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Abstract
Tissue engineering scaffolds capable of sustained plasmid release can promote gene transfer locally
and stimulate new tissue formation. We have investigated the scaffold design parameters that
influence the extent and duration of transgene expression and have characterized the distribution of
transfected cells. Porous scaffolds with encapsulated plasmid were fabricated from poly(lactide-co-
glycolide) with a gas foaming procedure, with wet granulation employed to mix the components
homogeneously prior to foaming. Wet granulation enhanced plasmid incorporation relative to
standard procedures and also enhanced in vivo transgene expression, possibly through the increased
loading and maintenance of the scaffold pore structure. The plasmid loading regulated the quantity
and duration of transgene expression, with expression for 105 days achieved at the highest dosage.
Expression was localized to the implantation site, though the distribution of transfected cells varied
with time. Transfected cells were initially observed at the scaffold periphery (day 3), then within the
pores and adjacent to the polymer (day 17), and finally throughout the scaffold interior (day 126).
Delivery of a plasmid encoding VEGF increased the blood vessel density relative to control.
Correlating scaffold design with gene transfer efficiency and tissue formation will facilitate
application of plasmid-releasing scaffolds to multiple tissues.
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INTRODUCTION
Tissue engineering has emerged as a potential means to regenerate or grow functional tissues
to replace those lost to trauma or disease. A central component to many approaches is a polymer
scaffold, which serves to create and maintain a space for tissue formation [1]. Scaffolds must
fulfill several fundamental design requirements, including biodegradability, biocompatibility,
and mechanical integrity [2]. Additionally, scaffolds are often highly porous to allow cellular
infiltration and integration with the host tissue. The scaffolds must ultimately provide an
environment that directs progenitor cell differentiation and their organization into functional
tissues. Recently, the combination of biomaterials and drug delivery technology has been
employed to promote the cellular processes that lead to tissue formation and integration with
the host. For example, delivery of bone morphogenetic proteins promoted bone regeneration,
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and release of angiogenic factors (e.g., vascular endothelial growth factor (VEGF)) has
enhanced vascular ingrowth [3–5].

Gene delivery from the polymer scaffold represents a versatile approach to promote expression
of tissue-inductive factors within the local environment, which could stimulate progenitor cell
development into functional tissues. While viral approaches can provide the most efficient
means of gene transfer, biomaterials may be employed to enhance the efficacy of nonviral
vectors by delaying clearance from the tissue, protecting against degradation, and maintaining
effective concentrations for long times [6–9]. The continued presence of the nonviral vectors
may enhance gene transfer by providing repeated opportunities for cellular internalization, and
persistent intracellular DNA may be able to enter the nucleus during cell division [10]. Plasmid
and modified nonviral vectors delivered from collagen scaffolds have been employed to
promote tissue formation in several models, such as bone [11,12], cartilage [13], nerve
regeneration [14], and wound healing [15]. Additionally, sustained delivery of plasmid DNA
from a synthetic polymer, such as poly(lactide-co-glycolide) (PLG) matrices, significantly
increased the level of in vivo transfection relative to direct injection [16]. Transgene expression
can influence tissue formation within or around the scaffold [17]. Although polymeric delivery
of plasmid can promote gene transfer, the scaffold design parameters (e.g., porosity, loading)
that regulate in vivo transgene expression are not well understood.

In this report, we investigate gene transfer for the sustained release of plasmid from porous
tissue engineering scaffolds to identify the design parameters that regulate the extent and
duration of transgene expression and to characterize the distribution of transfected cells.
Scaffolds were fabricated by a gas foaming process, in which wet granulation was employed
to increase the plasmid encapsulation and scaffold integrity relative to the standard processing.
The quantity, duration, and location of transgene expression in vivo were monitored with a
noninvasive imaging system. The distribution of transfected cells within and around the
implanted scaffold was also examined by immunohistochemistry. Finally, the ability of
transgene expression to induce physiological responses was investigated using an angiogenesis
model, in which plasmid encoding VEGF was delivered.

