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ABSTRACT

Before stem cell-based therapies can become a clinical reality, technologies for cell delivery must
be developed that can control differentiation and pluripotency, maintain a hospitable environment
for cell survival and function, and provide a structural framework for regenerative healing of the
target tissue. Insights gained from developmental and stem cell biology should guide the design
of devices and techniques to facilitate stem cell-based therapies. Several strategies have been
developed for surgical delivery of stem cells, including synthetic and biologic matrices for cell
seeding, complex biochemical delivery devices for maintenance and modulation of stem cell
properties, and smart constructs with the ability to adapt to the dynamic in vivo environment after
implantation. In aggregate, surgical delivery of complex stem cell-seeded constructs has the
potential to revolutionize surgical therapies for a wide range of diseases in order to provide a
more regenerative platform for tissue and organ healing.

Keywords: regenerative medicine, stem cells, tissue engineering, surgical engineering,
biomaterials, reconstructive surgery

1. INTRODUCTION

Over the past decade, regenerative medicine has evolved from a field focusing on the
basic science of stem cells and developmental biology into one that actively seeks to
solve clinical problems. The goal of regenerative medicine is to restore normal
anatomic structure and physiologic function following injury or disease. Surgery
represents a natural arena for the application of regenerative principles, both because of
the acute nature of surgical disease (trauma, cancer resection, etc.) and the fact that
surgeons have the freedom to intervene with a variety of different approaches. We
believe that the utilization of stem cell-based therapies has the potential to revolutionize
modern surgical care.
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In order to apply stem cell-based therapies to treat surgical diseases, the materials
and techniques that are employed must be to be both robust and relatively simple. To
accomplish this goal, it will be necessary to develop physical constructs for delivery of
cells to promote cell viability and engraftment in diverse and challenging environments,
including soft tissue wounds and damaged organs. Lessons learned from the
development and evolution of tissue engineering are useful to help conceptualize what
these tools might look like.

Tissue engineering, as originally defined by Langer and Vacanti, aimed to develop
“biological substitutes that restore, maintain, or improve tissue function” [1].
Practically, this meant the design of two-dimensional or relatively planar three-
dimensional support structures to create a niche for cell proliferation, differentiation
and engraftment that could be implanted in the setting of an injured or missing tissue or
organ [1]. As basic research into the molecular and cellular mechanisms of stem cell
biology has matured, engineered delivery platforms have become more sophisticated to
include precise release of growth factors and other modulatory chemicals and proteins
to direct the behavior of seeded stem cells, for example, to direct differentiation into a
specific cell type [2].

The ideal surgical strategy would involve a pre-designed and pre-fabricated system
that could be pulled “off the shelf” and employed efficiently in the operating room at
the time of the initial procedure to repair a damaged organ (as in trauma) or at the time
of reconstruction (such as following cancer resection) [3]. The use of autologous cells
would be strongly preferred to avoid the requirement for anti-rejection therapies to
maintain the cells in the recipient [4]. Finally, it would be best to immediately utilize
stem cells that had been concurrently harvested from the patient instead of waiting for
a period of in vitro expansion because of the regulatory and commercial complexity of
processes that require distant processing of cells. These requirements provide the
justification for focusing on in vivo tissue engineering strategies, wherein cells are
implanted on a scaffold or matrix to direct differentiation or paracrine function towards
regeneration of the organ at the point of care. The objectives of this review are (a) to
briefly summarize the clinical potential of various stem cell types, (b) to delineate the
challenges that must be overcome for the successful development and implementation
of stem cell-based therapy, (c) to discuss several different tissue engineering strategies
to enable stem cell-based therapies, and (d) to discuss the role of surgical approaches to
stem cell-based therapies.

