Polymeric scaffolds for gene delivery and regenerative medicine
Aliasger K. Salem and Kam W. Leong
Department of Biomedical Engineering
The Johns Hopkins University School of Medicine
Baltimore, MD 21205
The purpose of this chapter is to introduce the fundamentals behind tissue engineering and

gene therapy and the materials utilised in both fields. The application of gene therapy using

these materials as scaffolds in regenerative medicine is then explored.

11 Tissue Engineering

Tissue engineering offers the possibility to create tissues in vitro and replace failing or
malfunctioning organs in vivo [1, 2]. There are inherent difficulties in current organ and
tissue transplantations strategies because acute donor shortages have stranded a significant
number of patients on the waiting list. This list has increased from 19,095 patients in 1989,
to 74,800 by February 2001 in the USA alone [3, 4]. Furthermore, those patients fortunate
enough to receive transplantations may require immunosuppression therapies for the rest of
their lives to defend against the associated risks of rejection. The lack of donor tissue
availability and donor site morbidity further hampers transplantation of tissues.
Replacement with mechanical devices is limited by an increased risk of inflammation and
infection. Mechanical devices also lack the mechanism for self-repair and such devices will

not grow concurrently with the patient [4-6].

The potential impact of tissue engineering from both a therapeutic and an economic

standpoint is enormous. Organ failures and diseases are increasing with human life



expectation [7, 8]. The success of alternative donor sources from other species like the pig
still remains in doubt, because of potential transferable diseases such as the pig endogenous
retrovirus [3]. One form of tissue engineering involves the creation of tissues by
transplanting cells removed from the patient or a close relative and seeded into an implant
which serves as both a substrate and a physical support for the isolated cells. Using cells
from the same genotype should avoid many of the problems associated with immune
rejection of foreign tissue. As these cells are capable of proliferation, a small number of
harvested cells can be expanded to a sufficient cell mass to replace the organ function.

Therefore, it is not required to sacrifice the entire organ of the donor [9].

Tissue engineering can be classified into two main areas: in vivo and in vitro. Once a tissue
can be generated on a large scale in vitro, it can then become a viable supply of new tissue
for patients. /n vitro tissue engineering thus requires a specifically designed environment for
regeneration. This is in contrast to the in vivo approach, where the living body provides the
microenvironment with the appropriate biochemical and biomechanical stimuli for tissue
regeneration. To date, most effort has concentrated on creating tissue with singular cell
types in vitro and thus the formation of only simple avascular structures. Therefore, in vitro
tissue engineering, whilst theoretically desirable, has concentrated on tissues such as dermis,

epidermis and articular cartilage [10, 11].

Tissue regeneration in vivo attempts to achieve natural regeneration of tissues and organs by
harnessing the natural healing process of the body. For large defects, it is necessary to use a
scaffold as support for the tissue to grow. The scaffold may be used either with or without
cell seeding prior to implantation. Scaffolds without cells just serve to imitate the natural

extra-cellular matrix (ECM) of the body. Tissue regeneration is, in this case, dependent on



the ingrowth from the surrounding tissue in a process, which is known as tissue induction.
Infiltration of progenitor or stem cells from the site of implantation into the scaffold also
plays an important role. Vascularisation of a scaffold is a typical example of tissue

induction [12].

Tissues engineering using cell-seeded scaffolds have been applied to tissues such as liver
[13, 14], blood vessels [15, 16], nerve [17], skin [11], cartilage [18] and bone [19].
Significant challenges to this approach include the design and fabrication of a suitable
scaffold able to promote cell adhesion and to support cell growth, proliferation and
differentiation and induced formation of natural tissue. In many cases, biocompatible,
biodegradable polymers are used to either induce surrounding tissue and cell ingrowth or to
serve as a temporary scaffold for transplanted cells to attach, grow, and maintain

differentiated functions [20].

The hypothesis that cells on polymer scaffolds could give rise to organised tissue originates

from the following biological observations:

1. Most tissues undergo constant remodelling [21].

2. Dissociated mature cells can reorganise themselves into their native histological
structures when placed in ideal cell culture conditions [22].

3. While isolated cell populations are capable of histological reorganisation, this is
limited when they are delivered as a cell suspension because they lack a template to
guide restructuring [23].

4. The quantity of tissue for implantation is restricted by diffusion requirements for gas

and nutrient exchange [22].



The strategy of tissue engineering generally involves the following steps (Fig. 1):
Depending on the target organ, a suitable cell source is identified, isolated, and produced in
sufficient numbers [3, 24]. A biocompatible material that can be used as a cell substrate or
cell-encapsulation material is isolated or synthesised and processed into the required shape
[9]. The material is seeded uniformly with cells, which can then be grown in a bioreactor
[25] and finally the material-cell construct is placed into the target in vivo site, where

depending on the site and the structure, vascularization may be necessary [23].

1.2 Gene delivery

Gene therapy aims to treat diseases by delivering a foreign gene or DNA to the target cell or
tissue for the expression of a desirable gene product, which is a protein [26]. It has been
proposed for treating inherited single-order genetic disorders, cancer, cardiovascular
diseases and infectious diseases, among many others [27]. For example, the demonstration
of efficient DNA delivery with emulsion-coated stents on arterial walls in pig-stent
angioplasty studies highlights the potential for gene therapy in cardiovascular diseases [28].
Other examples include delivering DNA that encodes for normal clotting factors which
could cure haemophilia [29], delivering the p53 gene to colorectal cancer cells for enhanced
responsiveness to antiangiogenic therapy [30], or in a genetic immunization approach
transferring HIV DNA plasmids to AIDS patients in order to stimulate a strong T-cell

mediated immune response [31].

Other than retroviral transfection that can integrate the foreign gene into the genome of the

host, other modes of transfection can only produce transient foreign gene expression. As



such, many gene therapies are unsuitable for diseases that require prolonged expression of
the gene product. Repeated doses of viral vectors cause immunologic and toxic side effects
[32]. Sustained release of genetic vectors may prolonged the transgene expression.
However, like the delivery of other delicate bioactive agents, controlled release of bioactive
genetic vectors is a significant challenge. Before describing gene delivery from tissue
engineering based scaffolds, it would be informative to discuss the mechanisms of gene
delivery, introduce some of the materials commonly used in both gene delivery and tissue
engineering and describe the ideal characteristics of a scaffold in tissue engineering

applications.

1.2.1 Mechanism of transfection

The mechanism with which cells take up DNA as illustrated in figure 2 is complicated and
has been the subject of numerous reviews [26, 33-35]. Typically negatively charged DNA is
complexed with cationic vectors. With large particles, the route of uptake is predominantly
phagocytic. If the particles are less than 150-200 nm in diameter, then the complexes can be
taken up by endocytosis [36]. This involves the particles placed in pits that form endocytic
vesicles by pinching away from the cell surface. These vesicles fuse with lysosomes
followed by lysis. Receptor-mediated endocytosis can be promoted by the use of cell-
specific ligands, such as transferrin, to target receptors on the surface of clathrin-coated pits
that subsequently form the endosomes [37, 38]. The low pH and harsh enzymatic
environment of the endosomes and lysosomes however would degrade the DNA if it is not
shielded by a vector. Once escaped into the cytosol, the conventional wisdom is that the
DNA should be dissociated from the vector prior to nuclear entry, through pores that are

typically 10-50 nm in diameter. However, there is evidence that the DNA/vector complex



can enter the nucleus, probably through porous nuclear membrane as the cell undergoes
mitosis. Whilst many of these steps have been identified as barriers to efficient transfection,
the high efficiency with which naked DNA transfects muscle in comparison to vector-DNA
conjugates/complexes highlights the immense complexities of gene delivery. We now
describe some polymeric materials that have been investigated for scaffolds in tissue

engineering and in gene delivery.

1.3 Materials for gene delivery and scaffolds in tissue engineering

The first step in the design of a gene delivery vehicle or a scaffold for cell transplantation is
the choice of a suitable material. The material must be biocompatible and preferably
biodegradable to avoid the risk of complications that may be associated with the long-term
presence of a foreign material in the body. Over the last century, materials such as metals,
ceramics and polymers have been extensively used for surgical implantations [39]. Metals
and ceramics have contributed to major advances in the medical field, particularly in
orthopaedic tissue replacement [40]. These materials, in comparison to polymers, however
are difficult to process and lack biodegradability. In the case of gene delivery, materials
should ideally protect the DNA during transport through the cell before decomplexing, or
unpackaging, to release the DNA for nuclear entry. The use of polymers can be sub-divided

into two categories: natural polymers and synthetic polymers.

