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Abstract 
 

Tissue Engineering Scaffolds for Protein and DNA Delivery: 
A Platform for Islet Transplantation 

 
Christopher B. Rives 

 
Tissue engineering offers a promising approach for the replacement of diseased or injured 

tissues, and is based upon the premise that cells can be induced to form new tissues when 

presented with the appropriate set of environmental cues. Polymer scaffolds play a central role in 

most tissue engineering strategies by providing a three-dimensional structure to support cell 

adhesion and organize tissue formation. However, the creation of controllable 

microenvironments capable of directing cellular behavior and coordinating the formation of 

complex tissues represents a significant challenge in the field of tissue engineering. To this end, 

controlled delivery of proteins and DNA from scaffolds can be used to manipulate soluble 

signals (e.g. growth factors) present within the local tissue microenvironment, and thereby 

regulate a variety of cellular processes such as migration, proliferation, and apoptosis. The 

primary objective of this dissertation was to develop scaffolds for DNA and protein delivery, in 

order to create an effective platform for islet transplantation, which is a cell-replacement therapy 

for the treatment of type I diabetes. DNA-releasing scaffolds were evaluated for their ability to 

provide localized and sustained transgene expression in vivo at different anatomical locations. 

Both the implant site and DNA dose were important factors that regulated the extent and 

duration of transgene expression. A critical limitation in the initial scaffold design was 

discovered in that the DNA incorporation efficiency was dependent on the scaffold structure. To 

eliminate this constraint, an alternative layered scaffold design was developed. Microcomputed 

tomography analysis demonstrated the ability of scaffolds delivering angiogenic proteins or 
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DNA encoding angiogenic proteins to locally enhance vascularization, which will likely be 

important for promoting islet survival and function. Scaffolds were also developed for sustained 

delivery of exendin-4, a peptide that exhibits several therapeutic effects on islet cells. Initial 

studies have demonstrated that islets transplanted on exendin-4-releasing scaffolds exhibit 

enhanced function relative to those transplanted on control scaffolds. The continued development 

of scaffolds for controlled delivery of DNA and additional therapeutic proteins will likely lead to 

novel strategies for improving the outcome of islet transplantation. 
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1. CHAPTER 1 
 

1.1. Introduction and Research Objectives 

 The ever increasing demand for organ transplants and the limited number of donors 

spawned the emergence of tissue engineering.1 Tissue engineering is an interdisciplinary field 

that applies the principles of engineering and biological sciences in an effort to create new 

tissues that restore, maintain, or improve tissue function.1 The underlying premise is that cells 

can be induced to repair an injury or develop into a desired tissue if subjected to the appropriate 

environmental conditions.2 Scaffolds are a central component of tissue engineering strategies, 

providing a physical structure that serves as a template for organizing cells into the proper 

architecture.3, 4 However, the ability to regulate cellular behavior and coordinate tissue formation 

is thought to require the development of cell-instructive scaffolds capable of presenting a variety 

of biological signals.5 To this end, controlled drug delivery from scaffolds has been proposed as 

a means for introducing bioactive proteins and peptides into the local environment.6-10 Proteins 

can be delivered directly from scaffolds, or a gene therapy approach can be employed where the 

encoding genes are delivered and cells are exploited to locally produce and secrete the desired 

proteins (illustrated in Fig. 1-1). Protein delivery systems have been widely used in tissue 

engineering applications and their effectiveness is well established,9 although it can be 

challenging to maintain protein bioactivity and adequately control the release kinetics. 

Additionally, the delivery system may need to be optimized for each protein delivered, due to the 

large variability in protein properties. In comparison, DNA delivery systems offer improved 

versatility and the potential to provide prolonged expression of the desired protein at stable 

levels, but the requirements for effective gene transfer are not well understood.11, 12  
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Figure 1-1. Drug delivery strategies from tissue engineering scaffolds. 
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Tissue engineering scaffolds capable of controlled drug delivery have the potential to 

enhance the efficacy of islet transplantation through creation of a supportive microenvironment. 

Clinical islet transplantation has shown the ability to normalize blood glucose levels in patients 

with type I diabetes following infusion of large numbers of islets into the liver.13, 14 However, 

this approach is limited by poor islet survival, where clinical estimates suggest that only 25-50% 

of the transplanted islet-mass successfully engrafts in patients.15 Also, progressive islet failure is 

observed over time, with less than 10% of patients remaining insulin-independent after 5 years,16 

suggesting that the liver may not be the optimal transplant site. Thus, the exploration of 

alternative transplant sites and development of strategies to enhance the engraftment and long-

term function of islets are needed. Drug-releasing scaffolds can provide localized delivery of 

angiogenic factors to induce the formation of a supportive vascular network, or they can deliver 

therapeutic factors that act directly on islets to promote cell survival and function. Towards this 

goal, the primary objective of this dissertation was to develop scaffold technologies for 

controlled delivery of DNA and proteins. In chapters 2 and 3, scaffolds were developed for DNA 

delivery and evaluated for their ability to promote gene transfer in vivo, in order to establish the 

capabilities of the delivery system and identify factors that regulate the extent and duration of 

transgene expression. In chapter 4, protein delivery strategies were employed to develop 

scaffolds for controlled delivery of the peptide exendin-4, which is known to exhibit several 

therapeutic effects on islet cells. 
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1.2. Background 

1.2.1. Tissue engineering scaffolds 

 Tissue engineering scaffolds are intended to mimic key functions of the natural 

extracellular matrix (ECM), including organizing cells into structures, providing a support for 

cell adhesion, and serving as a reservoir for growth factors.3, 4 Scaffolds can create and maintain 

a three-dimensional space to guide new tissue formation, as well as provide a platform for 

delivering transplanted cells to specific sites within the body. Several fundamental requirements 

have been identified for the design of tissue engineering scaffolds, including being biodegradable 

and biocompatible, having sufficient mechanical strength, and providing a suitable environment 

for tissue growth and survival.4 In addition to providing a suitable physical structure, scaffolds 

can be designed to deliver a variety of biological signals to regulate cellular behavior.5 Physical 

signals in the form of adhesion-promoting molecules or peptides can be immobilized on the 

biomaterial surface to control cellular interactions with the scaffold.17-19 Also, scaffolds can 

deliver soluble signals (i.e. growth factors and cytokines) that bind to cell surface receptors and 

initiate a variety of cellular responses.20 The creation of controllable microenvironments with the 

appropriate combination of signals needed to direct tissue formation represents a major challenge 

in the field of tissue engineering. 

A variety of polymers, both natural and synthetic, have been used for the fabrication of 

tissue engineering scaffolds. Scaffolds fabricated from natural polymers, such as collagen, can 

mediate specific cellular interactions, but are limited by a narrow range of physical properties 

and poorly controlled degradation kinetics.21 In contrast, the mechanical strength and 

degradation rates of synthetic polymers can be readily controlled, allowing scaffolds to be 
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tailored for specific applications. For example, poly(lactide-co-glycolide) (PLG) can be designed 

to degrade over times ranging from a few weeks to more than a year by varying the polymer 

composition.  

 

1.2.2. Gene delivery from scaffolds 

 Gene delivery from scaffolds is a versatile and promising approach for controlling 

soluble signals present within the local tissue microenvironment, yet successful implementation 

remains challenging due to the complexity of the gene transfer process. Gene therapy approaches 

may overcome some of the limitations associated with direct protein delivery.8, 21, 22 For example, 

since proteins exhibit a wide range of physical properties, the delivery of different proteins often 

requires modified strategies to maintain protein bioactivity, and ensure efficient incorporation 

and appropriate release kinetics. Additionally, proteins typically have short in vivo half-lives and 

are sensitive to inactivation.23 Thus, it can be difficult to achieve sustained release kinetics 

needed to maintain the protein at therapeutic levels for extended periods of time. Rather than 

directly administering proteins, the encoding genes can be delivered and the transcriptional and 

translational machinery of cells can be exploited to locally produce and secrete the proteins of 

interest. 

Gene delivery approaches can be divided into two main categories, viral and non-viral.24 

Viral approaches attempt to exploit the innate properties of viruses, as they have developed 

highly evolved and efficient mechanisms for infecting cells to ensure their own propagation.25 

Although highly efficient, virus-based gene delivery systems pose serious safety concerns.26 

Non-viral gene delivery or plasmid-based therapies provide a safe alternative, yet are much less 
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effective than viral vectors. Additionally, since plasmids do not integrate into the host genome, 

they provide only transient gene expression ranging from hours to months depending on the cell 

type.27 However, transient expression of the encoded gene for several weeks may be desirable for 

many tissue engineering applications, such that expression subsides when the new tissue has 

formed or transplanted cells have successfully engrafted. The barriers of efficient non-viral DNA 

delivery can be separated into two categories – extracellular and intracellular.28  The extracellular 

limitations refer to the process by which DNA traffics near the target cell membrane so that it 

can be internalized by the cell via endocytosis. Intracellular limitations include escape from the 

endosomal compartment, traffic through the cytoplasm, internalization into the nucleus, and 

finally protein expression.  

Tissue engineering scaffolds for DNA delivery have been proposed to enhance gene 

transfer in vivo by (i) delaying clearance from the desired tissue, (ii) protecting DNA from 

degradation, and (iii) providing sustained delivery to maintain the vector at effective levels 

within the target tissue.29 Scaffold-mediated DNA delivery has demonstrated the ability to 

achieve localized cellular transfection, with sufficient protein production to stimulate 

physiological responses that lead to tissue formation.30-33 DNA-loaded collagen matrices, also 

termed gene-activated matrices (GAMs), function to retain the DNA at the implant site and act as 

a scaffold for migration of repair cells (i.e. fibroblasts) into the matrix.22 Once inside the matrix, 

fibroblasts can internalize the DNA and serve as local bioreactors to produce and secrete the 

plasmid-encoded proteins.22 Collagen/DNA constructs have been implanted into an adult rat 

femur31 and a canine bone defect model,30 and demonstrated the ability to induce new bone 

formation. In the canine model, a 1 mg DNA dose resulted in local transfection of ~30-50% of 
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infiltrating fibroblasts and expression of picogram quantities of the transgene product at 2-3 

weeks post-implantation.30 However, a 100 mg DNA dose was required to achieve regeneration 

of the bone defect.30 PLG scaffolds have also demonstrated the capacity for controlled DNA 

delivery and in vivo gene transfer.32 Whereas collagen matrices generally retain DNA locally 

until cells arrive, PLG scaffolds function to provide controlled release of DNA. Subcutaneous 

implantation of DNA-loaded PLG scaffolds has resulted in transfection of cells within the 

scaffold and surrounding tissue, with protein production sufficient to promote physiological 

responses such as angiogenesis and granulation tissue formation.32 Although these initial studies 

have yielded promising results, more work is needed to better understand the requirements for 

achieving sustained and robust transgene expression at a variety of implant sites. 

 

1.2.3. Islet transplantation  

Islets of Langerhans are aggregates of endocrine cells dispersed throughout the exocrine 

tissue of the pancreas. Islets are composed of four major cell types: α, β, δ, and PP cells, which 

secrete glucagon, insulin, somatostatin, and pancreatic polypeptide, respectively.34 The cellular 

distribution within islets is generally seen as a core of β-cells surrounded by a mantle of the other 

three cell types, although the distribution can vary depending on the species.35, 36 Islets constitute 

~1% of the pancreas by mass, yet they receive 5-15% of the pancreatic blood supply.37 The 

microvascular architecture in pancreatic islets is seen as a dense network of branching capillaries 

that is ideal for efficient delivery of oxygen and nutrients and the rapid dispersal of secreted 

hormones.38 The competing roles of glucagon and insulin maintain glucose homeostasis within 
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the body. Insulin facilitates the uptake of glucose by tissues throughout the body and inhibits 

glucose synthesis in the liver, whereas glucagon increases glucose production in the liver.  

Type I diabetes is caused by the autoimmune destruction of insulin-producing beta cells, 

rendering patients completely dependent on exogenous insulin for survival. The current standard 

of care for managing patients with type I diabetes is intensive insulin treatment, as it significantly 

delays the development and progression of secondary complications such as kidney failure and 

blindness.39 However, insulin therapy does not provide perfect blood glucose control, and thus 

cannot guarantee the prevention of these complications. This is especially true for patients with 

volatile forms of type I diabetes, where large fluctuations in blood sugar are not adequately 

stabilized by insulin injections. Islet transplantation is a cell-based therapy that aims to restore 

normal blood glucose control through replacement of a patient’s insulin-secreting beta cells. 

Recent clinical successes employing the Edmonton protocol have demonstrated that islet 

transplantation is a viable approach for reversing type I diabetes.13, 14, 40 However, a number of 

problems remain, including poor islet engraftment and progressive islet failure over time. 

Clinical estimates suggest that only 25-50% of the transplanted islet mass successfully engrafts 

in patients, necessitating two or more successive islet transplants to generate enough islets 

capable of establishing euglycemia.15 This extensive islet cell death in the early post-transplant 

period is likely related to disruption of the islet’s native microenvironment during the 

isolation/purification process. Additionally, long-term follow-up on islet transplant recipients has 

revealed progressive islet failure, where less than 10% of patients remain insulin-independent 

after five years.16 Although reasons for this remain unclear, the current approach of transplanting 

islets into the liver may contribute to islet failure by exposing them to high levels of circulating 



 
 
 
 

 
 
 

22

toxins, and placing them in the immediate proximity of resident macrophages within hepatic 

sinusoids.  

Native islets are surrounded by a continuous peri-insular basement membrane composed 

of collagen IV, laminin, and fibronectin which can engage integrins on the cell surface to 

mediate adhesion, provide structural support, and activate intracellular chemical signaling 

pathways. The isolation of islets via enzymatic digestion results in complete destruction of the 

basement membrane, along with increased cell death by apoptosis.41-45 Studies have suggested 

that early islet cell death occurs by an anoikis-like mechanism, which is related to an integrin 

signal defect that induces apoptosis in epithelial cells that are separated from their extracellular 

matrix (ECM).43, 45 For example, incompletely digested islets retaining an outer ring of ECM 

show dramatically lower rates of apoptosis relative to purified islets.43 Consistent with these 

findings, the increase in apoptosis of isolated islets is paralleled by a progressive decrease in 

integrin expression,41, 42, 46 while islets cultured on solid matrices composed of ECM molecules 

exhibit improved cell survival.47, 48 Thus, the provision of a matrix to support islet attachment 

will likely be important for maintaining the viability of transplanted islets.  

In addition to being stripped from their native ECM, newly transplanted islets are 

avascular, relying on nutrient and oxygen diffusion for survival before reestablishing their 

vascular supply.38 This avascular state creates an oxygen concentration gradient within the islet 

decreasing radially from the periphery to the core, which can have a detrimental effect on cell 

survival and insulin biosynthesis and secretion.49, 50 The effects of hypoxia are exacerbated by 

chronic hyperglycemia, which places an increased metabolic demand on the beta-cells leading to 

increased oxygen consumption.49 Islet revascularization requires 2-5 days post-transplantation to 
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initiate and approximately 2 weeks for the establishment of blood flow.51 Even at one month 

post-transplantation when vascularization is thought to be complete, the mean oxygen tension 

within the islets is <15% of that in native pancreatic islets regardless of the implantation site.38, 52 

Also, the vascular density in transplanted islets is 25-50% lower than that seen in endogenous 

islets.53 Thus, strategies to improve the rate and extent of islet revascularization will likely lead 

to enhanced cell survival and improved function. 

