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Abstract
Tissue engineering scaffolds with complex geometries can provide an architecture that directs tissue
formation. Drug delivery from these scaffolds to promote regeneration is often challenging due to
the complex fabrication processes. Surface-mediated DNA delivery from multiple channel bridges
was applied to deliver lipoplexes in vivo to the injured spinal cord. The surface properties of the
polymer, DNA deposition with or without drying, and the presence of ECM components were
investigated. In vitro studies revealed that fibronectin produced greater expression levels and
immobilization efficiencies compared with collagen, laminin, and no coating. In addition, lipoplex
incubation on ECM-coated PLG increased expression relative to either of the drying methods.
Additionally, the incubation method had more homogeneously distributed lipoplexes and a higher
number of transfected cells relative to the dried conditions. Translation to three dimensional bridges
led to high levels of transgene expression in vitro. In vivo, lipoplexes immobilized to the bridge
produced transgene expression levels in a rat spinal cord hemisection model that were 2-fold greater
than naked plasmid. Additionally, expression with lipoplexes persisted for at least three weeks.
Surface mediated delivery can be applied to scaffolds with complex geometries to promote transgene
expression in vivo.

1. INTRODUCTION
The combination of gene therapy and tissue engineering scaffolds provides a versatile approach
to create a conducive environment for constructing or regenerating tissues. The scaffolds
function to create and maintain a space for tissue formation, and provide a support for cell
adhesion and migration. Gene delivery from these scaffolds targets the host cells to serve as a
bioreactor for the localized production of tissue inductive factors, which can direct cell function
or influence cellular responses [1]. Non-viral vectors are attractive for their safety profile, and
their ability to induce transient expression, as discontinuous therapies may enhance therapeutic
efficacy [2]. However, a significant challenge remains to obtain efficient gene delivery due to
decreases in vector activity or clearance from the implant site, and enhance the duration and
levels of transgene expression for therapeutic effect after injury.

Non-viral vector delivery from scaffolds has been characterized as encapsulation for release,
and substrate-mediated. Previous reports with vector encapsulation and release from
biomaterial scaffolds, have demonstrated successful transgene expression in vivo for over 3
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months [3,4]. This encapsulation approach requires lyophilization of the vector, which may
reduce activity and the vector must maintain its activity during polymer processing. An
alternative to encapsulation that may retain vector activity is surface immobilization of the
vector, in which the material is processes and then the vectors are immobilized. The advantage
offered by this technique is its ability to being applied on scaffolds with complex geometries,
or scaffolds fabricated by a wide variety of fabrication methods, such as processes involving
high temperatures and organic solvents that would normally degrade or inactive the vectors.
In addition, this approach has the opportunity to develop techniques to pattern DNA and thereby
create controllable gradients of the inductive factors [5]. The surface-mediated DNA delivery
technique has been successfully used in vitro and generally employs, relative to most controlled
release strategies, DNA complexed with a transfection reagent [6]. Transfection reagents, such
as cationic polymers and lipids, result in polyplexes and lipoplexes respectively, and have the
ability to reduce the negative surface charge of DNA, provide protection against degradation,
facilitate cellular trafficking, and support DNA immobilization through non-specific
interactions (e.g., electrostatic, van der Waals, hydrophobic) and substrate-biomolecule
interactions [7,8]. On 3D scaffolds, surface-mediated delivery of polyplexes has transfected a
large number of cells (> 60%) in vitro [9]. The surface properties of the material significantly
impact gene delivery [10-12], as evidenced by extracellular matrix proteins (ECM) that are
commonly immobilized to support cell adhesion, and have the ability to mediate vector binding
[10]. Some ECM components associate with viral vectors as a means to co-localize the virus
with cells and enhance cell association [13]. For polyplexes, fibronectin resulted in the highest
levels of transgene expression relative to other ECM proteins [10].