1.3.1 Natural derived polymers

Proteins and sugars derived from natural extracellular matrices, such as collagen and

glycosaminoglycan, have been used to repair nerve [41], skin [42], cartilage [18] and bone



[43]. Chemical crosslinking by glutaraldehyde has been proposed to control the stability and
degradation rate of these matrices, whereas porosity has been controlled using both
chemical and physical techniques [44]. However, collagenous scaffolds that have been
crosslinked with glutaraldehyde can exhibit immunogenicity, calcification and fibrous
scarring during long-term implantation [9]. Chemical crosslinking in gene delivery
applications could also bind DNA so strongly that decomplexation does not occur or
damage the bioactivity of the DNA [27]. Other collagen derivatives such as atelocollagen

have however shown great promise as gene delivery devices [45].

Gelatin is a material that has shown potential in gene delivery applications. Our group has
demonstrated the application of gelatin nanospheres for controlled gene delivery [46-48].
DNA release is controlled by the degree of crosslinking and stimulation of receptor-
mediated endocytosis could be achieved by the covalent attachment of transferrin to the
gelatin. This material has several advantages in gene delivery in that the gelatin nanosphere
protects the DNA against degradation in serum and can be used for co-delivery of other
biological agents such as chloroquine. Gelatin sponges seeded with adult mesenchymal
stem cells and cultured in TGF-beta 3 supplemented media have produced cartilage-like
extracellular matrix. /n vivo, the scaffold was found to have good biocompatibility and
immunological properties [49]. This suggests that gelatin has substantial potential as a gene

delivery scaffold for tissue engineering.

Numerous other natural materials have found wide use in tissue engineering applications.
Chitosan is a natural polysaccharide, whose structural characteristics are similar to
glycosaminoglycans. Chitosan is highly soluble in an acidic environment and insoluble

under neutral conditions. It has been used in a variety of biomedical applications, such as



haemodialysis membranes, drug and DNA delivery systems, artificial skin, orthopaedic and
dental coating materials [50-54]. Chitosan has been demonstrated to be neither toxic nor
haemolytic with strong protection against nuclease degradation [55, 56]. Administration of
chitosan intravenously does not result in accumulation within the liver [57]. An example of
its application has been with oral allergen-gene immunization with chitosan-DNA
nanoparticles. The nanoparticles were effective in modulating murine anaphylactic
responses indicating strong potential for prophylactic utility in treating food allergies [58].
The addition of cell targeting proteins such as transferrin to the chitosan-DNA complexes
has also been shown to enhance reporter gene expression [50]. In specific cells, chitosan
particles in the 50-100 nm size ranges have been shown to produce higher gene expression
than PEI [59]. The degree of deacetylation can further be used to optimise transfection
efficiency [60]. Chitosan is thus a strong candidate for effective gene delivery and tissue

engineering.

Alginates are water-soluble polysaccharides that have the ability to form crosslinked gels in
the presence of multivalent ions thus providing potential for a number of applications in
gene delivery and tissue engineering [61]. Alginate is widely available (isolated from
seaweed), readily forming a gel via calcium crosslinking, and exhibits reasonable
biocompatibility. For example, alginate has been utilised in DNA vaccine based therapies
[62]. Mucosal immunization using LacZ encoding DNA entrapped within alginate was
shown to produce significant immune responses. However, a disadvantage in its use in
tissue engineering applications is that the calcium ions on which gelation is dependent can

be lost in ionic exchange either in culture or in vivo [23].

1.3.2 Synthetic polymers.



There are a wide variety of synthetic polymers that have been investigated for biomaterial
and tissue engineering applications. Poly (vinyl alcohol) (PVA), poly (N-
isopropyacrylamide) (PNIPAAm) and its derivatives have for example, been shown to have
great potential as delivery vehicles for cartilage and the pancreas. The non-degradable
crosslinks and the toxic crosslinking molecules used with polymers such as PNIPAAm

however diminish their appeal [63-65].

The use of biodegradable materials has proven to be immensely important in medical
applications over the last three decades. Polymers prepared from glycolic acid and lactic
acid have found a multitude of uses in the medical industry, beginning with the
biodegradable sutures first approved in the 1960s [9]. Since that time, diverse products
based on lactic and glycolic acid and on other materials such as poly (e-caprolactone)
homopolymers and copolymers have been accepted for use as medical devices [66, 67].
PLGA has subsequently become established as a material with significant potential for
controlled release of plasmid DNA [68, 69]. PLGA has also been used for controlled release
of recombinant adenoviruses [70, 71]. Release can be achieved over periods longer than 10
days with significantly reduced immunogenicity in vivo [70, 72]. Sustained release of the
adenovirus from the microspheres resulted in greater than 45 fold reductions in anti

adenovirus titers in comparison to direct treatment of the adenovirus.

Other polymers that have been extensively investigated include polyphosphoesters [73],
polyorthoesters [74], polyphosphazenes [75] and other biodegradable polymers [7]. The
degradation mechanism varies with each of these polymer types. For example,
polyorthoesters can be surface-eroding, while polyesters degrade in bulk. The degradation

of polyphosphazenes can be controlled by changes in the structure of the side-chain rather



than the backbone as with the polyesters, whilst the properties of polyphosphoesters can be
manipulated by adjusting either the backbone or the sidechain [73]. Polyanhydride
derivatives such as copolymers of fumaric and sebacic acid (poly FA:SA 20:80) have found
utility in both tissue engineering and gene delivery applications [76]. Other derivatives such
as Poly [a-(4 aminobutyl) L glycolic acid] (PAGA); a biodegradable analogue of poly |
lysine have good cytotoxicity characteristics and has been demonstrated to produce
significant cytokine gene expression of mRNA and proteins in vitro and in vivo [77, 78].
Polyphosphoesters (PPE) and its derivatives have been utilised for biodegradable scaffolds
in tissue engineering and controlled delivery of growth factors and DNA [73]. For example,
PPE has been used to form nerve guide conduits and controlled release microspheres to
provide prolonged site-specific nerve growth factor [79]. A derivative of PPE, poly(2-
aminoethyl propylene phosphate) (PPE-EA) has achieved efficient gene expression and with

tissue response better than either polyethylenimine or poly-L-lysine in mouse muscle [80].

The molecular properties of an increasing number of synthetic polymers such as molecular
weight, molecular weight distribution, composition and molecular architecture can be
manipulated to modify their physico-mechanical properties. Given the high processing
ability for synthetic polymers, it is therefore possible to have porous materials with well-

controlled microstructure and good mechanical properties.

1.4 Design criteria for polymer scaffolds in tissue engineering.

There are a number of biological, physical and chemical features desirable for the

implementation of scaffolds for cell transplantation and tissue ingrowth. These are broadly

split into five main categories:
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1. Biocompatibility and/or cell-interactive properties
2. Porosity

3. Biodegradability

4. Mechanical compatibility

5. Controlled release function in the scaffold.

1.4.1 Biocompatibility and cell-polymer interactions

In vivo, or in culturing of cells in serum media, cells recognize synthetic materials through a
complex protein layer, which forms immediately on the material upon contact with body
fluids. This relation between material properties and cellular responses, mediated by the
intervening protein layer, has complicated the development of biomaterials. Before the
advent of biodegradable materials in the use of surgical procedures, polymer implants were
intended to remain inert, thus unaffected by reactions with the surrounding tissues. As a
result, cell-polymer interactions were first studied for the purpose of preventing or at least
minimising the interactions [40]. Recent thinking favors the incorporation of biologically
active structures into the material, to permit direct cellular interaction with the material [81,
82]. These advances are based on the molecular biology of cell adhesion; specifically, the
identification of small domains in the adhesion proteins of the extracellular matrix has been
critical. The active peptide sequence responsible for the interaction with the cell surface
receptors can be synthesized and incorporated into the materials, either in the bulk or
immobilized on the surface. These approaches toward biofunctionalization provide a means

to control biological interactions directly through material design.