RESULTS
In Vitro Characterization of Plasmid-Releasing Scaffolds

Wet granulation prior to gas foaming improved the plasmid incorporation efficiency, yet had
little effect on the release profile or DNA integrity. The standard mixing procedure produced
encapsulation efficiencies of 46.5 ± 3.9%, and wet granulation increased the efficiency to 59.5
± 2.4% (P < 0.001, Fig. 1A). Scaffolds formed following wet granulation of the solid mixture
had a sustained release of plasmid for at least 3 weeks with retention of DNA integrity. We
observed an initial burst equal to 53.0 ± 8.1% of the incorporated DNA during the first 3 days,
followed by a steady release of approximately 3% per week (Fig. 1B). We found supercoiled
DNA throughout the 21 days of the release study; however, the fraction of released plasmid in
the supercoiled conformation decreased to less than 20% after 14 days (Fig. 1C). The release
profile and DNA integrity are similar to previous results that have been obtained with the
standard gas foaming process [16,18].

In Vivo Luciferase Expression
Scaffolds formed by wet granulation and subsequent gas foaming induced transgene expression
in vivo, while the standard mixing process produced inconsistent expression. Initial studies
employed scaffolds fabricated using either the standard or the wet granulation mixing
procedures, with 500 µg of pLuc input to the process. For scaffolds fabricated by the standard
process, we observed luciferin-induced light emission in vivo for 43.5% of the scaffolds (10
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of 23), with light emission persisting for 3 to 7 days (data not shown). The scaffold dimensions
were not maintained following implantation, suggesting that the pore structure was collapsing.
For scaffolds fabricated with wet granulation and subsequent gas foaming, the scaffold
dimensions after 21-day implantation were similar to those of the initial construct, indicating
that the scaffolds had sufficient mechanical integrity to resist the compressive or contractile
forces in vivo. Note that relative to previous reports of plasmid-releasing scaffolds [16], these
scaffolds were fabricated from a blended mixture of low-and high-molecular-weight polymer,
which combined with wet granulation likely contributed to the greater mechanical stability.
We observed cellular infiltration throughout the scaffold interior (Figs. 2A and 2B), indicating
that the pores were interconnected. For plasmid-loaded scaffolds, we obtained light emission
in 89% of the animals (8 of 9, Fig. 3A), with levels at day 3 that were significantly above
background or empty scaffold controls (Fig. 3B, P < 0.05). Light emission was visualized at
subsequent time points; however, the levels were not significantly above those of controls (P
> 0.05).

Increasing the plasmid loading in scaffold resulted in sustained transgene expression in vivo
for at least 105 days (Fig. 4). For scaffolds fabricated with 800 µg plasmid input to the process,
we observed light emission directly over the implant in all samples (7 of 7, Fig. 4A). The light
emission levels were significantly greater than those of the control conditions (Fig. 4B, P <
0.05). Control conditions included scaffolds without DNA, or with plasmid lacking the
luciferase cDNA, which produced light emission equivalent to background (Fig. 4B). For time
points after 105 days, measurements of light emission for the pLuc-loaded scaffolds were not
significantly different from those of the control conditions (P ≥ 0.05, not shown). The
population averages are not significantly different at these later time points, as half of the
samples decreased to background levels of light emission. The remaining samples, however,
continued to have luciferin-induced light emission above background, with one sample having
consistently elevated levels through 189 days.