This report investigates surface immobilization to deliver complexed DNA (lipoplexes) from
a multiple channel bridge in order to promote transgene expression in the injured spinal cord
using low quantities of DNA. Lipoplexes are generally non-toxic, however, their primary
limitation for therapeutic use is their low expression levels, mainly due to the lipoplex
instability upon injection in vivo [14,15]. Local delivery of lipoplexes from a biomaterial may
have the ability to maintain lipoplex stability, and therefore increase the number of transfected
cells and transgene expression. After injury, spinal cord regeneration is limited by multiple
barriers, including cell survival, scar tissue formation, and axonal elongation and guidance
[16]. The versatility of gene delivery enables this approach to address these barriers by targeting
a range of cellular processes. The spinal cord bridges used in this report contain multiple linear
guidance channels and have been able to support cell infiltration and integrate effectively into
the spinal cord, while the channels induced cell orientation along its major axis and supported
and directed axons elongation across the channels [17,18]. Lipoplexes were immobilized to
the surface of the bridges using three strategies: i) incubation of DNA with ECM coated PLG
surfaces (incubation), ii) drying of ECM onto PLG and then drying of DNA onto ECM (2-step
drying), and iii) drying a mixture of DNA and ECM proteins onto PLG surfaces (1-step drying).
A series of in vitro studies investigated the surface properties of the polymer, three ECM
proteins, and the immobilization strategies for their ability to bind and stabilize the vector, and
to transfect cells. In vivo studies were performed with a rat spinal cord lateral hemisection
model using conditions identified from in vitro studies. Taken together, this combination of
the bridge and gene delivery aim to combine physical and chemical guidance cues to promote
spinal cord regeneration.

2. MATERIALS AND METHODS
2.1 Fabrication of PLG disks and multiple channel bridges

The fabrication methods for PLG disks and bridges have been adapted from previous reports
[7,17,18]. Briefly, both are fabricated with high molecular weight PLG (75:25 mole ratio of
D, L-lactide to glycolide, 0.76 dL/g, Lakeshore Biomaterials, Birmingham, AL). For 2D disks,
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PLG pellets were heated to 82 °C and pressed into a flat disk using a 5 kg weight. The
temperature was incrementally decreased from 82 °C to 37 °C, after which the disks were
incubated at 37 °C overnight [7]. After equilibration to room temperature, disks were cut out
with a radius of 3.2 mm to fit in a 96 well plate.

For 3D multiple channel bridges, a solid mixture of PLG microspheres and NaCl particles in
a 1:4 wt ratio was loaded into a mold layer by layer using the wet granulation method [4]. The
mold consisted of an aluminum base, two Delrin pin guides with pre-drilled holes, and stainless
steel pins to obtain multiple channels with a 250 μm diameter. Microspheres were produced
by a primary oil in water (o/w) emulsion technique [4] and NaCl particles were sieved in a size
range of 63-106 μm to function as porogen (WS Tyler, Mentor, OH). The molding was followed
by compression molding and gas foaming using high pressure CO2 (800 psi, 16 hrs) [17,18],
with the microspheres fusing into an interconnected structure upon release (~20 psi/min) of
the CO2. The construct was equilibrated at room temperature and atmospheric pressure for
four hours before bridge removal from the mold. A porous multiple channel bridge was
obtained by immersing the bridge in sterile water for 1 hour to leach the NaCl.

2.2 ECM coating of PLG disks and bridges
ECM components coated onto the surfaces were collagen I (BD Biosciences, San Jose, CA),
fibronectin (Sigma-Aldrich, St. Louis, MO), and laminin I (Trevigen, Gaithersburg, MD). In
case of the disks, PLG disks were deposited in the wells of a 96 well plate using sterile grease
(Dow Corning high vacuum grease, Fisher, Pittsburgh, PA). To sterilize, they were incubated
with 70% ethanol and rinsed with water. In some cases, the disks were hydrolyzed with 50
μL of 0.5 M NaOH for 1 minute and rinsed with water. A 50 μL solution of the ECM
components was then applied onto the disk and allowed to evaporate overnight in a laminar
flow hood. In case of the bridges, bridges were also sterilized with 70% ethanol and rinsed
with water. They were dried briefly on a sterile gauze pad, placed on TCPS, after which the
ECM solution was added. To adsorb a large quantity of the component, ECM was added in
four consecutive steps. In case of the bridges, 6 μL of the ECM solution (2 μg/μL) was pipetted
onto one side of the bridge 6 minutes after it was put onto a TCPS surface. Each consecutive
adsorption step was done on a different surface of the bridge in 15 minute intervals. The bridges
were then dried overnight.

