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The regeneration of tissues with complex architectures 
requires strategies that promote the appropriate cellular 
processes, and can direct their organization. Plasmid-
loaded multiple channel bridges were engineered for 
spinal cord regeneration with the ability to support and 
direct cellular processes and promote gene transfer at 
the injury site. The bridges were manufactured with a 
gas foaming technique, and had multiple channels with 
controllable diameter and encapsulated plasmid. Initial 
studies investigating bridge implantation subcutaneously 
(SC) indicated transgene expression in vivo for 44 days, 
with gene expression dependent upon the pore size of 
the bridge. In the rat spinal cord, bridges implanted into 
a lateral hemisection supported substantial cell infiltra-
tion, aligned cells within the channels, axon growth 
across the channels, and high levels of transgene expres-
sion at the implant site with decreasing levels rostral and 
caudal. Immunohistochemistry revealed that the trans-
fected cells at the implant site were present in both the 
pores and channels of the bridge and were mainly iden-
tified as Schwann cells, fibroblasts, and macrophages, in 
descending order of transfection. This synergy between 
gene delivery and the scaffold architecture may enable 
the engineering of tissues with complex architectures.

Received 14 February 2008; accepted 17 October 2008; published online 
2 December 2008. doi:10.1038/mt.2008.252

Introduction
Regenerative medicine aims to control the local microenvironment 
as a means to support the development of functional tissues from 
endogenous or exogenous progenitor cells. Biomaterials serve a 
central role by providing a scaffold for cell infiltration or trans-
plantation. Scaffolds designed with a complex architecture and the 
ability to function as a gene delivery vehicle may enhance tissue 
regeneration and repair by having the cellular processes induced 
by transgene expression synergize with the cellular organization 
directed by the structure. These scaffolds may be able to recre-
ate complex tissue architectures, such as branching networks of 
the vascular or nervous systems, or an injury at the bone/cartilage 
interface. An example of this structure–function synergy involves 

the implantation of autologous peripheral nerve grafts at a spinal 
cord injury, which promotes and directs axonal elongation as a 
result of the graft architecture and factors secreted by cells within 
the graft.1,2

Bridges made from natural and synthetic biomaterials are 
being developed to promote regeneration after spinal cord injury, 
as the peripheral nerve grafts have limited clinical potential. The 
bridges are formed as gels or porous structures that can be either 
injected or implanted3,4 to stabilize the injury site, prevent cavity 
formation that can occur secondary to the injury, limit scar forma-
tion, allow for cell infiltration and adhesion, or serve as a vehicle 
for drug delivery and cell transplantation.5 More recently, bridges 
have been fabricated with multiple channels that are proposed to 
induce linear nerve growth through the bridge.6–10

Drug delivery from scaffolds can promote specific cellular 
processes, such as angiogenesis to enhance vascularization of the 
regenerating tissue. For spinal cord repair/regeneration, thera-
peutic factors include growth factors (e.g., neurotrophins), factors 
targeting inhibitory molecules (e.g., chondroitinase), and anti-
inflammatory drugs.11 The potential of drug delivery bridges for 
spinal cord regeneration/repair9,10,12,13 was exemplified by a recent 
study that delivered chondroitinase to degrade chondroitin sul-
fates, along with a peripheral nerve graft, and resulted in axonal 
growth from above the injury site, through the graft, and back 
into the spinal cord.14 However, designing effective drug delivery 
systems in the spinal cord that maintain therapeutic concentra-
tions in conjunction with a physical support remains challenging, 
partly due to clearance by the cerebrospinal fluid. Bridges deliv-
ering gene therapy vectors may have the potential to overcome 
these challenges,15 as polymer scaffolds loaded with nonviral vec-
tors transfected endogenous cells subcutaneously (SC) resulting 
in transgene expression over 3 months.16,17 Although gene delivery 
from biomaterials has been reported in the central nervous system 
within the optic nerve,18 bridges capable of localized gene delivery 
have, to our knowledge, not been applied for spinal cord injury.

This study investigates the feasibility of plasmid delivery 
from bridges containing multiple longitudinal channels for nerve 
regeneration, and a porosity allowing for fluid transport and cell 
infiltration. Plasmid releasing bridges were fabricated using a 
gas foaming method and characterized for implantation in a spi-
nal cord hemisection injury. They have an engineered structure 
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to promote and direct cell organization and regeneration, and 
locally deliver plasmid to induce transgene expression in the spi-
nal cord. Reporter genes were used to characterize the levels and 
duration of transgene expression and the location and identity 
of transfected cells after implantation of the bridge in the spinal 
cord. Future studies will test the delivery of plasmids encoding 
for functional proteins, such as neurotrophic factors or chondroi-
tinase. Ultimately, the synergy between a scaffold architecture and 
gene delivery, providing a combination of physical and chemical 
guidance cues, has the potential to stimulate spinal cord repair 
and enable the regeneration of a variety of tissues with complex 
architectures.