Transfected Cell Distribution
Transfected cells were initially localized to the scaffold periphery, while at later times these
cells were observed throughout the pores of the scaffold. The stability of these scaffolds relative
to previous reports [16] allowed immunohistochemistry to be performed more effectively for
tissue within the pores of the scaffold. At 3 days postimplantation, cells had not effectively
penetrated into the pores of the scaffold. Luciferase-positive cells were found at the periphery
of the scaffold and in the tissue immediately adjacent to the scaffold (Figs. 5A and 5B). Note
that the interior of the scaffold could not be visualized, which resulted from difficulties in
sectioning due to the limited tissue within the scaffold. At 17 and 126 days postimplantation,
luciferase-positive cells were primarily located within the scaffold interior (Figs. 5C and 5E).
At 17 days, we observed most positively stained cells immediately adjacent to the polymer
(Fig. 5D) and not within the tissue that filled the pores. At 126 days postimplantation, however,
luciferase-positive cells were distributed within the pore interior and adjacent to the polymer
(Figs. 5E and 5F). Immunohistochemical staining for proliferating cell nuclear antigen (PCNA)
demonstrated positively stained cells within the scaffold interior, which appeared sporadically
within the pores and adjacent to the polymer (data not shown). The pattern of PCNA staining
did not correspond directly to the pattern of luciferase staining.

Blood Vessel Formation
We subsequently examined scaffold-based delivery of pVEGF to promote vascular ingrowth,
which is an important process for successful tissue engraftment. At 3 weeks postimplantation,
we observed visually large numbers of blood vessels on the pVEGF-loaded scaffolds, with
fewer vessels found surrounding pLuc-loaded scaffolds (Fig. 6 and Fig. 7). The density of
positively stained blood vessels at 3 weeks was significantly greater for scaffolds releasing
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pVEGF (102.7 ± 37.3/mm2) than pLuc (63.5 ± 27.4/mm2) (Fig. 7E, P < 0.001). Additionally,
we observed larger blood vessels with the scaffolds releasing pVEGF compared to pLuc (Figs.
8A and 8B, P < 0.001). The average cross-sectional area for the blood vessels was equal to
532.2 ± 742.4 and 225.2 ± 318.8 µm2 for pVEGF and pLuc, respectively.

DISCUSSION
Tissue engineering scaffolds must create an environment that supports tissue formation, and
gene delivery from these scaffolds can be employed to stimulate the physiological processes
that lead to tissue formation. This report demonstrates the ability to obtain persistent transgene
expression in vivo for over 3 months by plasmid release from a porous scaffold. Scaffolds
fabricated with wet granulation mixing and gas foaming consistently induced transgene
expression. These scaffolds supported cellular infiltration throughout the scaffold, with
transfected cells observed within the scaffold. Initially, these transfected cells were observed
at the periphery of the scaffold and then throughout the scaffold interior following complete
cellular infiltration. The dose of incorporated plasmid affected both the extent and the duration
of transgene expression. Delivery of a plasmid encoding VEGF resulted in sufficient protein
production to induce blood vessel ingrowth, increasing both the number of blood vessels and
their size relative to control.

Mixing by wet granulation enhanced the gene transfer efficiency relative to the standard
process, likely to produce a more homogeneous distribution of DNA throughout the polymer
and improved mechanical properties. Wet granulation increased mixing efficiency of all
components (DNA, salts, and PLG microspheres) and resulted in the formation of an open-
pore scaffold without incubation in a humid chamber [19]. For tissue engineering applications,
scaffolds with an interconnected open-pore structure have been employed to allow for cell
seeding and cell infiltration from the surrounding tissue. These scaffolds supported cellular
infiltration, with extensive cellular ingrowth observed by 17 days. For pore sizes on the order
of 250 µm, the time for complete cell infiltration is in the range of 10 to 15 days [20]. Scaffolds
fabricated by wet granulation retained their dimensions after 17 days in vivo, suggesting that
the mechanical integrity was sufficient to resist compressive and contractile forces in vivo. The
elastic modulus for these scaffolds, which were composed of blended low-and high-molecular-
weight PLG, was equal to 88.5 ± 60.6 kPa. This modulus is similar to scaffolds fabricated
solely with high-molecular-weight PLG [21].