2.3 Immobilization of DNA complexes to PLG disks
Plasmid encoding for firefly luciferase and β-galactosidase was complexed with Transfast in
a wt/wt ratio of 1:0.5. Plasmid was purified from bacteria culture using Qiagen (Santa Clara,
CA) reagent, and resuspended to obtain a high concentration in order to reduce the working
volumes. DNA was complexed with the commercially available lipid, Transfast, which has
been applied to neuronal cultures and has not demonstrated obvious neurotoxicity [19,20].
Complexes were formed by adding Transfast to DNA, vortexing, and incubation for 15-30
minutes. Three surface-mediated DNA delivery techniques were performed: i) incubation:
incubation of DNA with ECM coated PLG surfaces, ii) 2 steps drying: drying of DNA onto
ECM coated PLG surfaces, and iii) 1 step drying: mixing of DNA with ECM and subsequent
drying onto PLG surfaces. For incubation, H2O was added to the complexes to obtain a total
volume of 100 μL, which was then applied onto the ECM coated disks, and incubated in a 5%
CO2, 37 °C incubator for approximately 16 hrs. For 2-step drying, H2O was added to the
complexes to obtain a total volume of 50 μL, which was then applied onto the ECM coated
disks, and dried in a laminar flow hood overnight. For 1-step drying, 50 μL of ECM solution
was added to the DNA complexes, applied onto the disks, and dried overnight in a laminar
flow hood. For incubation of DNA onto ECM coated bridges, H2O was added to the complexes
in small 500 μL centrifuge tubes to obtain total volumes of 50 μL. Each individual bridge was
loaded into the tube, immersed in the solution, and similarly incubated for 16 hrs. For in
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vitro experiments, PLG surfaces were washed 2X with phosphate buffered saline (PBS) to
remove unbound DNA before cell seeding.

2.4 Quantification of immobilized DNA and DNA release from PLG disks and bridges
The immobilization and release of DNA from PLG disks and bridges was monitored using
DNA that was radiolabeled with α-32P dATP using a nick translation kit (Amersham Pharmacia
Biotech, Piscataway, NJ) as previously reported [21]. The immobilization efficiency was
reported as the amount of DNA on the surface after removing the incubation fluid (method i)
and 2 washes with PBS. Stripwell microplates (Corning, Fisher) were used to analyze each
well individually. The incubation fluid, two washes, and disks were immersed separately in
scintillation cocktail (Biosafe II, Fisher) for measurement with a scintillation counter. A DNA
release study from the bridges was performed in 500 μL Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco Invitrogen, Carlsbad, CA) in a 5% CO2, 37 °C incubator by transferring the
bridges into fresh media, and measuring the amount of DNA released at each time point. At
the end of the study, the bridges were immersed in scintillation cocktail to measure the amount
of DNA left on the bridge. The cumulative release was reported as the total DNA released at
each time point after washing divided by the total DNA released at the end of the study plus
the DNA left on the bridge. The release profiles of complexed and uncomplexed DNA were
compared.

2.5 Cell seeding onto PLG disks and bridges and quantification of cell proliferation
In vitro transfection experiments were performed with HEK293T cells cultured onto the PLG
surfaces. For the disks, 20,000 cells were seeded per well, while the bridges were incubated in
groups of three in 0.4 mL DMEM containing 106 cells on a shaking plate at 100 RPM for 4
hours in a 5% CO2, 37 °C incubator. After cell seeding, each bridge was transferred to an
individual well in a 24 well plate containing 500 μL of DMEM. To quantify cell proliferation
at a specific timepoint, a cell proliferation assay (CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS), Promega, Madison, WI) was performed and analyzed using a 96-
well plate reader at an absorbance of 490 nm.