2. OVERVIEW OF STEM CELL BIOLOGY AND CHALLENGES TO STEM
CELL-BASED THERAPIES

A brief discussion of stem cell types and relevant biology is warranted to frame the
discussion of surgical devices for stem cell delivery. Stem cells are classified based on
their tissue of origin and their potency, which refers to the ability of a given cell
population to differentiate into different cell types (Figure 1) [5]. Pluripotent stem cells
such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have
the ability to form all cell types and represent the pinnacle of stem cell capacity. These
cells do not exist in adults. ESCs are transiently present within the developing
blastocyst, but rapidly differentiate into lineage-committed cells during development of
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the embryo and therefore cannot be isolated after the blastocyst stage [6]. iPSCs are
generated by reprogramming somatic (differentiated) cells such as fibroblasts to revert
to a pluripotent state [7, 8], a process that must be carried out in vitro.
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Figure 1. Overview of stem cell classification schemes. Different stem cell
populations are characterized based on their potency, which is defined by
their ability to form multiple different cell types (differentiation). Stem
cells are also classified based on their tissue of origin.

Pluripotency confers profound stem cell capacity on the cells, but also leads to an
instability and unpredictability. These cells form teratomas when implanted in vivo,
and have a high rate of tumorogenesis [9]. In order to use pluripotent stem cells for cell-
based therapy, one would need to prevent unregulated differentiation as well as mitigate
the oncogenic potential of these cells. In addition, recent experimental work has
demonstrated that iPSCs are significantly unstable once reprogrammed, which may be
related to the complex epigenetic changes that occur during the reprogramming process,
specifically chromatin remodeling and methylation [9]. Due to this instability and
potential tumorgenesis, the timing and dosing of stem cell-based therapies will need to
be precisely studied and controlled to minimize the risks of unintended effects of
administering pluripotent cells clinically [10]. While certainly not insurmountable,
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these potential drawbacks have tempered the enthusiasm for moving ESC- and iPSC-
based therapies into the clinic in the short term [11, 12].

Multipotent stem cells appear to be a more attractive candidate for initial clinical
work. These include bone-marrow-derived mesenchymal stem cells (MSCs) and
adipose-derived stromal cells (ASCs), which can form bone, cartilage, muscle, adipose
tissue, and neurologic tissue in some investigators’ hands [13, 14]. Hematopoietic stem
cells (HSCs) are also multipotent, as they have the ability to form all blood cells [15].
Circulating progenitor cells, including endothelial progenitor cells (EPCs) and
fibrocytes, have been shown to contribute to the maintenance of skin and the growth of
blood vessels in normal (non-injured) states, as well as participating in cardiovascular
repair in response to injury and hypoxia [16 - 18]. These groups of progenitor cells are
also known as adult stem cells because they are typically isolated from adult tissues.
Adult stem cells represent a promising class of cells for stem cell-based therapy because
of their relative ease of isolation coupled with their ability to form multiple different
tissue types and a potentially advantageous safety profile [19].

Finally, tissue-specific stem cells have been isolated from many different tissues,
ranging from skin and intestine to the central nervous system and heart muscle. While
tissues with high turnover such as skin and intestine have very active stem cell
populations [20], less regenerative tissues such as heart and nervous tissue have much
less active resident stem cell populations [21, 22]. Tissue-specific stem cells are less
appealing as therapeutic options largely due to the difficulty in harvesting these cells in
sufficient numbers. For example, the morbidity associated with collection of central
nervous system resident stem cells from the subventricular zone of the brain precludes
routine harvest and isolation of these cells for cell-based therapy [23]. One strategy that
may prove effective is augmenting the intrinsic regenerative potential of adult organs
by activating resident tissue-specific stem cells in patients with an injury or disease
process that is limited to a single organ [20, 24, 25]. While several groups are working
to understand tissue-specific stem cell populations so they may be exploited
therapeutically, this review will focus on multipotent and pluripotent cells.