11



Hubbell and co-workers have characterized the conditions under which the minimal cell
binding oligopeptide sequences such as arginyl-glycyl-aspartate (RGD), which are found in
many cell adhesion proteins, is capable of supporting adhesion in cells such as the fibroblast
[83]. It was observed that a surface density of 10 fmol/cm® of surface-coupled RGD ligand
would be enough to promote normal cell spreading, clustering of the cell-surface receptors,
and organization of a normal cytoskeleton, corresponding to about 140nm distance between

peptide ligands [84].

Numerous schemes have been developed for the incorporation of such adhesion ligands into
both biostable and biodegradable polymer surfaces. These methods are generally based on
adsorption, physical immobilisation or covalent binding. For example, Langer and co-
workers have developed copolymers of polylactide and lysine to provide sites for facile
grafting of such peptide-based adhesion ligands [85-87]. Poly-L-lysine is highly effective at
condensing and delivering DNA efficiently. Therefore the potential use of a scaffold with a
PLL component for complexing DNA is also feasible. The cytotoxicity of PLL is however a

serious drawback.

1.4.2 Pore size and morphology

Three-dimensional porous polymer matrices possess several advantages over conventional
cell culture dish, including an increased area for cell anchorage and an increased volume for
cell growth, migration and effective fluid-phase transport of nutrients . The morphology in
addition to the size of the pores of the scaffold can critically determine the performance of
an implanted scaffold, including the rate of tissue ingrowth. A high surface area favours cell

attachment and growth, whereas a large pore volume is required to accommodate and
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subsequently deliver a cell mass sufficient for tissue repair [88]. This has been demonstrated
by transplantation of hepatocytes for the engineering of new liver tissue [89, 90]. When
scaffolds are implanted in vivo, porous polymeric implants are often invaded by
vascularized fibrous tissue. Predicting such behaviour is important because ingrowth in this
manner can improve the survival of cells such as the hepatocytes, but has also shown to
dramatically decrease the porosity of the implant [91, 92]. Implants show optimal vascular
induction, where pores are large enough for cell and tissue infiltration but not large enough
to allow fibrous deposit [93]. Highly porous biomaterials are also desirable for the easy
diffusion of waste products from the implant [23, 91], which is a major requirement for

regeneration of highly metabolic tissues.

The optimum porosity varies with tissue types such as cartilage with minimal porosity
constraints, to liver which requires pores with a minimum diameter of 60um [9, 90, 94]. A
scaffold suitable for organ and tissue regeneration must also contribute towards the
organisation and direction of cell growth and ECM production. Porous matrices with well-
defined networks of interconnected pores take a significant role in this organization [88,
95]. The degree of porosity also has a significant impact on the rate of degradation. In the
case of scaffolds composed of polyesters, the higher porosity can reduce the accumulation
of the acidic degradation products, thus diminishing the impact of autocatalytic degradation
[95]. In terms of gene delivery, it has been reported that cells seeded on PET matrices with a
lower porosity (circa 87%) have higher gene expression levels than cells in matrices with a
higher porosity (circa 90%). Thus porosity of a scaffold may also impact on transfection

efficiencies [96].

1.4.3 Biodegradability
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When the ECM production is large enough to provide cells with a natural environment, the
polymer scaffold degrades away at a controlled rate. Ideally, it should be completely
resorbed, and natural physiological and metabolic pathways should eliminate the
biodegradation products in order to avoid risks of unfavourable tissue reactions. The ideal
lifetime of a biodegradable polymer scaffold depends on the application and particularly on
the time required for the tissue or organ regeneration. Thus, the success of a biomaterial in
tissue engineering depends largely on how its biodegradation rate can be controlled. Certain
scaffolds are thought to exhibit accelerated degradation at times owing to autocatalysis,
which may be a function of porosity. Poly(o-hydroxy acids) break down through a
hydrolytic degradation pathway that leads to lactic acid/glycolic acid, which enter the
tricarboxylic acid cycle and are eventually excreted. Thus, as these materials undergo
hydrolytic breakdown, they release acidic by-products. An acidic environment can
accelerate hydrolysis of these polymers [97, 98]. If the implants are structurally able to
allow sufficient fluid flow through the interior, the by-products can be evacuated quickly. If
however, diffusion is restricted by a non-porous environment, acidic by-products can
accumulate within the implant resulting in adverse reactions from the surrounding tissue
[99, 100]. One of the major advantages of degradation is that the scaffold can act as a
controlled release device delivering growth factors or plasmids over a sustained period of

time [101-108].

1.4.4 Scaffolds as controlled release devices

A last criterion, which can influence the choice of polymer as biomaterial, is the possibility

of incorporating bioactive molecules, such as drugs, plasmids or growth and differentiation
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factors [109]. Indeed, the controlled release of tissue-specific growth factors from the
polymer scaffold may in some cases, considerably enhance the process of organ and tissue
regeneration. Examples of growth factors include nerve growth factor (NGF) for nervous
tissue regeneration [110], basic fibroblast growth factor (bFGF) for wound healing [24],
bone morphogenetic proteins (BMPs) for cartilage and bone remodelling [111], and
angiogenic growth factors for the control of vascularization [112]. In tissue-engineered
devices, there are two potentially different delivery systems. Growth factors can be
incorporated directly into the scaffold during or after fabrication [108, 113-116]. In a
biodegradable system, the growth factor would be released as the scaffold degrades to
induce tissue regeneration. Growth factor, directly incorporated into a biodegradable
polymer scaffold, is released by a diffusion-controlled mechanism that is regulated by the
median pore size [117]. The protein can also be released by an erosion mechanism or a
combination with diffusion. Alternatively, the growth factor delivery device, in the form of
microparticles, nanoparticles, or fibres can be incorporated into the scaffold [118]. This
method of delivery is also desirable because growth factors have short biological half-lives.
For example, platelet derived growth factor (PDGF) has a half-life of less than two minutes

when injected intravenously [113].

Specific growth factors released from the delivery device to influence cell migration,
proliferation and differentiation or improve engraftment of seeded cells can lead to more
efficient tissue regeneration [113]. There should be no interference of the growth factor
delivery device and the tissue engineered device. The two components should function
synergistically. Growth factors released from a device may interact with matrix proteins in
the scaffold or in the surrounding tissue to enhance their local bioavailability or provide

increased stability [109, 119]. A novel approach to the use of growth factors is to
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immobilise them onto the surface of scaffolds, which in conjunction with adhesive peptides,
could mimic membrane-anchored growth factors such as heparin-binding epidermal growth

factor [120].

1.5 Gene delivery from scaffolds

Many current tissue regeneration therapies as discussed above are based on the controlled
release of proteins and growth factors from scaffolds that promote tissue formation.
However a disadvantage of these systems is the decreased protein stability within the
delivery system [121, 122]. The fabrication process to encapsulate growth factors can
damage the bioactivity. The harmful factors include sonication, organic solvents, high
temperatures and high concentration of surfactants [27]. Such conditions can promote
therapeutic protein degradation, decreased potency and increased risk of immune toxicity.
As a result, maintaining bioactivity of agents such as growth factors or recombinant
cytokines has been difficult. A high dose is often required to maintain the protein in the

therapeutic range. High doses, however, tend to cause systemic toxicity.

A critical direction in transplantation therapies has been the genetic modification of cells to
prevent rejection of allogenic and xenogenic tissues [123]. The cells can produce
therapeutic proteins in a localised manner at physiological levels for prolonged periods of
time, thus avoiding local toxicity. The transplantation of transfected cells on porous polymer
matrices has resulted in enhanced cell survival and vascularisation due to local expression
of therapeutic proteins [124]. Transfected cells have also been utilised for the production of
dopamine in the brain and BMP-2 growth factor in bone regeneration [125, 126]. Cell

transplantation however, suffers from the need to harvest and grow the cells in vitro, which
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is typically followed by inefficient seeding and cell survival during transplantation [122].
Such genetically altered cells often rapidly lose their transgene expression and their

efficacy.

