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Abstract

For biomaterials scientists focusing on tissue engineering applications, the gold standard material
is healthy, autologous tissue. Ideal material properties and construct design parameters are thus
both obvious and often times unachievable; additional considerations such as construct delivery
and the underlying pathology necessitating new tissue yield additional design challenges with
solutions that are not evident in nature. For the past nearly two decades, our laboratory and
collaborators have aimed to develop both new biomaterials and a better understanding of the
complex interplay between material and host tissue to facilitate bone and cartilage regeneration.
Various approaches have ranged from mimicking native tissue material properties and architecture
to developing systems for bioactive molecule delivery as soluble factors or bound directly to the
biomaterial substrate. Such technologies have allowed others and us to design synthetic
biomaterials incorporating increasing levels of complexity found in native tissues with promising
advances made towards translational success. Recent work focuses on translation of these
technologies in specific clinical situations through the use of adjunctive biomaterials designed to
address existing pathologies or guide host-material integration.
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Introduction

In the last 20 years, biomaterials science has expanded rapidly as a field in terms of
publications, funding dollars, and recognition. Expansion in the related field of tissue
engineering has similarly followed suit, with advances often closely tied to improved
materials and better understanding of material-tissue interactions. While small scale yet
exciting examples of clinical translation and success often reach the public consciousness
through mainstream media, those directly involved in the field are often asked about more
widespread translational advances, timelines, and the realization of the great potential
biomaterials and tissue engineering hold.

The problems which we aim to address are often much more apparent than the progress by
which we strive to reach the solution. To the non-scientist, perceptions of the field are,
incorrectly perhaps, marked by exciting, promising news stories one day with little impact or
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follow up of note. To the invested biomaterials scientist and tissue engineer, the impact of
the last 20 years lays in the building of a solid foundation of principles, understanding, and
enabling technologies upon which the next 20 years will be built. In the following pages, we
aim to give a broad overview of the capabilities of our laboratory followed by a discussion
within this context of advances in the field to date and our views of the future of
biomaterials, tissue engineering, and related fields.

Clearly Defined Goals

One of the subtleties that separate advances in tissue engineering from other fields within
engineering is the existence of a clear set of goals. While buildings and bridges are ever
being built higher and longer, reactors made more efficient or productive, and processors
faster, tissue engineers are constantly measured against the gold standard of native tissue.
Furthermore, because any viable tissue engineered product or technology will ultimately be
implanted into the body to replace or restore native tissue function, these products or
technologies must achieve a level of function very close to that of the known gold standard.
With a very brief history upon which to build, we are being asked in a sense to build the
tallest building possible with very little tolerance for any solution that falls short of the goal.
The biomaterials-specific expectations are a tall task as well — provide a template for tissue
growth and structure, provide functionality should there be a lag between biomaterial
construct implantation and tissue maturity, and ideally, degrade at a rate equal to the rate at
which the native tissues matures, infiltrates, differentiates, or functions.

Because of this goal, tissue engineering is often compared with or viewed in the context of
transplantation. Recent advances in composite tissue allotransplantation (CTA), including
hand and face transplants, and decreased requirements for immunosuppressive drugs have
heightened awareness and expectations for this technology. Because the end goal of CTA
and tissue engineering are identical, the two fields are frequently compared. Advances in
tissue engineering bring in question the need for CTA and vice versa. In our opinion, the
two fields are closely related. Clinically, success with CTA will likely be more rapid than
tissue engineering and will have greater relative success in the immediate future in treating
significant tissue defects containing multiple types of specialized tissue, for example, the
loss of an entire limb. Tissue engineering ideally avoids the greatest single downside to CTA
and allotransplantation in general — the need for donor tissue. Over the course of this review
we will discuss in more detail certain areas where the two fields intersect.

Biomimetic Materials

Traditionally, authors and reviewers have classified a subset of the biomaterials used in
tissue engineering as biomimetic based on their possessing some structural or functional
characteristic found in the tissue to be engineered. Upon review, it is difficult to imagine any
biomaterial used in tissue engineering that does not in some way meet the criteria to be
termed biomimetic. Regardless of the approach taken or material used, the end goal of
recapitulating native tissue function is a truly biomimetic goal.

