in
Opti-Mem. The tubes were placed in an incubator at 37 �C. Samples were then
removed at each timepoint and frozen (DNA in water) or stored at 4 �C (DNA–Lip-
oplex in Opti-Mem). Samples were placed in wells in a 0.6% agarose gel containing
ethidium bromide. Freshly thawed (no previous incubation) plasmid DNA and
plasmid DNA conjugated to Lipofectamine 2000� were prepared as controls.
Samples were loaded and run for 75 min at 80 V, and images were obtained and
analyzed using a Fluor S MultiImager (Bio-Rad, CA).

To determine plasmid DNA–Lipoplex stability in the mSBF during and after the
precipitation of the apatite and complexes with respect to time of coprecipitation,
a second set of experiments was performed using the mouse embryonic fibroblast
cell line C3H10T1/2 (provided by Dr. Franceschi, University of Michigan). The
C3H10T1/2 cell line was chosen due to its capability of differentiating along the
osteogenic lineage with either exogenous protein or via gene transfection [30,31].
Samples (n¼ 4) were prepared as stated in Section 2.5 using coprecipitation times of
6, 12, 24, and 48 h. The baseline concentration for the samples was 10 mg in 1 ml of
mSBF per sample. At each incubation timepoint, the samples were removed and
rinsed with HBSS (Hanks buffered saline solution).

MEMa medium (Invitrogen) containing 10% fetal bovine serum (FBS) without
antibiotics was prepared, and one day before transfection, the cells were replated at
a density of 50,000 in 1 ml of media. The plates were gently rocked to evenly
distribute the cells on the surface of the films and placed in the incubator at 37 �C.
The media was exchanged after 24 h. The total time allowed for transfection was
48 h. Media was aspirated and the cells were washed with PBS.

Cells were fixed for 15 min with a 0.25% v/v glutaraldehyde solution and then
rinsed gently 3 times with PBS. X-gal staining solution containing N,N-DMF, MgCl2,
K4Fe(CN)6 3H2O, and K3Fe(CN)6 was added to each well containing cells and incubated
at 37 �C between 14 and 16 h. The X-gal solution was then removed and the samples
were rinsed 2–3 times with PBS. Samples were removed and placed onto microscope
slides and mounted using GelMount. Samples were then observed under the light
microscope. Fifteen random locations per sample were imaged, and then positively
stained cells were counted. The average number of stained cells per location was then
applied to the entire area of the well resulting in the total number of cells that were
stained. The cellular transfection efficiency is based on the total number of stained
cells in the well divided by the initial seeding density of 50,000 cells.

2.9. Effect of plasmid DNA concentration on transfection efficiency

To determine the plasmid DNA–Lipoplex concentration needed to obtain the
highest transfection efficiency, coprecipitation and adsorption were examined. For
coprecipitation, the concentration was varied (0, 10, 20, or 40 mg) in 1 ml of 1�mSBF.
For adsorption, the adsorption solution contained 0, 10, 20, or 40 mg of DNA–Lip-
oplexes. Samples (n¼ 4) were prepared as stated in Section 2.5. Coprecipitated and
mineralized control samples were incubated at 37 �C. The DNA–Lipoplexes were
adsorbed onto mineralized films during the corresponding coprecipitation time
period. After 6 h, the samples were removed and rinsed with HBSS. The C3H10T1/2
cell seeding density was 50,000 per sample with 1 ml of media. Fixing, staining, and
analysis were the same as stated in Section 2.8.

2.10. Effect of plasmid DNA incorporation technique on transfection efficiency

The transfection efficiencies of the following methods of DNA incorporation
were examined: 1) PLGA only, 2) plasmid DNA incorporated into PLGA, 3) miner-
alized controls, 4) plasmid DNA coprecipitated with mineral, 5) plasmid DNA–Lip-
oplex adsorbed to mineral, and 6) plasmid DNA–Lipoplex coprecipitated with
mineral. The DNA or DNA–Lipoplex concentration was 40 mg (in 1� mSBF, adsorp-
tion solution, or in PLGA). Samples (n¼ 4) were prepared as stated in Section 2.5. All
of the samples containing mineral and controls (except adsorption) were incubated
at 37 �C. The DNA–Lipoplexes were adsorbed during the corresponding coprecipi-
tation time period. After 6 h, the samples were removed and rinsed with HBSS. The
cell seeding density was 50,000 per sample with 1 ml of media. Fixing, staining, and
analysis were the same as stated in Section 2.8.