Therefore, delivery of genes from scaffolds designed for tissue engineering is an attractive
approach. Instead of cell transplantation, scaffolds providing controlled release of plasmids
could transfect infiltrating cells during tissue induction, which could then promote healing,
or tissue formation (Fig. 3). With regards to handling characteristics, such as fabrication and
storage, plasmid DNA can be more robust in comparison to the protein it will encode the
cell to produce [27]. Delivering this DNA in a controlled release fashion ensures that the
cells can provide a localised sustained expression of the bioactive protein. Furthermore,
scaffold delivery of multiple genes can be controlled to match the changing expression of
genes that are required for optimal tissue induction or formation [122]. Additionally,
plasmids that diffuse from the local site of delivery would not cause the toxicity that is
associated with high doses of growth factors or proteins [127]. Finally, Xie and coworkers
have shown that 3-D transfection may promote a higher gene expression level and longer

expression time in comparison to 2-D transfection [96].

Plasmid delivery from scaffolds for tissue regeneration has been demonstrated by a number
of groups. Bonadio and co-workers have pioneered this approach by entrapping plasmids
encoding the gene for human parathyroid hormones in collagen matrices. This porous
sponge was coined “ the gene activated matrix’ (GAM) [127]. When the GAM was placed
in tibia or femur defects, dose dependent bone tissue growth was observed over 6 weeks. In
contrast, sham controls resulted in no bone growth. A direct correlation was found between

osteoclast numbers and bone healing with DNA dose. Even the lowest quantities of plasmid
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resulted in some mRNA and protein expression. Mooney and co-workers used PLGA based
porous scaffolds to provide controlled release of DNA to the localised target [122]. In
aqueous conditions, DNA could be released for up to 1 month with intact biological activity.
In vivo studies using platelet-derived growth factor encoding plasmids in the porous
scaffolds implanted subcutaneously resulted in efficient localised healing. Berry and co-
workers have shown that collagen scaffolds with entrapped plasmids placed within the
proximal and distal ends of a severed rat optic nerve resulted in DNA delivery to the nerve
cell body in the retina [128]. An additional approach to gene delivery has been the tethering
of plasmid-polylysine vectors to the surface of scaffolds. Shea and coworkers showed that
transfection by surfaces presenting DNA with both HEK293 and 3T3 cells resulted in
expression levels up to 100 fold greater than bulk delivery of the complexes [129].
Positively transfected cells were observed only where DNA complexes were tethered,
indicating the potential for spatial control over gene transfection. This is consistent with the
report by Luo and Saltzman that physical concentration of DNA increases transfection
efficiency [130]. Using a similar biotin-avidin based interaction, viral vectors have also

been successfully tethered to a surface for efficient gene transfection [131].

Viral vectors have also been delivered from scaffolds. Viral vectors such as adenoviruses
have been widely investigated because of the high efficiency of their transfection [132,
133]. Transgene expression mediated by adenoviruses is transient. The use of polymeric
scaffolds to provide a sustained release of viral vectors is attractive. For example, Siemens
and co-workers tested a number of polymer matrices for the delivery of the canarypox virus
to prostate cancer cells. In their study, gelatin sponges were found to be most effective for
viral gene delivery both in vivo and in vitro [134]. Kalyanasundaram and co-workers have

shown that a combination of alginate and gelatin microspheres stabilised by calcium ions
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achieved a sustained release of adenovirus with a nominal loss of bioactivity [135]. This

maybe a more viable combination in a scaffold delivering viral vectors.

In summary, gene delivery scaffolds for tissue engineering should meet several design

criteria:
1. The surface should permit cell adhesion and growth [82].
2. Neither the polymer nor its degradation products should provoke inflammation

or toxicity when implanted in vivo [136].

3. The material should be reproducibly processable into three-dimensional
structures.
4. There should be controlled porosity in order to provide a high surface area for

cell-polymer interactions, sufficient space for extracellular matrix regeneration,
and minimal diffusional constraints during in vitro culture [137].

5. The scaffold should resorb once it has served its purpose of providing a template
for the regenerating tissue, since foreign materials carry a permanent risk of
inflammation [138].

6. The scaffold degradation rate should be adjustable to match the rate of tissue
regeneration by the cell type of interest [139].

7. Plasmids should be encapsulated and delivered without loss of bioactivity. [27,

122]

Such scaffolds should allow attachment of isolated cells to a polymeric support

structure that has suitable surface properties for guiding the reorganisation and growth

of cells. These should be designed so that the cells could survive by diffusion once the
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cell-polymer construct was implanted. Ideally, the cell-polymer construct would
become vascularized in conjunction with expansion of the cell mass following
implantation, and both these processes could be influenced if desired by release of
plasmids that promote vascularisation by encoding cells to produce therapeutic proteins
[27, 122]. The ability of scaffolds to conform to all these conditions is also highly

dependent on the manufacturing process.

1.6 Fabrication methods

The conventional processing techniques to produce porous structures used in the polymer
industry are unsuitable for producing tissue engineering scaffolds. Indeed, additives are
commonly used, such as surfactants, plasticizers, stabilizers and lubricants, which can be
toxic to cells. The properties of the polymer, the components involved and the shape of the
scaffold required dictate the choice of processing technique for the manufacture of polymer

scaffolds [140].

The traditional methods for scaffold fabrication include fiber bonding, solvent casting,
membrane lamination and melt molding [141, 142]. Mooney et al demonstrated that an
effective method of stabilizing PGA scaffolds was to spray solutions of PLLA/PLGA in
chloroform (1-15% w/v) over a PGA mesh using a nitrogen stream to atomize the polymer
solution. Since PGA is poorly soluble in chloroform, the PGA fibres are effectively
unchanged by the process [143]. Porosity in scaffolds is commonly formed by particulate
leaching. This is achieved by evaporating chloroform from solutions of PLLA containing

sodium chloride particles. These polymer films with entrapped salt particles are then
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leached in water to remove the particles resulting in highly porous films [90]. These same
films can then also be formed into hollow tubes [100]. A similar system has been used by
Shoichet and co-workers where glucose crystals are dispersed within a PLGA solution in
dimethyl sulfoxide (DMSO) [97]. Wan and co-workers have shown that coatings of various
porosities can be obtained by immersing mandrels coated with a solution of PPE in
chloroform into non-solvent immersion baths, followed by freeze or vacuum-drying. The
porosity of the coatings decreased with an increase in polymer molecular weight, drying
time before precipitation and concentration of polymer solution. These methods appear to

be however, most effective for only thin films or structures with thin walls [144].

Novel methods of manufacturing scaffolds include a prototyping technology where a binder
is expelled through a print head nozzle onto a powder bed. The scaffold is built by layers of
powder and binder in a method that can create complex three-dimensional shapes. The
highly toxic solvents however prevent incorporation of biological agents such as cells,
plasmids or growth factors during fabrication [19]. Wintermantel et al/ have developed a
novel method for scaffold formation using minimally invasive approaches. They introduced
a thread like material and delivered it through an injection canal (e.g. cannula). A fluid
stream acted as a carrier for the “lycra monfil™” based material, which was unreeled from a
spool creating a porous scaffold in the form of a tangle [145]. Another minimally invasive
technique has been demonstrated by Salem ef a/ in which biotinylated polymeric
microparticle and cell slurries were self-assembled into porous scaffolds upon co-injection
with the crosslinking protein, avidin [146]. Langer and co-workers have produced
macroporous polymer foams by a hydrocarbon templating method in which a viscous
polymer solution of PLA in chloroform and a particulate hydrocarbon porogen such as

paraffin was compacted in a Teflon mold. The polymer/solvent/porogen phase was then
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extracted in a hydrocarbon solvent, such as hexane which is a non-solvent for the polymer
but miscible with the polymer solvent. This resulted in the porogen becoming extracted and
rapid precipitation of a porous polymer phase [147]. Vacanti and coworkers have shown
that electrospinning forms scaffolds that are suitable for bone regeneration. In this process,
polymer fibers with nanometer dimensions are formed by subjecting a fluid jet to a high
electric field [148]. This same process has also been used to produce PLGA and PLA-PEG

based scaffolds for DNA delivery [149].

Defined three-dimensional biodegradable foams have also been shaped by lamination of
highly porous PLLA and PLGA membranes previously prepared by solvent casting and salt
leaching. The membranes with the appropriate shape are solvent impregnated, then stacked
up in a three-dimensional assembly with continuous pore structure. Computer-assisted
modelling can then help to design templates with the desired implant shape. The in vivo pre-
vascularization of these laminated foams has been demonstrated by the injection of a
sufficient mass of hepatocytes for liver regeneration [91]. Finally Mooney et al have
demonstrated that the use of supercritical carbon dioxide (CO;) is one of the promising
approaches to creating polymer scaffolds [150]. This is achieved by exposing poly(o-
hydroxy acid)s to CO, gas (5.5 MPa, 72 hr). When the CO, gas pressure is decreased, the
thermodynamic instability promotes the dissolved CO, to nucleate and form pores within
the polymer matrix. As the method avoids the use of organic solvents [151], it is possible to

then incorporate plasmids or DNA into the scaffold without loss of biological activity [122].