Reaching that goal, however, may involve many different strategies and materials, some of
which may seem to more closely mimic nature than others. In the following sections, we
will examine certain native tissue properties of bone and cartilage, the two tissues upon
which the majority of our laboratory’s work has focused, and explore the ways in which the
biomaterials used to engineer these tissues have been biomimetic. After such an
examination, we hope to identify common themes among biomaterials that may advance the
field in the future.
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Material Properties and Scaffold Architecture

Early work in our laboratory, as in many biomaterials laboratories, focused largely on the ex
vivo interaction between materials and different cell types, measuring cell viability and
proliferation when cultured in the presence of and on different types of biomaterials [1-4].
While such studies to this day remain an important step in characterizing new biomaterials
[5, 6], work directed towards the ultimate goal of in vivo biomaterial applications began with
a focus on porosity as a means to allow tissue ingrowth and nutrient transport within an
implanted construct. Early work in this area using porous poly(L-lactic acid) (PLLA) films
showed that while the rate of tissue ingrowth predictably varied directly with the pore size of
the films, a balance needed to be achieved between porosity and the ingrowth of the desired
tissue, nutrient delivery and waste removal, biomaterial degradation, and fibrous tissue
ingrowth [7-9]. This is one of but many challenges we face in regenerating tissues and a
potential breakpoint from simple biomimicry — while the body may employ a highly porous
matrix as the backbone of a specific tissue, such as trabecular bone, merely copying that
matrix is often not the ideal strategy due to the difference between normal tissue growth/
development and the intricacies of wound healing.

Rather than look to normal, healthy tissues as a biomaterial template, a more nuanced
approach looks at how the body, when capable of doing so, successfully heals itself. For
bone, this process first involves the formation of a callus, which at an early stage is made of
woven bone that later remodels into lamellar bone eventually consisting of the typical
cortical and trabecular structure of healthy bone. The dense fibrocartilage callus and woven
bone prevent fibrous tissue ingrowth while providing the template used for remodeling.
Particulate leaching is one method that seemingly recapitulates the process of callus
formation allowing bone remodeling. By initially introducing a relatively solid construct that
then begins to develop pores due to the specific leaching of some non-toxic, rapidly
degradable or soluble construct component, often salt or gelatin, we have developed a
method allowing temporal control of pore formation and subsequently tissue ingrowth,
mechanical property changes, and scaffold degradation [10-14].

As critical as the development of porosity throughout a scaffold may be, having an ideally
tailored pore network within a scaffold made of a biomaterial poorly suited for the
application at hand is tantamount to failure. PLLA and poly(DL-lactic-co-glycolic acid)
(PLGA) were used in much of our early work towards understanding fundamental
biomaterial-cell interactions [1-4, 15-17], biomaterial processing [18, 19], and degradation
[8, 9, 20]; however, early work also aimed to develop biomaterials better suited to the
specific applications of bone and cartilage engineering. Again taking cues from nature, the
first such material, poly(propylene fumarate) (PPF, Figure 1), is an unsaturated linear
polyester based on fumaric acid, an intermediate in the citric acid cycle [21]. PPF is a well
suited platform material for bone tissue engineering; when crosslinked and then degraded, it
maintained structure, strength, and porosity despite significant mass losses[22] and elicited a
minimal tissue response from both hard and soft tissues after 2 and 8 weeks when implanted
into rabbits [23]. In addition to its utility as a bone tissue engineering scaffold, PPF has been
a platform material in our laboratory for a number of studies including refinements in
polymer synthesis [24, 25], fundamental chemical and photo cross-linking studies [26-32],
and for the development of related materials [33-35].