The porous structure of the scaffold is hypothesized to be an important factor in promoting
transgene expression in vivo, likely through increasing the surface area and ensuring the
plasmid is released for cellular uptake. Scaffold porosity has been widely investigated for its
influence on cell morphology, function, and proliferation [22,23]. In these studies, scaffolds
that maintained their original dimensions had enhanced gene transfer relative to those scaffolds
that collapsed. Collapse of the porous structure would be expected to limit plasmid release
significantly, which could lead to DNA degradation and reduce the local DNA dosage available
for cell uptake [18]. Additionally, the porosity of the scaffold affects the available surface area.
Increasing the surface area will distribute the DNA more effectively throughout the three-
dimensional space. An increased surface area can maximize the number of cells that contact
polymer that is releasing the DNA. Following complete cellular infiltration, transfected cells
were observed within the pores of the scaffold. Transfection localized within the scaffold may
result from limited transport of plasmid through the extracellular space. Plasmids typically
have a molecular weight on the order of 106 to 107 Da, and diffusion coefficients through
tissues have been reported to be on the order of 10−9 to 10−12 cm2/s [24]. These low diffusion
coefficients also suggest that plasmid released within the pores of the scaffold may not be
cleared rapidly from the scaffold. If transport through the tissue is limiting, cells adjacent to
the polymer would experience the highest concentration of DNA, which also supports that gene

Jang et al. Page 4

Mol Ther. Author manuscript; available in PMC 2009 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transfer may be enhanced through increasing the surface area. Transfected cells were observed
throughout the pores of the scaffold at the later time points, while earlier time points
demonstrated transfection primarily adjacent to the polymer. This changing profile may result
from cell migration and proliferation within the scaffold that alter the cell distribution or from
a persistent concentration of DNA resulting from a sustained release that could transfect
dividing cells within the scaffold interior.

The extent and duration of transgene expression was influenced by the plasmid loading of the
scaffolds. DNA dose has been shown to regulate gene expression and subsequent tissue
formation [11,15,25–28], along with other factors such as the delivery site. For many tissues
other than muscle, direct plasmid injection results in expression that decreases significantly
after 5 to 14 days [25,29,30]. This decrease has traditionally been explained by phenomena
such as plasmid dilution due to cell division, plasmid degradation or silencing, transcriptional
inactivation of the promoter, or death of the transfected cell [31–33]. Polymer-mediated
delivery has been proposed as a means to extend transgene expression. Sustained release has
the potential to maintain elevated concentrations locally, which may enhance gene transfer.
Plasmid delivery from natural and synthetic polymers have allowed transgene expression for
weeks to months [11,34,35]. At low plasmid loadings, the initial burst may transfect cells for
the short term, but an insufficient amount of DNA is present within the scaffold to sustain gene
transfer and achieve long-term expression. At the higher dose, transgene expression was
increased and was extended 35-fold (Fig. 3 and Fig. 4). Increasing the loading leads to greater
quantities released initially and also throughout the course of release, which may increase the
local concentration and promote gene transfer.

Scaffold-based delivery of pVEGF increased the density and size of blood vessels (Fig. 7 and
Fig. 8), which is a process critical to tissue engineering to allow tissue integration with the
host. The prolonged availability of VEGF is essential for preventing regression of newly
formed blood vessels [36]. Thus, controlled release systems have been developed to maintain
the availability of the angiogenic factors. Sustained release of the protein VEGF, or dual
delivery of VEGF with platelet-derived growth factor (PDGF) protein, has been shown to
enhance blood vessel formation and can employed to promote the survival of transplanted cells
[3,37,38]. The dual delivery of VEGF and PDGF increased the number and size of blood vessels
and led to blood vessel maturation [3]. Gene delivery could alternatively be employed to
maintain persistent levels of protein. Interestingly, the level of VEGF secretion by a cell can
regulate normal tissue formation. Implantation of myoblasts engineered to secrete high levels
of VEGF induced the growth of abnormal vessels [39]. Decreasing the number of transplanted
cells, to decrease the total amount of VEGF, served to reduce the area in which abnormal blood
vessels developed. Cells expressing low levels of VEGF, however, resulted in the production
of normal, mature blood vessels. This relationship between protein levels and normal tissue
formation is an important consideration for developing scaffolds to promote the development
of functional tissue replacements [40].