1.7 Conclusions

Many of the barriers in tissue engineering and the gene delivery fields can be overcome

through the merging of the two disciplines. The pioneering work by Bonadio, Levy,
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Mooney and many other co-workers has highlighted the potential of gene delivery in tissue
engineering devices. Plasmids delivered by porous biodegradable scaffolds can fill diseased
tissue or defects to endow infiltrating repair cells with therapeutic properties that can
enhance the healing process. Controlled release of plasmids can provide sustained
expression of the growth factors and proteins in the regenerating site. Present and future
work must now focus on combining the other factors that are critical in scaffold designs for
tissue engineering such as porosity and biocompatibility with more sophisticated gene

vector technology.

1.8 References

1. R Langer and JP Vacanti. Tissue Engineering. Science 260:920-926, 1993.

2. DJ Mooney and AG Mikos. Growing new organs. Scientific American 280:60-65,
1999.

3. UA Stock and JP Vacanti. Tissue engineering: Current state and prospects. Annual
Review of Medicine 52:443-451, 2001.

4. JP Vacanti. Looking back and looking ahead. Tissue Engineering 7:107-109, 2001.
5. CA Vacanti and JP Vacanti. The science of tissue engineering. Orthopedic Clinics
of North America 31:351, 2000.

6. JP Vacanti and R Langer. Tissue engineering: the design and fabrication of living
replacement devices for surgical reconstruction and transplantation. Lancet 354:S132-
S134, 1999.

7. NA Peppas and R Langer. New challenges in biomaterials. Science 263:1715-1720,
1994.

8. M Davis and JP Vacanti. Toward development of an implantable tissue engineered
9liver. Biomaterials 17:365-372, 1996.

9. LG Cima, JP Vacanti, C Vacanti, D Ingber, D Mooney and R Langer. Tissue
engineering by cell transplantation using degradable polymer substrates. Journal of
Biomechanical Engineering 113:143-149, 1991.

10. J Elisseeff, K Anseth, D Sims, W McIntosh, M Randolph and R Langer.
Transdermal photopolymerization for minimally invasive implantation. Proceedings of
the National Academy of Sciences of the United States of America 96:3104-3107,
1999.

11. L Ma, CY Gao, ZW Mao, J Zhou, JC Shen, XQ Hu and CM Han.
Collagen/chitosan porous scaffolds with improved biostability for skin tissue
engineering. Biomaterials 24:4833-4841, 2003.

12. MC Peters, PJ Polverini and DJ Mooney. Engineering vascular networks in porous
polymer matrices. Journal of Biomedical Materials Research 60:668-678, 2002.

23



13. M Miyazawa, T Torii and [ Koyama. Liver reproduction by tissue engineering:
Control of hepatocyte-hepatocyte and hepatocyte-scaffold adhesion by shear stress and
extracellular matrix. Gastroenterology 124:A724-A724, 2003.

14. HF Lu, WS Lim, J] Wang, ZQ Tang, PC Zhang, KW Leong, SM Chia, H Yu and
HQ Mao. Galactosylated PVDF membrane promotes hepatocyte attachment and
functional maintenance. Biomaterials 24:4893-4903, 2003.

15. JD Berglund and ZS Galis. Designer blood vessels and therapeutic
revascularization. British Journal of Pharmacology 140:627-636, 2003.

16. LE Niklason, J Gao, WM Abbott, KK Hirschi, S Houser, R Marini and R Langer.
Functional arteries grown in vitro. Science 284:489-493, 1999.

17. R Bellamkonda and P Aebischer. Review: Tissue engineering in the nervous
system. Biotechnology and Bioengineering 43:543-554, 1994.

18. RG LeBaron and KA Athanasiou. Ex vivo synthesis of articular cartilage.
Biomaterials 21:2575-2587, 2000.

19. DW Hutmacher. Scaffolds in tissue engineering bone and cartilage. Biomaterials
21:2529-2543, 2000.

20. L Christenson, AG Mikos, DF Gibbons and GL Picciolo. Biomaterials for tissue
engineering : Summary. Tissue Engineering 3:71-76, 1997.

21. KE Healy, CH Thomas, A Rezania, JE Kim, PJ McKeown, B Lom and PE
Hockberger. Kinetics of bone cell organization and mineralization on materials with
patterned surface chemistry. Biomaterials 17:195-208, 1996.

22. JJ Marler, J Upton, R Langer and JP Vacanti. Transplantation of cells in matrices
for tissue regeneration. Advanced Drug Delivery Reviews 33:165-182, 1998.

23. BS Kim and DJ Mooney. Development of biocompatible synthetic extracellular
matrices for tissue engineering. Trends in Biotechnology 16:224-230, 1998.

24. LJ Bonassar and CA Vacanti. Tissue engineering: The first decade and beyond.
Journal of Cellular Biochemistry 297-305, 1998.

25. KIJL Burg, WD Holder, CR Culberson, RJ Beiler, KG Greene, AB Loebsack, WD
Roland, P Eiselt, DJ Mooney and CR Halberstadt. Comparative study of seeding
methods for three-dimensional polymeric scaffolds. Journal of Biomedical Materials
Research 51:642-649, 2000.

26. D Luo and WM Saltzman. Synthetic DNA delivery systems. Nature
Biotechnology 18:33-37, 2000.

27. J Bonadio. Tissue engineering via local gene delivery: Update and future prospects
for enhancing the technology. Advanced Drug Delivery Reviews 44:185-194, 2000.
28. BD Klugherz, PL Jones, XM Cui, WL Chen, NF Meneveau, S DeFelice, J
Connolly, RL Wilensky and RJ Levy. Gene delivery from a DNA controlled-release
stent in porcine coronary arteries. Nature Biotechnology 18:1181-1184, 2000.

29. S Connelly and M Kaleko. Gene therapy for hemophilia A. Thrombosis and
Haemostasis 78:31-36, 1997.

30. JR Bischoff, DH Kim, A Williams, C Heise, S Horn, M Muna, L Ng, JA Nye, A
SampsonJohannes, A Fattaey and F McCormick. An adenovirus mutant that replicates
selectively in p53- deficient human tumor cells. Science 274:373-376, 1996.

31. WA Marasco. Intrabodies: Turning the humoral immune system outside in for
intracellular immunization. Gene Therapy 4:11-15, 1997.

32. JM Kaplan, D Armentano, TE Sparer, SG Wynn, PA Peterson, SC Wadsworth,
KK Couture, SE Pennington, JA StGeorge, LR Gooding and AE Smith.
Characterization of factors involved in modulating persistence of transgene expression
from recombinant adenovirus in the mouse lung. Human Gene Therapy 8:45-56, 1997.

24



33. WT Godbey and AG Mikos. Recent progress in gene delivery using non-viral
transfer complexes. Journal of Controlled Release 72:115-125, 2001.

34. CW Pouton and LW Seymour. Key issues in non-viral gene delivery. Advanced
Drug Delivery Reviews 46:187-203, 2001.

35. K Kataoka and H Harashima. Gene delivery systems: viral vs. non-viral vectors.
Advanced Drug Delivery Reviews 52:151-151, 2001.

36. SD Conner and SL Schmid. Regulated portals of entry into the cell. Nature
422:37-44, 2003.

37. M Marsh and HT McMahon. Cell biology - The structural era of endocytosis.
Science 285:215-220, 1999.

38. AK Salem, PC Searson and KW Leong. Multifunctional nanorods for gene
delivery. Nature Materials 2:668-671, 2003.

39. J Kohn. Tissue engineering: An overview. Mrs Bulletin 21:18-19, 1996.

40. CM Agrawal. Reconstructing the human body using biomaterials. Journal of the
Minerals, Metals and Materials Society 50:31-35, 1998.

41. S Yoshii, M Oka, M Shima, A Taniguchi and M Akagi. 30 mm regeneration of rat
sciatic nerve along collagen filaments. Brain Research 949:202-208, 2002.