3. TISSUE ENGINEERING STRATEGIES FOR STEM CELL-BASED
THERAPIES

3.1. Stem Cell Sorting and Differentiation

Stem cell isolation protocols and procedures are specific to the tissue type of origin.
MSCs and HSCs reside in the bone marrow, so bone marrow harvest and cell
dissociation are necessary to isolate these cells. ASCs are harvested from subcutaneous
adipose tissue using suction followed by collagenase digestion [13]. Stem cell sorting
techniques have traditionally focused on surface protein expression profiles and
fluorescence-activated cell sorting (FACS) technology to separate different cells from a
heterogeneous population of stem/progenitor cells. This paradigm was initially
described for HSCs [26], but has now been applied to multiple stem cell types and
remains the most commonly used method for the selection of specific stem cell
subpopulations. Many groups are working to refine the selection parameters for adult
stem cells, including MSCs and ASCs [27, 28]. These adult stem cell populations are
known to be heterogeneous, and there is increasing evidence that sorting for
subpopulations may allow enrichment for stem cell populations with predilections to
form specific tissue types [29-31].
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3.2. Native Scaffolds for Stem Cell Delivery

The use of structural matrices for stem cell delivery offers several important benefits
(Figure 2) [32]. Firstly, it allows for targeted delivery of the cell population directly into
the intended area with minimal off-target effects. In addition, seeding cells on a
scaffold can introduce larger numbers of cells without subjecting the cells to the trauma
of direct injection. Moreover, a scaffold can provide a biomimetic extracellular
environment with appropriate biochemical and structural cues to optimize stem cell
function. Finally, scaffolds can themselves permanently integrate into the host site or
can be designed to gradually degrade as host tissues repopulate the defect site. Ideally,
the scaffolds themselves would modulate the surrounding environment and work
synergistically with the delivered stem cells to effect tissue regeneration.
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Figure 2. Synthetic matrices for tissue engineering paradigms. Biocompatible
matrices and scaffolds can be synthesized from biomaterial constructs to
provide the structural framework to enable stem-cell-based therapies.
Synthetic scaffolds have the flexibility to incorporate bioactive molecules
and proteins such as growth factors that can be used to modulate the
behavior of seeded cells in vivo. By designing matrices with specific
biomechanical and chemical properties, stem cell-based therapies can be
precisely targeted to a specific clinical need.
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Native scaffolds are derived directly from extracellular matrix systems of various
tissues and organs and are often decellularized to remove antigenic cellular contents [33
- 35]. They can range in complexity from microencapsulation of individual cells up to
large decellularized organ constructs [36]. After decellularization, the resulting matrix
can be utilized as a scaffold on which to seed cell populations. Importantly, these
organized extracellular matrices already contain the architectural and material cues that
are ideal for a tissue-specific function. The removal of cells eliminates immunogenicity
and allows for a greater range of applications as cell-free allogeneic/xenogeneic
constructs can be processed and stored for extended periods ex vivo [37].

The most extensive clinical experience in the use of cell-free native scaffolds is in
skin engineering following burn injury [38 - 40]. Allogeneic decellularized human
dermis is a standard tool used by reconstructive surgeons to treat burns, and its use has
expanded to use for reconstruction procedures throughout the body [41, 42].
Decellularized aortic allografts have been successfully used for tracheal reconstruction
in preclinical studies [43]. Porcine small intestine submucosa has been widely applied to
animal models of skin, nerve, bone, urologic, and vascular injury [44] and has been used
clinically to reconstruct tissues, such as for urologic and foot reconstruction [45, 46].

The opposite end of the spectrum is the use of cell-matrix constructs consisting of
terminally differentiated cells, such as fibroblasts and matrix components. These have
found clinical application in chronic wounds to augment healing [47 - 50]. These
constructs have demonstrated the feasibility of seeding cells in conjunction with growth
factors and supportive proteins onto a structural matrix or scaffold to provide a three-
dimensional environment conducive to cell survival. Several of these products are
currently available commercially (Apligraf®, Organogenesis, Inc., Canton, MA and
Dermagraft®, Advanced Biohealing, Inc., Westport, CT). These approaches are gaining
popularity to treat chronic cutaneous wounds, and suggest that a similar approach using
stem cell-based constructs for other applications would be technically feasible.