Results
Design and characterization of DNA-loaded multiple 
channel bridges
Porous multiple channel bridges with a defined asymmetrical 
structure were developed, and designed to serve as a vehicle for 
localized gene delivery. The biodegradable polymer, poly(lactide-
co-glycolide) (PLG), was used for bridge fabrication using a gas 
foaming method16,19 that was adapted to enable the formation 
of complex structures with channels of controllable diameter. 
A mold was designed to create bridges with either 7 or 20 channels 
of 250 or 150 µm diameter, respectively, with the number of chan-
nels limited by the spacing in the pin guides (Figure 1a–c). The 
dimensions of the bridge were 4 mm in length, 2.6 mm in width, 
and 1.5 mm in height, which matched the dimensions of the lat-
eral hemisection created in the rat spinal cord20 (Figure 1d). The 
bridges were >90% porous, with the porosity resulting from the 
channels created by the pins and the pores in the polymer, sur-
rounding the channels, created by leaching the porogen (NaCl). 
The NaCl was sieved in different size ranges (<38, 38–63, 63–106, 
106–250, and 250–425 µm), resulting in specific pore sizes. The 
maximum porogen size to fabricate bridges with 250- and 150-µm 
channels, respectively, was 106 and 63 µm, as larger sized porogen 
restricted solids packing between the pins.

In vitro DNA release study
Subsequent studies investigated the plasmid encapsulation effi-
ciency into the bridge, and the integrity and in vitro release of 
the encapsulated plasmid at 37 °C in phosphate-buffered saline. 
The plasmid release kinetics and integrity described here were 
obtained with bridges containing 250-µm diameter channels and 
pores in the 63–106 µm range. Plasmid incorporation, release, and 
integrity did not significantly vary with the pore size or channel 
diameter of the bridge. The efficiency of plasmid incorporation 
was 66.4 ± 3.2% of the initial amount used, with loss occurring 
primarily during the porogen leaching step. Approximately 75% 
of the DNA present in the bridge after leaching was released from 
the bridges after 1 day, with most of the remaining DNA being 
slowly released over the next 6 days. Less than 10% of the DNA 
remained in the bridge after 1 week (Figure 2a). The released plas-
mid was structurally intact, though a shift from the supercoiled to 
open conformation was observed (Figure 2b). The original plas-
mid was primarily supercoiled (89%), whereas the DNA released 
from the bridge after 1 day and 1 week contained DNA mostly in 
the open conformation (57 ± 1 and 61 ± 1%, respectively), with 

smaller amounts of supercoiled (32 ± 1, 25 ± 1%) and linear DNA 
(11 ± 0, 14 ± 1%). Both supercoiled and open conformations 
have been previously shown to produce high levels of transgene 
expression.16
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Figure 1  Multiple channel bridges for spinal cord regeneration. (a,b) 
Schematic of the aluminum mold, Delrin screens, and stainless steel pins 
to fabricate the multiple channel bridges: (a) top view and (b) side view. 
(c) Multiple channel bridges with 20 channels of 150 µm diameter and 
7 channels of 250 µm diameter, scale bars = 500 μm. (d) Schematic of 
bridge implantation in spinal cord hemisection model.
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Figure 2  In vitro DNA release study from bridges with a pore size of 
63–106 µm and 250-µm diameter channels (n = 6). (a) Cumulative 
release, error bars represent SEs. (b) Agarose electrophoresis gel: line 1: 
1-kb ladder, line 2: DNA before encapsulation into bridge, line 3: DNA 
released from bridge at 1 day (n = 3), and line 4: DNA released from 
bridge at 1 week (n = 3).
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Transgene expression SC
Bridges containing 250-µm diameter channels were loaded with 
800 µg of plasmids encoding for firefly luciferase and implanted 
SC in mice to allow for long-term monitoring of transgene expres-
sion using a Xenogen imaging system. DNA-loaded bridges with 
larger pore sizes resulted in more consistent and sustained trans-
gene expression following implantation, and retained their integ-
rity through the 44 days in vivo. For a pore size in the range of 
63–106 µm (n = 5), all mice implanted with the bridges expressed 
the luciferase protein for >44 days (Figure 3). The mice demon-
strated consistent levels of transgene expression, with stable levels 
sustained from days 4 though 37, but decreasing 2.5-fold between 
days 37 and 44. In contrast, for a pore size in the range of 38–63 µm 
(n = 5), only one of five mice implanted with a bridge had con-
sistent transgene expression after 1 week. Accordingly, the aver-
age level of transgene expression for a pore size in the 63–106 µm 
range at 9 days was on the order of 106 photons/s, while the aver-
age level of transgene expression for a pore size in the range of 
38–63 µm at 9 days was on the order of 105 photons/s, which is 
approximately fourfold over background. The group with smaller 
pore sizes did not consistently emit light at levels above back-
ground. These results revealed that DNA-loaded bridges locally 
induced high levels of transgene expression in vivo for a sustained 
period of time with a dependence of transgene expression on 
the pore size of the bridge. Based on our observations that larger 
pores consistently resulted in long-term SC transgene expression 
in vivo, and that 250-µm channels were required to fabricate sta-
ble bridges with larger pores, subsequent studies in a rat spinal 
cord hemisection model were performed with bridges containing 
250-µm channels and a 63–106-µm pore size.

