
lable at ScienceDirect

Biomaterials 30 (2009) 394–401
Contents lists avai
Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls
Layered PLG scaffolds for in vivo plasmid delivery

Christopher B. Rives a, Anne des Rieux b, Marina Zelivyanskaya a, Stuart R. Stock c,
William L. Lowe, Jr. d, Lonnie D. Shea a,e,*

a Department of Chemical and Biological Engineering, Northwestern University, 2145 Sheridan Road, Tech E136, Evanston, IL 60208, USA
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Gene delivery from tissue engineering scaffolds can induce localized expression of tissue inductive
factors to direct the function of progenitor cells, either endogenous or transplanted. In this report, we
developed a layering approach for fabricating scaffolds with encapsulated plasmid, and investigated in
vivo gene transfer following implantation into intraperitoneal fat, a widely used site for cell trans-
plantation. Porous poly(lactide-co-glycolide) (PLG) scaffolds were fabricated using a gas foaming method,
in which a non-porous layer containing plasmid was inserted between two porous polymer layers. The
layered scaffold design decouples the scaffold structural requirements from its function as a drug
delivery vehicle, and significantly increased the plasmid incorporation efficiency relative to scaffolds
formed without layers. For multiple plasmid doses (200, 400, and 800 mg), transgene expression levels
peaked during the first few days and then declined over a period of 1–2 weeks. Transfected cells were
observed both in the surrounding adipose tissue and within the scaffold interior. Macrophages were
identified as an abundantly transfected cell type. Scaffolds delivering plasmid encoding fibroblast growth
factor-2 (FGF-2) stimulated a 40% increase in the total vascular volume fraction relative to controls at 2
weeks. Scaffold-based gene delivery systems capable of localized transgene expression provide a plat-
form for inductive and cell transplantation approaches in regenerative medicine.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The fundamental goal of tissue engineering is to develop novel
strategies for the replacement of diseased or injured tissues [1].
Most approaches utilize biomaterials to create a three-dimensional
structure, or scaffold, that will support and guide new tissue
formation from progenitor cells, either endogenous or transplanted
[2,3]. Scaffolds are typically fabricated from biocompatible and
biodegradable polymers, and exhibit a highly porous structure that
allows for cellular infiltration and integration of the scaffold with
host tissue. In cell-based therapies, scaffolds can also serve as
a vehicle for delivering transplanted cells to specific sites, and must
ultimately create an environment that supports cell survival and
promotes their function [4]. This environment can be controlled
and Biological Engineering,
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through localized delivery of tissue inductive factors from the
scaffold to regulate key cellular events involved in tissue develop-
ment or repair (e.g. differentiation, proliferation, migration) [5]. For
example, the delivery of angiogenic factors from scaffolds has been
widely investigated to promote new blood vessel formation [6],
which is basic requirement for establishing a vascular network
within the developing tissue [7]. Additionally, scaffolds can deliver
factors that act directly on transplanted cells.

Gene delivery from scaffolds offers a versatile approach for
manipulating soluble signals present within the local tissue
microenvironment, and has the potential to provide prolonged
expression of desired proteins at effective levels [8–10]. The
versatility arises, in part, because plasmids have similar physical
properties despite changes in the nucleic acid sequence [11],
thereby allowing delivery of multiple genes with a single delivery
system. Previous studies have demonstrated that plasmid delivery
from both collagen and poly(lactide-co-glycolide) (PLG) scaffolds
can achieve localized transfection of cells, and induce sufficient
protein production to stimulate new tissue formation [12–16]. For
porous PLG scaffolds, we have observed transgene expression that
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persisted for months at a subcutaneous site; however, the level and
duration of transgene expression have been limited at other
anatomical sites. Additionally, incorporating plasmid throughout
the entire three-dimensional space of a highly porous scaffold has
been relatively inefficient and dependent on the scaffold structure.