 

1.2.3. Angiogenesis 

Angiogenesis, or the sprouting of new capillaries from a preexisting network, is a critical 

component of tissue engineering since a sufficient vascular supply must be established to support 

the survival of transplanted cells and developing tissues. Blood vessel formation involves a 

coordinated sequence of events including: (i) vasodilation, (ii) increased vascular permeability, 

(iii) proteolytic degradation of the basement membrane, (iv) migration and proliferation of 

endothelial cells, and (v) reformation of the basement membrane.54 This remodeling process is 

regulated by a delicate balance between angiogenic and anti-angiogenic factors.55  

Numerous angiogenic growth factors have been identified, of which basic fibroblast 

growth factor (FGF-2) and vascular endothelial growth factor (VEGF) have been the most 

widely studied. VEGF is a secreted homodimeric glycoprotein with four known splicing variants, 

consisting of 121, 165, 189, or 206 amino acids.56 The larger isoforms (165, 189, and 206) bind 

to heparan sulfate present on cell surfaces and in the ECM with increasingly greater affinity, 

which limits diffusibility of the VEGF molecule but increases its mitogenic potency.57 VEGF 

acts almost exclusively on endothelial cells (ECs) to stimulate their proliferation and migration, 
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promote their survival, increase vascular permeability, and induce vasodilation.56, 58 Despite its 

potency, VEGF is commonly associated with the formation of leaky blood vessels, and in some 

cases can cause aberrant angiogenesis characterized by formation of hemangioma-like 

structures.59-62 Also, since VEGF is a survival factor for endothelial cells, long-term presence is 

generally required to prevent regression of newly formed vessels.63 FGF-2 similarly acts on 

endothelial cells to induce proliferation and migration, stimulate secretion of proteolytic 

enzymes, and upregulate expression of integrins.64 However, in comparison with VEGF, FGF-2 

affects a broad range of cell types in addition to ECs, and is not known to induce vascular 

leakage.  FGF-2 also exists in multiple isoforms (18, 22, 23, and 24 kD), but lacks a conventional 

signal peptide sequence for cellular secretion; however, an alternative export pathway specific to 

the 18 kD isoform has been identified making it an appropriate target for gene therapy.65  

 The transcription factor hypoxia inducible factor-1 (HIF-1) plays a central role in 

regulating the process of angiogenesis.66-68 HIF-1 is a heterodimer consisting of two protein 

subunits, HIF-1α and HIF-1β.66, 67 Although both subunits are constitutively expressed 

independent of the tissue oxygen tension, HIF-1α contains an oxygen-sensitive degradation 

domain (ODD) and is therefore rapidly degraded under normoxic conditions. Under hypoxic 

conditions, however, the degradation of HIF-1α is inhibited resulting in increased formation of 

intact HIF-1 heterodimers. HIF-1 stimulates angiogenesis by upregulating VEGF expression, as 

well as a range of other molecules important for extracellular matrix metabolism and vessel 

maturation (e.g., matrix metalloproteinases, plasminogen activators and their receptors, and 

collagen prolyl hydroxylase).67 Also, the expression of additional angiogenic molecules (e.g., 

angiopoietin-2 and its receptor, platelet-derived growth factor, and fibroblast growth factors) is 
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increased through secondary cascades of gene regulation.66 In comparison to delivery of 

individual angiogenic factors, the HIF-1 transcription factor may offer a more effective 

therapeutic target by providing simultaneous induction of multiple angiogenic factors. As a 

result, oxygen-insensitive variants of HIF-1α have been created to allow stabilization of the 

protein under normoxic conditions.69  
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2. CHAPTER 2: PLG Scaffolds for Plasmid Delivery: In Vivo Transgene Expression at a 
Subcutaneous Site 

 
2.1. Introduction 

Tissue engineering involves the creation of biological tissue substitutes to replace those 

damaged by disease or injury.1, 2 The underlying premise is that cells have the potential to 

organize into new tissues when cultured in three dimensions under the appropriate environmental 

conditions.2 Polymer scaffolds are typically used to create these three-dimensional environments. 

Fundamental design considerations for scaffolds include biodegradability, biocompatibility, and 

mechanical strength.4 Additionally, scaffolds are typically highly porous to allow cellular 

infiltration and integration with host tissue following implantation into the body.4 However, in 

order to direct cellular behavior and coordinate tissue formation, the controlled presentation of 

biological signals is thought to be required.5 Cells are constantly sensing and interpreting signals 

in their environment, and their response to these signals ultimately determines their behavior. 

Soluble growth factors and cytokines represent an important category of signals involved in 

regulating a variety of cellular processes such as migration, differentiation, proliferation, and 

apoptosis. Thus, the development of scaffolds capable of controlled drug delivery has been 

widely studied.6, 8-10 The effectiveness of protein delivery from scaffolds has been well 

established,9 although these systems can be limited by a lack of versatility. Since proteins exhibit 

a wide range of physical properties, different proteins often require separate delivery strategies to 

ensure efficient encapsulation and appropriate release kinetics. 

Gene delivery from polymer scaffolds is an alternative approach for introducing soluble 

factors into the local environment, providing improved versatility and the potential for prolonged 

expression of desired proteins.11 With a plasmid delivery system, genes can be interchanged 
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without significantly altering the physical properties of the plasmid.70 Thus, a single delivery 

system could potentially be used for the delivery of a wide range of therapeutic targets. 

Successful implementation of a gene therapy approach in vivo will likely require transfection of 

sufficient numbers of cells and expression of the protein at physiologically relevant levels for 

sustained periods of time. Previous studies examining plasmid delivery from polymer scaffolds 

have demonstrated localized transfection of cells, with sufficient expression levels to promote 

tissue formation.30-32 However, the extent and duration of transgene expression has generally not 

been well characterized. Additionally, the effects of scaffold design parameters (e.g. DNA dose, 

scaffold structure) on transgene expression are not well understood. 

In this chapter, the ability of plasmid-releasing scaffolds to achieve localized and 

sustained transgene expression in vivo was evaluated at a subcutaneous site. Porous poly (lactide-

co-glycoldie) (PLG) scaffolds were fabricated using an established gas foaming process.71, 72 The 

extent and duration of transgene expression was monitored using bioluminescence imaging for a 

range of plasmid doses. Also, the effects of scaffold structure on transgene expression were 

examined by varying the polymer molecular weight and pore size. Histological analysis was 

performed to assess the distribution of transfected cells and the extent of cellular infiltration into 

scaffolds. 

 

2.2. Materials and methods 

2.2.1 Materials 

 DNA was purified from bacteria culture using Qiagen reagents (Santa Clara, CA), and 

stored in Tris-EDTA (TE) buffer at -20oC or 4oC. The pLuc plasmid contains the firefly 
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luciferase gene within the pNGVL vector backbone (National Gene Vector Labs, University of 

Michigan), and is driven by a CMV promoter. A control vector was created by removing the 

luciferase gene from the pNGVL backbone. PLG (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) or Lakeshore 

Biomaterials (Birmingham, AL). PLG (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).  

 

2.2.2 Fabrication of DNA-loaded scaffolds 

Scaffolds were fabricated using a previously described gas foaming/particulate leaching 

process.32, 71, 72 First, PLG was dissolved in dichloromethane and emulsified in 1% poly(vinyl 

alcohol) (PVA) to form microspheres. The concentration of the PLG solution was varied from 

2% (w/w) to 10% (w/w) to alter the microsphere size and density. Microsphere size was assessed 

by light microscopy. Additionally, two different PLG molecular weight formulations were used: 

(1) high molecular weight (i.v. = 0.6-0.8 dl/g), and (2) high/low molecular weight blend (equal 

weights of i.v. = 0.6-0.8 dl/g and i.v. = 0.16-0.24 dl/g). To incorporate DNA, PLG microspheres 

(7 mg) were reconstituted in an aqueous solution containing DNA (300-800 µg) and lactose (1 

mg, 5.5 mM), frozen in liquid nitrogen, and lyophilized overnight. The resulting powder was 

then mixed with NaCl particles (135 mg, 250 < d < 425 µm or 106 < d < 250 µm) in the presence 

of 1-2 µl of water (wet granulation technique).73 Notably, the mixing process was influenced by 

the physical properties of the lyophilization product, which were found to be dependent on the 

drying rate (Appendix 6.1.). The polymer/salt mixture was compressed in a 5 mm KBr die 

(International Crystal Labs, Garfield, NJ) at 1500 psi using a Carver press, and the resulting 
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construct was equilibrated with CO2 (800 psi) for 16 hours in a custom-made pressure vessel. 

Afterwards, the pressure was rapidly released over a period of 25 minutes, which serves to fuse 

adjacent microspheres creating a continuous polymer structure. To remove the salt, scaffolds 

were immersed in water for 4 hours, with fresh water replacement after 2 hours.  

 

2.2.3 Characterization of in vitro release kinetics and incorporation efficiency 

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 input. Hereafter, the amount of input 

DNA will be referred to as the dose. After leaching, scaffolds were dissolved in chloroform (600 

µL), and the DNA was extracted from the organic solution. TE Buffer (400 µL) was added to the 

organic phase, vortexed, and centrifuged at 14,000 rpm for 3 minutes. 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 

determine the in vitro release kinetics of DNA, scaffolds were placed in 500 µL of phosphate-

buffered saline (PBS) (pH 7.4), and the solution was replaced at each time point. 

 
2.2.4 Measuring in vivo transgene expression with bioluminescence imaging 

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 pLuc plasmid were implanted subcutaneously into male CD-1 mice (20-22 

g). In vivo luciferase expression was monitored using an IVIS imaging system (Xenogen Corp., 

Alameda, CA), which includes a cooled CCD camera. For imaging, the animals were injected IP 

with D-luciferin (Molecular Therapeutics Inc., MI, 150 mg/kg body weight). The animals were 
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placed in a light-tight chamber and bioluminescence images were acquired (every 5 minutes for a 

total of 20 minutes) until the peak light emission was confirmed. Gray scale and 

bioluminescence images were superimposed using the Living Image software (Xenogen Corp., 

CA). A constant size region of interest (ROI) was drawn over the implantation site. The signal 

intensity was reported as an integrated light flux (photons/sec), which was determined by IGOR 

software (WaveMetrics, OR). Background photon fluxes were obtained using the same 

procedures prior to the injection of D-luciferin. For these and other results, statistical comparison 

between conditions were performed using the software package JMP (SAS Institute Inc., NC). 

 

2.2.5 Histological analysis and immunohistochemistry 

 Histological analysis was performed to evaluate the distribution of transfected cells and 

the extent of cellular infiltration into scaffolds following subcutaneous implantation. Scaffolds 

were surgically retrieved from mice at specific time points, fixed in 4% paraformaldehyde 

overnight at 4oC, and immersed in 10% and 30% sucrose solutions. Tissue samples were 

embedded in OCT and frozen in an isopentane bath cooled over dry ice. Sections were cut using 

a cryostat and mounted on glass slides. To evaluate cellular infiltration, sections were stained 

with hematoxylin and eosin (H&E) and visualized by light microscopy. To determine the 

distribution of transfected cells, immunohistochemical staining with antibodies directed against 

the luciferase transgene product was performed. 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 37oC. A biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, 

Burlingame, CA, USA) was added, followed by incubation with the ABC reagent (Vector 
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Laboratories). After rinsing, the slide was incubated in 3-amino-9-ethylcarbazole (AEC) (Sigma, 

St. Louis, MO, USA) peroxidase substrate, which produced a red product for visualization. 

 

2.3. Results 

2.3.1 Scaffold fabrication 

The polymer molecular weight significantly affected the scaffold’s mechanical strength 

in vivo. Scaffolds fabricated with the high/low molecular weight polymer blend typically 

exhibited collapsed pore structures following implantation, and in turn did not allow for cellular 

infiltration (Fig. 2-1A). In comparison, scaffolds fabricated solely with the high molecular 

weight polymer maintained their structural integrity, but still failed to support cellular infiltration 

(Fig. 2-1B). In this case, the lack of cellular infiltration was hypothesized to be the result of a 

low degree of interconnectivity between adjacent pores within the scaffold. As a first attempt to 

address this problem, the salt-to-polymer ratio was increased from 19:1 up to 50:1. However, 

visual inspection of scaffolds under a light microscope did not reveal any noticeable 

improvement in pore interconnectivity for the increased salt-to-polymer ratios. 

 The ability to fabricate scaffolds with improved pore interconnectivity was further 

investigated by altering the physical properties of the polymer microspheres. Increasing the 

concentration of the PLG solution used in the emulsion process from 2% up to 10% substantially 

increased microsphere size, and presumably microsphere density (Fig. 2-2). The increase in 

particle size is due to the increased viscosity of the organic phase.74 Scaffolds fabricated with the 

larger micropsheres exhibited a greater degree of pore interconnectivity, but at the expense of 

decreased mechanical strength. Thus, it became clear that an important balance must be satisfied 
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between pore interconnectivity and mechanical strength in order to achieve a structure that both 

resists collapse and promotes cellular infiltration. Scaffolds fabricated from microspheres made 

with a 6% PLG solution satisfied this balance, as they supported complete cellular infiltration by 

2 weeks post-implantation (Fig. 2-3).  

 

Figure 2-1. H&E staining of scaffold cross-sections at 14 days post-implantation to evaluate 

structural integrity and the extent of cellular infiltration. (A) A scaffold fabricated with the 

high/low molecular weight polymer blend exhibited a collapsed pore structure and supported 

only minimal cellular infiltration at the scaffold periphery (indicated by arrows). “P” indicates 

polymer. Note that the center of the scaffold tore out during sectioning due to the lack of cellular 

infiltration and weak mechanical strength of the polymer. Image was taken at 50x magnification, 

scale bar equals 0.5 mm. (B) A scaffold fabricated with the high molecular weight polymer 

maintained an intact pore structure, but supported only minimal cellular infiltration at the 

scaffold periphery (indicated by arrows). Image was taken at 25x magnification, scale bar equals 

1 mm. 
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Figure 2-2. Microsphere size increases with increasing concentration of the PLG solution. 

Images of microspheres made with a (A) 2% PLG solution, (B) 6% PLG solution, and (C) 10% 

PLG solution. All images were taken at the same magnification, 400x. Scale bars equal 20 µm. 
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Figure 2-3. H&E-stained cross-section of a scaffold fabricated from microspheres made with a 

6% PLG solution. Hematoxylin stains cell nuclei a blue/purple color, and thereby indicates the 

distribution of cells within the scaffold. Complete cellular infiltration throughout the scaffold 

interior was observed by 2 weeks post-implantation. Images were taken at (A) 10x or (B) 40x 

magnification. 
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2.3.2 Plasmid incorporation efficiency and in vitro release kinetics 

 Plasmid incorporation efficiencies of 50-60% have typically been obtained for porous 

PLG scaffolds made with the gas foaming/particulate leaching method.32 In the current studies, 

implementation of a wet granulation mixing technique increased plasmid incorporation from 

46.5 + 3.9% to 59.5 + 2.4% (P<0.001) (Fig. 2-4A), presumably by facilitating more 

homogeneous mixing.33 The scaffolds exhibited rapid plasmid release kinetics in vitro, 

characterized by an initial burst equal to 53 + 8.1% within the first 3 days, followed by a slower 

release that was sustained through 3 weeks (Fig. 2-4B).33 Notably, the scaffolds used in these 

studies were made with 2% PLG microspheres, which resulted in a pore structure that typically 

failed to support cellular infiltration (as described above). However, when the scaffold’s pore 

interconnectivity was improved to promote cellular infiltration (by using 6% PLG microspheres), 

the plasmid incorporation efficiency decreased to < 20%. As a result, scaffolds made with 6% 

PLG microspheres were not evaluated in vivo for plasmid delivery. 

 

 

 

 

 

 

 

 

 



 
 
 
 

 
 
 

36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4. Characterization of plasmid incorporation and in vitro release kinetics. (A) DNA 

incorporation efficiency with standard mixing and wet granulation. *Significance at P<0.001. (B) 

In vitro cumulative DNA release from scaffolds fabricated by wet granulation and subsequent 

gas foaming process.  
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2.3.3.  In vivo transgene expression  

DNA-releasing scaffolds provided localized and sustained transgene expression in vivo 

following subcutaneous implantation, with the extent and duration of expression regulated by the 

DNA dose. Scaffolds loaded with 500 µg of plasmid DNA produced light emission in 89% of the 

animals (8 of 9, Fig. 2-5A), with levels at day 3 that were significantly above background or 

empty scaffold controls (Fig. 2-5B, P<0.05).33 Light emission was visualized at subsequent time 

points, but the levels were not significantly above controls (Fig. 2-5, P>0.05).33 Increasing the 

plasmid loading to 800 µg dramatically increased the duration of transgene expression to at least 

105 days (Fig. 2-6).33 Light emission was observed directly over the implant in all samples (7 of 

7, Fig. 2-6A), at levels significantly greater than the control conditions (Fig. 2-6B, P<0.05).33 

Control conditions included scaffolds without DNA, or with plasmid lacking the luciferase 

cDNA, which produced light emission equivalent to background (Fig. 2-6B).33  After 105 days, 

average levels of light emission for the pLuc-loaded scaffolds were not significantly different 

than the control conditions, because half of the samples decreased to background levels (P>0.05). 

The remaining samples, however, continued to have luciferin-induced light emission above 

background, with one sample having consistently elevated levels through 189 days. To further 

examine this dose-dependent effect on transgene expression, additional DNA doses were tested. 