In summary, highly porous PLG scaffolds releasing plasmid DNA induced prolonged in vivo
transgene expression up to 105 days, which was sufficient to promote physiological responses.
The transgene expression was localized within the scaffold and adjacent to polymer, suggesting
that the surface areas may affect transgene expression. The fundamental relationship between
biomaterial-based gene delivery, transgene expression, and tissue formation remains a
significant challenge in the design of tissue engineering scaffolds. Further understanding of
the design parameters and transfection profile may ultimately lead to novel therapeutic
strategies.
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MATERIALS AND METHODS
Materials

Plasmid DNA was purified from bacteria culture using Qiagen (Santa Clara, CA, USA)
reagents and stored in Tris–EDTA (TE) buffer solution at −20°C. The plasmid pLuc has
luciferase in the pNGVL (National Gene Vector Labs, University of Michigan) vector
backbone with a CMV promoter. The plasmid pVEGF was provided by Dr. Dan Gazit and has
VEGF-165 inserted into the pcDNA 3.1 vector backbone, which also has a CMV promoter.
Poly(D,L-lactide-co-glycolide) (75:25 mole ratio of D,L-lactide to glycolide, i.v. 0.6–0.8 dl/g)
was obtained from Alkermes, Inc. (Cincinnati, OH, USA), and Resomer 752 (75:25 mole ratio
of D,L-lactide to glycolide, i.v. 0.16–0.24 dl/g) was purchased from Boehringer Ingelheim
(Petersburg, VA, USA). All other reagents were obtained from FisherBiotech (Fairlawn, NJ,
USA) unless otherwise indicated.

Scaffold fabrication
Scaffolds were fabricated based on a previously described gas foaming/particular leaching
process [18,41], with modifications to improve solid mixing. Equal masses of PLG (i.v. = 0.6–
0.8, 0.16–0.24 dl/g) were dissolved in methylene chloride for subsequent microsphere
manufacturing. A primary emulsion technique (w/o) was employed to create microspheres with
a mean diameter of 12.5 µm [18]. Plasmid (500 or 800 µg at 1.0 or 1.6 µg/µl, respectively)
was lyophilized with PLG microspheres (7 mg) in the presence of lactose (5.5 mM, 5.6 µl),
with NaCl (135 mg, diam. 250–400 µm) added to the resulting solid. In the standard method,
the solid components are mixed and loaded into the mold. For the wet granulation process,
water (2 µl) was added to the solids and mixed for 1–2 min, which was sufficient to obtain a
consistent mixture with no agglomeration. The solid mixture was loaded into the mold and
compression molded at 1500 psi using a Carver press and the resulting construct was then
equilibrated with CO2 (800 psi) for 16 h in a custom-made pressure vessel. A rapid reduction
in pressure results in fusion of adjacent microspheres. The construct was then immersed in
water (2 ml) for 4 h to leach the porogen to produce the porous structure. The polymer constructs
were dried and stored in a vacuum desiccator until use.

Characterization of DNA incorporation and release
DNA incorporation into the scaffold was characterized by quantifying the mass of DNA in the
scaffold after the leaching process. To determine the amount of DNA in the scaffold, the
leached scaffold was dissolved in chloroform (600 µl) and plasmid was extracted from the
organic solution by the addition of TE (400 µl) and centrifugation at 5000 rpm for 10 min. The
buffer addition and centrifugation step was repeated three times to maximize DNA recovery.
DNA was quantified using a fluorometer (TBS 380, Turner Biosystems, CA, USA) and the
fluorescent dye Hoechst 33258 (Molecular Probes, Eugene, OR, USA). The incorporation
efficiency was defined as the ratio of the DNA mass present in the scaffold after the leaching
step divided by the mass of DNA initially input. In vitro release assays were conducted to
determine the release kinetics of DNA from the PLG scaffolds. Scaffolds were immersed in
500 µl of PBS (pH 7.4), and the solution was replaced with fresh PBS at the specified times.
The concentration of DNA released from the scaffold was quantified using the fluorometer.
DNA integrity was analyzed by agarose (0.8%) gel electrophoresis with ethidium bromide. A
digital image of the gel was captured using a Kodak gel documentation system and the fraction
of DNA in supercoiled conformation was determined using NIH Image software.