2.11. Statistical analysis

The Kruskal–Wallis One Way ANOVA on Ranks and/or ANOVA was used to analyze
the differences in transfection efficiency of the C3H10T1/2 cells with variations in

coprecipitation time, DNA–Lipoplex concentration, and incorporation method. The
Student Newman Keuls post hoc comparison test was used for pair-wise comparisons.

3. Results

3.1. Presence and localization of DNA and DNA–Lipoplexes in
biomimetic apatite

At low magnification, the macroscopic mineral morphology was
similar for all sample groups. The nucleation sites were approxi-
mately 10–15 mm in diameter (Fig. 1). However, at higher magnifi-
cation, morphological differences were more apparent.
Mineralization resulted in the deposition of plate-like structures
(Fig. 2a). The coprecipitation of DNA and adsorption of DNA–Lip-
oplexes did not change the morphology of the plates (Fig. 2b,c) from
that of the mineralized controls. Incorporation of DNA–Lipoplexes
via coprecipitation (Fig. 2d) resulted in plate-like crystals that were
covered by a ‘‘fibrous’’ coating (black arrows in inset), thickening
the plate-like structures (white arrows), compared to samples in
which only DNA was coprecipitated or the mineralized controls.

The presence of both the plasmid DNA and the lipid transfection
agent within the mineralized substrate was verified (Fig. 3). The
mineralized controls that did not contain DNA or cationic lipid, did
not exhibit fluorescence (Fig. 3,a–b). Incorporating DNA into PLGA
resulted in the detection of bubbles from DNA staining, but no
staining for the lipid transfection agent was detected (Fig. 3,c–d).
Plasmid DNA incorporation via coprecipitation resulted in an even
distribution of DNA fluorescence over the entire substrate, and also
demonstrated an absence of the lipid transfection agent (no red
fluorescence) (Fig. 3,e–f). The superficial adsorption of the DNA–
Lipoplexes onto the surface of the mineralized films resulted in
fluorescence for both DNA and lipid, however the areas of fluores-
cence were localized and limited (Fig. 3,g–h). Only for the DNA–Lip-
oplex coprecipitation samples was an even distribution of
fluorescence demonstrated for both DNA and lipid (Fig. 3,i–j). The
surface adsorption and coprecipitation of DNA–Lipoplexes demon-
strated the colocalization of the DNA and the lipid as actual complexes
in addition to free plasmid DNA that was not bound to complexes.

3.2. Plasmid DNA stability in water and DNA–Lipoplex
complexation in medium

The plasmid DNA encoding for the b-galactosidase gene has
a base-pair length of 7504 bp. As incubation time in water
increased, the stability of the plasmid DNA decreased (Fig. 4,a–b). As
the band (ca. 6557), which is representative of the supercoiled form
of the plasmid DNA, decreased in intensity with increasing incu-
bation time, another secondary band (between 9416 and 23,130 bp,
representing nicked circular form of DNA) formed and increased in
intensity with increasing incubation time (Fig. 4,a–b). DNA stability
is demonstrated by these changes in supercoiled and nicked circular
DNA, where the supercoiled form is preferred for gene transfection.

The formation of the DNA–Lipoplexes in Opti-Mem was visually
confirmed via gel electrophoresis (Fig. 4c). The complexation of the
plasmid DNA to the transfection agent was almost complete, due to
the absence of bands in all lanes containing the DNA–Lipoplexes.
Due to size-exclusion effects, the complexes remained in the wells.
The bright outlines surrounding the wells containing the DNA–
Lipoplexes compared to the lane containing only DNA (outline is
not present) are also represented by the intensity profiles of 2
lanes: DNA 0 h and DNA–Lipo 48 h (Fig. 4d). The two peaks denote
the top and bottom edges of the wells, and the intensities were
higher for the DNA–Lipoplex lane compared to the DNA only lane
(highest peak representing the DNA is shown in the inset image),
which suggests the size-exclusion effect.

L.N. Luong et al. / Biomaterials 30 (2009) 6996–70046998
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3.3. Effects of coprecipitation time on DNA–Lipoplex stability

The ability of these complexes to be uptaken by the cells and
then translated was not affected by the coprecipitation time (Fig. 5).