In this report, we investigated a layering approach to fabricate
plasmid-releasing scaffolds that provide localized transgene
expression following implantation into intraperitoneal fat, a model
site for cell transplantation [17]. Porous poly(lactide-co-glycolide)
(PLG) scaffolds were fabricated using a gas foaming method
[14,18,19], in which a thin non-porous layer containing plasmid was
inserted between two porous polymer layers. The layered scaffold
design decouples the scaffold structural requirements from its
function as a drug delivery vehicle. The plasmid incorporation
efficiency and release rate were characterized in vitro, and in vivo
transgene expression levels were measured by luciferase assay for
multiple DNA doses. The distribution and identity of transfected
cells were determined by immunohistochemistry. Finally, the
ability of scaffolds to induce angiogenesis by providing expression
of fibroblast growth factor-2 (FGF-2) was evaluated using contrast-
enhanced microcomputed tomography. Scaffold-based gene
delivery systems capable of localized transgene expression provide
a platform for inductive and cell transplantation approaches in
regenerative medicine.

2. Materials and methods

2.1. DNA sources

Plasmids were purified from bacteria culture using Qiagen reagents (Santa Clara,
CA), and stored in Tris–EDTA (TE) buffer at 4 �C. All plasmids used in this study have
a cytomegalovirus (CMV) promoter. The pLuc plasmid contains the firefly luciferase
gene within the pNGVL vector backbone (National Gene Vector Labs, University of
Michigan). The pEGFP-C2 plasmid (CLONTECH, Palo Alto, CA) encodes green fluo-
rescent protein. The pFGF-2 plasmid was kindly provided by Dr. Claudia Heilmann
(University Hospital, Freiburg, Germany), and contains the cDNA for human fibro-
blast growth factor-2 (18 kDa) within the pCI-neo expression vector (Promega) [20].

2.2. Scaffold fabrication

DNA-loaded scaffolds were fabricated using a previously described gas foaming/
particulate leaching process [14,18,19], with a modified scaffold design containing
a non-porous center layer for DNA loading. PLG (75% D,L-lactide/25% glycolide,
i.v.¼ 0.76 dL/g) (Lakeshore Biomaterials, Birmingham, AL) was dissolved in
dichloromethane to make either a 2% (w/w) or 6% (w/w) solution, which was then
emulsified in 1% poly(vinyl alcohol) to create microspheres. The scaffold outer layers
were constructed by mixing 1.5 mg of 6% PLG microspheres with 50 mg of NaCl
(250 mm< d< 425 mm) and then compressing the mixture in a 5 mm KBr die at
1500 psi using a Carver press. To make the center layer, 2 mg of 2% PLG microspheres
were reconstituted in a solution containing plasmid (200, 400, or 800 mg) and
lactose (1 mg), and then lyophilized. This lyophilized product was then sandwiched
between two outer layers and compressed at 200 psi. The composite scaffold was
then equilibrated with high pressure CO2 gas (800 psi) for 16 h in a custom-made
pressure vessel. Afterwards, the pressure was released over a period of 25 min,
which serves to fuse adjacent microspheres creating a continuous polymer struc-
ture. To remove the salt, each scaffold was leached in 4 mL of water for 2.5 h while
shaking at 110 rpm, with fresh water replacement after 2 h.

2.3. Scanning electron microscopy (SEM)

Structural characteristics of scaffolds were imaged with a scanning electron
microscope (Hitachi S-3400N-II) using the variable pressure mode and an ESED
detector. The microscope was operated at an electron voltage of 15 kV.

2.4. DNA incorporation and in vitro release

The incorporation efficiency and in vitro release were determined as a function
of DNA loading. The DNA incorporation efficiency is defined as the mass of DNA left
in the scaffold after the leaching step divided by the mass of DNA initially inputted.
Hereafter, the amount of input DNA will be referred to as the dose. Scaffolds were
loaded with 200, 400, or 800 mg of pLuc. After leaching, scaffolds were dissolved in
chloroform (600 mL), and the DNA was extracted from the organic solution. TE
Buffer (400 mL) was added to the organic phase, vortexed, and centrifuged at
14,000 rpm for 3 min. The aqueous layer was collected, and two more extraction
cycles were performed to maximize DNA recovery. The amount of DNA was
quantified using a fluorometer and the fluorescent dye Hoechst 33258. To deter-
mine the in vitro release kinetics of DNA, scaffolds were placed in 500 mL of
phosphate-buffered saline (PBS) (pH 7.4) at 37 �C, and the solution was replaced at
each time-point. The conformation of the released DNA was analyzed by agarose
gel electrophoresis. A digital image of the gel was taken and NIH image software
was used to evaluate the fraction of DNA remaining in the supercoiled confor-
mation as previously described [21].