Scaffolds loaded with 600 µg of DNA provided sustained transgene expression (in 5 of 5 mice) 

for at least 56 days at similar or higher levels to those previously observed for the 800 µg DNA 

dose, suggesting a threshold above which further increases in dose do not increase expression 

(Fig. 2-7). Scaffolds loaded with 400 µg of DNA also provided sustained expression (in 5 of 5 

mice) for at least 28 days, but at lower levels than the 600 µg or 800 µg dose (Fig. 2-7). Unlike 
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the 500 µg dose (discussed above), expression levels for the 400 µg dose were significantly 

above background for all time points (P<0.05, Fig. 2-7). It is unclear why the 400 µg dose 

provided higher expression levels than the 500 µg dose, but may be related to variability in the 

plasmid incorporation efficiency. Decreasing the DNA dose further to 300 µg resulted in only 

short-term transgene expression, where light emission was observed in only 2 of 5 mice by day 7 

(Fig. 2-7).  
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Figure 2-5. Bioluminescence imaging of firefly luciferase expression for scaffolds loaded with 

500 µg of pLuc. Scaffolds were made with the high/low molecular weight blend. (A) Images 

showing light emission for a single mouse at different time points. (B) Emitted light intensity 

(photons/s) in region of interest over the implant sites (n=8) for scaffolds incorporating pLuc 

(circles), scaffolds without DNA (squares), and background (x). *Statistical significance at P < 

0.05 relative to control. 
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Figure 2-6. Bioluminescence imaging of firefly luciferase expression for scaffolds loaded with 

800 µg of pLuc. Scaffolds were made with the high/low molecular weight blend. (A) Images 

showing a single mouse at different time points. (B) In vivo CCD signal intensity (photons/s) in 

region of interest over implant sites (n=6) for scaffolds with pLuc (circles), scaffolds without 

DNA (squares), scaffolds with empty vector (diamonds), and background (x). *Statistical 

significance at P < 0.05 between pLuc and all other conditions for all time points. 
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Figure 2-7. Bioluminescence imaging of firefly luciferase expression for scaffolds fabricated 

with different DNA doses. All scaffolds were made with the high/low molecular weight blend. 

(A) Emitted light intensity (photons/s) in region of interest over the implant sites (n = 5) for 

scaffolds loaded with 600 µg of pLuc (blue squares), 400 µg of pLuc (red circles), or 300 µg of 

pLuc (black triangles). Background is indicated by green diamonds. (B) Images showing a single 

mouse for each condition at different time points. 
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Initial studies suggested that the scaffold’s porous structure may play an important role in 

promoting transgene expression in vivo, by providing a large surface area over which DNA can 

be released.33 First, we observed that several scaffolds that failed to provide sustained transgene 

expression had collapsed pore structures, which was hypothesized to limit DNA release. Second, 

immunohistochemical staining with antibodies directed against the luciferase transgene product 

demonstrated transfected cells immediately adjacent to the polymer surface, suggesting that gene 

transfer may preferentially occur at the polymer surface (Fig. 2-8).33 In this case, maintaining a 

large surface area (i.e. non-collapsed structure) would be important for maximizing the number 

of cells that contact the polymer, which in turn would promote gene transfer. However, in 

comparing scaffolds made with different molecular weight polymers, it was later found that the 

scaffold structure had no effect on transgene expression. Specifically, scaffolds fabricated from 

the high/low molecular polymer blend collapsed following implantation, yet they consistently (5 

of 5 mice) promoted robust and sustained expression, similar to the high molecular weight 

scaffolds that maintained their structure (Fig. 2-9). In another experiment, the scaffold pore size 

was varied to further examine potential effects of scaffold structure on transgene expression. 

Scaffolds with decreased pore sizes of 106-250 µm resulted in lower levels of expression and 

shortened duration in some samples, with light emission observed in only 3 of 5 mice by day 7 

(Fig. 2-10). The reasons for the decreased expression observed here are unclear, but may be 

related to decreased plasmid incorporation, which depends on the scaffold structure. Notably, 

these scaffolds were made from the high/low molecular weight polymer, and collapsed following 

implantation, limiting cellular infiltration. Thus, the decreased expression cannot be explained by 

altered kinetics of cellular infiltration or differences in the total surface area for cell contact. 
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Figure 2-8. Immunohistochemical staining with luciferase antibodies to determine the 

distribution of transfected cells. Images were taken from scaffolds loaded with 800 µg of pLuc 

that were retrieved at 17 days post-implantation. The scaffold was made with the high/low 

molecular weight blend, but unlike most of the other samples made with this formulation, it 

supported cellular infiltration. Transfected cells were found immediately adjacent to the polymer 

surface, as shown in (A) 200x and (B) 400x magnification. Scale bars equal 100 µm. Labels 

indicate polymer (P), surrounding tissue (T), and luciferase staining (arrows). 
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Figure 2-9. Bioluminescence imaging of firefly luciferase expression for scaffolds fabricated 

with different molecular weight polymers. All scaffolds were loaded with 600 µg of pLuc. (A) 

Emitted light intensity (photons/s) in region of interest over the implant sites (n = 5) for scaffolds 

made with the high/low molecular weight polymer blend (blue squares) or only the high 

molecular weight polymer (red circles). Background is indicated by green diamonds. (B) Images 

showing a single mouse for each condition at different time points. 
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Figure 2-10. Bioluminescence imaging of firefly luciferase expression for scaffolds fabricated 

with different pore sizes. All scaffolds were loaded with 600 µg of pLuc and made with the 

high/low molecular weight polymer blend. (A) Emitted light intensity (photons/s) in region of 

interest over the implant sites (n = 5) for scaffolds with 250-425 µm pore sizes (blue squares) or 

106-250 µm pore sizes (red circles). Background is indicated by green diamonds. (B) Images 

showing a single mouse for each condition at different time points. 
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2.4. Discussion 

 Gene delivery from tissue engineering scaffolds offers the potential to achieve localized 

expression of a wide range of proteins that can direct cellular behavior and ultimately stimulate 

new tissue formation. However, the requirements for designing effective gene delivery systems 

have not been well established. This chapter examined the ability of plasmid-releasing scaffolds 

to provide sustained in vivo transgene expression at a subcutaneous site, and evaluated the effects 

of DNA dose and scaffold structure. Monitoring of reporter gene expression over time using 

bioluminescence imaging demonstrated localized transgene expression that persisted for several 

months at sustained levels. The plasmid dose influenced the extent and duration of gene 

expression. Plasmid doses of 400, 600, and 800 µg all provided long-term expression, although 

the levels of expression were lower for the 400 µg dose. In contrast to the higher doses, scaffolds 

loaded with 300 µg of DNA provided only short-term expression, with expression subsiding in 

most of the animals by 7 days. Although initial studies suggested that the scaffold’s porous 

structure may play an important role in promoting gene transfer, it was later determined that loss 

of structural integrity does not negatively affect transgene expression. In fact, scaffolds made 

with the high/low molecular weight blend consistently provided robust and sustained transgene 

expression, despite their collapsed pore structures. In comparison, scaffolds made with the high 

molecular weight polymer maintained intact pore structures, but provided similar transgene 

expression. However, regardless of the polymer molecular weight, scaffolds were unable to 

effectively support cellular infiltration. To address this problem, the scaffold pore 

interconnectivity was improved by increasing the microsphere size. Although the modified 

scaffold structure promoted cellular infiltration, it also substantially decreased the plasmid 
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incorporation efficiency. These studies demonstrated an important relationship between the 

scaffold structure and plasmid incorporation efficiency, and thereby revealed a major limitation 

of the current gene delivery system. A summary of these results is shown in Table 2-1. 

 The ability to achieve long-term transgene expression in vivo with non-viral gene 

delivery approaches is generally regarded as a challenge,26 so it is important to consider possible 

explanations for the prolonged expression observed here. Plasmids are typically expressed in 

target cells for 1-2 weeks.75 The rapid decrease in expression has traditionally been explained by 

phenomena such as (i) plasmid dilution due to cell division, (ii) transcriptional inactivation of the 

promoter, and (iii) death of the transfected cell.76, 77 Sustained plasmid release from scaffolds has 

been proposed as a means to extend transgene expression by maintaining elevated concentrations 

of the vector locally to allow for repeated cellular transfection.11, 29 However, the scaffolds in 

these studies exhibited rapid in vitro release kinetics, where most of the plasmid was released in 

an initial burst during the first few days. Notably, the release kinetics were determined using a 

decreased DNA dose of 50 µg, and the magnitude of the initial burst typically increases with 

dose; thus, the initial burst for scaffolds tested in vivo was likely even higher. Although the initial 

burst was followed by a slower release that continues for a few weeks, it seems unlikely that 

these smaller plasmid quantities released at later times would be sufficient to sustain transgene 

expression for several months. In another experiment, it was found that scaffolds with DNA 

dried onto their surface can provide robust transgene expression for at least 2 weeks (Appendix 

6.2.). Since the surface-adsorbed plasmid is rapidly released upon hydration of the scaffold, this 

experiment suggests that sustained DNA release may not be required for prolonging expression 

at this site. Another important observation is that the transgene expression levels are maintained 
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at relatively stable levels over time. If transgene expression were maintained through repeated 

cellular transfection (i.e. sustained plasmid release), more fluctuations in the expression levels 

over time would likely be observed. Additionally, one would expect expression levels at later 

times to be much lower than initial levels due to lower quantities of plasmid being delivered.  

An alternative explanation for the sustained transgene expression is that the cell 

population initially transfected continues to express the plasmid for a prolonged period of time. It 

is well established that muscle can provide sustained expression of plasmids for at least 19 

months without chromosomal integration.78, 79 Thus, muscle cells represent a likely explanation 

for the long-term transgene expression observed here. As partial support for this hypothesis, 

H&E-stained tissue sections clearly demonstrated the presence of striated muscle fibers (known 

as panniculus carnosus) in close proximity to the scaffold (Fig. 2-11). The panniculus carnosus is 

a system of muscle fibers present in subcutaneous tissue connecting skin to underlying fascia and 

bone. Previous immunostaining with antibodies directed against the luciferase transgene product 

demonstrated transfected cells within the scaffold, which are clearly not muscle fibers; but, at 

this time we were unaware that muscle fibers were even present.33 Thus, it is possible that 

muscle cells were transfected in addition to cells within the scaffold, although more 

immunohistochemical analysis is needed to confirm this hypothesis. 

 The dependency of plasmid incorporation efficiency on the scaffold structure represents a 

major limitation of the current plasmid delivery system. A basic function of the scaffold is to 

provide a suitable physical structure for new tissue formation, which typically requires a high 

degree of porosity to support cellular infiltration. The efficient incorporation of plasmid into 

highly porous scaffolds is limited by the particulate leaching step which can result in the loss of 



 
 
 
 

 
 
 

49

large quantities of plasmid. However, these studies revealed that alterations to the scaffold 

structure that increase porosity or improve pore interconnectivity can exacerbate this problem, 

leading to even greater losses of plasmid during the leaching step. A delivery system that 

decouples these two design considerations is needed, such that the scaffold structure can be 

optimized without affecting plasmid incorporation or release. A modified scaffold design was 

developed to address this limitation, and will be discussed in Chapter 3. Additionally, an 

absorption-based approach involving the fabrication of cationic microspheres was investigated to 

create an electrostatic interaction between the scaffold and DNA (Appendix 6.3.). 

 

Table 2-1. Summary of results. 
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Figure 2-11. Image showing the presence of muscle fibers in tissue immediately adjacent to the 

scaffold. H&E stained cross-section of a high molecular weight scaffold at 62 days post-

implantation (arrows indicate location of longitudinal and transverse muscle fibers). 
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3. CHAPTER 3: Layered PLG Scaffolds for Plasmid Delivery and Cell Transplantation: 
In Vivo Transgene Expression at an Intraperitoneal Fat Site  

 
3.1. 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.3, 4 

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 platform for delivering 

transplanted cells to specific sites within the body. A classic paradigm for cell-based therapy is 

islet transplantation for the treatment for type I diabetes. The disease is caused by an 

autoimmune destruction of insulin-secreting β cells found within pancreatic islets, rendering 

patients completely dependent on exogenous insulin. Islet transplantation offers the potential to 

restore normal blood glucose control in diabetic patients through replacement of their insulin-

producing cells. In general, the success of cell transplantation approaches is dependent on the 

scaffold’s ability to create an environment that supports cell survival and promotes their ability 

to fulfill a given therapeutic function. The creation of such environments will likely not be 

accomplished simply through the provision of a suitable physical structure; rather, the controlled 

presentation of specific biological signals will be needed to direct cellular behavior. 

Gene delivery from scaffolds offers a versatile approach for manipulating soluble signals 

present within the local microenvironment, and has the potential to provide prolonged expression 

of therapeutic proteins.11, 12, 80 The versatility arises from the fact that plasmid DNA maintains 

essentially constant physical properties despite changes in the nucleic acid sequence,70 thereby 
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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, with sufficient protein production to 

stimulate new tissue formation.30-33, 81 The duration of transgene expression has been reported to 

persist for several weeks or even months. However, more studies are needed to determine 

whether these initial results can be translated to achieve effective gene transfer at a variety of 

anatomical sites. 

In this chapter, the ability of DNA-releasing scaffolds to provide localized transgene 

expression in the intraperitoneal fat, a model site for cell transplantation,82 was investigated. 

Scaffolds were fabricated using an established gas-foaming/particulate leaching process,32, 71, 72 

although a modified scaffold design including a non-porous layer was implemented to maximize 

DNA incorporation efficiency. The in vivo transgene expression levels were measured by a 

luciferase assay for multiple DNA doses, and the distribution and identity of transfected cells 

were determined by immunohistochemistry. The ability of DNA-releasing scaffolds to induce 

angiogenesis by providing expression of fibroblast-growth factor-2 (FGF-2) or hypoxia inducible 

factor-1α (HIF-1α) was evaluated using microcomputed tomography. Additionally, the impact 

of gene delivery on islet function was evaluated by monitoring blood glucose levels in diabetic 

mice receiving islets transplanted on DNA-releasing scaffolds. 
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3.2. Materials and Methods  

3.2.1. DNA sources 

Plasmids were purified from bacteria culture using Qiagen reagents (Santa Clara, CA), 

and stored in Tris-EDTA (TE) buffer at 4oC. All plasmids used in this study have a 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 fluorescent protein. The pFGF-2 plasmid was 

provided by Dr. Claudia Heilmann (University Hospital Freiburg, Germany), who cloned the 

cDNA for human fibroblast growth factor-2 (18 kDa) into the pCI-neo expression vector 

(Promega) between EcoRI and XbaI sites.83 The pHIF-1α plasmid was constructed by Dr. 

Navdeep Chandel’s Lab (Northwestern University), and contains a degradation-resistant mutant 

form of HIF-1α inserted into pcDNA3.1 (Invitrogen) at the BamH1 site. The HIF-1α mutant was 

generated by modifying the coding sequence of mouse HIF-1α to achieve two “proline to 

alanine” exchanges at positions 402 and 564. These two proline residues within the oxygen-

dependent-degradation domain (ODDD) have been shown to be crucial for the degradation of 

wild type HIF-1α in the absence of hypoxia.84-86  

 

3.2.2. Scaffold fabrication 

DNA-loaded scaffolds were fabricated using a previously described gas 

foaming/particulate leaching process,32, 71, 72 with a modified scaffold design containing a non-

porous center layer for DNA loading. PLG (75% D,L-lactide/25% glycolide, i.v. = 0.6-0.8 dl/g) 

(Lakeshore Biomaterials, Birmingham, AL) was dissolved in dichloromethane to make either a 
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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 (250-425 µm), 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 µg) 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 hrs in a custom made pressure vessel. Afterwards, the pressure 

was rapidly released over a period of 25 minutes, which serves to fuse adjacent microspheres 

creating a continuous polymer structure. To remove the salt, each scaffold was leached in 4 mL 

of water for 2.5 hours while shaking at 110 rpm, with fresh water replacement after 2 hours. 

 

3.2.3. 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. 

 

3.2.4. Characterization of DNA incorporation and in vitro release kinetics 

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 input. Hereafter, the amount of input 

DNA will be referred to as the dose. After leaching, scaffolds were dissolved in chloroform (600 

µL), and the DNA was extracted from the organic solution. TE Buffer (400 µL) was added to the 
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organic phase, vortexed, and centrifuged at 14,000 rpm for 3 minutes. 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 

determine the in vitro release kinetics of DNA, scaffolds were placed in 500 µL of phosphate-

buffered saline (PBS) (pH 7.4), 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 conformation as previously described.87 

 

3.2.5. 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 were sterilized in 70% ethanol, washed in 

islet growth medium (described in section 2.8) 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.82 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 µL of cell culture lysis reagent (Promega), and placed on a rotator for 

30 minutes. Then, samples were snap frozen in liquid nitrogen, thawed in a 37oC water bath, and 

centrifuged at 14,000 rpm for 10 minutes at 4oC. The supernatant was mixed with luciferase 

assay reagent (Promega) and luciferase activity was measured with a luminometer using a 10 
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second integration time. Samples were normalized by total protein amount, which was measured 

using a BCA protein assay (Pierce Biotechnology Inc., Rockford, IL).  