There were no significant differences among the four coprecipita-
tion time periods (p¼ 0.084). Based on the results from DNA
stability (Fig. 4) the time of coprecipitation was limited to 6 h for
the remaining experiments.

Fig. 2. High magnification SEM images of the bone-like mineral surface following different DNA incorporation methods. a) Mineralized control b) Plasmid DNA coprecipitation c) DNA–
Lipoplex adsorption and d) DNA–Lipoplex coprecipitation. DNA–Lipoplex incorporation via coprecipitation leads to the thickening (white arrows) of the plate-like mineral structures. The
‘‘fibrous’’ coating (black arrows in inset) is most likely due to presence of the cationic lipid because the coprecipitation of DNA alone resulted in minimal changes in apatite morphology.

Fig. 1. Low magnification SEM images of the bone-like mineral surface following different DNA incorporation methods. a) Mineralized control b) Plasmid DNA coprecipitation
c) DNA–Lipoplex adsorption and d) DNA–Lipoplex coprecipitation. Neither coprecipitation group demonstrated a difference in the size of the mineral nucleation sites as compared
to the mineralized controls.

L.N. Luong et al. / Biomaterials 30 (2009) 6996–7004 6999
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3.4. Effects of adsorption/coprecipitation concentration on
DNA–Lipoplex transfection

Varying the concentrations of the DNA–Lipoplexes during
adsorption and coprecipitation resulted in significantly different
transfection efficiencies, p¼ 0.004 and p< 0.001 respectively

(Fig. 6). Significantly different transfection efficiencies (p< 0.05)
existed between adsorption concentrations, except between 20 mg
and 40 mg, with the highest transfection efficiency corresponding to
a concentration of 10 mg. Significantly different transfection effi-
ciencies (p� 0.009) existed between coprecipitation concentra-
tions, except between 10 mg/ml and 20 mg/ml, with the highest

Fig. 3. Fluorescence images of DNA and lipid agent components from representative samples from each of the following groups. a–b) Mineralized controls, c–d) Plasmid DNA
incorporated into PLGA, e–f) Plasmid DNA coprecipitated with mineral, g–h) Plasmid DNA–Lipoplex adsorbed to mineralized films, and i–j) Plasmid DNA–Lipoplex coprecipitated
with mineral. Distribution of both the plasmid DNA and the lipid transfection agent on the bone-like mineral was demonstrated by the colocalization of the fluorescent staining
(after thorough rinsing) in the adsorption and coprecipitation groups and the absence of staining in the mineralized controls. Scale bars represent 100 mm.

L.N. Luong et al. / Biomaterials 30 (2009) 6996–70047000
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transfection efficiency corresponding to a DNA–Lipoplex concen-
tration of 40 mg/ml. Coprecipitation resulted in significantly higher
transfection efficiencies than adsorption for 20 mg/ml and 40 mg/ml
(p< 0.05).

3.5. Effects of incorporation method on DNA–Lipoplex transfection

Varying the incorporation method for the DNA resulted in
significantly different transfection efficiencies, p< 0.001 (Fig. 7).
The coprecipitation of DNA–Lipoplexes resulted in the highest
transfection efficiency compared with all groups (p< 0.05). The
transfection efficiency of the DNA–Lipoplex adsorption group was
significantly increased when compared with all groups (p< 0.05),
except the DNA–Lipoplex coprecipitation group. The higher trans-
fection efficiency of the DNA–Lipoplex adsorption group compared
to the DNA only coprecipitation group suggests that the addition of
the cationic lipid enhances transfection. Higher transfection effi-
ciency for coprecipitation compared to adsorption suggests higher
availability of the complexes on the surface of the apatite.

4. Discussion

The focus of this study has been on the development of an
organic/inorganic hybrid that incorporates plasmid DNA com-
plexed with a cationic lipid into biomimetic apatite via coprecipi-
tation. This hybrid can be formed at physiological pH, temperature,

and pressure. The advantages of combining the methods of calcium
phosphate based transfection and cationic lipid assisted trans-
fection are many fold: the biomimetic mineral increases substrate
stiffness and osteoconductivity in addition to serving as a carrier for
the DNA which increases osteoinductivity. The presence of the lipid
condenses the DNA, making cellular internalization easier (Fig. 7),