Bridge implantation in rat spinal cord lateral 
hemisection injury model
The DNA-loaded bridges in this report were subsequently investi-
gated for their ability to integrate into the spinal cord after injury, 
and locally deliver plasmid resulting in transgene expression at 
the injury site. Bridges were implanted in a rat spinal cord lat-
eral hemisection model with the channels oriented parallel to the 

midline of the spinal cord (Figure  1d). Implanted bridges sup-
ported cell infiltration, resulting in tissue apposition after implanta-
tion 2 weeks postsurgery (Figure 4a). The bridge porosity resulted 
from the channels and the surrounding pores in the polymer, and 
when comparing the cells present in the pores (Figure  4b), the 
cells within the channels were oriented along the major axis of the 
channel (Figure 4c). Effective integration of the bridge within the 
spinal cord was further demonstrated by the ability of channels to 
support and direct axonal elongation (Figure 4d). At 12 weeks of 
implantation, axons were observed to span the implant site within 
the channels (Figure 4e). These data demonstrate that the bridge 
structure is able to stabilize the injury area and provide a favorable 
environment for spinal cord regeneration.

Transgene expression following bridge implantation
Transgene expression was observed in the spinal cord after 
implanting the plasmid loaded bridges in a hemisection injury 
model. Analysis of the luciferase expression in the spinal cord over 
time required retrieving implants at several time points, with the 
spinal cord tissue lysed and the luciferase protein measured using 
a luminometer. High levels of transgene expression were observed 
at the injury site 3 days after implantation, with levels dropping 
~60% in the two spinal segments immediately rostral and cau-
dal of the injury site (Figure 5), and the segments further away 
from the injury site only containing a few percent or less of the 
luciferase produced at the injury site.

Transgene expression decreased 10% between 3 days and 
1 week, but reduced a hundred-fold between 1 and 2 weeks, with 
no detectable levels in the adjacent segments of the injury site at 
2 weeks. Interestingly, a group of two rats demonstrated levels of 
transgene expression at day 1 that was sixfold higher relative to 
the levels observed at 3 days, but were not included in the graph 
because of the low sample number. These studies indicate that 
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Figure 3 T ransgene expression in a mice subcutaneous model 
after implantation of bridges loaded with plasmid encoding for 
firefly luciferase. Bridges reported on graph contained a pore size of 
63–106 µm (n = 5). Error bars represent SEs. An ANOVA with post hoc 
Wilcoxon one-way test demonstrated a significant difference between 
the experimental condition and background levels (P < 0.02).
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Figure 4  Bridge implantation into a rat spinal cord lateral hemisec-
tion injury model. (a–c) Hematoxylin eosin staining of bridges retrieved 
at 2 weeks of implantation: (a) Low-magnification image of a bridge 
implanted in the spinal cord hemisection model. The line marks the bor-
der between the bridge and tissue. (b) High-magnification image of cells 
within the bridge pore structure created by porogen, compared with the 
alignment of cells in channel of bridge (c). The line defines the edge of 
a channel with the arrow pointing in the direction of the channel, scale 
bar = 50 μm. (d,e) Neurofilament stain (NF200) for neurite growth at 12 
weeks: (d) inside the channel, scale bar = 100 μm; (e) across the chan-
nels of the polymer bridge.
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plasmid releasing bridges transfect cells in the spinal cord result-
ing in localized and sustained transgene expression.