42. JM Pachence. Collagen-based devices for soft tissue repair. Journal of Biomedical
Materials Research 33:35-40, 1996.

43. SR Winn, H Uludag and JO Hollinger. Carrier systems for bone morphogenetic
proteins. Clinical Orthopaedics and Related Research S95-S106, 1999.

44. JF Cavallaro and PD Kemp. Collagen fabrics as biomaterials. Biotechnology and
Bioengineering 43:781-791, 1994.

45. T Ochiya, Y Takahama, S Nagahara, Y Sumita, A Hisada, H Itoh, Y Nagai and M
Terada. New delivery system for plasmid DNA in vivo using atelocollagen as a carrier
material: the Minipellet. Nature Medicine 5:707-710, 1999.

46. KW Leong, HQ Mao, VL Truong-Le, K Roy, SM Walsh and JT August. DNA-
polycation nanospheres as non-viral gene delivery vehicles. Journal of Controlled
Release 53:183-193, 1998.

47. VL Truong-Le, JT August and KW Leong. Controlled gene delivery by DNA-
gelatin nanospheres. Human Gene Therapy 9:1709-1717, 1998.

48. VL Truong-Le, SM Walsh, E Schweibert, HQ Mao, WB Guggino, JT August and
KW Leong. Gene transfer by DNA-gelatin nanospheres. Archives of Biochemistry and
Biophysics 361:47-56, 1999.

49. MS Ponticiello, RM Schinagl, S Kadiyala and FP Barry. Gelatin-based resorbable
sponge as a carrier matrix for human mesenchymal stem cells in cartilage regeneration
therapy. Journal of Biomedical Materials Research 52:246-255, 2000.

50. HQ Mao, K Roy, VL Troung-Le, KA Janes, KY Lin, Y Wang, JT August and KW
Leong. Chitosan-DNA nanoparticles as gene carriers: synthesis, characterization and
transfection efficiency. Journal of Controlled Release 70:399-421, 2001.

51. YJPark, YM Lee, SN Park, SY Sheen, CP Chung and SJ Lee. Platelet derived
growth factor releasing chitosan sponge for periodontal bone regeneration. Biomaterials
21:153-159, 2000.

52. A Chenite, C Chaput, D Wang, C Combes, MD Buschmann, CD Hoemann, JC
Leroux, BL Atkinson, F Binette and A Selmani. Novel injectable neutral solutions of
chitosan form biodegradable gels in situ. Biomaterials 21:2155-2161, 2000.

53. M Gingras, I Paradis and F Berthod. Nerve regeneration in a collagen-chitosan
tissue-engineered skin transplanted on nude mice. Biomaterials 24:1653-1661, 2003.
54. Y Zhang, M Ni, MQ Zhang and B Ratner. Calcium phosphate-chitosan composite
scaffolds for bone tissue engineering. Tissue Engineering 9:337-345, 2003.

25



55. D Quong and RJ Neufeld. DNA protection from extracapsular nucleases, within
chitosan- or poly-L-lysine-coated alginate beads. Biotechnology and Bioengineering
60:124-134, 1998.

56. D Quong, JN Yeo and RJ Neufeld. Stability of chitosan and poly-L-lysine
membranes coating DNA- alginate beads when exposed to hydrolytic enzymes. Journal
of Microencapsulation 16:73-82, 1999.

57. SCW Richardson, HJV Kolbe and R Duncan. Potential of low molecular mass
chitosan as a DNA delivery system: biocompatibility, body distribution and ability to
complex and protect DNA. International Journal of Pharmaceutics 178:231-243, 1999.
58. K Roy, HQ Mao, SK Huang and KW Leong. Oral gene delivery with chitosan-
DNA nanoparticles generates immunologic protection in a murine model of peanut
allergy. Nature Medicine 5:387-391, 1999.

59. P Erbacher, SM Zou, T Bettinger, AM Steffan and JS Remy. Chitosan-based
vector/DNA complexes for gene delivery: Biophysical characteristics and transfection
ability. Pharmaceutical Research 15:1332-1339, 1998.

60. T Kiang, J Wen, H Lim and KW Leong. Effect of Composition of Chitosan as
Gene Carrier on Transgene Expression In Vitro and In Vivo. in preparation 2003.

61. HJ Kong, MK Smith and DJ Mooney. Designing alginate hydrogels to maintain
viability of immobilized cells. Biomaterials 24:4023-4029, 2003.

62. SK Mittal, N Aggarwal, G Sailaja, A van Olphen, H HogenEsch, A North, J Hays
and S Moffatt. Immunization with DNA, adenovirus or both in biodegradable alginate
microspheres: effect of route of inoculation on immune response. Vaccine 19:253-263,
2000.

63. T Peng and YL Cheng. PNIPAAm and PMAA co-grafted porous PE membranes:
Living radical co-grafting mechanism and multi-stimuli responsive permeability.
Polymer 42:2091-2100, 2001.

64. RH Li, M White, S Williams and T Hazlett. Poly(vinyl alcohol) synthetic polymer
foams as scaffolds for cell encapsulation. Journal of Biomaterials Science-Polymer
Edition 9:239-258, 1998.

65. KY Lee and DJ Mooney. Hydrogels for tissue engineering. Chemical Reviews
101:1869-1879, 2001.

66. E Ural, K Kesenci, L Fambri, C Migliaresi and E Piskin. Poly(D,L-lactide/epsilon-
caprolactone)/hydroxyapatite composites. Biomaterials 21:2147-2154, 2000.

67. M Yin and GL Baker. Preparation and characterization of substituted polylactides.
Macromolecules 32:7711-7718, 1999.

68. DH Jones, S Corris, S McDonald, JCS Clegg and GH Farrar. Poly(DL-lactide-co-
glycolide)-encapsulated plasmid DNA elicits systemic and mucosal antibody responses
to encoded protein after oral administration. Vaccine 15:814-817, 1997.

69. DQ Wang, DR Robinson, GS Kwon and J Samuel. Encapsulation of plasmid DNA
in biodegradable poly(D,L-lactic- co-glycolic acid) microspheres as a novel approach
for immunogene delivery. Journal of Controlled Release 57:9-18, 1999.

70. SJ Beer, CB Matthews, CS Stein, BD Ross, JM Hilfinger and BL Davidson.
Poly(lactic-glycolic) acid copolymer encapsulation of recombinant adenovirus reduces
immunogenicity in vivo. Gene Therapy 5:740-746, 1998.

71. SJ Beer, JM Hilfinger and BL Davidson. Extended release of adenovirus from
polymer microspheres: Potential use in gene therapy for brain tumors. Advanced Drug
Delivery Reviews 27:59-66, 1997.

72. CB Matthews, G Jenkins, JM Hilfinger and BL Davidson. Poly-L-lysine improves
gene transfer with adenovirus formulated in PLGA microspheres. Gene Therapy
6:1558-1564, 1999.

26



73. Z Zhao, J Wang, HQ Mao and KW Leong. Polyphosphoesters in drug and gene
delivery. Advanced Drug Delivery Reviews 55:483-499, 2003.

74. ] Heller, J Barr, SY Ng, KS Abdellauoi and R Gurny. Poly(ortho esters):
synthesis, characterization, properties and uses. Advanced Drug Delivery Reviews
54:1015-1039, 2002.

75. S Lakshmi, DS Katti and CT Laurencin. Biodegradable polyphosphazenes for
drug delivery applications. Advanced Drug Delivery Reviews 55:467-482, 2003.

76. E Mathiowitz, JS Jacob, YS Jong, GP Carino, DE Chickering, P Chaturvedi, CA
Santos, K Vijayaraghavan, S Montgomery, M Bassett and C Morrell. Biologically
erodable microsphere as potential oral drug delivery system. Nature 386:410-414, 1997.
77. YB Lim, SO Han, HU Kong, Y Lee, JS Park, B Jeong and SW Kim.
Biodegradable polyester, poly alpha-(4 aminobutyl)-L-glycolic acid , as a non-toxic
gene carrier. Pharmaceutical Research 17:811-816, 2000.

78. A Maheshwari, RI Mahato, ] McGregor, SO Han, WE Samlowski, JS Park and
SW Kim. Soluble biodegradable polymer-based cytokine gene delivery for cancer
treatment. Molecular Therapy 2:121-130, 2000.