2.5. Measuring in vivo transgene expression

Animal studies were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals, and protocols were approved by the IACUC at
Northwestern University. Scaffolds loaded with luciferase-encoding plasmid (200,
400, or 800 mg) were sterilized in 70% ethanol, washed in RPMI-1640 growth
medium (Gibco-BRL, Grand Island, NY) (supplemented with 10% heat inactivated
fetal calf serum (Hyclone, Logan, UT), 100 U/mL penicillin-G, 100 mg/mL
streptomycin sulfate, and 1 mmol/L L-glutamine) to mimic the cell transplantation
procedure, and then implanted into intraperitoneal fat of 10–12 week old C57BL/6
male mice (Jackson Laboratories), as previously described [17]. The selection of
plasmid doses was based on previous reports [14–16]. At 3, 7, 14, and 21 days post-
implantation, scaffolds were retrieved and frozen over dry ice. The frozen tissue
samples were cut into small pieces with scissors, immersed in 200 mL of cell culture
lysis reagent (Promega), and placed on a rotator for 30 min. Then samples were snap
frozen in liquid nitrogen, thawed in a 37 �C water bath, and centrifuged at
14,000 rpm for 10 min at 4 �C. The supernatant was mixed with luciferase assay
reagent (Promega) and luciferase activity was measured with a luminometer using
a 10 s integration time. Samples were normalized by total protein amount, which
was measured using a BCA protein assay (Pierce Biotechnology Inc., Rockford, IL).

2.6. Histological analysis and immunohistochemistry

Histological analysis was performed to determine the cellular distribution and
identity of transfected cells. Scaffolds loaded with 400 or 800 mg of GFP plasmid
were retrieved 7 and 14 days post-implantation and frozen in an isopentane bath
cooled over dry ice. Tissue samples were embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, Torrance, CA) and sections were cut at 14 mm thickness using
a cryostat. Prior to staining, sections were fixed with 4% paraformaldehyde for
10 min and washed in PBS. The extent of cellular infiltration into scaffolds was
visualized by hematoxylin and eosin (H&E) staining of tissue sections at 7 and 14
days. The distribution of transfected cells was determined by performing immu-
nohistochemistry using an antibody directed against green fluorescent protein
(GFP). Additionally, an antibody directed against the macrophage surface marker,
F4/80, was used to determine if the cell type transfected was macrophages. After
blocking, the two primary antibodies (rabbit anti-GFP (1:500 dilution; Invitrogen)
and rat anti-mouse F4/80 (1:100 dilution; AbD Serotec, Raleigh, NC)) were applied
for 2 h at room temperature. Secondary antibodies (Alexa Fluor 546 nm goat anti-rat
(1:500 dilution; Invitrogen) and Alexa Fluor 488 nm goat anti-rabbit (1:500 dilu-
tion; Invitrogen)) were used to visualize the antigens. Lastly, sections were incu-
bated with Hoechst 33258 (Invitrogen) (10 mg/mL, 1:2000 dilution) for 5 min to
allow visualization of cell nuclei.