 

3.2.6. Histological analysis and immunohistochemistry 

Histological analysis was performed to determine the cellular distribution and identity of 

transfected cells. Scaffolds loaded with 400 and 800 µg of GFP plasmid were retrieved at 7 and 

14 days post-implantation and frozen in an isopentane bath cooled over dry ice. Tissue samples 

were embedded in OCT and sections were cut at 14 µm 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 H&E staining of tissue sections at 7 

and 14 days. The distribution of transfected cells was determined by performing 

immunohistochemistry using antibodies directed against green fluorescent protein (GFP). 

Additionally, antibodies directed against the macrophage surface marker (F4/80) were used to 

determine if the cell type transfected was macrophages. After blocking, the two primary 

antibodies (rabbit anti-GFP (Invitrogen) and rat anti-mouse F4/80 (AbD Serotec, Raleigh, NC) 

were applied for 2 hrs. at room temp., using dilutions of 1:500 and 1:100, respectively. 

Secondary antibodies (Alexa Fluor 546 nm goat anti-rat (Invitrogen) and Alexa Fluor 488 nm 

goat anti-rabbit (Invitrogen)) were used to visualize the antigens. Lastly, sections were incubated 

with Hoechst 33258 (10 mg/ml, 1:2000 dilution) for 5 min. to allow visualization of cell nuclei. 

Additionally, flow cytometry was used to quantify the percentage of F4/80+ macrophages present 

within scaffolds as a function of time (Appendix 6.4.). 
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3.2.7. Evaluation of angiogenesis using microcomputed tomography 

A previously described method for contrast-enhanced microcomputed tomography (µCT) 

was used to analyze blood vessel formation within scaffolds delivering DNA encoding 

angiogenic proteins.88 Scaffolds loaded with 800 µg of pFGF-2 or pHIF1-α were implanted into 

the intraperitoneal fat site as described above, and angiogenesis was evaluated at 2 and 4 weeks. 

Additionally, scaffolds loaded with recombinant VEGF protein were examined for their ability to 

induce vascular growth at the subcutaneous site (Appendix 6.5.). To prepare samples for µCT 

imaging, animals were deeply anesthetized by an intraperitoneal injection of tribromoethanol 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 ~5 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 chromate (Microfil MV-122, 

Flow Tech Inc, Carver, MA) was then manually injected into the vasculature. Specimens were 

stored at 4 oC overnight to allow for polymerization of the compound, and then tissue samples 

were surgically retrieved. Samples were stored in 4% paraformaldehyde at 4 oC until imaging. 

Samples were imaged using a Scanco Micro-CT 40 system (Basserdorf, Switzerland) 

operated at a voltage of 45 kV and current of 88 µA. Samples were scanned in a 16.4 mm 

diameter sample holder at high resolution, creating a 2,048 x 2,048 pixel image matrix and an 

isotropic voxel (volume element) size of ~8 µm. Each scan consisted of 160 slices through the 

center of the sample. Reconstructed serial slices were globally thresholded based on X-ray 
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attenuation and used to create 3-D renderings of the vascular networks. The same threshold (200) 

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 calculated using a model-independent method for assessing 

thickness in 3-D images.89  

 

3.2.8. Islet transplantation 

Diabetes was chemically induced in male C57BL/6 mice (10-12 weeks old) by an 

intraperitoneal injection of 220 mg/kg streptozotocin (Sigma Aldrich, St. Louis, MO). Blood 

glucose levels were measured from tail vein samples using a One Touch Basic glucose monitor 

(Lifescan, Milpitas, CA), and mice with blood glucose levels of > 300 mg/dl on consecutive days 

were considered diabetic. 

Islets were isolated from healthy male C57BL/6 mice as previously described.82, 90, 91 

Donor mice were anesthetized with an intraperitoneal injection of tribromoethanol. The 

peritoneal cavity was opened with a midline abdominal incision, and the common bile duct was 

cannulated and injected with collagenase (type XI; Sigma, St. Louis, MO) in Hank’s balanced 

salt solution. The pancreas was removed by dissection, and digested at 37oC for 15 min. The 

digested tissue was then filtered through a mesh screen, and the filtrate added to a discontinuous 

dextran (Sigma) gradient. Islets were collected and counted under a microscope.  

Scaffolds were sterilized in 70% ethanol and washed in islet growth medium (RPMI-

1640 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 
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mmol/L L-glutamine) in preparation for the seeding of purified islets. Islets were applied in a 

minimal volume of medium onto the surface of the microporous scaffold. The scaffolds were 

incubated for 15 min. at 37oC in 5% CO2 and 95% air. At that time, ~20 µl of medium was added 

and scaffolds were incubated for another 15 min. Scaffolds were then immediately transplanted 

into intraperitoneal fat of diabetic mice. 

 

3.2.9. Statistical Analysis 

 Values are reported as the mean + standard deviation. Statistical calculations were 

performed using JMP 4.0.4 software (SAS Institute, Cary, NC). P values were determined by a t-

test. 

 

3.3. Results 

3.3.1. Layered scaffold design 

 A layered scaffold design was developed to facilitate the efficient incorporation of large 

quantities of plasmid, while retaining the open pore structure for cell transplantation. The design 

consists of a thin, non-porous center layer that is sandwiched between two highly porous outer 

layers (Fig. 3-1A-C). The center layer is 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).  
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3.3.2. DNA incorporation and in vitro release kinetics 

The layered scaffold design substantially improved DNA incorporation efficiency 

relative to previous reports of scaffolds made with the gas foaming/particulate leaching 

process.32, 33 The incorporation efficiencies for 200 and 400 µg of DNA were 76.8 + 4.9% and 

75.7 + 4.5%, respectively (Table 3-1). For 800 µg of DNA, the incorporation efficiency was 

further increased to 86.8 + 6.3% (Table 3-1), 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. 3-2A). The 

initial bursts were equal to 73.3 + 2.4%, 83.6 + 1%, and 89.9 + 2.5% for the 200 µg, 400 µg, and 

800 µg doses, respectively (Fig. 3-2A). Following the initial burst, a sustained DNA release was 

observed for up to 2 weeks (Fig. 3-2A). Overall, the DNA release profiles obtained here are 

similar to those previously reported.32, 33 Increasing the mass of polymer contained in the center 

layer above 2 mg (up to 5 mg) did not further improve the incorporation efficiency or slow the 

rate of DNA release (Appendix 6.6.). Analysis by agarose gel electrophoresis confirmed that a 

large proportion of released DNA remains in the supercoiled conformation, although there is a 

gradual increase in the conversion to nicked and linear conformations as time progresses (Fig. 3-

2B, Table 3-2).  
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Figure 3-1. Scanning electron micrographs of a layered PLG scaffold. (A) Side view of the 

composite scaffold. Scale bar equals 1 mm. (B) Magnified view of the center layer. Scale bar 

equals 250 µm. (C) Magnified view of the pore structure in the outer layer. Scale bar equals 400 

µm. 
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Table 3-1. DNA incorporation efficiency for scaffolds loaded with different amounts of DNA. 
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Figure 3-2. In vitro DNA release kinetics and agarose gel electrophoresis. (A) Cumulative DNA 

release from scaffolds loaded with 200, 400, or 800 µg of plasmid (n=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. 
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Table 3-2. Conformational analysis of plasmid released from scaffolds. 
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3.3.3. In vivo transgene expression 

The ability of DNA-releasing scaffolds to promote in vivo gene transfer at the 

intraperitoneal fat site was evaluated for a range of DNA doses. For all doses tested (200, 400, 

and 800 µg), a general trend was observed where transgene expression levels peaked during the 

first few days and then declined substantially over a period of 1-2 weeks (Fig. 3-3). The DNA 

dose had little effect on transgene expression levels at day 3, as all doses had similarly robust 

levels of expression (Fig. 3-3). This result indicates that the amount of DNA initially released is 

not a limiting factor in gene transfer for any of the doses tested (Fig. 3-3). At days 7 and 14, the 

400 and 800 µg doses resulted in higher levels of transgene expression relative to the 200 µg 

dose (Fig. 3-3), indicating that delivery of increased quantities of DNA may help to sustain 

expression. However, transgene expression decreased to background levels in most animals by 

21 days. Also noteworthy is the fact that the 400 and 800 µg doses provided similar expression 

levels at all time-points, suggesting a threshold above which further increases in dose do not 

increase expression (Fig. 3-3). Non-layered scaffolds described in chapter 2 were also evaluated 

for their ability to promote gene transfer at the intraperitoneal fat site, but displayed similar 

kinetics of transgene expression compared to layered scaffolds (Appendix 6.7.).  

 

 

 

 

 

 



 
 
 
 

 
 
 

66

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. In vivo luciferase transgene expression for scaffolds loaded with 200, 400, or 800 µg 

of pLuc (n=4 per dose per timepoint). 
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3.3.4. Histological analysis and immunohistochemistry 

 The scaffold’s outer layers provided a suitable physical structure that supported cellular 

infiltration, as shown by H&E staining at days 7 and 14 (Fig. 3-4A,B). Immunohistochemical 

staining was performed to determine the distribution and identity of transfected cells. Scaffolds 

loaded with 400 or 800 µg of GFP-encoding plasmid were retrieved at 7 and 14 days, and stained 

with antibodies directed against GFP (transgene product) and F4/80 (macrophage surface 

marker). Staining results were similar for both doses and time points. Low magnification images 

taken at the interface of the scaffold with surrounding adipose tissue demonstrate the presence of 

GFP+ transfected cells (green) and macrophages (red) in both regions (Fig. 3-5A-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. 3-5D-F). Similarly, higher magnification images focusing on a region within 

the scaffold show co-localization of GFP and F4/80 staining immediately adjacent to the 

polymer, demonstrating that macrophages are the primary cell type transfected and revealing 

their propensity to align at the polymer surface (Fig. 3-5G-I). The presence of transfected cells 

immediately adjacent to the polymer surface has been observed previously,33 although here we 

have identified them as macrophages.  
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Figure 3-4. H&E staining of cellular infiltration into outer layers of scaffolds. Scaffold cross-

section at (A) day 7 and (B) day 14. 25x magnification, scale bars equal 1 mm. Labels indicate 

adipose tissue (AT) and scaffold (S). Dashed line indicates interface of scaffold edges with 

surrounding tissue. 
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Figure 3-5. Immunohistochemical staining to determine the distribution and identity of 

transfected cells. Images were taken from a scaffold loaded with 400 µg of GFP plasmid that was 

retrieved after 7 days. For (A-C), 100x magnification images were captured at the interface of 

the scaffold with surrounding adipose tissue (scale bars equal 200 µm). (A) GFP antibody 

staining. (B) GFP antibody staining with Hoechst staining for cell nuclei. (C). F4/80 

(macrophage) antibody staining with Hoechst. “S” indicates scaffold region, “AT” indicates 

adipose tissue, and dashed line indicates interface. For (D-F), 200x magnification images were 

captured in adipose tissue outside scaffold (scale bars equal 100 µm). (D) GFP antibody staining 

with Hoechst. (E) F4/80 antibody staining with Hoechst. (F) GFP antibody and F4/80 antibody 

staining. Yellow indicates co-localization of GFP and F4/80, and thus transfected macrophages. 

For (G-I), 200x magnification images were captured within the scaffold (scale bars equal 100 

µm). (G) GFP antibody staining with Hoechst. (H) F4/80 antibody staining with Hoechst. (I) 

GFP and F4/80 antibody staining. 
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3.3.5. Angiogenesis 

 Scaffolds releasing plasmid encoding FGF-2 or HIF1-α were evaluated for their ability to 

induce new blood vessel formation. Angiogenesis is a critical component of cell transplantation 

approaches, where the establishment of a sufficient vascular supply is required to support cell 

survival. Microcomputed tomography was used for three-dimensional visualization and 

quantitative analysis of the vascular networks formed within scaffolds at 2 and 4 weeks post-

implantation. At 2 weeks, scaffolds releasing pFGF-2 provided a 40% increase in the total 

vascular volume fraction relative to controls (P < 0.01), while no effect was observed with the 

pHIF-1α scaffolds at this time-point (Fig. 3-6A). This moderate increase in vascularization for 

the pFGF-2 scaffolds was also apparent in the 3-D renderings (Fig. 3-7A,C,E). A histogram 

showing the distribution of vessel diameters demonstrated a significant increase in the presence 

of larger vessels (>200 µm) for the FGF-2 scaffolds relative to controls (P < 0.05, Fig. 3-6B). 

This result indicates that the increase in vascular volume fraction for FGF-2 scaffolds was partly 

the result of an increase in vessel sizes. From 2 to 4 weeks, the vascular volume fraction 

decreased by 50% for pFGF-2 scaffolds and 60% for control scaffolds, indicating regression of 

initially formed blood vessels (Fig. 3-6A). This decrease in vascularization can also be 

visualized in the 3-D renderings (Fig. 3-7A-D). Although reasons for the decreased vascular 

volume fractions at 4 weeks are not known, it may be related to a subsiding inflammatory 

response due to partial scaffold resorption and integration with host tissue. In contrast, the 

vascular volume fraction for pHIF-1α scaffolds was similar or perhaps higher at 4 weeks relative 

to 2 weeks, indicating HIF-1α treatment may counteract the vessel regression (Fig. 3-6A, Fig. 3-
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7E,F). Also, at 4 weeks, the vascular volume fractions for pHIF-1α scaffolds were significantly 

higher than controls (P < 0.05, Fig. 3-6A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6. Quantitative analysis of angiogenesis by microcomputed tomography. (A) Total 

vascular volume fraction for scaffolds releasing pFGF-2, pHIF-1α, or pGFP (control) (n=3 per 

condition, per time-point). (B) Histogram of vessel diameters for FGF-2 and control scaffolds at 

2 weeks. ** P < 0.01, * P < 0.05. 
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Figure 3-7. Microcomputed tomography 3-D renderings of vascular networks. (A,B) control 

scaffolds at 2 and 4 weeks. (C,D) pFGF-2 scaffolds at 2 and 4 weeks. (E,F) pHIF-1α scaffolds at 

2 and 4 weeks. 
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3.3.6. Islet transplantation 

 We have previously established the ability of microporous PLG scaffolds to support islet 

transplantation at the intraperitoneal fat site,82 but the effect of plasmid delivery on islet function 

has not been tested. To address this question, 175 islets were transplanted on scaffolds loaded 

with 400 µg of GFP plasmid or control scaffolds containing no DNA, and blood glucose levels 

were monitored over time to evaluate graft function. The mean blood glucose levels were found 

to be similar for both conditions, suggesting no difference in islet function (Fig. 3-8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. Blood glucose levels of mice receiving 175 islets transplanted on scaffolds loaded 

with 400 µg of GFP plasmid or no DNA. Red circles indicate control scaffolds without DNA, 

and blue squares indicate scaffolds with DNA. Values represent averages + standard errors (n=3 

scaffolds per condition). 
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3.4. Discussion 

 In this chapter, a novel layered scaffold design was developed to facilitate efficient 

incorporation of large quantities of plasmid. These scaffolds were evaluated for their ability to 

promote in vivo gene transfer following implantation into intraperitoneal fat, a model site for cell 

transplantation. All DNA doses (200, 400, and 800 µg) provided similarly robust levels of 

expression at day 3, indicating that the amount of DNA initially released was not a limiting 

factor. However, a substantial decline in transgene expression was observed from days 3 to 7 for 

all doses. This rapid drop in expression represents a common obstacle encountered with in vivo 

administration of plasmid.77 Increasing the DNA dose had only a modest effect on prolonging 

transgene expression. Although the levels of reporter gene expression were decreased at days 7 

and 14, immunohistochemical analysis demonstrated the presence of abundant transfected cells 

both within the scaffold and in the surrounding adipose tissue. A large number of the transfected 

cells were identified as macrophages. Scaffolds delivering FGF-2 plasmid stimulated a modest 

increase in vascularization at 2 weeks relative to control scaffolds, indicating that transgene 

expression levels, at least initially, were physiologically relevant. However, by 4 weeks, a 

substantial decline in vascularization was observed for both FGF-2 and control scaffolds, 

indicating regression of initially formed vessels. In contrast, scaffolds delivering HIF-1α plasmid 

did not show any decrease in vascularization from 2 to 4 weeks. 