Similarly, stem cells can be seeded onto natural acellular matrices for tissue
engineering. Initially, simpler tissue/organ constructs have been attempted, including
stem cell-seeded skin, muscle, nerve, bladder, and blood vessel [51 - 55]. Why stem
cells appear to improve function in these preclinical studies remains unclear and is the
focus of intense investigation. Although it is known that stem cells themselves can
differentiate and self-renew, they also have a regenerative effect through paracrine-type
interactions [56]. The interactions between stem cells and their delivery matrix are
different in vitro when compared to placing the construct in vivo in the defect
environment. An understanding of these intricate interactions will be important as
researchers attempt to fabricate increasingly complicated organs.

Another extremely promising approach is the method of decellularizing whole solid
organs followed by seeding with progenitor-type cells. Rat hearts can be decellularized
through established techniques, repopulated with neonatal cardiac or aortic endothelial
cells, matured in a bioreactor system, and then re-implanted, where they have been shown
to have functional contractile and electrical activity [57]. This approach (decellularization
and seeding) has been used to construct an artificial lung that was orthotopically
transplanted in a rat model [58]. Similar methods have been used to decellularize liver
grafts, repopulate them in vitro with adult hepatocytes, and transplant them back into rats
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with evidence of improved liver function [59]. These techniques demonstrate the
feasibility of decellularizing organs to isolate intact matrix and subsequently seeding
progenitor-type cells into these scaffolds in the appropriate biophysical environment to
generate large-scale functional organs that can be transplanted.

Despite the preclinical promise of native scaffolds in stem cell-based regenerative
therapies, there are some important drawbacks in their translation to clinical medicine.
Native scaffolds are generally scarce and expensive, much like organs for
transplantation. Surgical harvest of matrix scaffolds from living patients is a major
procedure and harvest of allogeneic/xenogeneic materials carry the risk of disease
transmission as well as important ethical concerns. The benefit of adding seeded stem
cells remains unclear, and rigorous studies are needed to track stem cell fate and
function following transplantation via these methods.

3.3. Living Scaffolds

Tissue engineering has traditionally attempted to fabricate complex organ-level
structures by combining the most elementary components (cells, matrix, and
biochemical factors) and coaxing regenerative processes in vitro. Although these
hybrid constructs have proven effective for smaller defects or simpler tissues, the need
for highly complex tissues and organs continues to grow as human populations expand
and age. One of the major limitations of tissue engineering attempts is the volume of
tissue that can be generated. Larger tissue constructs are highly dependent on the
vascular supply as the diffusion capacity of nutrients and metabolic wastes is generally
limited to the cellular level [60]. In living tissues, the mass transport of nutrients and
waste is achieved through a functional macro- and microcirculatory system and
attempts to fully recapitulate this complex system in engineered
cell/matrix/biochemical constructs have proven to be exceedingly challenging. Further,
even if a rudimentary microvessel system is developed, the ability to integrate these
“vascularized” structures with the host circulatory system remains difficult.

An example of a “living scaffold” is a tissue flap, which is an independent
microcirculatory network transferred from its original location to an area where tissue is
missing most frequently from a traumatic or postsurgical cause. Microvascular free flaps
can transfer numerous tissues with their native blood supply such as skin, subcutaneous
tissue, muscle, and bone as a means to address traumatic or surgical defects.
Reconstructive surgeons employ autologous tissues for myriad reconstructive
procedures to replace damaged or defect tissues throughout the body. These flaps are an
important tool in the armamentarium of reconstructive surgeons as they are functional,
autologous, and largely expendable constructs that can be transferred throughout the
body and re-integrated with the circulation via standard microsurgical techniques [4].