In vivo transgene expression
Scaffolds (cylindrical, 5 mm diameter × 3.3 mm height) loaded with plasmid were implanted
subcutaneously into male CD1 mice (20–22 g). Conditions examined include scaffolds
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fabricated with (i) pLuc, (ii) an empty vector with the luciferase cDNA removed, and (iii) no
DNA (n ≥ 6 for all conditions). In vivo luciferase expression was monitored using an IVIS
imaging system (Xenogen Corp., Alameda, CA, USA), which includes a cooled CCD camera.
For imaging, the animals were injected ip with D-luciferin (Molecular Therapeutics, Inc., MI,
USA; 150 mg/kg body wt, 20 mg/ml in PBS) using 28-gauge insulin syringes. Note that the
animals increased in weight during the experiment, and the volume of D-luciferin injected
increased proportional to the weight of the animal. The animals were placed in a light-tight
chamber and bioluminescence images were acquired (every 5 min for a total of 20 min) until
the peak light emission was confirmed. Gray-scale and bioluminescence images were
superimposed using the Living Image software (Xenogen Corp.). A constant size region of
interest (ROI) was drawn over the implantation site. The signal intensity was reported as an
integrated light flux (photons/s), which was determined by IGOR software (WaveMetrics, OR,
USA). Background photon fluxes were obtained using the same procedures prior to the
injection of D-luciferin. For these and other results, statistical comparisons between conditions
were performed using the software package JMP (SAS Institute, Inc., Cary, NC, USA).

Immunolocalization of luciferase expression
The location of luciferase expression was visualized by performing immunohistochemistry
with luciferase antibodies on frozen tissue sections. Scaffolds with luciferase-induced light
emission above background were retrieved 3, 17, and 126 days postimplantation, fixed in 4%
paraformaldehyde overnight at 4°C, and subsequently immersed in 10 and 30% sucrose
solutions. Tissue blocks were embedded in OCT and frozen. Sections were cut (9 µm) and
mounted on poly-L-lysine-coated slides. After blocking, sections were incubated with primary
rabbit anti-luciferase antibody (Cortex Biochem, CA, USA) diluted (1:100) in PBS/0.1% BSA
for 1 h at 37°C. A biotinylated goat anti-rabbit secondary antibody (Vector Laboratories,
Burlingame, CA, USA) was added, followed by incubation with the ABC reagent (Vector
Laboratories). After rinsing, the slide was incubated in 3-amino-9-ethylcarbazole (Sigma, St.
Louis, MO, USA) peroxidase substrate, which produced a red product for visualization. For
PCNA staining, tissue sections were incubated with primary rabbit anti-PCNA polyclonal
antibody (Abcam, MA, USA; 1:50 dilution) and subsequently with biotinylated goat anti-rabbit
secondary antibody (Vector Laboratories; 1:200 dilution). Diaminobenzidine (DAB) substrate
kit (Vector Laboratories) was used for staining proliferating cells, and tissue sections were
counterstained with hematoxylin.