Fig. 4. Plasmid DNA stability in water, as indicated by a) gel electrophoresis and b) quantification of relative percentages of different forms of DNA. The total intensity of all bands of
interest (supercoiled and nicked circular DNA) is equivalent to 100% at each incubation time. Stability of DNA decreases with increasing incubation time as demonstrated by the
increasing intensity of the top band (between 23,130 and 9416, nicked circular form of DNA) and decreasing intensity of the bottom band, ca. 6557 (supercoiled form of the plasmid
DNA). c) DNA–Lipoplex stability in Opti-Mem. Complexation of the DNA and lipid was almost complete due to the absence of bands in these groups. Due to size-exclusion, the
complexes were not able to leave the wells, resulting in the brightness (white arrow) surrounding the wells. d) Intensity profiles for 2 lanes of the gel: DNA 0 h and DNA–Lipo 48 h
demonstrate that the peaks that appear for these wells represent the edges of the wells. Peak intensities for the DNA–Lipoplexes are higher compared to DNA only. Profile intensities
for the entire lanes are shown in the inset image.

Fig. 5. Transfection efficiency of DNA–Lipoplexes based on the period of coprecipita-
tion: 6 h, 12 h, 24 h, and 48 h. No significant differences in transfection efficiency
existed between coprecipitation times (ANOVA, n¼ 4, p¼ 0.084).

L.N. Luong et al. / Biomaterials 30 (2009) 6996–7004 7001
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while the deposition of apatite with the DNA-complexes provides
for higher, homogeneously distributed concentrations of DNA
available for cellular uptake (Fig. 3).

Coprecipitation of the DNA–Lipoplexes displayed the highest
transfection efficiency compared to all other incorporation tech-
niques, including coprecipitation of the plasmid alone (Fig. 7). The
transfection efficiency of the adsorbed DNA–Lipoplexes was higher
than that of coprecipitated DNA (Fig. 7), which is suggestive of the
enhancement in transfection that the cationic lipid complexation
provides. This increase in transfection efficiency with cationic lipid
is possibly caused by the change in charge and size of the DNA
[32,33]. A cationic lipid agent can promote the condensation of
DNA particles, protect the DNA from degradation, and enhance
cellular uptake [22,34]. Transport across the nucleus is limited to
particle diameters less than 26 nm [35]. After condensation using

cationic lipids, diameters of approximately 23 nm have resulted
[32], thus enhancing cellular internalization. For example, poly-
ethyleneimine (PEI), a cationic polymer, enables DNA encoding for
bone morphogenetic protein 4 to condense, which significantly
increases the mineral density of regenerated bone compared to
uncondensed DNA [16].

Transfection efficiency is also DNA–Lipoplex concentration
dependent. For coprecipitation, higher concentrations of DNA–Lip-
oplexes tended towards higher transfection efficiencies (Fig. 6).
However for adsorption, the reverse was true. The different trends in
transfection efficiency may be due to the ability of coprecipitation to
better retain the complexes on the mineral compared to adsorption
[14], suggesting the presence of a stronger interaction between the
complexes and apatite during coprecipitation. This enhanced
retention of DNA–Lipoplexes at the apatite surface with coprecipi-
tation leads to a higher surface density, which enhances transfection
efficiency [20,34,36]. With adsorption, the lower transfection effi-
ciencies may be the result of DNA–Lipoplexes aggregating at higher
concentrations without the opportunity for the complexes to be
evenly dispersed (Fig. 3). Alternatively, there may be a lower affinity
between the complexes and the apatite surface during adsorption
compared to coprecipitation, therefore less complexes adsorb.

DNA stability is essential for the retention of biological activity
and DNA topology may serve an important role in transfection
ability. Plasmid DNA can be found in different forms, the most
common of which are supercoiled, nicked circular, and linearized
[37]. The supercoiled form is the most condensed conformation;
nicked circular results in the loss of the supercoiling capability; and
linearized DNA forms when the strands are cleaved. Over the time
of incubation in water, DNA stability decreased, resulting in less of
the supercoiled form of DNA and more of the nicked circular form
(Fig. 4). Supercoiled DNA, when complexed to a cationic polymer
exhibits higher transfection efficiencies compared to nicked
circular or linearized DNA forms [38]. Therefore, longer coprecipi-
tation times could lead to lower transfection efficiencies due to the
change in DNA conformation. Complexation in medium was
demonstrated to be complete by the absence of bands since free
DNA that did not complex would be visible as a band [26].