The kinetics of in vivo transgene expression obtained in this study are consistent with 

those typically seen for the human cytomegalovirus (CMV) promoter, where expression peaks 

within the first few days and declines rapidly over 1-2 weeks.92 Reasons for this rapid 

inactivation are not well understood, although several possibilities have been suggested including 
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cytokine-mediated inhibition,93 binding of repressor proteins,94 methylation,95 or loss of a 

positive activator.96 In some cases, the use of alternative promoters has allowed for more 

sustained gene expression.92 Thus, the continued design of synthetic or custom promoters may 

facilitate sustained transgene expression at appropriate levels. Additionally, modification of the 

plasmid vector through depletion of CpG motifs has shown the potential to provide more 

prolonged transgene expression.97 The kinetics of plasmid delivery may also play an important 

role in determining the duration of gene expression. The rapid plasmid release observed here 

likely provides an excess amount 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. Decreasing the burst effect is also desirable from the perspective of an 

inflammatory response, as large quantities of bacterially derived plasmid are known to activate 

inflammatory cells due to the presence of unmethylated CpG sequences. The rate of DNA 

release can be slowed by encapsulating DNA within polymer microspheres, and fabricating 

scaffolds from these DNA-loaded microspheres.81, 98, 99 However, the amount of DNA that can be 

delivered with this approach is limited based on the loading capacity of the microspheres and the 

amount of polymer required to make the scaffold (i.e. scaffold size). An alternative approach for 

slowing plasmid release is to include cationic micropsheres within the center layer to create an 

electrostatic interaction with the plasmid, and thereby modulate the release kinetics (Appendix 

6.3.). Overall, more studies are needed to establish the appropriate plasmid doses and release 

kinetics that maximize the extent and duration of transgene expression. 
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A large number of transfected cells at the intraperitoneal fat site were identified as 

macrophages using immunohistochemistry. Previous studies investigating DNA delivery at other 

sites have typically implicated either fibroblasts or endothelial cells as the cell types responsible 

for expressing the plasmid.30, 81 The transfection of macrophages has been shown to involve a 

specific transport mechanism for the uptake of plasmid, involving scavenger receptors that 

recognize a variety of anionic macromolecules.100, 101 Although much of the internalized DNA is 

degraded in endosomal compartments, studies have demonstrated that some remains in an intact 

form and reaches the nucleus to be expressed especially when delivered in high 

concentrations.102 In a study investigating delivery of plasmid from a polymer-coated stent, in 

vivo transfection of macrophages was observed at 7 days after implantation.103 Efficient ex vivo 

transfection of primary macrophages has also been demonstrated using gelatin particles 

complexed with plasmid.104 An important implication for the transfection of macrophages is their 

potential to provide long-term transgene expression, since they are essentially non-dividing and 

are known to have long life-spans up to several months.105 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 closely 

related to the transfection profile obtained. The fact that transfected macrophages were observed 

within the scaffold pores immediately adjacent to the polymer surface is also an interesting 

finding. Although this same observation was noted in a previous report, it was hypothesized that 

cellular transfection preferentially occurs near the polymer surface because the concentration of 

DNA would be highest there (given that plasmid was distributed throughout the entire 
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scaffold).33 However, in the current study all of the plasmid is loaded into the center layer, so the 

highest concentration of DNA would be found at the surface of this layer, not at the surface of 

the pores in the outer layers. Thus, the initial hypothesis does not fit here. Instead, the presence 

of transfected cells next to the polymer surface may be related to the propensity of macrophages 

to attach to the surface of a biomaterial.106 
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4. CHAPTER 4: Exendin-4 Releasing Scaffolds for Islet Transplantation 
 

4.1. Introduction 

 Type I diabetes is an autoimmune disease that destroys insulin-secreting β-cells within 

the pancreas, resulting in an absolute insulin deficiency.107 An estimated 1 million people in 

North America have type I diabetes and approximately 30,000 new cases are diagnosed each 

year, with prevalence rates rising annually.107, 108 Although intensive insulin treatment 

significantly delays the development and progression of secondary complications (e.g. kidney 

failure, blindness), it does not perfectly recreate normal blood glucose regulation and greatly 

increases the risk of severe hypoglycemic events.15, 39 As a result, the replacement of a patient’s 

insulin-producing β-cells via islet transplantation has been pursued as a means to restore normal 

blood glucose control. 

Recent successes in clinical islet transplantation using the Edmonton protocol have 

demonstrated the feasibility of this approach,13, 14, 40 although several major problems remain 

including the need for multiple transplants to achieve euglycemia and progressive islet failure 

over time.16 Although reasons for these problems are unclear, the requirement for multiple 

transplants likely reflects an early loss of functional islet mass caused by disruption of the islet’s 

native microenvironment during isolation (i.e. loss of cell-matrix interactions and vascular 

connections).41, 45, 49, 109 Additionally, the current practice of transplanting islets into the liver 

may contribute to islet failure by exposing them to high levels of circulating toxins and placing 

them in immediate proximity of resident macrophages.34, 110 Recognition of the potential 

importance of environmental factors on islet survival and function has increased interest in the 
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exploration of alternative transplant sites, and the development of strategies to improve the 

microenvironment of transplanted islets.110 

 Tissue engineering scaffolds capable of controlled drug delivery may offer a powerful 

tool for creating a supportive environment that will promote islet survival and function. Scaffolds 

are commonly employed in tissue engineering applications as platforms for cell transplantation, 

providing a support for cell attachment and maintaining a three-dimensional structure to guide 

new tissue formation.4 Fundamental design requirements for scaffolds include biocompatibility, 

biodegradability, and adequate mechanical strength. Also, scaffolds typically have porous 

structures to (i) provide a large surface area-to-volume ratio for high-density cell-seeding, (ii) 

promote nutrient and waste transport, and (iii) support cellular infiltration and integration of the 

scaffold with host tissue.4 The development of a vascular network throughout the three-

dimensional space is crucial for supporting the survival of transplanted cells and newly formed 

tissues. In addition to providing a suitable physical structure, scaffolds can be designed to deliver 

bioactive proteins that will bind to cell surface receptors and initiate specific cellular processes. 

The delivered proteins can act on cells in the surrounding tissue to increase vascularization, or 

they can act directly on the islet cells to prevent apoptosis, promote function, and/or stimulate 

proliferation. 

Exendin-4 is a 39 amino acid peptide originally isolated from the Gila monster lizard that 

exhibits several anti-diabetic actions of the mammalian hormone glucagon-like peptide-1 (GLP-

1).111-113 GLP-1 has been shown to stimulate β-cell cell proliferation,114 inhibit apoptosis,115 and 

increase glucose-stimulated insulin secretion.116 However, GLP-1 has a short circulating half-life 

of < 2 minutes that greatly limits its potential as a therapeutic target.113 Exendin-4 shares 53% 
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sequence homology to GLP-1 and acts as a GLP-1 receptor agonist; but, unlike GLP-1, exendin-

4 exhibits an extended half-life of ~4 hours making it a more effective therapeutic target.112, 113 

As a result, researchers have begun to investigate exendin-4 treatment as a means to promote the 

function of transplanted islets. A recent study demonstrated that daily intra-peritoneal injections 

of exendin-4 for one week substantially improved metabolic control following transplantation of 

rat islets into diabetic athymic mice, where 88% of treated mice maintained functioning grafts 

compared to only 22% of untreated mice.117 We hypothesize that controlled delivery of exendin-

4 from polymer scaffolds will maximize the therapeutic benefit by maintaining high 

concentrations of the peptide within the immediate islet microenvironment for extended periods 

of time. 

In this chapter, scaffolds were designed for controlled delivery of exendin-4 and 

evaluated for their ability to improve the outcome of islet transplantation in a syngeneic mouse 

model. Poly(D,L-lactide-co-glycolide) (PLG) scaffolds were fabricated using an established gas 

foaming/particulate leaching procedure.71, 72 Exendin-4 was encapsulated inside PLG 

microspheres using a double emulsion process, and protein-loaded microspheres were used to 

fabricate the scaffolds. Iodinated exendin was used to determine protein encapsulation efficiency 

and release kinetics for a range of polymer formulations. Islets were then transplanted on 

exendin-4 releasing scaffolds, and blood glucose levels were monitored over time to evaluate the 

impact of sustained exendin-4 delivery on islet graft function. 
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4.2. Materials and Methods 

4.2.1. Materials 

PLG (75/25 mole ratio of D,L-lactide to glycolide, i.v. = 0.6-0.8 dl/g) and (50/50 mole 

ratio of D,L-lactide to glycolide, i.v. = 0.4-0.5 dl/g) were purchased from Lakeshore 

Biomaterials (Birmingham, AL). PLG (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). Exendin-4 was 

purchased from AnaSpec (San Jose, CA). Iodinated exendin was purchased from Perkin Elmer 

(Boston, MA). 

 

4.2.2. Encapsulation of exendin-4 inside PLG microspheres 

 Exendin-4 was encapsulated inside PLG microspheres using a double emulsion 

procedure. Different PLG formulations were dissolved in dichloromethane to make either 3% or 

6% (w/w) solutions. An aqueous protein solution (total volume = 17 µL) containing 73 µg of 

exendin-4, 700 µg of bovine serum albumin (BSA), 50 mg/mL sucrose, and 3% wt. MgCO3/wt. 

BSA23 was also prepared. The first emulsion was created by adding 500 µL of the PLG solution 

to the aqueous protein solution, and sonicating for 15 seconds at 40 W over ice. The first 

emulsion was then poured into 25 mL of 5% poly(vinyl alcohol) (PVA) (with 50 mg/mL 

sucrose) and homogenized for 45 seconds to form the second emulsion. Lastly, the second 

emulsion was poured into 15 mL of 1% PVA (with 50 mg/mL sucrose) and stirred for 1.5 hours 

to allow evaporation of dichloromethane. Microspheres were washed with water, centrifuged at 

4000 rpm for 10 min, and then frozen in liquid nitrogen and lyophilized overnight. 
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4.2.3. Fabrication of exendin-4 loaded scaffolds 

PLG scaffolds were fabricated using an established gas foaming/particulate leaching 

procedure.71, 72 However, exendin-4 loaded microspheres were incorporated into scaffolds using 

two different structural designs (i.e. traditional and layered). First, for the traditional scaffold 

design, exendin-4 loaded microspheres were distributed throughout the entire three-dimensional 

polymer structure. In this case, exendin-4 loaded microspheres (3.7 mg) were mixed with NaCl 

particles (100 mg, 250 µm < d < 425 µm) in the presence of 0.5 µL of water, and then 

compressed in a 5 mm KBr die at 1500 psi using a Carver press. The resulting construct was 

equilibrated with CO2 (800 psi) for 16 hours in a custom-made pressure vessel. Afterwards, the 

pressure was rapidly released over a period of 25 minutes, which serves to fuse adjacent 

microspheres creating a continuous polymer structure. To remove the salt, scaffolds were 

immersed in water for 3 hours, with fresh water replacement after 2 hours. 

 For the layered design (described in Chapter 3), exendin-4 loaded microspheres were 

packed into a thin center layer that was sandwiched between two highly porous outer layers. The 

outer layers were fabricated by mixing 1.5 mg of empty microspheres (for release kinetics) or 

exendin-4 loaded microspheres (for islet transplantation) with 50 mg of NaCl particles (µm < d < 

425 µm). Then, 2 mg of exendin-4 loaded microspheres were compressed between two outer 

layers, and the composite scaffold was processed as described above.  

 

4.2.4. Characterization of release kinetics 

To characterize protein release kinetics from scaffolds, iodinated exendin was 

encapsulated inside PLG microspheres, and the resulting radioactive microspheres were used to 
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fabricate scaffolds. After leaching, scaffolds were immersed in 1 mL of phosphate-buffered 

saline (PBS) and incubated in a 37oC water bath. At specific time-points, scaffolds were 

transferred to fresh PBS, and the activity of release buffer was determined using a gamma 

counter (Micromedic 4/600 Plus, Micromedic, Horsham, PA). At the last time-point, scaffolds 

were dissolved in 1 mL of 5 M NaOH, and the activity was measured to determine the amount of 

protein left in the scaffold. The initial amount of protein in the scaffold was determined by 

adding the total amount released to the amount left in the scaffold at the end. Microsphere 

encapsulation efficiencies were determined by dissolving a known mass of microspheres in 1 mL 

of 5 M NaOH, and measuring the activity on a gamma counter. 

 

4.2.5. Islet transplantation  

Diabetes was chemically induced in male C57BL/6 mice (10-12 weeks old) by an 

intraperitoneal injection of 220 mg/kg streptozotocin (Sigma Aldrich, St. Louis, MO). Blood 

glucose levels were measured from tail vein samples using a One Touch Basic glucose monitor 

(Lifescan, Milpitas, CA), and mice with blood glucose levels of > 300 mg/dl on consecutive days 

were considered diabetic. Normal blood glucose levels are defined as < 200 mg/dl. 

Islets were isolated from healthy male C57BL/6 mice as previously described.82, 90, 91 

Donor mice were anesthetized with an intraperitoneal injection of tribromoethanol. The 

peritoneal cavity was opened with a midline abdominal incision, and the common bile duct was 

cannulated and injected with collagenase (type XI; Sigma, St. Louis, MO) in Hank’s balanced 

salt solution. The pancreas was removed by dissection, and digested at 37oC for 15 min. The 
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digested tissue was then filtered through a mesh screen, and the filtrate added to a discontinuous 

dextran (Sigma) gradient. Islets were collected and counted under a microscope.  

Scaffolds were sterilized in 70% ethanol and washed in islet growth medium (RPMI-

1640 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) in preparation for the seeding of purified islets. Islets were applied in a 

minimal volume of medium onto the surface of the microporous scaffold. The scaffolds were 

incubated for 15 min. at 37oC in 5% CO2 and 95% air. At that time, ~20 µl of medium was added 

and scaffolds were incubated for another 15 min. Scaffolds were then immediately transplanted 

into intraperitoneal fat of diabetic mice. 

 

4.3. Results 

4.3.1. In vitro release kinetics 

 PLG microspheres encapsulating radiolabeled exendin were fabricated using a range of 

polymer formulations in order to evaluate the effects of the polymer molecular weight (Mw), 

copolymer composition, and polymer concentration on the release kinetics. The first set of 

studies used a traditional scaffold design, where the exendin-loaded microspheres were 

distributed throughout the entire three-dimensional scaffold structure. The concentration of the 

PLG solution was varied from 3% to 6%, and two Mw formulations were tested: (1) high Mw 

(i.v. = 0.6-0.8 dl/g) (HMW), and (2) a blend of 25 wt. % low Mw (i.v. = 0.16-0.24 dl/g) (LMW) 

and 75 wt. % HMW. The copolymer ratio was kept constant (75/25 mole ratio D,L-lactide-to-

glycolide). The microsphere encapsulation efficiencies ranged form 70 to 90% (Table 4-1). For 
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the 3% PLG solution, the polymer molecular weight had no effect on the release kinetics, where 

a large burst release within the first 2 days was observed for both conditions (71.2 + 6.5% for the 

high Mw and 66.1 + 3.1% for the high/low Mw blend) (Fig. 4-1). Increasing the PLG solution 

concentration from 3% to 6% substantially decreased the initial burst for both Mw formulations, 

although to a greater extent for the high Mw polymer (20.2 + 2.4% for the high Mw and 36.2 + 

3% for the high/low Mw blend) (Fig. 4-1). However, all 4 of these conditions failed to provide a 

continued protein release following the initial burst (Fig. 4-1).  

 

 

 

 

 

 

Table 4-1. Microsphere encapsulation efficiency. 