2.7. Evaluation of angiogenesis using microcomputed tomography

A previously described method for contrast-enhanced microcomputed tomog-
raphy was used to evaluate blood vessel formation in scaffolds delivering plasmid
encoding an angiogenic factor [22]. Scaffolds were loaded with 800 mg of pFGF-2 or
800 mg of pGFP and implanted into mice as described above. Control scaffolds were
loaded with pGFP, rather than no DNA, to separate any effects of plasmid delivery
from the response due to expression of FGF-2. At 2 weeks post-implantation,
animals were deeply anesthetized by an intraperitoneal injection of tri-
bromoethanol and placed ventral side up on a perfusion tray. The thoracic cavity was
opened and a 21-gauge needle was inserted into the left ventricle and secured in
place. The right atrium was cut and a peristaltic pump was used to flush the
vasculature with 25 mL of normal saline containing heparin sodium (10 U/mL) at
a rate of w5 mL/min. The specimen was then fixed by perfusion with 75 mL of 4%
paraformaldehyde. The fixative was subsequently flushed from the vasculature with
heparinized saline. A radiopaque silicone rubber compound containing lead chro-
mate (Microfil MV-122, Flow Tech Inc., Carver, MA) was mixed with a curing agent,
and then manually injected into the vasculature. Specimens were stored at 4 �C
overnight to allow for polymerization of the compound, and then tissue samples
were surgically retrieved. Samples were stored in 4% paraformaldehyde at 4 �C until
imaging.

Samples were imaged using a Scanco Micro-CT 40 system (Basserdorf, Switzer-
land) operated at a voltage of 45 kV and current of 88 mA. Samples were scanned in
a 16.4 mm diameter sample holder at high resolution, creating a series of
2048� 2048 voxel (volume element) reconstructed slices with isotropic voxel size of
w8 mm. Each scan consisted of 160 slices through the center of the sample. Recon-
structed serial slices were globally thresholded based on X-ray attenuation and used
to create 3-D renderings of the vascular networks. The same threshold (200 on a scale
from 0 to 1000, corresponding to linear attenuation coefficients from 0 to 8 cm�1,
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respectively) was used for all samples. The vascular volume fraction was calculated
directly from the 3-D renderings, based on the voxel size and the number of
segmented voxels in the 3-D image. The distribution of vessel diameters was calcu-
lated using a model-independent method for assessing thickness in 3-D images [23].

2.8. Statistical analysis

Values are reported as the mean� standard deviation. Statistical calculations
were performed using JMP 4.0.4 software (SAS Institute, Cary, NC), and P values were
determined by a t-test.

3. Results

3.1. Layered scaffold design

A layered scaffold design was developed to facilitate the efficient
incorporation of large quantities of plasmid, while retaining a well-
interconnected open-pore structure suitable for cell transplantation.
The design consists of a thin, non-porous center layer that is sand-
wiched between two highly porous outer layers (Fig. 1A–C). The
composite scaffold is formed by fusion of microspheres during the
gas foaming process, resulting in an effective union between adjacent
layers. The center layer can be used for plasmid delivery, while the
outer layers provide a platform for cell-seeding and support tissue
infiltration. By constructing a scaffold with different layers, the
design requirements for the physical structure (i.e. outer layers) were
decoupled from the delivery system (i.e. center layer).
Fig. 1. Scanning electron micrographs of a layered PLG scaffold. (A) Side view of the comp
equals 250 mm. (C) Magnified view of the pore structure in the outer layer. Scale bar equal
3.2. DNA incorporation and in vitro release

The layered scaffold design substantially improved DNA incor-
poration efficiency relative to previous reports of scaffolds made
with the gas foaming/particulate leaching process [14,15]. The
incorporation efficiencies for 200 and 400 mg of DNA were
76.8� 4.9% and 75.7�4.5%, respectively (Table 1). For 800 mg of
DNA, the incorporation efficiency was further increased to
86.8� 6.3% (Table 1), which was significantly higher than the other
two doses (P< 0.05).

In characterizing DNA release, a large initial burst was observed
within the first 3 days, although the magnitude of the burst
increased with increasing dose (Fig. 2A). The initial bursts were
equal to 73.3� 2.4%, 83.6�1%, and 89.9� 2.5% for the 200, 400,
and 800 mg doses, respectively (Fig. 2A). The rapid release of
plasmid may reflect release caused by the porosity of the center
layer, which results from the sugars used as cryoprotectants and the
DNA itself. Rhodamine labeling of plasmid has indicated a thorough
distribution of plasmid throughout the center layer (data not
shown). For all three doses, a similar amount of DNA (w30 mg)
remained trapped in the scaffolds and was not released, indicating
that some plasmid may be more deeply embedded within the
center layer. Notably, as the dose decreases, 30 mg becomes a larger
percentage of the total amount of incorporated DNA, causing a shift
in the release curves. Following the initial burst, a sustained DNA
osite scaffold. Scale bar equals 1 mm. (B) Magnified view of the center layer. Scale bar
s 400 mm.