Angiogenesis
Scaffolds loaded with pVEGF were implanted subcutaneously into male CD1 mice as
described earlier. Scaffolds containing pLuc were used as controls. Samples were retrieved 3
weeks postimplantation and embedded in OCT for subsequent cryosectioning as described
earlier. In sections, blood vessels were identified by performing immunohistochemistry using
purified rat anti-mouse CD31 (PECAM-1) monoclonal antibody (1:20 dilution; BD
Biosciences, CA, USA) and an affinity-purified biotinylated anti-rat IgG (10 µg/ml; Vector
Laboratories). The color of positively stained blood vessels was developed with the DAB
substrate kit (Vector Laboratories), and the sections were counterstained with hematoxylin. To
quantify the density of blood vessels, sections were taken from three different regions of the
scaffold for each condition (n = 3). For each section, 15 images of the tissue were captured and
the number of blood vessels was manually counted and normalized to tissue area, which was
measured using NIH Image software. To measure blood vessel area, 420 blood vessels were
selected for each condition and the area of the blood vessels was quantified using the NIH
Image software.
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FIG. 1.
Characterization of plasmid incorporation and release. (A) DNA incorporation efficiency with
standard mixing and wet granulation. *Significance P < 0.001. (B) In vitro cumulative DNA
release from scaffolds fabricated by wet granulation and subsequent gas foaming process. All
the data in (A) and (B) were obtained after the leaching step. (C) Image of an agarose gel (0.8%)
for plasmid released from scaffolds. Lane 1, molecular weight marker. Lanes 2–6, plasmid
released at day 1, 3, 7, 14, and 21, respectively. Lane 7, unincorporated plasmid DNA.
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FIG. 2.
In vivo cellular infiltration throughout the scaffold. Images were taken of a scaffold retrieved
after 17 days of implantation at (A) 50× and (B) 200×. For A, multiple images were assembled
to represent the entire scaffold. Tissue sections were stained with hematoxylin and eosin. Scale
bar, 100 µm.
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FIG. 3.
Bioluminescence imaging of firefly luciferase expression for scaffolds fabricated with 500 µg
of pLuc input to the process. (A) Images showing light emission for a single mouse at different
time points. (B) Emitted light intensity (photons/s) in ROI over the implant sites (n = 8). (●)
Scaffolds incorporating pLuc, (□) no DNA, (×) background. *Statistical significance at P <
0.05 relative to control.
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FIG. 4.
Bioluminescence imaging of firefly luciferase expression for scaffolds with 800 µg of pLuc
input to the process until 105 days postimplantation. (A) Images showing a single mouse at
different time points. (B) In vivo CCD signal intensity (photons/s) at implant sites (n = 6). (●)
Scaffolds incorporating pLuc, (□) no DNA, (◇) empty vector, (×) background. *Statistical
significance at P < 0.05 between pLuc and all other conditions for all time points less than or
equal to 105 days.
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FIG. 5.
Immunohistochemical staining with luciferase antibodies to identify the location of transfected
cells. Samples were retrieved and sections stained at (A, B) day 3, (C, D) day 17, and (E, F)
day 126. Original magnification: 50× (A, E), 200× (B, C, F), and 400× (D). For A, multiple
images were assembled to represent the entire scaffold. Labels indicate polymer (P),
surrounding tissues (T), and luciferase staining (arrows). Scale bar, 100 µm.
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FIG. 6.
Images demonstrating blood vessel formation on PLG scaffolds. Samples were retrieved 3
weeks postimplantation for (A) pLuc and (B) pVEGF. Scale bar, 2.5 mm.
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FIG. 7.
Immunohistochemical staining with CD31 (PECAM-1) monoclonal antibody to identify blood
vessels. Sections were counterstained with hematoxylin. Scaffolds releasing (A, C) pLuc or
(B, D) pVEGF. Images captured immediately adjacent to the scaffold (A, B) or within the
scaffold (C, D). Original magnification for photomicrographs: (A, B) 200×, (C, D) 400×. Scale
bar, 100 µm. (E) Blood vessel density within tissue sections containing the polymer scaffold
(n = 3). *Statistical significance at P < 0.001.
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FIG. 8.
Cross-sectional area of blood vessels at 3 weeks postimplantation for delivery of (A) pLuc and
(B) pVEGF. For each condition, the areas of 420 blood vessels from 9 tissue sections were
measured (n = 3). Blood vessel areas were significantly different between conditions (P <
0.001).
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