Fig. 6. Significant differences in transfection efficiencies with concentration of DNA–Lipoplexes were demonstrated for adsorption and coprecipitation groups, p¼ 0.004 (ANOVA on
Ranks, n¼ 4) and p< 0.001 (ANOVA, n¼ 4) respectively. Highest transfection efficiency resulted when 10 mg was adsorbed (SNK, p< 0.05 relative to other adsorption concen-
trations) and 40 mg/ml was coprecipitated (SNK, p� 0.009 relative to other coprecipitation concentrations). Comparison of adsorption and coprecipitation at the same concen-
trations demonstrated a higher efficiency for the coprecipitation groups at 20 mg and 40 mg (SNK, p< 0.05 for both concentrations). The higher retention of complexes on the apatite
surface for the coprecipitation group leads to a higher surface density, and therefore results in a higher transfection efficiency. ^ represents p< 0.05 between coprecipitation and
adsorption at a given concentration, # represents p< 0.05 in comparison to the concentration of 0, and * represents p< 0.05 in comparison to all other concentrations within the
same technique (either adsorption or coprecipitation).

Fig. 7. DNA–Lipoplex coprecipitation resulted in the highest transfection efficiency
compared to all other groups (SNK, n¼ 4, p< 0.05). The higher transfection efficiency of
the DNA–Lipoplex adsorption group compared to the DNA only coprecipitation group
suggests that the addition of the cationic lipid enhances transfection. Higher transfection
efficiency for coprecipitation compared to adsorption suggests higher retention of the
complexes on the surface of the apatite. * represents p< 0.05 in comparison to each of the
groups to the left, ** represents p< 0.05 in comparison to each of the groups to the left.
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Incubation in medium over time did not result in dissociation
between the DNA and the cationic lipid. Stability of the DNA–Lip-
oplexes was also tested by assessing the transfection efficiency
using C3H10T1/2 cells at four coprecipitation times. There was no
significant difference in transfection efficiency with increasing time
of incubation (Fig. 5). To minimize the possibility of DNA instability
(Fig. 4a), the coprecipitation time for future experiments was
limited to 6 h. Additionally, a precursor layer of mineral was applied
before initiating the coprecipitation process since longer periods of
incubation of the DNA–Lipoplexes in mSBF may cause DNA insta-
bility, and therefore decrease the transfection efficiency. In general,
the supercoiled form of DNA is preferred for gene transfections;
however, the presence of nicked circular DNA may not always
decrease transfection efficiency [39].

By coprecipitating the DNA–Lipoplexes into the mineral, the
morphology of the mineral changed, while adsorption of DNA–
Lipoplexes or coprecipitation of just DNA did not change the plate-
like mineral (Fig. 2). The distinctive morphological features
resulting from the coprecipitation of the DNA–Lipoplexes with
apatite demonstrate the interactions that occur between the
complexes and the mineral plates. The presence of a ‘‘fibrous’’
coating (Fig. 2d) is most likely due to the presence of the cationic
lipid, because the coprecipitation of DNA alone resulted in minimal
differences in apatite morphology compared to the mineralized
controls. Condensation via cationic particles can result in the
formation of toroids or rods [40,41], which is a possible cause for
the ‘‘fibrous’’ coating displayed on the plate-like mineral. Even after
thorough rinsing, the DNA–Lipoplexes were still retained on the
apatite, especially for the coprecipitation groups (Fig. 3). Copreci-
pitation may therefore lead to DNA–Lipoplex incorporation into the
three-dimensional crystal lattice resulting in the morphological
changes observed. It is probable that the interaction is between the
positively charged Ca ions within the apatite and the negatively
charged backbone of the DNA [42]. It has also been hypothesized
that affinity binding can occur between DNA and hydroxyapatite
crystals [42]. The interaction between the DNA–Lipoplexes and the
mineral via coprecipitation may enhance the availability of these
complexes for cellular uptake. In addition to better retention,
coprecipitation also distributes protein through the thickness of the
apatite compared to just placing it at the apatite surface, as is the
case with adsorption [14]. Therefore, coprecipitation offers an
added advantage of prolonging delivery.