2.6 Visualization of DNA immobilization and transfected cells
DNA complexes were fluorescently-tagged with Rhodamine (red) (DNA Rhodamine labeling
kit, Mirus Bio, WI) to be visualized after immobilization to the PLG surfaces. In order to
observe transfected cells onto the surfaces, complexes were formed with plasmid encoding for
β-galactosidase, and an X-gal stain (blue) was performed after 2 days [22].

2.7 Rat spinal cord hemisection model
In vivo transfection studies were performed using a rat spinal cord hemisection model [17].
Forty female Long-Evans rats (Charles River, 180-200 g) were treated according to ACUC
guidelines at Northwestern University. The rats were pre-handled for two weeks pre-surgery
and anaesthetized using an RC2 Rodent Anesthesia System (Colonial Medical Supply,
Franconia, NH) with vaporized Isoflurane (Baxter, Deerfield, IL). To create a complete lateral
hemisection, a laminectomy was performed at T9-10 and a 4 mm long spinal cord segment,
lateral of the midline, was removed. The bridges were implanted in the injury space and covered
with Gelfoam. The muscles were sutured together and the skin was stapled. Post-operative care
consisted of the administration of baytril (Enrofloxacin 2.5 mg/kg s.c., once a day for 2 weeks),
buprenorphine (0.01 mg/kg s.c., twice a day for 2 days), and lactate ringer solution (5 mL/100
g, once a day for 5 days). Bladders were expressed twice a day until bladder function recovered.
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2.8 Quantification of transgene expression using a luciferase assay
The levels of transgene expression in vitro and in vivo were quantified using complexes formed
with plasmid encoding for firefly luciferase. The amount of luciferase produced by the cells
was measured using the Luciferase Assay System (Promega). For disks, 100 μL lysis buffer
(1X Reporter Lysis Buffer, Promega) was added to the wells, while bridges were transferred
to low retention microcentrifuge tubes containing 100 μL lysis buffer. Bridges were then cut
in small pieces using microscissors. All surfaces were washed once with PBS before lysing.

For in vivo studies, rats were sacrificed and the spinal cord was retrieved. The injury site and
5 segments of 0.5 cm length rostral and caudal of the injury site were collected and stored on
dry ice until transferred to -80 °C. Each tissue segment was cut using microscissors and refrozen
before lysing with 100 μL lysis buffer (1X Cell Culture Lysis Reagent, Promega). The tissue
segments were then vortexed within the lysis buffer and centrifuged at 14,000 RPM for 10
minutes. The supernatant was removed and used to measure luciferase activity using a
luminometer. All luciferase readings were normalized with the total protein amount measured
by the enhanced test tube protocol of the BCA (bicinchoninic acid) protein assay (Pierce,
Rockford IL).

2.9 Statistical analysis
Statistical analyses were done using statistical package JMP (SAS, Cary, NC). For multiple
pairs comparison, an ANOVA with post-hoc Tukey test was performed with a p-level of 0.05.
A t-test was performed to analyze differences between individual pairs. Error bars represent
standard deviations in all figures.

3. RESULTS
3.1 ECM coated PLG for surface-mediated DNA delivery

Multiple ECM components (fibronectin, collagen I, laminin I) and DNA deposition methods
were analyzed for surface-mediated DNA delivery from PLG surfaces. Initial studies focused
on surface modification of the polymer by hydrolysis, which has been reported to enhance
binding of ECM components [23,24]. The amount of DNA immobilized to each surface was
1 μg, and mixed and dried with 25 μg ECM. Expression was observed in all conditions, and
surface hydrolysis did not enhance transgene expression for any of the surface coatings (Fig.
1A). For laminin, hydrolysis of the scaffolds significantly decreased expression (p<0.05);
however, expression levels with laminin were relatively low. Given these transfection results
with surface hydrolysis, all succeeding experiments were performed without pre-hydrolyzing
the surfaces.

The immobilization efficiency was subsequently investigated as a function of the ECM coating
and the method of immobilization. The maximal immobilization efficiency was approximately
80%, and was achieved with fibronectin for all three coating methods, or with laminin using
the 1- and 2-step drying methods (Fig. 1B). The drying methods enhanced immobilization for
all surfaces with the exception of fibronectin. Both fibronectin and laminin I provided improved
adsorption relative to uncoated surfaces.