79. S Wang, ACA Wan, XY Xu, SJ Gao, HQ Mao, KW Leong and H Yu. A new
nerve guide conduit material composed of a biodegradable poly(phosphoester).
Biomaterials 22:1157-1169, 2001.

80. J Wang, HQ Mao and KW Leong. A novel biodegradable gene carrier based on
polyphosphoester. Journal of the American Chemical Society 123:9480-9481, 2001.
81. PD Drumbheller and JA Hubbell. Surface immobilization of adhesion ligands for
investigation of cell-substrate interactions. Tissue engineering 1581-1583, 1995.

82. H Shin, S Jo and AG Mikos. Biomimetic materials for tissue engineering.
Biomaterials 24:4353-4364, 2003.

83. SP Massia and JA Hubbell. Covalent surface immobilization of Arg-Gly-Asp and
Tyr-Ile-Gly-Ser-Arg-containing peptides to obtain well-defined cell-adhesive
substrates. Analytical Biochemistry 187:292-301, 1990.

84. SP Massia and JA Hubbell. An RGD spacing of 440nm is sufficient for integrin
o PB3—mediated spreading and 140nm for focal contact and stress fiber formation. The
Journal of Cell Biology 114:1089-1100, 1991.

85. JS Hrkach, J Ou, N Lotan and R Langer. Synthesis of Poly(L-Lactic Acid-Co-L-
Lysine) Graft-Copolymers. Macromolecules 28:4736-4739, 1995.

86. AD Cook, JS Hrkach, NN Gao, IM Johnson, UB Pajvani, SM Cannizzaro and R
Langer. Characterization and development of RGD-peptide-modified poly(lactic acid-
co-lysine) as an interactive, resorbable biomaterial. Journal of Biomedical Materials
Research 35:513-523, 1997.

87. DA Barrera, E Zylstra, PT Lansbury Jr. and R Langer. Synthesis and RGD peptide
modification of a new biodegradable copolymer: Poly(lactic acid-co-lysine). Journal of
the American Chemical Society 115:11010-11011, 1993.

88. LE Freed, G Vunjak-Novakovic, RJ Biron, DB Eagles, DC Lesnoy, SK Barlow
and R Langer. Biodegradable polymer scaffolds for tissue engineering. Biotechnology
12:689-693, 1994.

89. LG Cima, DE Ingber, JP Vacanti and R Langer. Hepatocyte culture on
biodegradable polymeric substrates. Biotechnology and Bioengineering 38:145-158,
1991.

90. PM Kaufmann, S Heimrath, BS Kim and DJ Mooney. Highly porous polymer
matrices as a three-dimensional culture system for hepatocytes. Cell Transplantation
6:463-468, 1997.

27



91. AG Mikos, G Sarakinos, MD Lyman, DE Ingber, JP Vacanti and R Langer.
Prevascularization of Porous Biodegradable Polymers. Biotechnology and
Bioengineering 42:716-723, 1993.

92. DJ Mooney, K Sano, PM Kaufmann, K Majahod, B Schloo, JP Vacanti and R
Langer. Long-term engraftment of hepatocytes transplanted on biodegradable polymer
sponges. Journal of Biomedical Materials Research 37:413-420, 1997.

93. AA Sharkawy, B Klitzman, GA Truskey and WM Reichert. Engineering the tissue
which encapsulates subcutaneous implants. II. Plasma-tissue exchange properties.
Journal of Biomedical Materials Research 40:586-597, 1998.

94. KA Athanasiou, JP Schmitz and CM Agrawal. The effects of porosity on in vitro
degradation of polylactic acid polyglycolic acid implants used in repair of articular
cartilage. Tissue Engineering 4:53-63, 1998.

95. L Lu, SJ Peter, MD Lyman, HL Lai, SM Leite, JA Tamada, S Uyama, JP Vacanti,
R Langer and AG Mikos. In vitro and in vivo degradation of porous poly(DL-lactic-co-
glycolic acid) foams. Biomaterials 21:1837-1845, 2000.

96. YB Xie, ST Yang and DA Kniss. Three-dimensional cell-scaffold constructs
promote efficient gene transfection: Implications for cell-based gene therapy. Tissue
Engineering 7:585-598, 2001.

97. CE Holy, SM Dang, JE Davies and MS Shoichet. In vitro degradation of a novel
poly(lactide-co-glycolide) 75/25 foam. Biomaterials 20:1177-1185, 1999.

98. J Lunt. Large-scale production, properties and commercial applications of
polylactic acid polymers. Polymer Degradation and Stability 59:145-152, 1998.

99. CM Agrawal, JS McKinney, D Lanctot and KA Athanasiou. Effects of fluid flow
on the in vitro degradation kinetics of biodegradable scaffolds for tissue engineering.
Biomaterials 21:2443-2452, 2000.

100. DJ Mooney, C Breuer, K McNamara, JP Vacanti and R Langer. Fabricating
tubular devices from polymers of lactic and glycolic acid for tissue engineering. Tissue
Engineering 1:107-118, 1995.

101. R Langer. Controlled release (of peptides and proteins) and tissue engineering.
Biopolymers 71:284-284, 2003.

102. JH Jang and LD Shea. Controllable delivery of non-viral DNA from porous
scaffolds. Journal of Controlled Release 86:157-168, 2003.

103. RR Chen and DJ Mooney. Polymeric growth factor delivery strategies for tissue
engineering. Pharmaceutical Research 20:1103-1112, 2003.

104. WM Saltzman and WL Olbricht. Building drug delivery into tissue engineering.
Nature Reviews Drug Discovery 1:177-186, 2002.

105. TP Richardson, MC Peters, AB Ennett and DJ Mooney. Polymeric system for
dual growth factor delivery. Nature Biotechnology 19:1029-1034, 2001.

106. KY Lee, MC Peters and DJ Mooney. Controlled drug delivery from polymers by
mechanical signals. Advanced Materials 13:837, 2001.

107. TP Richardson, WL Murphy and DJ Mooney. Polymeric delivery of proteins and
plasmid DNA for tissue engineering and gene therapy. Critical Reviews in Eukaryotic
Gene Expression 11:47-58, 2001.

108. MJ Whitaker, RA Quirk, SM Howdle and KM Shakesheff. Growth factor release
from tissue engineering scaffolds. Journal of Pharmacy and Pharmacology 53:1427-
1437, 2001.

109. KY Lee, MC Peters, KW Anderson and DJ Mooney. Controlled growth factor
release from synthetic extracellular matrices. Nature 408:998-1000, 2000.

110. XY Xu, WC Yee, PYK Hwang, H Yu, ACA Wan, SJ Gao, KL. Boon, HQ Mao,
KW Leong and S Wang. Peripheral nerve regeneration with sustained release of

28



poly(phosphoester) microencapsulated nerve growth factor within nerve guide conduits.
Biomaterials 24:2405-2412, 2003.

111. N Saito and K Takaoka. New synthetic biodegradable polymers as BMP carriers
for bone tissue engineering. Biomaterials 24:2287-2293, 2003.

112. J Li, YP Zhang and RS Kirsner. Angiogenesis in wound repair: Angiogenic
growth factors and the extracellular matrix. Microscopy Research and Technique
60:107-114, 2003.

113. JE Babensee, LV Mclntire and AG Mikos. Growth factor delivery for tissue
engineering. Pharmaceutical Research 17:497-504, 2000.

114. MH Sheridan, LD Shea, MC Peters and DJ Mooney. Bioadsorbable polymer
scaffolds for tissue engineering capable of sustained growth factor delivery. Journal of
Controlled Release 64:91-102, 2000.

115. SE Kim, JH Park, YW Cho, H Chung, SY Jeong, EB Lee and IC Kwon. Porous
chitosan scaffold containing microspheres loaded with transforming growth factor-beta
1: Implications for cartilage tissue engineering. Journal of Controlled Release 91:365-
374, 2003.

116. A Perets, Y Baruch, F Weisbuch, G Shoshany, G Neufeld and S Cohen.
Enhancing the vascularization of three-dimensional porous alginate scaffolds by
incorporating controlled release basic fibroblast growth factor microspheres. Journal of
Biomedical Materials Research Part A 65A:489-497, 2003.