Distribution of transfected cells following 
bridge implantation
Subsequent experiments investigated the distribution of trans-
fected cells within the bridge and surrounding tissue. Plasmid 

encoding for luciferase was replaced with plasmid encoding 
for enhanced green fluorescent protein (EGFP) to enable the 
visualization of transfected cells. The border of the polymer par-
ticles of the bridge was defined based on the appearance of the 
bridge under phase (Figure 6a). Endogenous cells infiltrating the 
porous bridge or present in the adjacent spinal cord tissue were 
transfected. After 1 week, transfected cells were observed aligned 
within the channels of the bridge (Figure 6b), adjacent to or on 
the polymer (P), and within the pores of the bridge (Figure 6c–e). 
Transfected cells were identified as both Hoechst (blue) and EGFP 
(green) positive (Figure  6d,e). A similar number of transfected 
cells were visualized in the tissue alongside the bridge, and located 
in the white (Figure  6f) and gray (Figure  6g) matter. After 2 
weeks, EGFP positive cells were observed in similar regions, but in 
lesser amounts compared with the 1-week time point (Figure 6h). 
No EGFP positive cells were detected in histological sections of 
bridges implanted without encapsulated plasmid (Figure 6i).

Identification of cell types transfected within 
the bridge
The cell types that infiltrated the bridge after spinal cord injury were 
subsequently identified in order to determine the cell types trans-
fected. Tissue sections were analyzed with a panel of antibodies to 
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Figure 6 L ocation of transfected cells after implantation of bridges loaded with plasmid encoding for enhanced green fluorescent protein 
(green). The boundaries of the bridge were defined under phase (a). Transfected cells were observed aligned within the channels of the bridge (b), 
adjacent or on the polymer, and within the pores of the bridge (c). (d,e) Bridge after 1 week in the presence of a Hoechst stain (blue). (f) White and 
(g) gray matter of spinal cord tissue next to the implant site. Bridge after 2 weeks (h). Negative controls: implanted bridge that did not contain DNA 
(i), and stain of both the bridge (j) and its surrounding tissue (k) after eliminating the primary antibody. P, polymer; T, tissue. Scale bars = 100 μm.
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cell types commonly reported at a spinal cord injury [i.e., Schwann 
cells, oligodendrocytes, macrophages, reactive astrocytes, fibro-
blasts, and endothelial cells (see Materials and Methods)]. The main 
cell types that infiltrated the bridge pores and channels were identi-
fied as fibroblasts, macrophages, and Schwann cells (Figure 7a–c), 
with endothelial cells being observed in the bridge construct in sig-
nificantly lower quantities (Figure 7d). Reactive astrocytes, which 
usually dominate the scar tissue formed after spinal cord injury, 
mostly remained outside the bridge borders, though, a sparse 
number of reactive astrocytes were observed in the entrance of the 
channels (Figure 7e). Few oligodendrocytes (i.e., myelinating glial 
cell type in central nervous system) were detected in the bridge 
(Figure 7f).

Because fibroblasts, macrophages, Schwann cells, and 
endothelial cells were most prevalent in the bridge, tissue sec-
tions were double stained with antibodies to EGFP and the cell-
specific antigens to determine the identity of the transfected cells 
(Figure 8a–d). Fibroblast, Schwann cell, and macrophage immu-
nostaining revealed a large number of cells that were stained posi-
tively for both EGFP and these respective antibodies; these were 
further analyzed and quantified by calculating the percentages of 
the number of transfected cells that were identified as that specific 
cell type (Figure 8e). The percentages of transfected cell identified 
as Schwann cells, fibroblasts, and macrophages were ~41 ± 4, 30 ± 5, 
and 24 ± 6%, respectively, with Schwann cells being transfected in 
significantly greater numbers than fibroblasts and macrophages.