Table 1
DNA incorporation efficiency

Input DNA (mg) Incorporated DNA (mg) Incorporation efficiency (%)

200 153.7� 9.8 76.8� 4.9
400 302.7� 17.8 75.7� 4.5
800 694.5� 50.1 86.8� 6.3

Table 2
Conformational analysis of plasmid release from scaffolds

Lane Sample Nicked (%) Linear (%) Supercoiled (%)

1 Molecular weight marker – – –
2 Unincorporated DNA 14.7 0.0 85.3
3 DNA released between 8 and 24 h 36.3 10.3 53.5
4 DNA released between 1 and 3 days 38.2 14.4 47.4
5 DNA released between 3 and 7 days 45.8 16.1 38.2
6 DNA released between 7 and 14 days 53.9 16.9 29.2
7 DNA released between 14 and 21 days 61.8 17.1 21.1
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release was observed for up to 2 weeks (Fig. 2A). Overall, the DNA
release profiles obtained here are similar to previous reports
[14,15]. Increasing the mass of polymer contained in the center
layer above 2 mg (up to 5 mg) did not further improve the incor-
poration efficiency or slow the release rate (data not shown).
Analysis by agarose gel electrophoresis confirmed that a large
proportion of released DNA remains in the supercoiled conforma-
tion, although there is a gradual increase in the conversion to
nicked and linear conformations over time (Fig. 2B, Table 2). This
decrease in supercoiled conformation is consistent with previous
reports of plasmid release from PLG microspheres and scaffolds,
and the nicked conformation has been shown to have similar
transfection competence relative to supercoiled [14,15,24]. The
mechanism responsible for plasmid nicking is proposed to be
a combination of polymer processing and polymer degradation
[24,25].
3.3. In vivo transgene expression

The ability of DNA-releasing scaffolds to promote in vivo gene
transfer at the intraperitoneal fat site was evaluated for multiple
DNA doses. For all doses tested (200, 400, and 800 mg), transgene
Fig. 2. In vitro DNA release kinetics and agarose gel electrophoresis. (A) Cumulative
DNA release from scaffolds loaded with 200, 400, or 800 mg of plasmid (n¼ 4 per dose)
(B) Image of an agarose gel containing DNA released from a scaffold at different times.
Lane 1: molecular weight marker. Lane 2: unincorporated plasmid. Lanes 3–7: DNA
released at days 1, 3, 7, 14, and 21, respectively.
expression levels peaked during the first few days and declined
substantially over a period of 1–2 weeks (Fig. 3). Transgene
expression decreased to background levels in most animals by 21
days (data not shown). The DNA dose had little effect on transgene
expression levels at day 3, as all doses achieved similarly robust
expression levels (Fig. 3). This result indicates that the amount of
DNA initially released was not a limiting factor in gene transfer for
any of the doses tested (Fig. 3). However, at days 7 and 14, the 400
and 800 mg doses resulted in higher levels of transgene expression
relative to the 200 mg dose (Fig. 3). The higher doses provide greater
absolute quantities of plasmid release, which may lead to increased
local DNA concentrations for longer times and thus enhanced gene
transfer. Interestingly, the 400 and 800 mg doses achieved similar
expression levels at all time-points, suggesting a threshold above
which further increases in dose do not increase expression (Fig. 3).
The rapid plasmid release observed here may limit the extent to
which higher expression levels can be achieved through increases
in dose.
3.4. Histological analysis and immunohistochemistry

The layered scaffolds maintained structural integrity and the
outer porous regions effectively supported cellular infiltration, as
indicated by H&E staining at days 7 and 14 (Fig. 4A and B).
Immunohistochemical staining was performed to determine the
distribution and identity of transfected cells. Scaffolds loaded with
400 or 800 mg of GFP-encoding plasmid were retrieved at 7 and 14
days, and stained with an antibody directed against GFP (trans-
gene product) and F4/80 (macrophage surface marker). Staining
results were similar for both doses and time-points. It is important
Fig. 3. In vivo luciferase transgene expression for scaffolds loaded with 200, 400, or
800 mg of pLuc (n¼ 4 per dose per time-point).