Recently, microvascular free flaps have been proposed as a delivery vehicle for stem
cells (Figure 3) [61 - 63]. Our group has developed a bioreactor-based system utilizing
autologous free flaps in rats using the superficial inferior epigastric (SIE) groin flap
based on the SIE artery and vein [64 - 67]. We have demonstrated the ability to perfuse
harvested rat SIE flaps ex vivo for up to 24 hours on a bioreactor system while
controlling perfusion rate, oxygenation, and pH. These free flaps can be transfected ex
vivo with adenoviral-based methods to produce therapeutic peptides (such as anti-
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microbial proteins and immunotherapeutic cytokines) following microsurgical
reimplantation for clinical effect [64 - 66]. We have also shown that stem cells can be
seeded onto these scaffolds via bioreactor perfusion and that delivered stem cells
successfully egress and engraft in clusters around the vasculature [67]. Most
importantly, these engineered constructs are easily transplanted back into recipient rats
and re-integrated into the circulatory system.

Free flap
harvest

Stem cell seeding
on bioreactor ex vivo

Stem cell-seeded
free flap

Figure 3. Living tissue as the basis for tissue engineered constructs. Free flaps are
harvested from nonessential soft tissues such as the abdominal wall and
include a vascular bed that can be used to seed stem cells on the flap. Ex
vivo bioreactor systems can be used to maintain the viability of the flap
tissue as well as the seeded cells, which then allows for re-implantation
into the patient as vascularized tissue graft.

A somewhat similar approach is the prefabrication of microvascularized constructs
for tissue engineering, which has been pioneered by Morrison et al. from the O’Brien
Institute of Microsurgery in Australia. This group has focused on generating a vascular
supply for engineered tissue through pre-fabrication techniques in the patient
themselves. The resulting tissue has the capacity to grow with the host and become a
permanent vascularized tissue [68]. To this end, they have employed native vascular
conduits as the basis of several vascularized three-dimensional constructs [3, 69]. They
also recently reported in vivo expansion of hepatocyte and pancreatic islet cell
progenitors using three-dimensional vascularized constructs [70, 71] and generation of
adipose tissue, raising the possibility of a clinical trial using tissue engineered
constructs for breast reconstruction [72].
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For both of these approaches, in terms of clinical translation, expendable human
tissues such as the intra-abdominal omentum might be ideal. The omentum could be
harvested laparoscopically and connected to a scaled up bioreactor system that would
allow the same manipulations as we have shown to be feasible in small animal models.
Autologous cells could also be readily harvested from patients via skin biopsy or
lipoaspiration, expanded ex vivo, manipulated with molecular and genetic tools, and
seeded onto these vascularized scaffolds. This technology could potentially change the
way organs are engineered by providing a vascularized pre-formed matrix on which to
seed stem cells for surgical applications (Figure 4).

Organ harvest

Stem cell seedingin bioreactor systems
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Figure 4.

Transplantation

Organ level tissue engineering using stem cells seeded on native vascular
beds. In order to regenerate complex solid organs, tissue engineered
constructs must include a vascular supply. One strategy to accomplish
this is to harvest native tissues and organs (which include their native
vascular and capillary networks), decellularize the tissue, and then seed
the graft with stem cells in addition to growth factors and other
modulatory elements to promote regeneration of a specific organ after
transplantation.
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3.4. Recreating the Stem Cell Niche with Synthetic Scaffolds

In vivo, stem cells reside in specific anatomic and physiologic niches that precisely
regulate stem cell function and maintain an undifferentiated state. The prototypical
stem cell niche is occupied by the HSC in the bone marrow endosteal sinusoids, where
osteoclasts, osteoblasts, and endothelial cells work in a synchronized fashion to
maintain HSCs in a quiescent yet responsive state [73-75]. The niche is much more
than an anatomic location, as the stromal and supportive cells maintain the resident
stem cell populations in a state of de-differentiation, allowing them to maintain
homeostasis of a specific tissue type [76]. In order to maximize the therapeutic
potential of stem cells, surgical strategies that can recapitulate the stem cell niche, or at
least specific components of the niche, are most likely to be successful.