 

 



 
 
 
 

 
 
 

87

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. In vitro exendin release kinetics from traditional scaffolds: effect of PLG 

concentration and molecular weight. Scaffolds were fabricated from microspheres made with 3% 

PLG, 100% HMW (red circles), 3% PLG, 75% HMW / 25% LMW (blue squares), 6% PLG, 

100% HMW (green diamonds), or 6% PLG, 75% HMW / 25% LMW (black x). Values represent 

averages + standard deviations (n=3 scaffolds per condition). 
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The second set of studies utilized a layered scaffold design, in which exendin-loaded 

microspheres were packed into a thin layer in the center of the scaffold. Layered scaffolds were 

first fabricated using the microsphere formulation that provided the fastest release profile for the 

traditional scaffold design (i.e. 3% PLG, HMW). In comparing the release kinetics for the two 

scaffold designs, a 4-fold decrease in the initial burst was observed for the layered design, 

although protein release was not sustained in either case (Fig. 4-2). In an effort to promote 

continued protein release, the lactide-to-glycolide ratio was varied to achieve a faster polymer 

degradation rate. The high Mw polymer used in the first set of studies (75 D,L-lactide/25 

glycolide, i.v. = 0.6-0.8 dl/g) degrades over a timeframe of ~4-5 months, according to the 

manufacturer’s specifications. In contrast, the “50 D,L-lactide/50 glycolide, i.v. = 0.4-0.5 dl/g” 

formulation degrades over a period of ~3-4 weeks. To test the effect of polymer degradation rate 

on protein release kinetics, microspheres were fabricated using this 50/50 copolymer alone, or as 

an equal weight blend with the 75/25 copolymer. Microsphere encapsulation efficiencies were 

approximately 90% for both of these formulations, and were not affected by the concentration of 

the PLG solution. When used alone, the 50/50 copolymer provided a biphasic release profile, 

characterized by an initial burst over the first 5 days and another burst beginning after 3-4 weeks 

(Fig. 4-3). The magnitude of the initial burst was larger for the lower PLG concentration (37.3 + 

1.9% for 3% PLG and 21.8 + 2.6% for 6% PLG), which is consistent with the first set of studies 

(Fig. 4-3). However, an opposite trend was observed in the secondary phase (i.e. between days 

21 and 70), where the extent of release was greater for the higher PLG concentration (26.1% for 

3% PLG and 41.5% for 6%). When the 50/50 copolymer was blended with the 75/25 copolymer, 

more sustained release profiles were obtained, especially with the 3% PLG (Fig. 4-4). For the 
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3% PLG formulation, ~50 % of the encapsulated protein was released over the first week, 

followed by another 33% that was released through 56 days in a relatively sustained manner 

(Fig. 4-4). In comparison, the 6% PLG formulation had a lower initial burst, but followed a 

similar release trend (Fig. 4-4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2. In vitro exendin release kinetics from scaffolds fabricated with a traditional or 

layered design. Both traditional (red circles) and layered (black squares) scaffolds were 

fabricated using the same microsphere formulation (3% PLG, 75/25 copolymer, HMW). Values 

represent averages + standard deviations (n=3 scaffolds per condition). 
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Figure 4-3. In vitro exendin release kinetics from layered scaffolds fabricated with the 50/50 

copolymer. The concentration of the PLG solution used in the microsphere emulsion process was 

varied from 3% (red circles) to 6% (blue squares). Values represent averages + standard 

deviations (n=3 scaffolds per condition). 
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Figure 4-4. In vitro exendin release kinetics from layered PLG scaffolds fabricated with an equal 

weight blend of the 50/50 and 75/25 copolymers. The concentration of the PLG solution used in 

the microsphere emulsion process was varied from 3% (green circles) to 6% (black squares). 

Values represent averages + standard deviations (n=3 scaffolds per condition). 
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4.3.2.  Islet transplantation  

 Islets were seeded onto exendin-4-loaded scaffolds and transplanted into the 

intraperitoneal fat of syngeneic mice with streptozotocin-induced diabetes to evaluate the effect 

of sustained exendin-4 delivery on islet graft function. Scaffolds were fabricated using the 

layered design, with both the outer and center layers containing exendin-4 loaded microspheres. 

The outer layers were made with the “3% PLG, 75/25 copolymer, HMW” formulation, while the 

center layer was made with the “3% PLG, 50/50 + 75/25 copolymer blend” formulation. Thus, 

the outer layers provide a large burst release during the first few days, while the center layer 

provides a sustained release for approximately 2 months. Using a marginal islet mass of 75 islets, 

it was found in two separate experiments that islets transplanted on exendin-4-releasing scaffolds 

exhibited enhanced function relative to those transplanted on control scaffolds (Fig. 4-5). In 

experiment 1, blood glucose levels of transplant recipients were monitored for 48 days, and all 3 

mice receiving islets on control scaffolds failed to convert to euglycemia. Notably, one of the 

control mice displayed excessive weight loss and had to be sacrificed after 22 days. In contrast, 2 

of 3 mice receiving islets on exendin-4 scaffolds rapidly converted to euglycemia on days 1 and 

10. In the second experiment, blood glucose levels were monitored for 20 days, and again 2 of 3 

mice in the exendin-4 group rapidly converted to euglycemia on days 1 and 6. For the control 

group, 1 of 3 mice converted to euglycemia on day 17, but the other 2 mice remained diabetic 

with consistently high blood glucose levels > 400 mg/dl.  
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Figure 4-5. Blood glucose levels of mice receiving 75 islets transplanted on exendin-4 or control 

scaffolds. Data combines 2 separate transplant experiments comparing control scaffolds (red 

circles) and exendin-4 scaffolds (blue squares). Experiment 1 was monitored for 48 days (n=3 

per condition), and experiment 2 was monitored for 20 days (n=3 per condition). Blood glucose 

levels of < 200 mg/dl are defined as normal. Values represent averages + standard errors. 

 
 



 
 
 
 

 
 
 

94

4.4. Discussion 

 In this chapter, PLG scaffolds were developed for sustained exendin-4 delivery in order 

to create a supportive platform for islet transplantation. Exendin-4 acts directly on β-cells to 

inhibit apoptosis, stimulate proliferation, and increase glucose-stimulated insulin secretion.114-116 

Studies have already demonstrated the potential of exendin-4 to promote islet graft function 

when administered via intraperitoneal injections.117 However, localized and sustained delivery of 

exendin-4 within the islet microenviroment may enhance the therapeutic benefit. Tissue 

engineering scaffolds provide an ideal system for studying the effects of controlled delivery of 

bioactive factors on cellular function. Exendin-4 was encapsulated inside PLG microspheres 

using a range of polymer formulations in an effort to identify conditions that provide sustained 

release kinetics. Using the 75/25 PLG copolymer, non-sustained release profiles were obtained, 

with the magnitude of the initial burst regulated by the polymer concentration, polymer 

molecular weight, and scaffold design. Using the layered scaffold design and blending the 75/25 

copolymer with the 50/50 copolymer promoted more sustained protein release, presumably due, 

in part, to the faster degradation rate of the 50/50 copolymer. Interestingly, when used alone, the 

50/50 copolymer did not further increase the rate of release (as may be expected due to faster 

degradation), but rather decreased the extent of protein release. This indicates that other factors 

in addition to the polymer degradation rate influenced protein release. For islet transplantation 

studies, layered scaffolds were fabricated using two different polymer formulations, where the 

outer layers delivered a large burst of exendin-4 in the first few days and the center layer 

provided sustained exendin-4 release over approximately 2 months. Importantly, the layered 

scaffold design allows flexibility in choosing a polymer formulation that provides appropriate 
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protein release kinetics, since the center layer can be designed independently of the structural 

requirements for the outer layers. Initial studies have demonstrated that islets transplanted on 

exendin-4-releasing scaffolds exhibit enhanced function relative to those transplanted on control 

scaffolds, providing the first evidence that drug-releasing scaffolds can improve the outcome of 

islet transplantation. However, more studies are needed to increase the n values and confirm 

these findings. 

 Drug release from PLG microspheres is known to be controlled by a complex interplay of 

different factors including polymer molecular weight, copolymer composition, and microsphere 

size.118 The encapsulated drug is released from microspheres via diffusion through the polymer 

matrix, and as a result of polymer eroison.119 Diffusion rates of drugs through the polymer phase 

generally decrease with increasing polymer molecular weight.118 Also, as microsphere size 

decreases, drug release typically increases due to the larger surface area-to-volume ratio and 

faster water penetration.118 Since microsphere size decreases with decreasing polymer 

concentration,74 this may partially explain why the lower PLG concentration resulted in 

increased protein release. Furthermore, microspheres made with the higher PLG concentration 

presumably have increased densities, which may limit protein diffusion. In general, microspheres 

typically exhibit an initial burst of drug release within the first few hours or days that is thought 

to be the result of drug located at or near the microsphere surface or in the pores/voids connected 

to the surface.118, 119 After the initial burst, the drug diffuses out of the microsphere interior 

through a network of water-filled pores, which grows over time due to erosion of the polymer 

matrix.118  If diffusivity of the drug through the polymer matrix is limiting, drug release will 

primarily be controlled by the polymer degradation rate.119 In this case, there may be a lag phase 
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after the initial burst until the polymer achieves bulk erosion, which results in a significant 

increase in the formation of pores for drug diffusion.119 This type of release profile was observed 

in these studies for the layered scaffolds fabricated with the 50/50 copolymer. The secondary 

phase of release after 3-4 weeks likely corresponds to time required for bulk erosion of this 

polymer formulation. It is unclear why blending the 50/50 copolymer with the 75/25 copolymer 

resulted in more sustained protein release (since the degradation rate was likely slower), but may 

be related to increased diffusivity of the protein through the polymer matrix or partitioning of the 

protein closer to the microsphere surface.  

 An important consideration for future studies is that the thickness of the scaffold’s outer 

layer may limit the efficacy of exendin-4 delivery by creating a large diffusion distance that the 

protein must overcome in order to reach the islets. The scaffolds used in these studies had an 

outer layer thickness of ~1.5 mm, and seeded islets typically do not penetrate deep within the 

scaffold; rather they remain on the surface. Thus, exendin-4 released from the center layer must 

diffuse the full distance of ~1.5 mm in order to reach the islets. Decreasing the thickness of the 

outer layers to place the seeded islets in direct contact with the center layer (i.e. source of 

exendin-4) may maximize the therapeutic benefit by minimizing the protein diffusion distance. 

Future studies should also investigate dose effects of exendin-4 delivery. Additionally, 

administration of exendin-4 via intraperitoneal injections should be performed as a control to 

establish whether controlled delivery leads to a greater enhancement in islet function. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 

5.1. Perspective 

Tissue engineering holds great promise for the treatment of a wide range of medical 

problems associated with tissue or organ loss, but requires harnessing the inherent capacity of 

cells to assemble into functional tissues. The underlying idea is that cellular behavior can be 

controlled by manipulating environmental signals. Although the concept is simple, the ability to 

adequately control cellular behavior and coordinate the formation of complex tissues remains a 

challenge, partly due to the diversity of biological signals and a lack of effective strategies for 

presenting these signals in a spatially and temporally controlled manner. Scaffolds are a central 

component of tissue engineering, as they provide a three-dimensional template for organizing 

cells into the proper architecture, and offer the potential to create controllable environments with 

the appropriate cellular cues required to direct tissue formation. To this end, scaffolds have been 

developed for controlled drug delivery as a means for introducing bioactive proteins or peptides 

into the local environment. Encapsulation of proteins inside biodegradable polymer microspheres 

has been one of the most common approaches for promoting controlled delivery. The main 

challenges include obtaining high encapsulation efficiencies, maintaining the protein’s 

bioactivity prior to release, and achieving continued protein release for the desired timeframe. 

Additionally, since proteins exhibit a wide range of physical properties, the delivery system may 

need to be optimized for each protein delivered, limiting the versatility of this approach. 

Bioactive proteins and peptides can also be indirectly delivered via a gene therapy 

approach, where a plasmid vector containing the encoding gene is delivered and cells are 

exploited to locally produce and secrete the protein of interest. This approach is attractive due to 
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its versatility and potential to induce prolonged expression of proteins at stable levels. The 

primary challenge is achieving transfection of sufficient numbers of cells and maintaining 

expression of the delivered plasmid at effective levels for the desired time frame. Previous 

studies have demonstrated proof of principle that plasmid delivery from scaffolds can achieve 

localized cellular transfection and sufficient protein production to induce physiological 

responses. However, an understanding of the important factors that regulate the extent and 

duration of transgene expression is lacking. For example, it is not known how the plasmid dose 

and release rate correlate with the transgene expression profile. Additionally, the relationship 

between key scaffold design parameters and transgene expression has not been investigated. 

Also, the cell types responsible for expressing the plasmid have generally not been identified, 

and it is not known how the transgene expression profile will vary for different anatomical 

locations. Chapters 2 and 3 aimed to address some of these questions and improve our overall 

understanding of scaffold-mediated gene delivery. These fundamental studies are needed to 

establish the capabilities/limitations of the current approach and may help to direct new 

strategies for continued development of effective gene delivery systems. Ultimately, it will be 

important to develop an ability to regulate the levels, duration, and location of transgene 

expression, since the requirements for tissue formation are generally not known, and will likely 

vary for different applications. 

This dissertation focused on developing scaffold technologies for controlled delivery of 

proteins and DNA, and then applying these systems to create an effective platform for islet 

transplantation, which is a promising cell-replacement therapy for the treatment of type I 

diabetes. The current clinical approach of infusing large numbers of islets into a patient’s liver 
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has demonstrated the potential to achieve insulin independence, although multiple transplants are 

typically required and the reversal of diabetes is not maintained due to progressive islet failure 

over time. Poor islet survival and concerns with the liver as a transplant site are thought to 

contribute to the limited success. The application of tissue engineering principles to this problem 

offers the potential to create a more supportive environment for transplanted islets that will 

promote engraftment and continued function. In chapter 4, scaffolds were developed for 

controlled delivery of the peptide exendin-4, which acts on islet β-cells to inhibit apoptosis, 

stimulate proliferation, and increase glucose-stimulated insulin secretion. Initial studies 

demonstrated that exendin-4 delivery from scaffolds can enhance islet graft function, providing 

the first evidence that drug-releasing scaffolds can promote the success of islet transplantation. 

Further development of this scaffold-based approach will require delivery of a variety of other 

therapeutic targets, such as angiogenic factors to induce the formation of a sufficient vascular 

supply. As discussed above, plasmid delivery provides an alternative drug delivery strategy that 

would afford improved versatility to deliver a wide range of therapeutic targets with a single 

delivery system. However, it is not known whether the extent and duration of transgene 

expression currently obtained at the intraperitoneal fat site will be sufficient to provide a 

therapeutic benefit for transplanted islets. Importantly, the requirements for transgene expression 

will likely depend on the therapeutic target. For example, anti-apoptotic factors expressed at high 

levels for only a few days may be effective for promoting islet engraftment, since substantial 

islet cell death is known to occur in the early post-transplant period. For other factors such as 

angiogenic factors, sustained expression for several weeks will likely be required to achieve 

formation of robust and stable vascular networks. 
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5.2. Chapter 2: PLG Scaffolds for Plasmid Delivery: In Vivo Transgene Expression at a 
Subcutaneous Site 

 
5.2.1. Conclusions 

 These studies demonstrated the ability of DNA-releasing scaffolds to provide localized 

and sustained transgene expression in vivo following implantation at a subcutaneous site. The 

extent and duration of transgene expression was strongly regulated by the plasmid dose. High 

plasmid doses (>600 µg) resulted in robust expression that persisted for several months, while 

low doses (<300 µg) provided only short-term expression that subsided within a few days. 

Immunohistochemical analysis demonstrated the presence of transfected cells within the 

scaffold, immediately adjacent to the polymer surface. It was initially hypothesized that the 

scaffold’s porous structure played an important role in promoting transgene expression. 

However, in comparing scaffolds made with different molecular weight polymers, it was found 

that maintaining an intact pore structure was not required for sustained transgene expression. 

Scaffolds made with low molecular weight polymer typically collapsed following implantation, 

but consistently provided robust and sustained transgene expression, similar to high molecular 

weight scaffolds that maintained structural integrity. Additionally, histological analysis 

demonstrated that scaffolds failed to effectively support cellular infiltration, regardless of the 

polymer molecular weight. To address this problem, the scaffold’s pore interconnectivity was 

improved by increasing the microsphere size and density. Although the modified scaffold 

structure promoted cellular infiltration, it also substantially lowered the plasmid incorporation 

efficiency. This dependency of the plasmid incorporation efficiency on the scaffold structure was 

an important finding that revealed a critical limitation of the current delivery system. 
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5.2.2. Recommendations 

 The mechanism responsible for long-term transgene expression observed at the 

subcutaneous site remains undetermined, but is likely the result of continued expression of the 

plasmid by initially transfected cells, rather than repeated cellular transfection. Sustained plasmid 

delivery from scaffolds has been proposed as a means to extend transgene expression by 

maintaining elevated concentrations of the vector in the local environment. However, the 

scaffolds described in this chapter exhibited rapid plasmid release kinetics in vitro, with most of 

the plasmid released within a few days. Thus, the kinetics of plasmid release are not consistent 

with the prolonged and stable transgene expression profile obtained. To more rigorously prove 

that sustained plasmid delivery is not required for long-term expression at this site, plasmid 

should be locally delivered via a bolus injection during implantation of a control scaffold. 