Fig. 4. H&E staining of cellular infiltration into outer layers of scaffold. Scaffold cross-section at (A) day 7 and (B) day 14. 25x magnification, scale bars equal 1 mm. S indicates
scaffold region, AT indicates surrounding adipose tissue, and the dashed line indicates the interface.
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to note that preadipocytes (i.e. adipocyte precursors) and macro-
phages share numerous functional and antigenic properties, and
that preadipocytes can rapidly convert into macrophages [26].
Thus, macrophage presence at this site likely arises from both
macrophage recruitment and conversion of resident preadipocytes
into macrophages. Low magnification images taken at the inter-
face of the scaffold with surrounding adipose tissue demonstrate
the presence of GFPþ transfected cells (green) and macrophages
(red) in both regions (Fig. 5A–C). Higher magnification images
focusing on the surrounding adipose tissue clearly indicate co-
localization of GFP and F4/80 staining (yellow), revealing that a
large number of the transfected cells are macrophages (Fig. 5D–F).
Similarly, higher magnification images focusing on a region within
the scaffold show co-localization of GFP and F4/80 staining
Fig. 5. Immunohistochemical staining to determine the distribution and identity of transfect
retrieved after 7 days. For (A–C), 100� magnification images were captured at the interfa
antibody staining. (B) GFP antibody staining with Hoechst staining for cell nuclei. (C). F4
indicates adipose tissue, and dashed line indicates interface. For (D–F), 200� magnification
GFP antibody staining with Hoechst. (E) F4/80 antibody staining with Hoechst. (F) GFP antib
thus transfected macrophages. For (G–I), 200�magnification images were captured within t
antibody staining with Hoechst. (I) GFP and F4/80 antibody staining. [For interpretation of th
this article.]
immediately adjacent to the polymer (Fig. 5G–I). The presence of
transfected cells immediately adjacent to the polymer surface has
been observed previously [15], although here we have identified
them as macrophages.

3.5. Angiogenesis

Scaffolds releasing plasmid encoding the angiogenic factor, FGF-
2, were evaluated for their ability to induce new blood vessel
formation. Angiogenesis is a critical component of cell trans-
plantation approaches, where the establishment of a sufficient
vascular supply is required to support cell survival. Given both the
need to rapidly induce blood vessel formation and the observed
duration of transgene expression, vascular growth was evaluated at
ed cells. Images were taken from a scaffold loaded with 400 mg of GFP plasmid that was
ce of the scaffold with surrounding adipose tissue (scale bars equal 200 mm). (A) GFP
/80 (macrophage) antibody staining with Hoechst. ‘‘S’’ indicates scaffold region, ‘‘AT’’
images were captured in adipose tissue outside scaffold (scale bars equal 100 mm). (D)
ody and F4/80 antibody staining. Yellow indicates co-localization of GFP and F4/80, and
he scaffold (scale bars equal 100 mm). (G) GFP antibody staining with Hoechst. (H) F4/80
e references to colour in this figure legend, the reader is referred to the web version of
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2 weeks. Scaffolds releasing pFGF-2 provided a 40% increase in the
total vascular volume fraction relative to controls (P< 0.01, Fig. 6A).
This increase in vascularization was also apparent in the 3-D
renderings of the vascular networks (Fig. 6B and C). A histogram
showing the distribution of vessel diameters demonstrates
a significant increase in the presence of larger vessels (>200 mm)
for the FGF-2 scaffolds relative to controls (P< 0.05, Fig. 6D). This
result indicates that the increase in vascular volume fraction for
FGF-2 scaffolds was partly due to an increase in vessel size. FGF-2
has been reported to increase the size of vessels in addition to
promoting the sprouting of new vessels [20].