Discussion
The field of tissue engineering requires scaffolds that are able 
to regenerate tissues with complex architectures. For neural 

tissue engineering applications, scaffolds should be designed 
to orient regenerating nerves,11 and the presence of multiple 
linear channels has been proposed to guide and orient axonal 
elongation.7,9,21 In this report, DNA-loaded multiple channel 
bridges were developed with the goal of investigating a permis-
sive environment for spinal cord regeneration by providing a 
combination of physical and chemical guidance cues for extend-
ing neurites. The bridges were made of PLG, which is biode-
gradable and has demonstrated biocompatibility with the spinal 
cord.22 Porous PLG scaffolds have previously been implanted in 
the spinal cord resulting in a reduction of scar formation and 
improved functional recovery.20 The physical channel configu-
ration of the bridges used in this report supported axon growth 
across the 4-mm long injury site, which suggests longitudinal 
guidance of regenerating axons.4

The combination of multiple channel bridges with gene 
therapy has the potential to provide architectural control and 
deliver plasmid to the host cells, which then function as bioreac-
tors to locally provide long-term protein expression at effective 
concentrations. Relative to protein releasing systems, localized 
plasmid release in the spinal cord could provide a versatile tool 
to induce the prolonged expression of one or more therapeutic 
factors lacking at the injury site. Therapeutic factors that have 
been delivered after spinal cord injury include neurotrophic 
factors (e.g.,  neurotrophin-3,13,23,24 brain-derived neurotrophic 
factor,25 basic fibroblast growth factor26) that stimulate neu-
ron survival and axon outgrowth, or reduce secondary injury,27 
antibodies (e.g., nogo-neutralizing antibody IN-128) or enzymes 
(e.g., chondroitinase14) that block or degrade inhibitory factors, 
mitogens or differentiation factors that manipulate the presence 
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Figure 7  Identification of cells infiltrating the bridge at 1 week. Images captured for immunohistochemistry staining with antibodies to fibro-
blasts (rPH) (a), macrophages (ED-1) (b), Schwann cells (S100β) (c), endothelial cells (RECA) (d), astrocytes (GFAP) (e), or oligodendrocytes (RIP) (f). 
Negative controls: stain of bridge after eliminating the primary antibodies (g). Scale bars = 100 μm.
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of regenerative cells types (e.g., astrocytes, oligodendrocytes),29–31 
and anti-inflammatory drugs.11

The delivery of drugs to the spinal cord is mostly performed 
by a catheter associated with osmotic pumps used for intrathecal 
drug administration.24,32 However, this method requires additional 
surgery to remove the catheter, and it is challenging to control the 
location, amount, and residence time of the drugs. The catheters 
can clog, may damage the spinal cord, and likely provide the high-
est concentration at a site adjacent to the injury. Sustained drug 
delivery from biomaterial bridges may overcome some of these 
challenges and obtain a local and sustained presence of bioac-
tive factors during their therapeutic timeframe without having 
to rely on invasive removal methods that could evoke inflamma-
tory responses. Localized delivery from bridges may reduce the 
quantity of drug required to maintain the desired drug concen-
trations at the target site.33 Protein releasing hydrogels have been 
injected or implanted at a spinal cord injury,12,13,26 but may have 
difficulties maintaining a desired concentration profile. Relative to 

traditional drug delivery systems, genetics-based approaches have 
the potential to provide and maintain the local concentration of 
diffusible factors.15 DNA has been delivered to the spinal cord with 
a direct injection of viral and nonviral vectors or ultrasound,34–38 
but has not elicited the pattern of transfection demonstrated here, 
and has not been performed within the context of a structure to 
guide regeneration. As an alternative gene therapy approach for 
spinal cord regeneration, cells that have been genetically engi-
neered to secrete a variety of neurotrophic factors have been 
transplanted.39–41 However, delivery efficiency, cell migration and 
survival, and the inflammatory response are complicating factors 
that have limited success thus far.

The DNA-loaded bridges produced prolonged expression 
in vivo for both SC and spinal cord implants, with significantly 
different expression profiles. Expression was dependent on the 
pore size of the bridge, which may occur due to alterations in 
the rate of cell infiltration,42 as release studies did not indicate a 
pore size dependence. Additionally, the expression profile can be 
influenced by the cell types transfected. In the spinal cord, the 
duration of expression persisted for 2 weeks, with the cells trans-
fected by the released plasmid being primarily identified as S100β, 
rPH, and ED-1 positive, listed in descending order of transfec-
tion. Macrophages and fibroblasts are hypothesized to be trans-
fected by nonviral gene delivery from a biomaterial,17 as they are 
characteristic of the foreign body response that occurs following 
implantation of a material. Macrophages typically arrive within 
the first days, and are present for a time scale of days to weeks.43 
Fibroblasts, Schwann cells, and endothelial cells typically arrive 
after macrophages from outside the central nervous system and 
can reside at the implant site for several weeks. An additional fac-
tor limiting the duration of transgene expression is likely the CpG 
dinucleotides that mediate an inflammatory response.44