Additionally, identifying the cell type(s) transfected will likely provide insight into the 

mechanism. Specifically, more immunohistochemical analysis should be performed to determine 

whether muscle cells are transfected at this site. It is well established that muscle can provide 

sustained expression of plasmids for several months at stable levels, and abundant striated 

muscle fibers were observed in the immediate scaffold periphery. Importantly, if muscle cells are 

found to be responsible for the sustained expression, the applicability of results obtained at this 

site would likely be limited given that many anatomical sites do not contain muscle tissue. In 

fact, we have already found that these results do not translate well to the intraperitoneal fat site, 

where the duration of expression was found to be substantially shorter. Thus, the subcutaneous 

site may not be suitable as a model site for studying in vivo gene transfer.  
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In addition to determining whether muscle cells are transfected in the surrounding tissue, 

the cell type(s) transfected within the scaffold should also be identified. At both the 

subcutaneous and intraperitoneal fat sites, immunohistochemical analysis demonstrated the 

presence of transfected cells within the scaffold, immediately adjacent to the polymer surface. At 

the intraperitoneal fat site, these cells were identified as macrophages. Thus, given the same 

pattern of staining at the subcutaneous site, it is reasonable to expect these cells may also be 

macrophages. However, since transgene expression at the intraperitoneal fat site persisted for 

only a few weeks, transfected macrophages within the scaffold are not expected to contribute to 

long-term expression at the subcutaneous site. 

 The dependency of the plasmid incorporation efficiency on the scaffold structure 

represents a major limitation of the current delivery system. Improving the scaffold’s pore 

interconnectivity was necessary to promote cellular infiltration, but resulted in unacceptably low 

plasmid incorporation efficiencies. Thus, an alternative or modified delivery system that would 

allow the scaffold structure to be changed without affecting DNA incorporation or release was 

needed. As a result, a novel layered scaffold design was developed in chapter 3 to overcome this 

problem. 

 

5.3. Chapter 3: Layered PLG Scaffolds for Plasmid Delivery and Cell Transplantation: In 
Vivo Transgene Expression at an Intraperitoneal Fat Site  

 

5.3.1. Conclusions 

 A novel layered scaffold design was developed to facilitate the efficient incorporation of 

large quantities of plasmid, while maintaining a well-interconnected open-pore structure for cell 
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transplantation. These scaffolds promoted gene transfer in vivo at an intraperitoneal fat site, with 

transgene expression persisting for up to 2 weeks. Regardless of the plasmid dose (200, 400, or 

800 µg), a similar trend was observed where expression levels peaked during the first few days 

and then rapidly declined. This rapid drop in expression represents a common obstacle 

encountered with in vivo plasmid delivery. Despite the decreased expression at 1 and 2 weeks, 

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 FGF-2 plasmid induced a modest increase in vascularization 

at 2 weeks relative to control scaffolds, demonstrating that expression levels, at least initially, 

were physiologically relevant. However, no effect was seen for delivery of HIF-1α at 2 weeks. 

Additionally, by 4 weeks, a substantial decrease in vascularization was observed for both FGF-2 

and control scaffolds, suggesting that vessel regression had occurred. Taken together, the 

microcomputed tomography results indicate that the current transgene expression profile is likely 

insufficient to induce the formation of a robust and stable vascular network. 

 

5.3.2. Recommendations 

The layered scaffold design substantially increased plasmid incorporation efficiency, but 

did not provide sustained plasmid release kinetics or promote long-term transgene expression at 

the intraperitoneal fat site. The underlying reasons limiting the duration of transgene expression 

are not known, but are likely related to both extracellular and intracellular barriers. First, 

extracellular barriers refer to the process by which DNA diffuses from the scaffold to the target 

cell membrane so that it can be internalized by the cell via endocytosis. Sustained plasmid 
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release from scaffolds has been proposed as a means to maintain elevated concentrations of the 

vector within the cellular microenvironment to increase opportunities for internalization and 

facilitate repeated cellular transfection. However, layered scaffolds exhibited rapid in vitro 

plasmid release kinetics (similar to those in chapter 2), where most of the plasmid was released 

in the first few days. In order to test whether expression can be extended by sustained plasmid 

delivery, more work is needed to develop strategies for controlling plasmid release from 

scaffolds. One potential approach for slowing plasmid release is to include cationic micropsheres 

within the center layer to create an electrostatic interaction with the plasmid, and thereby 

modulate the release kinetics (Appendix 6.3.). Alternatively, the rate of DNA release can be 

slowed by encapsulating DNA within polymer microspheres, and fabricating scaffolds from 

these DNA-loaded microspheres.81, 98, 99 However, the amount of DNA that can be delivered with 

this approach is limited based on the loading capacity of the microspheres and the amount of 

polymer required to make the scaffold (i.e. scaffold size). In addition to controlling plasmid 

release, we will likely need to address intracellular barriers. For example, once the plasmid is 

internalized into the cell and successfully traffics to the nucleus, rapid inactivation of the plasmid 

promoter commonly occurs. Reasons for this rapid inactivation are not well understood, although 

several possibilities have been suggested including cytokine-mediated inhibition,93 binding of 

repressor proteins,94 methylation,95 or loss of a positive activator.96 In some cases, the use of 

alternative promoters has allowed for more sustained gene expression.92 Additionally, 

modification of the plasmid vector through depletion of CpG motifs has shown the potential to 

provide more prolonged transgene expression.97 
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5.4. Chapter 4: Exendin-4 Releasing Scaffolds for Islet Transplantation 

5.4.1. Conclusions 

 PLG scaffolds were developed for controlled delivery of exendin-4 and evaluated for 

their ability to enhance the function of transplanted islets. Exendin-4 was encapsulated inside 

PLG microspheres using a double emulsion procedure, and scaffolds were fabricated from the 

protein-loaded microspheres. The PLG copolymer ratio and molecular weight were varied in 

order to identify formulations that provide sustained protein release. Scaffolds made with the 

75/25 copolymer provided only an initial burst of protein release during the first few days, with 

the magnitude of the burst regulated by the polymer concentration, molecular weight, and 

scaffold design (i.e. layered vs. traditional). Using the layered scaffold design and blending the 

75/25 copolymer with the 50/50 copolymer promoted more sustained protein release, presumably 

due, in part, to a faster polymer degradation rate. With this formulation, 50 % of the encapsulated 

protein was released over the first week, followed by another 33% that was released through 56 

days in a relatively sustained manner. The layered scaffold design was an important aspect of 

these studies, as it allowed the center layer to be designed independently of the structural 

requirements of the outer layers, thereby providing more flexibility in choosing a polymer 

formulation that provides appropriate protein release kinetics. After identifying a formulation 

with desirable release kinetics, exendin-4-releasing scaffolds were evaluated for their ability to 

enhance islet transplantation. Initial studies have demonstrated that islets transplanted on 

exendin-4-releasing scaffolds provide improved blood glucose control relative to those 

transplanted on control scaffolds. 
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5.4.2. Recommendations 

 In order to confirm our initial results indicating that exendin-4-releasing scaffolds 

promote islet graft function, more islet transplants are needed to increase the n values. 

Additionally, the effect of scaffold thickness on the efficacy of exendin-4 delivery should be 

investigated. Specifically, decreasing the thickness of the outer layers to place the seeded islets in 

direct contact with the center layer (i.e. source of exendin-4) may maximize the therapeutic 

benefit by minimizing the protein diffusion distance. Also, administration of exendin-4 via 

intraperitoneal injections should be performed as a control to establish whether controlled 

delivery leads to a greater enhancement in islet function. 
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6. APPENDIX 
 

6.1. Lyophilization of DNA with PLG microspheres 

 To incorporate DNA into porous PLG scaffolds, polymer microspheres are reconstituted 

in a concentrated DNA solution and lyophilized to form a powder. This powder is mixed with 

salt particles, compressed into a pellet, and processed by gas foaming and particulate leaching. 

Importantly, the physical properties of the lyophilization product can affect its ability to be 

mixed effectively with salt particles. A desirable lyophilization product is brittle, such that it can 

be easily pulverized into a fine powder (Fig. 6-1A). However, in some cases, the lyophilization 

product can exhibit a “foam-like” quality and occupy a significantly larger volume (Fig. 6-1B). 

This type of lyophilization product cannot be broken up into a powder, and the addition of a 

small volume of water (i.e. wet granulation technique) causes formation of a “gum-like” 

substance that is extremely sticky and difficult to mix. Furthermore, scaffolds fabricated with 

this undesirable lyophilization product typically become cracked during the gas foaming process, 

presumably due to the expansion of large aggregates of polymer that were not homogeneously 

mixed (Fig. 6-2). Given these difficulties in fabricating DNA-loaded scaffolds, it was important 

to understand how to consistently achieve formation of desirable lyophilization products. It was 

found that the size of the holes created in the top of the microcentrifuge tube prior to 

lyophilization significantly influenced the physical properties of the lyophilization product (Fig. 

6-1). Using an 18-gauge needle to make 1 large hole in the top of the tube resulted in the 

formation of an undesirable lyophilization product (Fig. 6-1B). In contrast, using a 25-gauge 

needle to make 3 small holes in the top of the tube resulted in a lyophilization product that 

occupied less volume, and exhibited increased porosity and brittleness (Fig. 6-1A). This effect is 
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likely related to the drying rate of the product during lyophilization, where the larger hole allows 

for an accelerated drying rate. 

 

 

 

 

 

 

 

 

 

 

Figure 6-1. Images of lyophilization products with different physical properties. Both samples 

contained 7 mg of PLG microspheres, 800 µg of DNA, and 1 mg of lactose. The size of the 

hole(s) created in the top of the plastic tube prior to lyophilization regulated the physical 

properties of the final product. (A) A 25-gauge needle was used to make three small holes. (B) 

An 18-gauge needle was used to make one large hole. The lyophilization product in (A) occupies 

a smaller volume and exhibits increased porosity and brittleness relative to (B). 
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Figure 6-2. Image of a cracked scaffold after gas foaming. The scaffold was fabricated with an 

undesirable lyophilization product that could not be homogeneously mixed with salt particles, 

resulting in aggregates of polymer. During the gas foaming process, expansion of the polymer 

aggregates created fractures through the scaffold, compromising its structural integrity. 
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6.2. In vivo transgene expression obtained by drying DNA onto the surface of scaffolds 

 Scaffolds with 50 or 100 µg of DNA dried onto their surface provided robust transgene 

expression at the subcutaneous site for at least 2 weeks. Prior to addition of DNA, scaffolds were 

wetted in ethanol, washed in water, and then partially dried. DNA was added in a drop-wise 

fashion to the scaffold surface in a minimal volume of TE buffer (~20 µL), and scaffolds were 

incubated at 37oC to dry the DNA onto the surface. When immersed in water, the adsorbed DNA 

was quickly released from the scaffold, which is to be expected given that both the scaffold and 

DNA are negatively charged. Scaffolds containing 50 or 100 µg of luciferase plasmid were 

implanted subcutaneously and transgene expression was monitored using bioluminescence 

imaging. Both doses provided robust transgene expression that persisted for at least 2 weeks, 

with higher levels observed for the 100 µg dose (Fig. 6-3). It is important to note that transgene 

expression may have persisted for a longer period of time, but the mice were only monitored for 

2 weeks. This experiment suggests that sustained plasmid release may not be required for 

prolonging transgene expression at the subcutaneous site. Although this approach worked well in 

the current situation, it would not be useful in any application that requires pre-hydration of the 

scaffold prior to implantation (as would be done in cell transplantation procedures). Furthermore, 

when this approach was applied to the intraperitoneal fat site, transgene expression persisted for 

only a few days (Fig. 6-4). Thus, these results may be specific to the subcutaneous site.  
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Figure 6-3. Bioluminescence imaging of luciferase transgene expression for scaffolds containing 

50 µg or 100 µg of pLuc dried onto their surface. The images are of a single mouse at different 

time points. Two scaffolds were implanted subcutaneously in the dorsal region of the mouse. The 

scaffold on the left had 50 µg of pLuc, while the one on the right had 100 µg of pLuc. 
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Figure 6-4. Bioluminescence imaging of luciferase transgene expression at the intraperitoneal fat 

site following implantation of a scaffold containing 100 µg of pLuc dried onto its surface. The 

images are of a single mouse at different time points.  
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6.3. Fabrication of cationic PLG microspheres for DNA adsorption 

Introduction 

 Incorporation of DNA into porous PLG scaffolds via the methods described in chapter 2 

is associated with several significant problems, including large losses of DNA during the 

particulate leaching step, rapid release kinetics, and a dependency of the incorporation efficiency 

on the scaffold structure. As a result, an alternative delivery strategy involving adsorption of 

DNA to PLG microspheres or scaffolds was investigated. With an adsorption based approach, 

DNA could potentially be adsorbed to a pre-made scaffold that has already been leached, such 

that no DNA is lost during leaching and the scaffold structure is not affected by addition of 

DNA. However, such an approach would likely require a specific interaction (e.g. electrostatic) 

between the scaffold and DNA, in order to allow efficient loading and prevent rapid release of 

the DNA. The strength of this interaction would be crucial, as it would need to promote DNA 

adsorption, yet still allow for DNA release. 

 The creation of cationic PLG microspheres capable of efficient DNA adsorption has 

already been explored by other groups as a means to deliver DNA vaccines.120 Several studies 

have used the cationic lipid, centryltrimethylammonium bromide (CTAB) (structure shown in 

Fig. 6-5), as a surfactant in the emulsion procedure to make cationic microspheres with highly 

positive zeta potentials of >+50 mV (in comparison, microspheres prepared with poly(vinyl 

alcohol) (PVA) as a surfactant have negative zeta potentials of approximately -15 mV).120-123 

One study reported that the amount of CTAB on the micropshere surface can be controlled 

through the extent of washing, and the CTAB content regulates both the DNA loading efficiency 

and the extent of release.121 Other cationic polymers have also been explored to create positively 
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charged PLG microspheres, including polyethylenimine (PEI),124-126 chitosan,125, 127 and poly(2-

dimethyl-amino)ethyl methacrylate (pDMAEMA).125  

The objective of these studies was to fabricate cationic PLG microspheres, and evaluate 

their capacity for DNA adsorption and release. Ultimately, these cationic microspheres could be 

used to fabricate three-dimensional scaffolds, providing a mechanism to modulate interactions 

between DNA and the scaffold. Examples of potential adsorption-based strategies for delivering 

DNA from scaffolds include: (1) pre-adsorbing DNA to microspheres before fabricating 

scaffolds, (2) adsorbing DNA to scaffolds after fabrication, and (3) pre-adsorbing DNA to 

nanospheres and then seeding the DNA-coated particles onto scaffolds (illustrated in Fig. 6-6). 

 

 

 

 

 

 

 

Figure 6-5. Structure of centryltrimethylammonium bromide (CTAB). 
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Figure 6-6. Adsorption-based strategies for DNA delivery from scaffolds. 
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Fabrication of CTAB-coated PLG microspheres 

 We initially attempted to fabricate cationic microspheres with CTAB, since it has been 

extensively studied in numerous reports. Microspheres were fabricated using a single emulsion 

procedure. PLG (75/25 mole ratio of D,L-lactide-to-glycolide, i.v. = 0.6-0.8 dl/g) was dissolved 

in dichloromethane to make a 6% (w/w) solution. To create the emulsion, 3 mL of the PLG 

solution was combined with 20 mL of an aqueous CTAB solution (0.1%, 0.5%, or 1% (w/v)) and 

homogenized at 7000 rpm for 45 sec. Other reports typically used a 0.5% (w/v) CTAB 

solution.120 Note that CTAB can precipitate out of solution at room temperature at high 

concentrations above 0.5% (w/v). The emulsion was poured into 60 mL of an aqueous CTAB 

solution, and stirred for 3 hr. to allow evaporation of the organic solvent. Micropsheres were 

washed with water and centrifuged at 4000 rpm for 10 min (repeated twice).  

During washing, microspheres aggregated and adsorbed to the walls of conical tubes, 

presumably due to the removal of CTAB from the microsphere surface and subsequent exposure 

of the hydrophobic PLG surface. The inability to form a stable CTAB coating represents a major 

problem, since the CTAB must be present in order to impart a positive surface charge. This 

problem was not reported in any of the initial papers (all from a single group).120, 121, 123 

However, a recent paper by another group did describe this same problem, and concluded that 

CTAB desorbs from the microsphere surface during washing, regardless of the CTAB 

concentration or polymer formulation.128 CTAB desorption could only be prevented by inclusion 

of at least 0.1% (w/v) CTAB in the wash buffer. Given the problems associated with fabricating 

CTAB-coated PLG microspheres, alternative cationic molecules were examined. 
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Fabrication of PEI/PLG microspheres 

 Polyethylenimine (PEI) is a commonly used non-viral transfection reagent that contains a 

high density of positive charges due to amine groups. It self assembles with plasmid to generate 

condensed structures that facilitate cellular uptake and intracellular trafficking. Given its ability 

to efficiently bind DNA via an electrostatic interaction, PEI has also been used to modify the 

surface of microspheres to promote DNA adsorption.124  

PEI was incorporated in PLG microspheres by directly dissolving it in the organic phase 

prior to the emulsion procedure (rather than using it as a surfactant in the aqueous phase which 

was the case for CTAB). PEI/PLG microspheres were fabricated using a previously described 

double emulsion procedure.124 PLG (75/25 mole ratio of D,L-lactide-to-glycolide, i.v. = 0.6-0.8 

dl/g) was dissolved in dichloromethane to make a 5% (w/w) solution. PEI (25 kDa, branched) 

was co-dissolved in the polymer solution at different concentrations (1%, 2.5%, 5%, or 10% wt. 