Synthetic scaffolds can be fabricated from biologic and/or non-biologic substrates
[77]. Biologic materials are derived from living systems and subsequently reconstituted
into an organized template. Examples include matrices constructed from collagens,
carbohydrates, glycosaminoglycans, silk, etc., all of which have been used for numerous
tissue engineering applications [78 - 80]. Inert materials have also been used for
engineering scaffolds and include titanium, ceramics, and steel largely for orthopedic
and dental applications [81]. Synthetic biodegradable polymers that have been used as
porous templates for many years include the polymers polylactic acid (PLA),
polyglycolic acid (PGA), polycaprolactone (PCL) and polyethylene glycol (PEG) [82].

In addition to providing structural support and a hospitable environment, surgical
delivery devices have the potential to modulate stem cell proliferation, differentiation
and eventual engraftment into a target tissue through the controlled release of growth
factors and other signaling molecules (Figure 5) [2]. In ESCs and iPSCs, pluripotency
can be maintained in vitro by supplementation with leukemia inhibitory factor, fibroblast
growth factor 2, bone morphogenetic proteins, and many other factors [9, 83 - 85].
WNT/ B -catenin signaling, TGF-B signaling, insulin-like growth factor, and ERK
signaling augment proliferation and self-renewal of ESCs in vitro. However, these
factors would not be useful in vivo where differentiation, and not pluripotency, is the
goal [9, 85]. Nevertheless, the lessons learned from in vitro culture systems for
maintenance of ESCs and iPSCs may help design strategies to optimize stem cell
survival during the time of initial seeding onto biologic and biomimetic constructs.
Recreation of an appropriate niche may be even more important in the therapeutic
delivery of MSCs, HSCs, and ASCs because these cells are largely dependent on external
cues to maintain self-renewal and proliferation [86]. For example, Adams et al. reported
modulation of the HSC niche using parathyroid hormone administration for osteoblast
augmentation [87].

Biomaterial fabrication techniques are increasingly sophisticated and allow for
nanoscale control of scaffold dimensions and properties [88]. Scaffold engineers can
modulate biochemical and mechanical properties, pore size, degradability, etc., to
optimize the environment for stem cell function [89]. Specific ligands and matrix
elements can also be precisely patterned to recapitulate the temporospatial cues of a
regenerative niche. Nanofabrication techniques allow for increasingly precise
regulation of scaffold topography and include techniques such as electrospinning, self-
assembly, and nano-level lithographic technologies [90].
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Figure 5. Engineering the stem cell niche. Stem cells are maintained in vivo in
precise anatomical and physiologic niches that prevent differentiation
and support stem cell proliferation to maintain a pool of stem cells to
support tissue homeostasis. By precisely recreating this niche in vivo
using tissue engineered constructs, seeded stem cells can be directed to
differentiate into specific tissues or to support tissue regeneration through
paracrine functions. As understanding of stem cell biology improves, the
tools available to tissue engineering approaches will become more
sophisticated.

A new class of biomaterials capable of inducing specific behaviors has been
increasingly utilized in tissue engineering and regenerative medicine [91]. These
“smart” materials actively interact with surrounding cells and functionally participate in
numerous repair processes [92]. Reciprocal crosstalk between stem cells and their
delivery scaffold occurs through direct cell-matrix attachments, three-dimensional
structural cues, mechanical force transduction, and control of morphogenic gradients
between recipient tissues and seeded stem cells. These complex interactions
importantly regulate stem cell function, differentiation, and survival during repair
processes [93]. As the fields of stem cell biology and biomaterial engineering continue
to converge, future stem cell delivery systems will increasingly utilize the scaffold
microenvironment to guide tissue and organ morphogenesis.
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Stem cell populations have been seeded onto synthetic scaffolds to reconstruct
almost all tissues and have been largely successful in preclinical models [94 - 96]. A
comprehensive discussion of each tissue type is beyond the scope of this article, but
overall, the importance of stem cells in the future of regenerative medicine is certain.
In general, various synthetic scaffolds that match the biochemical and biophysical
properties (e.g., size, porosity, stiffness, degradation rate) of the tissue to be replaced are
seeded with the tissue-specific progenitor cell. The hybrid construct is usually matured
in vitro to allow engraftment and/or differentiation of the stem cells, but cells can also
be seeded at the time of surgery when the synthetic scaffold is placed.