In transfection studies, fibronectin-coated surfaces produced the highest levels of expression
relative to other coatings (Fig. 1C). Additionally, incubation resulted in greater expression for
all ECM coatings relative to the dried conditions, though the drying methods did retain the
DNA activity. The highest expression levels achieved with fibronectin do correlate with the
extent of DNA immobilized; however, the process of drying complexes in the presence of
fibronectin does reduce expression levels by a factor of 6-to 13-fold. Drying the DNA in 1 or
2 steps using laminin, which resulted in similar levels of DNA binding as with fibronectin,
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resulted in expression that was decreased by 2 orders of magnitude relative to fibronectin. Most
ECM coated PLG surfaces did not demonstrate a difference between the 1 or 2 steps drying
techniques. Only for collagen I, drying the DNA complexes after collagen deposition was
advantageous relative to 1-step drying. Based on these results, further surface-mediated DNA
delivery studies were all performed using fibronectin coated PLG surfaces.

3.2 Transfected cells and DNA complexes on fibronectin coated PLG
Incubation of DNA complexes resulted in an increased number of transfected cells and less
aggregation of the complexes (Fig. 2A and B) relative to the drying methods. The amount of
fibronectin dried onto the disks was 25 μg, with 1 μg of DNA incubated to each surface. For
the incubation method, DNA complexes were homogeneously distributed on the surface, and
aggregation of the complexes was not readily apparent. Transfected cells were present in large
numbers on the surface and were also homogeneously distributed across the surface.
Complexes deposited by 1-step or 2-step drying exhibited some aggregation (Fig. 2, D and F),
and were less homogeneously distributed on the surface relative to incubation. Many
transfected cells were observed with the dried complexes (Fig. 2, C and E), though the numbers
were less than with incubation and the transfected cells were preferentially observed at the
edge of the polymer than in the center.

3.3 Cell proliferation and transfection for varying amounts of fibronectin
The dose response for fibronectin was subsequently investigated, with characterization of both
cell proliferation and expression levels. PLG disks were coated with 0 μg to 50 μg of
fibronectin. Cell proliferation was maximal for a fibronectin coating of 25 μg fibronectin per
disk, though the presence of fibronectin at all densities enhanced proliferation above the control
(Fig. 3A). At the maximal condition, the number of viable cells present on fibronectin coated
disks after 2 days was 50 percent greater than on control disks.

Transfection studies indicated that complexes incubated on disks containing 25 or 50 μg
fibronectin had significantly higher levels of transgene expression (> 1.2*108) compared with
control disks and 1 μg fibronectin (Fig. 3B). For control disks and 1 μg fibronectin, incubation
did not significantly enhance transgene expression compared with the 1 and 2 steps drying
methods. Based on these results, subsequent studies were performed using PLG coated with
25 μg fibronectin, and lipoplexes were deposited by incubation.

3.4 DNA Dose Response
We next investigated the quantity of DNA to maximize transgene expression. Six doses of
DNA (0, 1, 3, 5, 10, and 20 μg) were incubated on PLG disks coated with 25 μg of fibronectin.
Increasing the DNA dose produced increasing levels of transgene expression through a dose
of 3 μg, but subsequent increases in DNA amounts did not alter transgene expression (Fig. 4).