Transgene expression was highest at the implant site, yet trans-
fection was also observed in the segments adjacent to the implant. 
For SC implantation, bioluminescence imaging and immunohis-
tochemical staining indicated localized expression within 100 µm 
of the implant site.16,17,19,45 However, in the spinal cord, expression 
was observed in adjacent segments that are centimeters away from 
the implant site. Transfection in the adjacent segments may be 
beneficial as expression in these segments could be employed to 
promote neuron survival outside the injury site. Additionally, this 
expression pattern could create a concentration gradient, with the 
highest concentration within the bridge, which could direct axon 
elongation toward the injury, into and across the bridge.46,47 The 
constant exchange of cerebrospinal fluid in the spinal cord may 
transport plasmid into the adjacent segments, which may also 
be a factor that reduces the duration of expression relative to SC 
implantation.

Gene delivery is a versatile approach that could be employed 
to target a range of cellular responses associated with spinal cord 
injury response or regeneration. The days following injury is a 
critical period during which substantial cell death can occur, and 
expression of therapeutic factors may mitigate this response to 
allow a more robust regeneration. Currently, the standard therapy 
for treating spinal cord injury is the injection of methylpredniso-
lone to minimize inflammation and reduce secondary injury,48 and 
gene delivery could similarly target inflammation. Alternatively, 
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Figure 8  Identification of transfected cells in the bridge. Double 
staining of slides with antibodies to EGFP (green) and to a specific cell 
type (red). Images were taken for antibody staining with S100β (a), 
rPH (b), ED-1 (c), or RECA (d). Scale bars = 100 μm. The cells marked 
by the white squares were magnified in the left corner of each picture. 
(e) Percentages of transfected cells identified as a specific cell type. An 
ANOVA with Tukey post hoc test was performed demonstrating that the 
percentage of transfected cells identified as Schwann cells was statisti-
cally higher than for fibroblasts and macrophages (P < 0.05). Error bars 
represent SEs.
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delivery of genes encoding for growth and differentiation factors 
may limit neuron death and initiate axonal outgrowth, or could 
be employed along with cell transplantation.29–31,49 The level and 
duration of transgene expression necessary for therapeutic efficacy 
will vary depending on the protein. Though the specific targets for 
therapy remain unknown because of the complexity of the host 
response, transient expression is likely desirable. Expression of 
regenerative factors at the implant site can induce axonal growth 
in the bridge, yet should subside to encourage axonal re-entry into 
the host tissue.3

The regeneration of complex tissues such as spinal cord is 
expected to require multiple signals that can promote and orga-
nize tissue formation. In the spinal cord, peripheral nerve grafts 
supplemented with drug delivery have demonstrated the potential 
for synergy between structure and function.14 However, the clini-
cal potential of peripheral nerve grafts has been largely stalled, and 
motivates the development of synthetic bridges that deliver factors 
limiting cell death and promoting a regenerative response that can 
synergize with a structure to orient and guide axonal elongation. 
Synthetic systems have not demonstrated functional recovery to 
date, likely due to the inability to present the combination of fac-
tors that can block the inhibitory factors within the environment 
and provide the stimulatory factors to promote regeneration. The 
bridges in this report, capable of gene delivery within the spinal 
cord, can also be modified with extracellular matrix proteins 
and serve as vehicles for cell transplantation, for which the com-
bination may provide the range of signals necessary to promote 
regeneration. Ongoing studies using these bridges with functional 
genes (e.g., neurotrophic factors) are investigating the identity of 
regenerating axons and the ability to promote functional recovery. 
The synergy between gene delivery and the scaffold architecture 
may have broad applications in regenerative medicine involving 
complex architectures.

Materials and Methods
Fabrication of DNA-loaded multiple channel bridges. DNA-loaded mul-
tiple channel bridges are fabricated with a gas foaming/particulate leaching 
method50 using three main building blocks: plasmid, PLG microspheres, 
and porogen (NaCl). Plasmids encoding for either firefly luciferase or 
EGFP were produced with an Endofree Gigaprep (Qiagen, Valencia, CA) 
and 800 µg of DNA was lyophilized with 1 mg lactose as a cryoprotectant 
per bridge. PLG (75:25 mole ratio of D, L-lactide to glycolide: 50% by mass 
of 0.76 dl/g; Lakeshore Biomaterials, Birmingham, AL; 50% by mass of 
0.20 dl/g; Boehringer Ingelheim, Ridgefield, CT) microspheres were made 
using a primary oil in water emulsion technique. Porogen of defined size 
was obtained by sieving NaCl particles (<38, 38–63, 63–106, 106–250, 
250–425 µm; WS Tyler, Mentor, OH).