4. Discussion

This report describes a layering approach for scaffold fabrication
that utilizes a thin, non-porous central layer to facilitate efficient
incorporation of large quantities of plasmid. The underlying
premise of this approach is that the physical properties of a scaffold
(e.g. porosity, degradation rate) best suited for tissue growth may
not be optimal from a drug delivery perspective, thereby creating
critical design constraints. By implementing a layered design, the
scaffold structural requirements can be decoupled from its function
as a drug delivery vehicle. In the context of the current study, we
were faced with the challenge that incorporating DNA throughout
the entire three-dimensional space of a highly porous polymer
scaffold is associated with large losses of DNA during the particu-
late leaching step. By confining the DNA within a non-porous layer
in the center of the scaffold, the incorporation efficiency was
substantially increased. The porosity of the center layer directly
Fig. 6. Microcomputed tomography analysis of angiogenesis at 2 weeks. (A) Total vascular vo
condition). **P< 0.01. 3-D renderings of vascular networks formed in (B) a control scaffold an
of vessel diameters for FGF-2 and control scaffolds. *P< 0.05.
influenced the DNA incorporation efficiency, as incorporation
increased with decreasing porosity. The scaffold symmetry (i.e.
porous layers on both sides of the center layer) may also contribute
to the increased DNA incorporation by minimizing exposure of the
center layer to water during the particulate leaching step.
Additionally, the symmetry provides an opportunity for cell
transplantation on both sides of the scaffold. The layered scaffold
design can also be employed for the controlled delivery of proteins.
Proteins can be encapsulated within polymer microspheres, and
the protein-loaded microspheres can be used to construct the
center layer of the scaffold. An important advantage of this novel
approach to scaffold fabrication is that the layered design affords
more flexibility in choosing a polymer formulation (e.g. Mw, lacti-
de:glycolide ratio) that provides appropriate release kinetics, since
the structural requirements of the outer layers will not be affected
by the properties of the center layer.

The broader applicability of this layered scaffold design will
likely depend upon the materials, processing methods, and appli-
cations. The layering strategy is readily amendable to the gas
foaming process employed here, since each layer can be formed
separately and then subsequently fused together. Other amorphous
polymers in addition to PLG may potentially be processed by gas
foaming, and other strategies for fusing polymers may be possible
(e.g. melt fusion) [27,28] as long as the integrity of the plasmid is
not impacted. For the layered PLG scaffold described here, the
mechanical properties of the scaffold are limited by the porous
outer layer, and thus applications requiring significant load bearing
(e.g. bone) may not be appropriate. Ceramic materials can provide
mechanical properties compatible with load bearing applications
lume fraction for scaffolds releasing FGF-2 plasmid or GFP plasmid (control) (n¼ 3 per
d (C) an FGF-2 scaffold. Scale bars equal 1 mm. (D) Histogram showing the distribution
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and have been processed by sintering to create porous scaffolds
[29]. However, the temperatures employed to sinter hydroxyapatite
may reduce the plasmid integrity. Layering strategies have also
been employed for crosslinked hydrogels and may be effective in
creating defined regions with varied functionalities [30].

The kinetics of in vivo transgene expression obtained here with
the layered scaffold may result from the release profile and the
plasmid design. The plasmid release likely provides ample quan-
tities of plasmid initially, yet insufficient quantities of plasmid at
later times. A more sustained release profile may extend transgene
expression by maintaining higher concentrations of the vector over
time, thereby allowing for continued cellular transfection. Alter-
native methods of slowing plasmid release are possible, such as
microsphere encapsulation prior to scaffold formation [16,24,31],
which could be merged with the layering strategy. Decreasing the
burst of plasmid may also reduce the inflammatory response, as
large quantities of bacterially derived plasmid activate inflamma-
tory cells due to the presence of unmethylated CpG sequences.
These CpG motifs can also lead to silencing of the promoter, which
has been particularly noted for the CMV promoter [32]. Alternative
mechanisms that limit transgene expression include cytokine-
mediated inhibition [33], binding of repressor proteins [34],
methylation [35], or loss of a positive activator [36]. In some cases,
the use of alternative promoters has allowed for more sustained
gene expression [32]. Additionally, modification of the plasmid
vector through depletion of CpG motifs can prolong transgene
expression [37,38].