Transfection efficiencies are low (w5–12%), which is typical of
a non-viral gene delivery method when compared to viral delivery
methods. However, utilizing non-viral gene delivery is advanta-
geous in regards to ease of reproduction without the risk of muta-
tion [22]. Different methods of cationic carrier based gene delivery
(lipid, gelatin, and PEI) have transfection efficiencies ranging from
ca. 3% to 18%, which are dependent on both the method of delivery
and the cell type utilized [43]. Generally, the transfection efficien-
cies that are typical of all non-viral methods are not high enough for
in vivo gene therapy. However, lipid based gene transfection has
induced new bone tissue in vivo with and without cell trans-
plantation [17,28,44]. Therefore, DNA–Lipoplex coprecipitation has
the potential to become a viable method for gene therapy.

Transfection efficiency is controlled by a combination of factors,
including cell type, DNA topology, mechanism of cellular internal-
ization, and cytoplasmic barriers including degradation via nucle-
ases [20,36,45,46]. More established cell lines are easier to transfect
compared to primary cells [43]. Cells in the mitotic phase exhibit
decreased uptake of DNA complexed to cationic lipids in compar-
ison to cells in the interphase [45]. Cell cycle varies between cell
types, therefore the use of a different cell line may lead to higher
transfection efficiencies. The transfection efficiency of supercoiled
plasmid DNA is higher compared to nicked circular or linear plasmid

DNA when injected into the cytoplasm, however if these forms are
directly introduced to the nucleus, this dependency is absent [46].
Therefore DNA stability in the cytoplasm is important to achieving
successful transfection and must be considered since cells must
uptake the DNA into the cytoplasm before they can enter the
nuclear pore complexes. There is potential for developing a better
cationic agent than Lipofectamine 2000� that can better protect the
plasmid DNA from degradation in the cytoplasm, thereby increasing
the transfection efficiency. Endocytosis is hypothesized to be the
manner in which DNA complexed to nanoparticles is internalized by
the cellular environment [36]. When endocytosis is inhibited,
transfection efficiency is reduced [36]. Therefore, the transfection
efficiencies demonstrated in this study could be improved if the
endocytosis pathway by which the DNA–Lipoplexes enter the cells
is ascertained, since there are there are several possible pathways of
entry into the cells [45,47]. The development of an improved
cationic agent that targets and enhances the type of endocytosis
utilized by the cells could also increase transfection efficiency.

There are a number of material factors that can be used to
increase transfection efficiency. DNA/calcium phosphate copreci-
pitation is influenced by concentrations of calcium and phosphate,
DNA concentrations, temperature, and reaction time [23]. The
mSBF contained Mg, which may have impeded the coprecipitation
of the DNA–Lipoplexes resulting in relatively low transfection
efficiencies. Changing the composition of the mineralizing solu-
tions by removing Mg could alter the transfection efficiency [20].
Concentrations of calcium and phosphate in solution may also
affect the concentration of DNA–Lipoplexes that coprecipitate with
the calcium phosphate [23]. Therefore, changing the supersatura-
tion of the mSBF could change the transfection efficiency. Changing
the composition of the mineralization solution can also change the
rate of DNA release [20], which suggests that apatite dissolution
affects DNA release. The differences in transfection efficiency can
also be influenced by the surface morphology and DNA retention at
the mineral surface. Additionally, the ratio of DNA to lipid and type
of lipid can be altered. In cationic lipid mediated transfection, the
higher the lipid dosage, the higher the transfection efficiency [43].
In this study, a commercial lipid agent was used as a model for
developing a DNA–Lipoplex coprecipitation system. Designing
a cationic lipid that can better protect supercoiled DNA, increase
cellular internalization, and prevent degradation from occurring
upon uptake would further the development of a feasible non-viral
gene delivery method.

5. Conclusion

At standard temperatures, pressures, and physiological pH,
coprecipitation was used to incorporate plasmid DNA complexed
with a cationic lipid into biomimetic apatite. The stability of the
plasmid DNA–Lipoplexes is retained during coprecipitation and the
complexes are colocalized on the mineralized polymer substrates.
DNA–Lipoplex coprecipitation resulted in a higher transfection
efficiency in comparison to other methods of delivery, including
adsorption of DNA–Lipoplexes. By combining the methods of
calcium phosphate based precipitation and cationic lipid assisted
transfection, a gene delivery method was developed that has the
ability to combine osteoconductivity and osteoinductivity. The
coprecipitation of DNA–Lipoplexes into biomimetically nucleated
apatite has the potential to be used in bone regeneration and allows
for more control over the cellular behavior in vivo.
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