The solid mixture, with a porogen to polymer ratio of 4, was added 
layer by layer into a custom-made mold consisting of an aluminum 
base, two Delrin pin guides with predrilled holes, and stainless steel pins 
(150 or 250 µm diameter) using a wet granulation method (Figure  1). 
The mixture was compression molded (15 seconds at 200 psi) using a 
Carver Laboratory Press and placed into a custom-made pressure vessel, 
which was equilibrated with high pressure CO2 (800 psi, 16 hours). The 
microspheres fused with a controlled CO2 release rate of ~20 psi/min 
using a flow meter (Gilmont Instruments, Barrington, IL). The high 
pressure CO2 has a sterilizing effect on the polymer,17 and the multiple 
channel bridges were immersed in sterile water for 1 hour to leach the 
NaCl. The porosity was calculated as the ratio of the empty volume of the 

bridge over the total volume of the bridge based on its dimensions. The 
empty volume was calculated as the total volume minus the volume of 
the polymer, which was defined by the weight of the bridge over the PLG 
density (2.3 g/cm3).

In vitro DNA release study. Multiple channel bridges (n = 6) were fabri-
cated with 50 µg of plasmid and the amount of DNA lost during the leach-
ing step was measured with a fluorometer (Turner BioSystems, Sunnyvale, 
CA) and a Hoechst dye assay, which was then used to calculate the DNA 
incorporation efficiency. The release study was performed in 1 ml of phos-
phate-buffered saline stored at 37 °C. At multiple time points, the DNA 
released from the bridges was measured using the fluorometer. At the end 
of the release study, the bridges were dissolved in chloroform and the DNA 
was extracted to quantify the amount of DNA remaining in the bridge. 
The cumulative amount of DNA released at a time point is defined as the 
amount released through that time, normalized by the total amount of 
DNA released and extracted. The quality of the DNA released from the 
bridge was analyzed using agarose gel electrophoresis.

SC mouse model. Bridges loaded with plasmid encoding for firefly luciferase 
were initially tested SC using 10 male CD1 mice (20–22 g; Charles River), 
which were treated according to the Animal Care and Use Committee 
guidelines at Northwestern University. Transgene expression was moni-
tored in real-time using an IVIS Imaging System (Xenogen, Alameda, CA), 
which reduces the number of animals required.16 Luciferin (150 mg/kg; 
Molecular Therapeutics, Ann Arbor, MI) was injected intraperitoneally at 
different time points resulting in the production of oxyluciferin and light, 
which is proportional to the amount of luciferase. The signal intensity was 
reported as an integrated light flux (photons/s).

Rat spinal cord hemisection model. Thirty three female Long-Evans rats 
(180–200 g; Charles River) were treated according to the Animal Care 
and Use Committee guidelines at the University of California Irvine and 
Northwestern University. The rats were prehandled for 2 weeks before sur-
gery. They were anesthetized using a combination of ketamine and xylazine 
(100 mg/kg ketamine, 10 mg/kg xylazine, intraperitoneal). A laminectomy 
was performed at T9-10 and a 4-mm long spinal cord segment, lateral 
of the midline, was removed to create a hemisection. The bridges were 
implanted in the injury space (Figure 1d) and covered by Gelfoam. The 
muscles were sutured together and the skin was stapled. Postoperative care 
consisted of the administration of Baytril (enrofloxacin 2.5 mg/kg SC, once 
a day for 2 weeks), buprenorphine (0.01 mg/kg SC, 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 recovery.

Quantification of transgene expression in hemisection model. Bridges 
loaded with plasmid encoding for firefly luciferin were implanted into the 
spinal cord to quantify luciferase levels within defined segments. After 3 
days, 1 week, and 2 weeks, rats (n = 7) were euthanized and the fresh spi-
nal segments (T4-L2) were retrieved and frozen. The spinal cord segments 
were thawed and cut into small pieces, 100 µl of lysis buffer (Cell Culture 
Lysis Reagent 1×; Promega, Madison, WI) was added, and the tissue 
was vortexed for 15 seconds and rotated for 30 minutes using a Rotamix 
(Appropriate Technical Resources, Laurel, MD). One freeze–thaw cycle 
was performed and the tissue lysate was centrifuged at 14,000 rpm for 10 
minutes at 4 °C to collect the supernatant. The luciferase content in the 
supernatant was quantified using a luciferase assay (Promega, Madison, 
WI) and recorded in relative light unit per gram protein. The total protein 
amount was measured with the enhanced test tube protocol of the bicin-
choninic acid protein assay (Pierce, Rockford, IL).