Few, if any, tissues exist in isolation. An obvious corollary is that few, if any, tissues are
injured or diseased without affecting some other surrounding, incorporated, or connected
tissue. One evolving trend in tissue engineering has been towards engineering complex
tissues — those with highly specific structure and/or multiple tissue types within the construct
[36, 37] — and towards constructs that incorporate the interface between two tissues [38].
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Our laboratory has long had an interest in cartilage tissue engineering and hydrogels, which
again represent a synthetic yet biomimetic approach toward biomaterials synthesis as
cartilage is itself a hydrogel. One such hydrogel developed in our laboratory, crosslinked
oligo(poly(ethylene glycol) fumarate) (OPF, Figure 1), bears structural resemblance to PPF
and is a useful platform for cartilage tissue engineering due to the ability to modulate the
tensile mechanical properties, mesh size, swelling characteristics, and cell attachment by
incorporating poly(ethylene glycol) (PEG) of varying molecular weights [39-41].

Material and Drug Delivery

Another salient consideration, although not one in which we can take cues from nature, in
the development of biomaterials for tissue engineering is delivery or implantation of the
material and of any cells or bioactive factors that may be delivered concurrently or at a later
time. Usually, the acceptable method of delivery will be obvious based on the condition
being treated, the current standards of care for that condition, and what, if any, cells and
bioactive factors are to be delivered within the construct.

In our laboratory and many others, significant work on injectable systems for drug delivery
and tissue engineering has led to a number of different methods for construct delivery, each
with application specific advantages and disadvantages [42—48]. Our work has largely
focused on cell and growth factor delivery. For cellular delivery within hydrophobic
scaffolds, we have used hydrophilic carriers to encapsulate cells, an approach which confers
two main advantages. First, in injectable systems, it reduces exposure to any potentially
cytotoxic monomers and initiators [49-51]. Second, it reduces the time needed for construct
fabrication, as cell delivery is not dependent on cell adhesion to the scaffold, and the carrier
properties may be tuned to provide an appropriate niche for cell proliferation and/or
differentiation (Figure 2)[52]. When using a hydrophilic, injectable material alone, such as
OPF hydrogels, our primary approach to cartilage tissue engineering includes directly
encapsulated cells prior to OPF crosslinking [53-56].

Equipped with the ability to deliver cells, biomaterial scaffolds, and bioactive factors, one is
then left to make the critical decision of what to deliver. Looking back at the course of our
laboratory’s existence, the general trend has been towards more complex delivery schema in
an attempt to mimic key extracellular cues that occur naturally. Our early efforts in this area
involved the use of peptide sequences (GRGD, RGD, RGDS, and an osteopontin-derived
peptide) covalently bound to OPF and poly(propylene fumarate-co-ethylene glycol) matrices
to successfully guide cell adhesion and differentiation [57—63] on these hydrophilic surfaces.
In cartilage, bone, and combined osteochondral tissue engineering applications we have used
the controlled release of single and dual soluble growth factors to induce the differentiation
of delivered mesenchymal stem cells (MSCs) and to promote local tissue healing and
ingrowth [54, 55, 64-79].

Current Approaches and Future Directions

In the preceding sections we aimed to give you a broad overview of the capabilities
developed and studied within our laboratory over the past nearly 20 years, highlighting
general areas where engineering biomaterials and tissues has followed nature’s cues. This
has resulted in a trend towards increased system complexity based on both our growing
capabilities as biomaterials scientists and an increased understanding of the biological
processes we aim to recapitulate. Given this context, a key question develops: where does
the field, and an individual laboratory within it, go from here?
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Diverging paths

We foresee two divergent paths emerging within the current fields of biomaterials and tissue
engineering. First, work will continue in a similar direction to that which currently accounts
for most biomaterials research - continued investigation towards understanding the
principles that govern material-host interactions and the modification of current and
development of new materials.

The second path, driven by the promise of recent and highly publicized clinical translations
in tissue engineering along with increasing translational focus among funding agencies, will
involve rapidly translatable technologies incorporating existing regulated biomaterials in
combination or towards new applications. Recently in the United States, a conglomerate of
funding sources combined to form the Armed Forces Institute of Regenerative Medicine
(AFIRM), marking a large investment in tissue engineering and biomaterials research with
the goal of fostering rapid clinical translation of new technology for the treatment of
wounded warriors [80, 81]. Within our laboratory, a recent focus towards the goal of
increasing applications in which scaffold-based tissue engineering approaches can be
employed of has resulted in the development of porous poly(methylmethacrylate) (PMMA)
space maintainers to better prepare hostile wound environments for eventual scaffold or
construct implantation [82—-85]. Although these two paths differ in approach and timeline,
greater clinical success will only reinforce the potential of biomaterials and tissue
engineering, expanding interest and hopefully funding for the development of novel
biomaterials that improve upon those in use.