3.5 Substrate-mediated DNA delivery from 3D multiple channel bridges in vitro
The immobilization strategy obtained on 2D PLG surfaces was next translated to the 3D PLG
multiple channel spinal cord bridges. Bridges were coated with a total of 24 μg fibronectin that
was applied in 4 steps, each at a concentration of 2 μg/μL. A Sirius red stain indicated the
presence of fibronectin on the outside and in the center of the bridge, with control bridges not
stained (Fig. 5A). Applying the incubation technique, fluorescently tagged DNA complexes
bound throughout the bridge (Fig. 5B). Approximately 15% of the DNA immobilized to the
bridge was lost during washes. For the DNA still immobilized on the bridge after washing,
lipoplexes were released more slowly from the bridge relative to naked plasmid (Fig. 5C), with
the cumulative release of naked plasmid and lipoplexes being significantly different (p<0.02)
for all timepoints after the two hour timepoint (p<0.04). During the first 11 hours, 69.3 ± 3.7%
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of the lipoplexes had been released from the bridges, compared to 94.7 ± 1.0% for naked
plasmid. After 21 days, most of the lipoplexes had been released, with 11.6 ± 1.1% remaining
on the surface. Fibronectin coated bridges incubated with varying doses of lipoplexes resulted
in higher expression levels with increasing doses of DNA (Fig. 5D). The maximum amount of
DNA that could be incubated with the bridge was 32 μg, which was based on the volume of
the lipoplexes and the volume of the bridge. Transgene expression levels were 2.3*107 RLU/
mg protein at this maximal dose.

3.6 Gene expression from lipoplex loaded bridges implanted in spinal cord
Transgene expression in the spinal cord was subsequently investigated by implantation of the
multiple channel bridges into a rat spinal cord lateral hemisection model. Bridges were coated
with 24 μg fibronectin and incubated with 16 μg DNA, either naked or complexed with lipid.
Bridges with immobilized lipoplexes had transgene expression that was substantially greater
after 1 week compared with uncomplexed DNA, demonstrating 2-fold higher levels of
transgene expression at the injury site. Interestingly, expression levels 0.5 cm caudal of the
injury site were increased 350-fold for lipoplexes relative to naked plasmid, whereas segments
0.5 cm rostral and 1 cm caudal had 85-fold increased expression (Fig. 6A). The duration of
transgene expression after implantation of lipoplex loaded bridge after spinal cord injury was
subsequently investigated, with implants retrieved after 3 days, 1 week, 2 weeks, and 3 weeks
(Fig. 6B). After 3 days, the highest level was observed at the injury site, while after 1, 2, and
3 weeks, the highest expression was located in the tissue immediately adjacent to the injury
site. At two weeks the levels were decreased by a factor of 25, while expression levels decreased
further after 3 weeks. Doubling the dose of lipoplexes incubated with the bridges did not
enhance the expression levels (n=4, data not shown).

4. DISCUSSION
This report investigated the deposition method of lipoplexes onto PLG scaffolds and translated
surface-mediated DNA delivery techniques to achieve in vivo transgene expression in the spinal
cord. Lipoplexes were delivered from PLG by immobilization in the presence of ECM
components and also with and without drying. These results revealed that incubating DNA led
to higher levels of transgene expression compared with drying the DNA onto an ECM coated
surface (2 steps drying), or drying the DNA mixed with ECM (1 step drying). DNA complexes
were less aggregated with incubation compared with drying, resulting in a significantly greater
number of transfected cells. This result is not surprising as lipid/DNA complexes typically
have reduced activity following dehydration, though stabilizers may be able to minimize the
reduction in activity [25], [26]. The incubation method was subsequently applied to multiple
channel bridges, which are porous to support cell infiltration, and have channels to organize
cells and orient axonal elongation [17]. Fibronectin and lipoplexes were distributed throughout
the bridge, and led to transfection in vitro, indicating that surface-mediated DNA delivery can
be adapted to three-dimensional structures with complex geometry. In vivo, transgene
expression was observed for small quantities of DNA lipoplexes immobilized to the bridge.
Relative to naked plasmid, transgene expression was significantly increased and persisted for
up to 3 weeks with the highest levels observed adjacent to the injury site.