A large number of transfected cells at the intraperitoneal fat site
were identified as macrophages using immunohistochemistry.
Previous studies investigating plasmid delivery at other sites have
typically implicated either fibroblasts or endothelial cells as the
primary cell types responsible for expressing the plasmid [13,16].
The transfection of macrophages has been reported to involve
a specific transport mechanism for the uptake of plasmid, involving
scavenger-like receptors that recognize a variety of anionic
macromolecules [39,40]. Although much of the internalized DNA is
degraded in endosomal compartments, some plasmid remains
intact for nuclear transport, especially when delivered at high
concentrations [41]. Plasmid delivery from a polymer-coated stent
produced in vivo transfection of macrophages at 7 days after
implantation [42]. Efficient ex vivo transfection of primary macro-
phages has also been demonstrated using gelatin particles com-
plexed with plasmid [43]. An important implication for the
transfection of macrophages is their potential to provide long-term
transgene expression, since they are essentially non-dividing and
have life spans up to several months [44]. Also, macrophages are
part of the normal inflammatory response following implantation
of a biomaterial, and will be present regardless of the implant site.
Thus, macrophages represent a widely applicable target for gene
transfer. However, the intensity and duration of the inflammatory
response may be related to the transfection profile obtained. While
the transfection of macrophages likely relies on their specific
mechanism for internalizing plasmid, other strategies may be
employed to potentially target different cell types. For example,
plasmid can be complexed with a transfection reagent that would
serve to provide a mechanism to facilitate internalization and
cellular trafficking in cell types other than macrophages. Alterna-
tively, these vectors can be designed with ligands to facilitate
binding to specific cell types [45]. The layered scaffold design
provides a general approach for controlling release of encapsulated
factors, and may be broadly applicable to these other gene delivery
strategies.

The presence of transfected cells adjacent to the polymer
surfaces within scaffolds has been observed in prior reports,
although the current results provide new insight for the inter-
pretation of this observation. Cellular transfection preferentially
near the polymer was previously hypothesized to result from the
polymer surface having the highest DNA concentrations [15], as
DNA was encapsulated throughout the scaffold structure.
However, in these layered scaffolds, plasmid was loaded only in
the center layer, and transfected cells were found throughout the
porous polymer region and in the adjacent tissue. Thus, trans-
fection in these outer, porous regions is likely not related simply to
high DNA concentrations. Rather, the identification of macro-
phages as the predominant cell type transfected, and the
propensity of macrophages to associate with biomaterial surfaces
[46], together may explain this observation of transfected cells
near the polymer surface.

5. Conclusions

A layered scaffold design was developed to facilitate the efficient
incorporation of large quantities of plasmid, while maintaining
a suitable physical structure for cell transplantation. DNA-releasing
scaffolds promoted in vivo gene transfer at an intraperitoneal fat
site, with transgene expression persisting for up to 2 weeks.
Regardless of the plasmid dose, a similar trend was observed where
expression levels peaked during the first few days and then rapidly
declined. Immunohistochemical analysis demonstrated abundant
transfected cells both in the surrounding tissue and within the
scaffold pores. A large number of these transfected cells were
identified as macrophages. Scaffolds delivering plasmid encoding
the angiogenic factor, FGF-2, significantly increased the extent of
blood vessel formation relative to controls. Understanding the
requirements for maximizing the extent and duration of transgene
expression remains a challenge for the successful design and
implementation of scaffold-based gene delivery systems. The
continued development of this approach will likely enhance the
efficacy of cell-based therapies for a variety of applications.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, particularly Figs. 4 and 5, are difficult to interpret in
black and white. The full colour images can be found in the on-line
version, at doi:10.1016/j.biomaterials.2008.09.013.
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