PEI/wt. PLG). The first emulsion was formed by adding 500 µL of phosphate-buffered saline 

(PBS) to 5 mL of the organic PEI/PLG solution, and sonicating for 30 sec. at 70 W. The first 

emulsion was then injected into 25 mL of an aqueous solution containing surfactant (i.e. 0.5% 

(w/v) CTAB or PVA), and homogenized at 10,000 rpm for 30 sec. The second emulsion was 

then stirred for 3 hours to allow evaporation of the organic solvent. Microspheres were washed 

with water or 0.1% (w/v) CTAB, and centrifuged at 4000 rpm for 10 min (repeated twice).  

For all PEI concentrations tested, microspheres exhibited a normal morphology (i.e. 

discrete spheres with no aggregation) (Fig. 6-7). Notably, a decrease in microsphere size was 

apparent for higher PEI concentrations, likely due to higher positive surface charges and 

increased particle repulsion (Fig. 6-7). A Malvern Zetasizer was used to measure the zeta 
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potential of the microparticles. All PEI concentrations resulted in highly positive zeta potentials 

of > 40 mV (Fig. 6-8). Additionally, the 5% and 10% PEI microspheres promoted efficient DNA 

adsorption, with loadings of up to 50 µg DNA/mg microspheres. However, scaffolds fabricated 

from the 5% PEI microspheres exhibited better structural integrity relative to those fabricated 

with 10% PEI microspheres. To evaluate in vivo gene delivery, 185 µg of luciferase plasmid was 

adsorbed to 3.7 mg of 5% PEI/PLG microspheres, and the mixed with 100 mg of sucrose 

particles (250 µm < d < 425 µm) to make scaffolds. Notably, none of the adsorbed DNA was lost 

during the leaching process, presumably due to strong electrostatic interactions. The scaffolds 

were implanted subcutaneously and gene expression was monitored by bioluminescence 

imaging. However, at day 7, no luciferase expression was detected. It is likely that the 

electrostatic interaction between the PEI and DNA is too strong to allow for DNA release. This 

highlights the important balance between adsorption and release. In an effort to decrease the 

positive surface charge, the molecular weight of PEI was decreased to 1.8 kDa. The resulting 

microspheres still exhibited positive zeta potentials of > +20 mV, although they were no longer 

able to support DNA adsorption. Overall, more studies are needed to identify an appropriate 

cationic molecule that balances the competing processes of adsorption and release. 
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Figure 6-7. Images of PEI/PLG microspheres fabricated with different concentrations of PEI. 

(A) 1% PEI, (B) 2.5% PEI, (C) 5% PEI, and (D) 10% PEI. All images are the same 

magnification, 400x. 
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Figure 6-8. Zeta potential measurements of PEI/PLG microspheres. 
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6.4. Flow cytometric analysis to determine the cellular composition of tissue forming 
within scaffolds at the intraperitoneal fat site 

Introduction 

 Identifying cell types that can be readily transfected, and characterizing their abundance 

over time at different implant sites will likely be important for developing strategies for effective 

gene transfer in vivo. In Chapter 3, immunohistochemical analysis revealed that a large number 

of macrophages were transfected at the intraperitoneal fat site. Additionally, a previous report 

examining plasmid delivery from scaffolds at a subcutaneous site indicated that endothelial cells 

were the primary cell type transfected.81 Thus, using flow cytometry, we sought to determine the 

percentages of both macrophages and endothelial cells present within scaffolds following 

implantation into intraperitoneal fat. 

 

Materials and Methods 

 Layered PLG scaffolds loaded with 800 µg of GFP plasmid or no DNA were implanted 

into the intraperitoneal fat of mice (as described in chapter 3), and then retrieved after 3, 7, and 

14 days for analysis by flow cytometry. The retrieved tissue samples were cut into small pieces 

and digested in 3 mL of 200 U/mL type 2 collagenase (Worthington, Lakewood, NJ) in PAB 

buffer (i.e. PBS supplemented with 0.5% BSA and 0.1% sodium azide) for 45 minutes at 37oC, 

as previously described.81 The digested tissue was then filtered through a 43 µm sieve, and the 

cell suspension was washed twice with PAB buffer. Cells were incubated with allophycocyanin-

conjugated (APC) anti-mouse F4/80 antibody (eBiosciences) and phycoerythrin-Cy7-conjugated 

(PE-Cy7) anti-mouse CD-31 antibody (eBiosciences) for 30 minutes at room temperature (0.5 µg 

antibody/500,000 cells), and then analyzed on a Becton Dickinson LSRII flow cytometer using 
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FACSDiva software (Becton Dickinson). At least 75,000 events were collected for each sample. 

CD-31 and F4/80 are surface markers for endothelial cells and macrophages, respectively. 

 

Results 

 Forward/side scatter gating was used to distinguish the cell population from debris (Fig. 

6-9). The percentage of F4/80+ macrophages ranged from 10% to 40%, and was similar for 

scaffolds with DNA or without DNA at all time points (Fig. 6-10). This suggests that the 

released plasmid does not induce an increase in macrophage recruitment to the implant site; 

however, given the small n value and large variance, it is difficult to make conclusions. 

Additionally, a general trend was observed for both conditions, in which the percentage of 

macrophages increased with time (Fig. 6-10). An increase in macrophage presence after day 3 is 

expected as part of the normal inflammatory response. Staining with anti-CD-31 antibody was 

similar to background fluorescence, indicating either a lack of intact endothelial cells or a 

problem with the antibody. As a result, the percentage of endothelial cells could not be 

determined. 
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Figure 6-9. Forward scatter vs. side scatter plot showing the gated cell population. 
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Figure 6-10. Percentage of F4/80+ macrophages present within scaffolds as a function of time. 

Empty bars represent control scaffolds without DNA and black bars represent scaffolds loaded 

with 800 µg of GFP plasmid. Values represent averages + standard deviations (n=3 per condition 

per time point). 
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6.5. VEGF-releasing scaffolds: evaluation of angiogenesis by microcomputed tomography 

Introduction  

 PLG scaffolds capable of delivering VEGF protein were fabricated using an established 

method129-132 and employed in initial studies to develop methods for evaluating angiogenesis by 

microcomputed tomography (µCT).88 µCT is a substantially more advanced method for vascular 

analysis than traditional histology. The quantitative information obtained by histology is 

relatively limited, only 2-D, and not necessarily representative of the vascularity throughout the 

entire sample.88 In contrast, µCT can provide detailed quantitative analyses as well as 

visualization of the 3-D vascular networks, which is not possible with histology. 

 
Materials and Methods 

To incorporate VEGF into scaffolds, PLG microspheres (3.7 mg) were reconstituted in a 

solution containing 1 µg of recombinant VEGF (Millipore) and 5% alginate (wt. alginate/wt. 

PLG), frozen in liquid nitrogen, and lyophilized overnight to form a powder. The inclusion of 

alginate has been shown to substantially increase VEGF incorporation efficiency via an 

electrostatic interaction with the protein.129 The lyophilized powder was mixed with NaCl 

particles (100 mg, 250 µm < d < 425 µm) and compressed in a 5 mm Kbr die (International 

Crystal Labs, Garfield, NJ) at 1500 psi using a Carver press. The resulting construct was 

processed by gas foaming. To remove the salt, scaffolds were immersed in 2 mL of water for 2 

hours. Radiolabeled VEGF (125I-VEGF) was used to determine protein incorporation and in vitro 

release kinetics from scaffolds. For the release assay, scaffolds were immersed in 1 mL of PBS 
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and incubated in a 37oC water bath. At desired time points, scaffolds were transferred to fresh 

PBS and the activity of the release buffer was measured with a gamma counter.  

As an alternative method for incorporating VEGF into scaffolds, the protein was 

encapsulated inside PLG microspheres using a double emulsion process,133 and scaffolds were 

fabricated from the protein-loaded microspheres. Briefly, PLG (75/25 mole ratio of lactide-to-

glycolide, i.v. = 0.6-0.8 dl/g) was dissolved in dichloromethane to make a 3% (w/w) solution. 

Separately, an aqueous protein solution (total volume = 62 µL) was prepared containing 2 mg of 

BSA, 50 mg/mL sucrose, 3% wt. MgCO3/wt. BSA,23 1 µg of non-radiolabeled VEGF, and ~3.5 

µCi of radiolabeled VEGF. The protein solution was added to 1.5 mL of the PLG solution and 

sonicated at 40 W for 15 sec. to create the first emulsion. Next, the emulsion was poured into a 

100 mL flat bottom beaker, and immersed in liquid nitrogen for 6 sec. to selectively freeze the 

aqueous phase.87, 99, 133 Then, 50 mL of 5% poly(vinyl alcohol) (PVA) (with 50 mg/mL sucrose) 

was added, and the solution was homogenized for 15 sec. at 7000 rpm to form the second 

emulsion. Lastly, the solution was poured into 30 mL of 1% PVA (with 50 mg/mL sucrose) and 

stirred for 3 hours allow evaporation of dichloromethane. The microspheres were washed 3 times 

in water, frozen in liquid nitrogen, and lyophilized overnight.  

To evaluate the ability of VEGF-releasing scaffolds to stimulate angiogenesis in vivo, 

scaffolds were implanted subcutaneously into male CD-1 mice (20-22 g). At 1 and 3 weeks post-

implantation, animals were transcardially perfused with Microfil® (Flow Tech, Carver, MA) in 

preparation for imaging by µCT, as described in Chapter 3. Microfil® is a yellow silicone rubber 

injection compound that polymerizes in the presence of a curing agent, creating a cast of the 

animal’s vascular system (Fig. 6-11). The lead chromate contained in this compound serves as a 
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contrast agent for µCT imaging. Samples were scanned in a 16.4 mm diameter sample holder at 

high resolution, creating a 2,048 x 2,048 pixel image matrix and an isotropic voxel (volume 

element) size of ~8 µm. Each scan consisted of 360 slices (~3 mm), which included almost the 

entire tissue sample (Fig. 6-12). Reconstructed serial slices were globally thresholded based on 

X-ray attenuation and used to create 3-D renderings of the vascular networks. The distribution of 

vessel diameters was calculated using a model-independent method for assessing thickness in 3-

D images.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-11. Image of a subcutaneous vascular network that has been completely perfused with 

Microfil® injection compound. 
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Figure 6-12. Scout view of a tissue sample defining the measurement area for µCT imaging. The 

green reference line determines the position of the first slice, and the total thickness measured is 

determined by the number of slices and slice thickness. 
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Results 

 When VEGF was incorporated into scaffolds by mixing with alginate, the protein 

incorporation efficiency was found to be 48.3 + 13.8% (n=3 scaffolds). This value is consistent 

with previous studies, which have reported incorporation efficiencies ranging from 40-70%.129, 

131 In characterizing the in vitro release kinetics, a large initial burst (67.3 + 8.3%) was observed 

within the first 5 days, followed by a slower release of ~0.5%/day that was sustained through 4 

weeks (Fig. 6-13). In comparison, when VEGF was incorporated into scaffolds by encapsulation 

inside polymer microspheres, the initial burst was decreased by more than 2-fold  to 30.1 + 5%, 

and the subsequent rate of release was doubled (~1%/day sustained through 4 weeks) (Fig. 6-13). 

However, the total extent of protein release through 4 weeks was substantially lower (51.9 + 

7.8% for the encapsulation method vs. 79.1 + 5.5% for the mixing method) (Fig. 6-13). The 

microsphere encapsulation efficiency was approximately 20%. Given this poor encapsulation 

efficiency, the encapsulation method was not used to fabricate VEGF-releasing scaffolds for 

evaluation in vivo; instead, VEGF was incorporated into scaffolds by mixing with alginate. 

Scaffolds with or without VEGF were implanted subcutaneously in mice, and angiogenesis was 

examined using microcomputed tomography. Three-dimensional renderings of the vascular 

networks within scaffolds were created to visually assess the extent of blood vessel formation. 

An increased angiogenic response was apparent for the VEGF-releasing scaffolds at both 1 and 3 

weeks, although the effect was more pronounced at 3 weeks (Fig. 6-14). Visual representation of 

the blood vessel size distribution was produced by mapping a color-coded scale to the object 

surface (Fig. 6-15). 
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Figure 6-13. In vitro VEGF release kinetics from scaffolds. VEGF was incorporated into 

scaffolds by mixing with alginate (red circles) or encapsulation inside microspheres (blue 

squares). Values represent averages + standard deviations (n=3 scaffolds per condition). 
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Figure 6-14. Microcomputed tomography 3-D renderings of vascular networks within scaffolds. 

Control scaffolds at (A) 1 week and (C) 3 weeks post-implantation. VEGF-releasing scaffolds at 

(B) 1 week and (D) 3 weeks post-implantation. Images are composed of 360 serial slices, and 

represent a total measurement thickness of ~3 mm. 
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Figure 6-15. Microcomputed tomography 3-D rendering of the vascular network within a 

VEGF-releasing scaffold at 3 weeks post-implantation, with a color-coded vessel diameter scale 

mapped to the 3-D image surface. 
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6.6. In vitro plasmid release kinetics from layered scaffolds: increasing the amount of 
polymer in the center layer 

 Increasing the mass of polymer microspheres contained within the scaffold’s center layer 

was investigated as a means for slowing the rate of plasmid release. When the amount of 

polymer in the center layer was increased from 2 mg to 3 mg (using the same DNA dose of 800 

µg), there was no decrease in the initial burst of plasmid released within the first 3 days (89.9 + 

2.5% for 2 mg vs. 88.1 + 3.3% for 3 mg) (Fig. 6-16). Additionally, there was no improvement in 

the plasmid incorporation efficiency (86.8 + 6.3% for 2mg vs. 77.4 + 6.9% for 3 mg). Since 

DNA is mixed throughout the entire center layer, there is likely a large quantity of DNA near the 

surface of the center layer that can be rapidly released. Thus, the next idea was to include two 

additional solid polymer layers flanking (i.e. one above and one below) the center layer 

containing the DNA. The extra polymer layers were intended to create barriers that would slow 

DNA release from the innermost layer. In this experiment, the amount of polymer contained in 

the center layer was kept constant at 1 mg, while the amount of polymer used for the flanking 

layers was varied (1 mg, 1.5 mg, or 2 mg). The three polymer layers were sequentially packed 

together in one of the following ways: (i) 1mg / 1mg+DNA / 1mg, (ii) 1.5mg / 1mg+DNA / 

1.5mg, or (iii) 2mg / 1mg+DNA / 2mg. In measuring the in vitro DNA release kinetics for these 

three conditions, it was apparent that increasing the amount of polymer had no effect on the 

DNA release rate (Fig. 6-17). 
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Figure 6-16. In vitro DNA release kinetics for a layered scaffold containing 3 mg of polymer 

microspheres in the center layer. Values represent averages + standard deviations (n=3). 
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Figure 6-17. In vitro DNA release kinetics for layered scaffolds containing different masses of 

polymer within the center layer. Scaffolds were loaded with 500 µg of DNA. Values represent 

measurements from a single scaffold (n=1 per condition). 
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6.7. In vivo transgene expression at the interaperitoneal fat site for traditional scaffolds 

Traditional (i.e. non-layered) scaffolds described in chapter 2 were evaluated for their 

ability to promote gene transfer at the intraperitoneal fat site. Scaffolds loaded with 800 µg of 

pLuc were implanted into the intraperitoneal fat of mice, and luciferase transgene expression was 

monitored using bioluminescence imaging. Transgene expression levels peaked near day 1, and 

then quickly declined to background within 1 week (Fig. 6-18). This rapid drop in expression is 

consistent with the expression profile obtained for layered scaffolds at the intraperitoneal fat site, 

as described in chapter 3. 

 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

Figure 6-18. Bioluminescence imaging of luciferase transgene expression at the intraperitoneal 

fat site following implantation of a non-layered scaffold loaded with 800 µg of pLuc. The images 

are of a single mouse at different time points.  
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