The general benefits of synthetic scaffolds compared to natural scaffolds are their
wider availability, lower cost, and ability to be produced in large quantities, along with
the knowledge base to control and modify their fabrication to suit a diverse range of
tasks [77]. As the molecular details of stem cell niches are increasingly understood and
the ability of biomaterial engineers to mimic these environments improves, synthetic
scaffolds will continue to have an important role in regenerative medicine.

3.5. In Vivo Reprogramming and Differentiation

With the increasing sophistication of reprogramming strategies to achieve pluripotency
from somatic cells coupled with the development of differentiation protocols to reliably
produce specific lineage cell types form stem cells, the prospects for in vivo directed
reprogramming and differentiation is becoming more feasible. Autologous pluripotent
cells could be obtained from reprogramming of somatic cells from patient’s own
somatic cells, but pluripotency may not even be a requisite step to achieve stem cell
differentiation into a specific cell type. Vierbuchen et al. recently reported the direct
conversion of fibroblasts to neurons [97], and leda et al. demonstrated that resident
cardiac fibroblasts can be converted to cardiomyocytes by defined factors [98]. Other
groups have reported direct reprogramming of exocrine pancreatic cells to islet cells
[99]. To obviate the need for pluripotent cells would simplify future applications of
stem cell-based therapies.

Adult multipotent stem cells would have the highest utility in cell-based therapy if
they could be directed toward a specific fate in vivo, without requiring an in vitro
expansion period before implantation. ASCs form bone when placed in a highly
osteogenic environment of a critically sized calvarial defect in the presence of a
hydroxyapatite-coated PLGA scaffold [100]. Polyethylene glycol (PEG) hydrogel
encapsulation of MSCs functionalized with either phosphate or t-butyl methacrylate
small functional groups have also been shown to promote osteogenic and adipogenic
differentiation [101]. Hydrogels with differentiation-promoting signaling molecules
have been described for soft tissue engineering. Adipogenesis and myogenesis may be
feasible using this approach. Both MSCs and ASCs have been shown to form skeletal
muscle, but myocardium has been more challenging [102].

The success of a reconstructive or regenerative approach to surgical disease would
be greatly enhanced if all interventions could be accomplished within the setting of a
single clinical intervention. Direct reprogramming and differentiation strategies would
allow such a “single operation” approach to become feasible, as autologous cells could
be isolated concurrently with the primary surgical intervention, and seeded onto a
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matrix or scaffold that releases appropriate signals for proliferation. As any cell-based
approach would require a large number of cells to reach clinical relevance, it is likely
that adult multipotent stem cells such as ASCs, which have been shown to reprogram
more efficiently than somatic cells [103], will provide adequate numbers for
development of such single procedure strategies.

4. SURGICAL PROCEDURES FOR STEM CELL DELIVERY

In order to combine stem cell-based therapies with current surgical techniques as a
regenerative tool to replace missing or dysfunctional tissues, procedures will need to be
modified and developed to reflect this need. Broadly speaking, there are three strategies
for administering stem cells therapeutically, including systemic intravascular injection,
guided local injection directly into the affected tissue, or surgical implantation of a stem
cell-seeded construct that could vary in complexity from a simple two-dimensional
“patch” up to a completely engineered organ (Figure 6). The recent boom in stem cell
biology, biomaterials, and tissue engineering research has led to increased
understanding of the conditions that are necessary for successful introduction of both
stem cells and differentiated cells into the body through an injection or transplantation.