117. K Whang, DC Tsai, EK Nam, M Aitken, SM Sprague, PK Patel and KE Healy.
Ectopic bone formation via rhBMP-2 delivery from porous bioabsorbable polymer
scaffolds. Journal of Biomedical Materials Research 42:491-499, 1998.

118. DJ Mooney, PM Kaufmann, K Sano, SP Schwendeman, K Majahod, B Schloo,
JP Vacanti and R Langer. Localised Delivery of Epidermal Growth Factor Improves the
Survival of Transplanted Hepatocytes. Biotechnology and Bioengineering 50:422-429,
1996.

119. JE Babensee, JM Anderson, LV McIntire and AG Mikos. Host response to tissue
engineered devices. Advanced Drug Delivery Reviews 33:111-139, 1998.

120. Y Ito. Tissue engineering by immobilized growth factors. Materials Science &
Engineering C-Biomimetic Materials Sensors and Systems 6:267-274, 1998.

121. R Langer. Drug delivery and targeting. Nature 392:5-10, 1998.

122. LD Shea, E Smiley, J Bonadio and DJ Mooney. DNA delivery from polymer
matrices for tissue engineering. Nature Biotechnology 17:551-554, 1999.

123. N Giannoukakis, AW Thomson and PD Robbins. Gene therapy in
transplantation. Gene Therapy 6:1499-1511, 1999.

124. JE Nor, J Christensen, DJ Mooney and PJ Polverini. Vascular endothelial growth
factor (VEGF)-mediated angiogenesis is associated with enhanced endothelial cell
survival and induction of Bcl-2 expression. American Journal of Pathology 154:375-
384, 1999.

125. CT Laurencin, MA Attawia, LQ Lu, MD Borden, HH Lu, WJ Gorum and JR
Lieberman. Poly(lactide-co-glycolide)/hydroxyapatite delivery of BMP-2- producing
cells: a regional gene therapy approach to bone regeneration. Biomaterials 22:1271-
1277, 2001.

126. JJ Vallbacka, N Nobrega and MV Sefton. Tissue engineering as a platform for
controlled release of therapeutic agents: implantation of microencapsulated dopamine
producing cells in the brains of rats. Journal of Controlled Release 72:93-100, 2001.
127. J Bonadio, E Smiley, P Patil and S Goldstein. Localized, direct plasmid gene
delivery in vivo: prolonged therapy results in reproducible tissue regeneration. Nature
Medicine 5:753-759, 1999.

29



128. M Berry, AM Gonzalez, W Clarke, L Greenlees, L Barrett, W Tsang, L
Seymour, J Bonadio, A Logan and A Baird. Sustained effects of gene-activated
matrices after CNS injury. Molecular and Cellular Neuroscience 17:706-716, 2001.
129. T Segura and LD Shea. Surface-tethered DNA complexes for enhanced gene
delivery. Bioconjugate Chemistry 13:621-629, 2002.

130. D Luo and WM Saltzman. Enhancement of transfection by physical
concentration of DNA at the cell surface. Nature Biotechnology 18:893-895, 2000.
131. DA Hobson, MW Pandori and T Sano. In situ transduction of target cells on solid
surfaces by immobilized viral vectors. BMC Biotechnol. 1:2003.

132. T Ragot, N Vincent, P Chafey, E Vigne, H Gilgenkrantz, D Couton, J Cartaud, P
Briand, JC Kaplan, M Perricaudet and A Kahn. Efficient Adenovirus-Mediated
Transfer of a Human Minidystrophin Gene to Skeletal-Muscle of Mdx Mice. Nature
361:647-650, 1993.

133. GL Lasalle, JJ Robert, S Berrard, V Ridoux, LD Stratfordperricaudet, M
Perricaudet and J Mallet. An Adenovirus Vector for Gene-Transfer into Neurons and
Glia in the Brain. Science 259:988-990, 1993.

134. DR Siemens, JC Austin, SP Hedican, J Tartaglia and TL Ratliff. Viral vector
delivery in solid-state vehicles: Gene expression in a murine prostate cancer model.
Journal of the National Cancer Institute 92:403-412, 2000.

135. S Kalyanasundaram, S Feinstein, JP Nicholson, KW Leong and RI Garver.
Coacervate microspheres as carriers of recombinant adenoviruses. Cancer Gene
Therapy 6:107-112, 1999.

136. SJ Peter, MJ Miller, AW Yasko, MJ Yaszemski and AG Mikos. Polymer
concepts in tissue engineering. Journal of Biomedical Materials Research 43:422-427,
1998.

137. JS Tjia and PV Moghe. Analysis of 3-D microstructure of porous poly(lactide-
glycolide) matrices using confocal microscopy. Journal of Biomedical Materials
Research 43:291-299, 1998.

138. B Ronneberger, T Kissel and JM Anderson. Biocompatibility of ABA triblock
copolymer microparticles consisting of poly(L-lactic-co-glycolic-acid) A-blocks
attached to central poly(oxyethylene) B-blocks in rats after intramuscular injection.
European Journal of Pharmaceutics and Biopharmaceutics 43:19-28, 1997.

139. E Alsberg, HJ Kong, Y Hirano, MK Smith, A Albeiruti and DJ Mooney.
Regulating bone formation via controlled scaffold degradation. Journal of Dental
Research 82:903-908, 2003.

140. RC Thomson, MC Wake, MJ Yaszemski and AG Mikos. Biodegradable Polymer
Scaffolds to regenerate Organs. Advances in Polymer Science 122:245-274, 1995.

141. RC Thomson, MJ Yaszemski, JM Powers and AG Mikos. Fabrication of
Biodegradable Polymer Scaffolds to Engineer Trabecular Bone. Journal of Biomaterials
Science-Polymer Edition 7:23-38, 1995.

142. LC Lu and AG Mikos. The importance of new processing techniques in tissue
engineering. Mrs Bulletin 21:28-32, 1996.

143. DT Mooney, CL Mazzoni, C Breuer, K McNamara, D Hern, JP Vacanti and R
Langer. Stabilized polyglycolic acid fibre based tubes for tissue engineering.
Biomaterials 17:115-124, 1996.

144. ACA Wan, HQ Mao, S Wang, KW Leong, L Ong and H Yu. Fabrication of
poly(phosphoester) nerve guides by immersion precipitation and the control of porosity.
Biomaterials 22:1147-1156, 2001.

145. E Wintermantel, J Mayer, J Blum, KL Eckert, P Luscher and M Mathey. Tissue
engineering scaffolds using superstructures. Biomaterials 17:83-91, 1996.

30



146. AK Salem, F Rose, ROC Oreffo, XB Yang, MC Davies, JR Mitchell, CJ Roberts,
S Stolnik-Trenkic, SJB Tendler, PM Williams and KM Shakesheff. Porous polymer
and cell composites that self-assemble in situ. Advanced Materials 15:210-213, 2003.
147. VP Shastri, | Martin and R Langer. Macroporous polymer foams by hydrocarbon
templating. Proceedings of the National Academy of Sciences of the United States of
America 97:1970-1975, 2000.

148. H Yoshimoto, YM Shin, H Terai and JP Vacanti. A biodegradable nanofiber
scaffold by electrospinning and its potential for bone tissue engineering. Biomaterials
24:2077-2082, 2003.

149. YK Luu, K Kim, BS Hsiao, B Chu and M Hadjiargyrou. Development of a
nanostructured DNA delivery scaffold via electrospinning of PLGA and PLA-PEG
block copolymers. Journal of Controlled Release 89:341-353, 2003.

150. DJ Mooney, DF Baldwin, NP Suh, LP Vacanti and R Langer. Novel approach to
fabricate porous sponges of poly(D,L-lactic- co-glycolic acid) without the use of
organic solvents. Biomaterials 17:1417-1422, 1996.

151. SM Howdle, MS Watson, MJ Whitaker, VK Popov, MC Davies, FS Mandel, JD
Wang and KM Shakesheff. Supercritical fluid mixing: preparation of thermally
sensitive polymer composites containing bioactive materials. Chemical
Communications 109-110, 2001.

31



Figure 1 Schematic representation of a typical tissue engineering approach. Specific cell
populations are harvested from the appropriate tissue and seeded onto a biodegradable

polymer scaffold.
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Figure 2:

Schematic of mechanisms of transfection
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Figure 3. Schematic showing gene delivery from scaffolds approach to tissue

engineering.
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