Intersecting fields

Expansion in the field of biomaterials will continue to be driven by our ability to
collaborate. The continued development of new materials and advancement of our basic
understanding of biomaterials will undoubtedly be the result of advances in related fields.
For example, in the last decade, we and others have worked at the intersection of
biomaterials and nanotechnology, resulting in materials with improved mechanical
properties [47, 86—88] without significantly affecting biocompatibility [89, 90]. These
scaffolds, composed of PPF and single-walled carbon nanotubes, exhibited favorable hard
and soft tissue responses after 12 weeks when implanted in a bone defect.

The intersection of matrix biology and biomaterials has led to further advances in tissue
engineering. Well deserved attention has been given to work using decellularized tissues and
organs that are then recellularized with autologous cells, using biological cues preserved
throughout the decellularization process to drive cell and tissue function [91-94]. These
approaches to tissue engineering seem to straddle the line between biomaterials and
transplant biology. Clinical products based on this same principle, chiefly demineralized
bone matrix and acellular dermal matrices, are in widespread use. Limitations with regard to
donor tissue availability and suitability, potential disease transmission, and patient
acceptance of xenografts somewhat tempers the enthusiasm for such approaches,
particularly as adjuncts to solid organ transplantation. Decellularized matrices and organs
remain an exciting and promising development within the field.

Addressing complexity

Returning to the focus on biomimicry, a semantic argument may exist over whether
decellularizing and recellularizing an existing organ or tissue represents a biomimetic or
strictly biological approach. An alternative, perhaps more biomimetic or bioinspired
approach has been taken with matrix analogues and combinations of synthetic biomaterials
and matrix components. These approaches are hardly new — fibronectin has long been used
to mediate cell attachment for in vitro applications [95, 96].
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As biomaterials-science has advanced, so has our ability to increase the complexity with
which we mimic the native extracellular matrix and cell signaling processes. Early studies in
our lab and others focused on harnessing the bioactive capabilities of short peptide
sequences, such as RGD, derived from extracellular matrix proteins [57, 58, 60-63, 97-99].
More recently, fusion proteins have been used to bind larger peptide growth factors to
matrices, resulting in increased bone regeneration when compared to a released soluble
growth factor [100]. With the capability to include more peptide sequences, proteins, soluble
growth factors and other extracellular matrix (ECM) components to direct cellular behavior
and tissue regeneration, research is necessary to determine which components of the native
ECM and signaling cascades are optimal for tissue engineering applications (Figure 3) [101-
105].

Rather than optimize or simplify native ECM, our laboratory has taken the approach of
generating ex situ a native ECM homologue using a flow perfusion bioreactor. In this
process, a cell culture media flowing through a porous scaffold generates a shear stress on
seeded osteoblasts or osteoblast precursor cells which, likely in response to the mechanical
stimulus, deposit an ECM which contains many bioactive signaling molecules that,
following decellularization and recellularization can effectively direct gene expression and
differentiation of reseeded precursor cells (Figure 4) [106-113]. Advantages of this process
are the potential for scale up and potential “off the shelf” usage, ability to generate a matrix
using autologous cells for later implantation, and the lack of need for donor tissues. While
many components of the bone ECM have been recapitulated through this process, it is
unclear how the generated ECM differs from native ECM and how this process can be
applied to other tissue types.

Biomaterials and tissue engineering face a number of challenges in the future, and the
solutions for addressing these challenges are not obvious. In the United States alone, the
federal government has spent over $4 billion on tissue engineering in the last 20 years, much
of which has focused on biomaterials [114]. Over the same period, cell-based products have
been used to treat over 300,000 patients worldwide [115]. Depending on the observer, such
numbers can be seen as a sign that biomaterials-based tissue engineering strategies are
becoming a viable therapeutic option or that clinical translation and product development
still lag significantly behind research.