Intraoperative

Systemic s
injection

delivery

Guided percutaneous Stem cell-seeded
delivery cardiac patch

Figure 6. Potential methods for clinical delivery of stem cells for cell-based therapies.
Clinical options for delivery of stem cells for cell-based therapy range from
simple injection to complex scaffold seeding paradigms. Surgical exposure
of target organs and tissue will facilitate direct injection of cells to address a
specific defect, and stem cell-seeded scaffolds will likely require surgical
transplant to be effective for tissue or organ regeneration.
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Perhaps one of the most translatable areas of research lies in bone tissue
replacement. Recent case studies have focused on the use of human ASCs (hASCs) to
treat osseous defects [104]. In limited case reports, defects of the maxilla [105],
mandible [106], and calvaria [107] have demonstrated more robust healing with the use
of hASCs. Such reconstructions eliminate the need for alloplastic materials, and thus
reduce the risk of infection, breakdown, or rejection. Lendeckel et al. isolated hASCs
and seeded them on nonvascularized bone grafts using fibrin glue. These bone grafts
with fibrin and hASCs were then used to treat a 7-year-old patient with widespread
calvarial defects after calvarial trauma [107]. Mesimaki er al. were able to deliver
hASCs on a vascularized titanium scaffold implanted in the rectus abdominus muscle.
The muscle and titanium implant were harvested as a microvascular flap and seeded
with hASCs, beta-tricalcium phosphate, and BMP-2 to heal a large defect in the
maxilla, reporting a promising outcome up to 8 months post-operatively in this single
human patient case study [105]. Another group demonstrated improved bony healing
in mandibular and maxillary defects using implanted hASCs [106]. These findings are
encouraging as they combine multipotent cells (hASCs) with the proven surgical
procedures of bone grafting and free flap transfer to augment osseous healing. The goal
of a tissue engineering approach would be to combine these techniques by constructing
a scaffold in the specific shape of a tissue defect, seeding the scaffold with autologous
osteocapable cells such as hASCs, and transferring the engineered construct along with
a genetically primed microvascular tissue flap, therefore providing vascularized
autogenous de novo bone.

Stem cell-mediated gene therapy has also been applied to liver disease, and
transplantation of isolated hepatocytes has also been used to treat liver disorders.
Studies have demonstrated that hepatocyte engraftment into a failing liver or extra-
hepatic sites can help correct liver-mediated metabolic deficiencies and prolong
survival in animals with liver failure [108 - 113]. Regardless of the tissue transplanted,
survival remains a significant challenge. Specific scaffolds can be designed to provide
a substrate for cells to allow for adhesion, control localization, and regulate gene
expression and differentiation. Furthermore, scaffolds should induce vascularization or,
in the case of flaps, come with their own vascularization to optimize cell survival.

Several clinical trials have been performed using systemic or intracoronary injection
of bone marrow-derived stem cells after myocardial infarction, but the results have been
somewhat disappointing [114 - 118]. In response to these results, many groups have
described surgically implantable stem cell-seeded patches to achieve myocardial repair
[119 - 123]. As these strategies mature, surgical implantation of myocardial patch with
stem cell seeding may prove to offer a regenerative approach to correcting cardiac
muscle damage following myocardial infarction. In addition, Geron Inc, a
biotechnology company, has begun enrolling patients in a Phase I clinical trial with the
aim of treating subacute (7-14 days post-injury) thoracic spinal cord injury using human
embryonic stem cells [124, 125]. Although concerns have been raised about study
design [126, 127], this trial represents an important step in the development of delivery
strategies for stem cell-based therapies.
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5. CONCLUSIONS AND FUTURE DIRECTION

As regenerative medicine and stem cell-based therapies mature into clinically viable
options, surgical techniques to implant stem cells within two- and three-dimensional
constructs will play an important role in bringing this new paradigm to the clinic. The two
main hurdles preventing widespread clinical use of stem cell-based therapies include the
prohibitive cost of prolonged in vitro expansion of stem and progenitor cell populations
and imprecise differentiation patterns of implanted cells. Through precise engineering of
surgical constructs that can support stem cell proliferation and promote tissue-specific
differentiation, the goal of truly regenerative surgical therapies may be realized.
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