Immunohistochemistry. Immunohistochemistry was performed on tis-
sue sections to analyze incorporation of the bridge in the spinal cord after 
implantation, cell infiltration into the bridge, cell identification, and the 
distribution and identity of transfected cells. After both 1, 2, and 12 weeks, 
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rats (n = 4) were euthanized and three spinal sections each containing three 
to four spinal segments (T5-T7, T8-T11, and T12-L1) were retrieved, fro-
zen in isopentane (Fisher Scientific), and stored in siliconized Eppendorf 
tubes at −80 °C. The tissue section containing the injury site (T8-T11) was 
cryopreserved in optimum cutting temperature compound and sliced lon-
gitudinally in 10-µm thick sections using a cryostat (Micron, Microm HM 
505 N; Micron International, Walldorf, Germany). Every other section was 
collected on poly (L-lysine) coated glass slides (Fisher Scientific, Hampton, 
VA), postfixed, and stained.

Bridge incorporation in the spinal cord and cell infiltration into the 
bridge were analyzed with a hematoxylin (Surgipath Medical Industries, 
Richmond, IL) and eosin (Acros Organics, Morris Plains, NJ) stain, while 
neurofilament was stained with neurofilament 200 (NF 200; Sigma-Aldrich) 
as primary antibody. Spinal cords implanted with bridges containing 
plasmid encoding for EGFP were sectioned and stained using a double-
labeling immunofluorescence staining method. All collected sections 
were stained with polyclonal rabbit anti-EGFP (Invitrogen, Carlsbad, 
CA) as a primary antibody and Alexa Fluor 488 goat anti-rabbit (green) 
(Invitrogen, Carlsbad, CA) as a secondary antibody. A Hoechst stain was 
coincidently performed with the stain for EGFP to validate the position 
of the cells. Every 6th collected section was double stained for a specific 
cell stain with primary monoclonal mouse IgG1 antibodies [(i) anti-S100 
(β-subunit) for Schwann cells (Sigma); (ii) anti-oligodendrocytes (RIP) 
(Millipore, Billerica, MA); (iii) anti-rat monocytes/macrophages (CD68) 
(ED-1) (Millipore, Billerica, MA); (iv) anti-glial fibrillary acidic protein 
(GFAP) for reactive astrocytes (Sigma, St. Louis, MO); (v) anti-rat prolyl 
4-hydroxylase (rPH) for fibroblasts (Acris Antibodies, Herford, Germany); 
and (vi) anti-rat RECA-1 for endothelial cells (AbD Serotec, Raleigh, NC)] 
and Alexa Fluor 546 goat anti-mouse (red) (Invitrogen, Carlsbad, CA) as a 
secondary antibody. Negative controls were performed by eliminating the 
primary antibodies and staining histological sections of implanted bridges 
without encapsulated plasmid. Pictures were taken of three random fields 
in the bridge and three random fields in the adjacent tissue (×20) with red 
and green fluorescent filter sets using Metaview software.

To determine the identity of transfected cells inside the bridge, green 
and red fluorescent images were overlaid in Photoshop. The percentages 
of transfected cells identified as a specific cell type were, based on the 
results, quantified for three cell types. For each cell type, 4 rats, 20 tissue 
sections, and 60 pictures were analyzed and counted. For each rat, every 
3th collected tissue section was selected and pictures were taken in 
three random fields of view (×20) of the bridge. To count the number of 
transfected cells, an ecosse false colors 3 filter (Photoshop) was used to 
select the brightest 1/3 of the image, which reduced low level background 
staining, and a 5 by 5 grid was overlaid to mark and count the EGFP 
positive cells in seven random fields of the grid. Following, the green and 
red fluorescent images were overlaid in Photoshop and all the marked 
transfected cells that overlapped with the red cell stain were counted as 
positive for each specific cell type. Because the tissue was stained for six 
different cell types, every 18th collected tissue section was analyzed for 
each cell type. Percentages were calculated as the ratio of the transfected 
cells identified as a certain cell type to the total counted number of 
transfected cells.

Statistics. Statistical analyses were performed using statistical package 
JMP (SAS, Cary, NC). For multiple comparisons, pairs were compared 
using an ANOVA with post hoc Tukey test with a P value <0.05 defined as 
significant. An ANOVA with post hoc Wilcoxon one-way test was used to 
demonstrate a significant difference between experimental conditions and 
background levels. The error bars represent SEs in all figures.
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