If the viewpoint that product development lags behind research is adopted, then certainly
one major component in this disparity is the time and cost associated with gaining regulatory
approval for clinical translation. Regulatory considerations have long been a topic for
publication [116]; however, little progress has been made in addressing many concerns
regarding the development, evaluation, and regulation of these often complex products.

Indeed, as alluded to in the discussion of the divergent pathways of biomaterials and tissue
engineering research, as we develop more complicated strategies for tissue regeneration,
which better approximate the complexity of nature and perhaps yield superior results or
publications, we may actually be developing technologies for which no clear pathway or
perhaps chance of gaining regulatory approval exists [117]. Cell-based technologies in
particular have a much shorter history with regulatory agencies and thus may be particularly
cumbersome to bring to market [118-120]. It should also be noted that even after potentially
being translated into clinical use, unanswered questions remain about the financial viability
of these products [121].
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Conclusions

Over the last 20 years, rapidly advancing biomaterial technologies and our increased
understanding of biomaterial-host interactions have allowed us to create systems for tissue
engineering that mimic native tissues and processes with increasing complexity. These
approaches hold great potential for future clinical applications and have significantly
increased our fundamental understanding of biomaterials.

In the field at large and the microcosm of our laboratory, we have observed a recent
divergence within our materials-based tissue engineering research. While continued
exploration and development of new technologies will continue to drive most research,
particularly in academic settings, recent funding trends and clinical successes have
reinforced the principle that simpler is better, particularly when dealing with regulatory
issues and the pressure of rapid clinical translation. It is our hope that by embracing the
simple technologies, the field can establish greater confidence among healthcare providers
and regulatory agencies so that later, as more promising and complex technologies emerge,
the road to clinical success is faster and more straightforward.
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Figure 1.
Structure of fumarate-based polymers, poly(propylene fumarate) (PPF) and

oligo(poly(ethylene glycol) fumarate) (OPF).
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Figure 2.

Representative histological sections from rat calvarial defects 12 weeks after implantation of
poly(L-lactic acid) and coral scaffolds with mesenchymal stem cells, harvested at the time of
surgery and implanted without ex vivo culture, encapsulated in fibrin glue. Group and stain
are as follows: A) coral scaffold, no cells, Goldner’s trichrome, B) coral scaffold with
encapsulated cells and platelet rich plasma, hematoxylin and eosin, C) polymer mesh
scaffold with encapsulated cells, Von Kossa/VVan Gieson, D) polymer mesh scaffold with
encapsulated cells and platelet rich plasma, Goldner’s trichrome, E) polymer mesh scaffold,
no cells, hematoxylin and eosin. Scale bars in the full size images on the left represent 1
mm, while in the magnified micrographs to the right, the scale bars represent 100 um. In A,
mineralized tissue is stained blue or deep red due to the partial demineralization required
during processing. In D, mineralized tissue is stained bright blue while osteoid is stained
deep red. Reprinted with permission from [52].
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Figure 3.
Publication trends based on the MEDLINE database demonstrating the very recent increase

in tissue engineering related publications which consider the extracellular matrix. A)
Publications by year containing the term “extracellular matrix” in the title or abstract and the
term “tissue engineering” or “tissue engineered” in the title. B) Publications by year
containing the terms “tissue engineering” or “tissue engineered” in the title.
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Figure 4.

Gene expression profiles of bone-specific markers of osteoblastic differentiation alkaline
phosphatase (ALP), osteocalcin (OC) and osteopontin (OP) as determined by RT-PCR. The
data demonstrate significantly increased expression in mesenchymal stem cells cultured on
titanium fiber meshes with ex vivo generated ECM (blue line) compared to those cells
cultured on control titanium fiber meshes without ECM (black line). A * symbol indicates a
significant difference in expression level at the specified timepoint (p <0.05); a # symbol
indicates a significant difference in expression level with respect to the baseline (p <0.05); a
+ symbol indicates a significant increase in expression level from the previous timepoint.
The dashed grey line indicates the baseline expression level. Reprinted in part and with
permission from [111].
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