The incubation method for lipoplex deposition on fibronectin significantly enhanced transgene
expression relative to collagen I, laminin I, and uncoated PLG. These results were in agreement
with trends observed when DNA/PEI complexes were incubated on ECM coated tissue culture
polystyrene (TCPS) surfaces [10], which revealed that both collagen I and fibronectin yielded
in the highest DNA internalization by the cells, but that fibronectin led to the highest levels of
expression. The specific mechanism by which fibronectin enhances transgene expression
remains unclear; however, several reports suggest that multiple aspects of the transfection
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process may be affected. Coating of surfaces with proteins has enhanced the number of
transfected cells with immobilized lipoplexes, though fibronectin led to greater increases in
expression for polyplexes [27]. Fibronectin and other immobilized proteins can reduce the
hydrophobicity of PLG surfaces, which can reduce aggregation of DNA complexes and
facilitate transfection in vitro [9,27]. Immobilized fibronectin can increase the contact area
between cells and the surface, which may increase the quantity of DNA that associates with
cells. Fibronectin may also influence cellular processes that enhance gene transfer.
Proliferation is greater on fibronectin relative to uncoated PLG, and proliferation has been
linked to enhanced gene transfer [28]. Fibronectin has been suggested to target endocytosis
through caveolae [10], or enhance internalization due to the cells’ actin filaments, causing
mechanical stress on the cell membrane and nucleus, which may enhance DNA uptake [29].
Interestingly, the density of fibronectin that maximized gene transfer in this report (0.78 μg/
mm2 density), is significantly greater than that reported for culture on TCPS (0.025 μg/mm2)
[10]. This result may be due to different interactions between DNA/PEI polyplexes and
lipoplexes with fibronectin coated surfaces or the binding efficiency of fibronectin to different
surface chemistries [27].

The surface-mediated DNA delivery technique was translated from 2D PLG surfaces to 3D
multiple channel spinal cord bridges. Spinal cord bridges have been fabricated from a range
of materials, with the objective to stabilize the injury area, and generally provide a favorable
environment for spinal cord regeneration [30-39]. The bridge structure, used in this report was
composed of PLG, which has been implanted previously in the spinal cord [17,40], and has
been extensively used to fabricate scaffolds for localized gene transfer by encapsulation and
release of plasmid and polyplexes [3,4,17,22,41]. The spinal cord, however, is a challenging
site for gene delivery due to the constant exchange of cerebrospinal fluid, which may lead to
faster clearance of DNA relative to other sites. The ability to promote transgene expression in
vivo by vector delivery from polymers will also depend on the implantation site due to a variety
of physiological conditions and cell types present [3,42,43]. Gene therapy approaches inside
the spinal cord usually inject viral DNA intrathecally in the cerebral spinal fluid, which is
located in between the layers of the meninges, or implant viral genetically modified cells (e.g.
fibroblasts, Schwann cells) [44-46]. Challenges associated with these methods include the
initiation of inflammatory responses toward the viral DNA, and cell migration and death of
transplanted cells. As an alternative, non-viral DNA has been delivered after spinal cord injury
by local injection of lipoplexes but resulted in limited transgene expression [47].

Lipoplexes, immobilized to the surface of the spinal cord bridge resulted in the highest levels
of trangene expression in vitro with 10 μg of DNA or more incubated onto fibronectin coated
bridges. In vivo, lipoplexes increased transgene expression levels by two orders of magnitude
relative to similar quantities of plasmid delivered, with 16 μg of DNA incubated. The
immobilization of lipoplexes to the bridge may have the ability to better maintain the lipoplexes
at the implant site and subsequently increase local transgene expression. Increasing the
exposure time of lipoplexes to cells has demonstrated to enhance the number of plasmid copies
inside the cell, leading to a higher number of cells expressing the gene [48]. In addition, the
delivery of lipoplexes may enhance the activity of the DNA after its release from the bridge,
which was indicated by the significantly different levels of transgene expression between
plasmid and lipoplexes, and the high levels of transgene expression in the spinal cord segments
adjacent to the bridge in case of lipoplex immobilization. An alternative approach to
maintaining effective concentrations locally is to encapsulate DNA within the bridge and
provide a sustained release in which the DNA lost to clearance can be replaced by release from
the bridge. In a previous report with these multiple channel bridges, we investigated the
encapsulation and release of 800 μg of plasmid, which resulted in transgene expression for up
to two weeks, with decreasing levels further away from the injury site [17]. In this report,
transfection with immobilized DNA was performed with a 50-fold lower amount of DNA,
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resulting in overall higher levels of transgene expression after spinal cord implantation, and
an extended duration of expression, as higher levels of transgene expression were observed
after 2 and 3 weeks compared with encapsulation and release of naked plasmid [17].

5. CONCLUSION
This report indicates that lipoplexes can be immobilized to ECM coated PLG, with fibronectin
maximizing gene transfer. Incubation of lipoplexes onto fibronectin coated PLG led to high
expression levels in vitro and allowed for lipoplex immobilization to pre-fabricated scaffolds
with a complex geometry. In vivo, multiple channel bridges, immobilized with lipoplexes were
implanted in the spinal cord after injury and resulted in higher levels of transgene expression
compared with naked plasmid. Delivery of lipoplexes from spinal cord bridges was
demonstrated to be an efficient DNA delivery system after injury, as a small amount of DNA
was sufficient to induce transgene expression up to 3 weeks. Surface-mediated delivery of
lipoplexes from a fibronectin coated multiple channel bridge is a promising technique that
combines tissue engineering and gene therapy for spinal cord regeneration.
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Figure 1.
Transgene expression for surface treatment, and adsorption efficiency and expression levels
for multiple deposition methods. (A) Transgene expression for PLG surfaces with and without
pre-hydrolyzing treatment. DNA complexes were mixed with ECM (25 μg) and subsequently
dried on PLG disks. Significant differences based on a t-test between surfaces with and without
pre-hydrolyzing treatment are denoted by an asterisk (p<0.05). (B) Immobilization efficiency
of DNA complexes onto ECM (25 μg) coated PLG disks using i) incubation, ii) 2-step drying,
and iii) 1-step drying. (C) Transgene expression in vitro using the three deposition methods.
Significant differences based on a Tukey multiple comparisons analysis are denoted by
different letters (p<0.05).
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Figure 2.
Distribution of transfected cells and immobilized complexes. Transfected cells (blue: A,C,E)
and immobilized lipoplexes (red: B,D,F) on fibronectin (25 μg) coated disks. Complexes were
deposited by incubation (A,B), 2-step drying (C,D), or 1-step drying (E,F). Transfected cells:
10X magnification, scale bar: 200 μm; fluorescently labeled DNA: scale bar: 400 μm.
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Figure 3.
Fibronectin density and transfection. (A) Cell proliferation on PLG surfaces coated with
multiple fibronectin densities. (B) Transgene expression on PLG disks coated with varied
fibronectin density. Significant differences based on a Tukey multiple comparisons analysis
are denoted by different letters (p<0.05).

De Laporte et al. Page 14

Biomaterials. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Transgene expression on fibronectin coated PLG disks incubated with multiple doses of DNA
complexes. Significant differences based on a Tukey multiple comparisons analysis are
denoted by different letters (p<0.05).
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Figure 5.
ECM and complex deposition and transfection on bridges. (A) Sirius red stain of fibronectin
coated multiple channel bridges. From left to right: top view and cross section of bridge coated
with 24 μg fibronectin, and top view and cross-section of uncoated bridge. Scale bar: 150 μm.
(B) Bridge coated with 24 μg fibronectin and incubated with 1 μg fluorescently tagged DNA
(red). From left to right: top view and cross section of bridge imaged with fluorescence
microscopy, and cross section bridge imaged with phase contrast microscopy, Scale bar: 200
μm. (C) Release of uncomplexed and complexed DNA. Significant differences based on a t-
test are denoted by an asterisk (p<0.05). (D) Transgene expression in vitro for different doses
of DNA incubated with fibronectin coated bridges.
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Figure 6.
In vivo expression with spinal cord bridges. (A) Transgene expression in rat spinal cord
hemisection model after 1 week using either 16 μg complexed (n=8) or naked plasmid (n=4)
incubated with fibronectin coated bridges. Significant differences based on an ANOVA with
posthoc Wilcoxon 1-way test are denoted by an asterisk (p<0.05). (B) Transgene expression
at multiple time points after implantation of fibronectin coated bridges incubated with 16 μg
lipoplexes: 3 days (n=10), 1 week (n=8), 2 weeks (n=10), 3 weeks (n=4).
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