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Abstract

Native tissue structures possess elaborate extracellular matrix (ECM) architectures that inspire the
design of fibrous structures in the field of regenerative medicine. We review the literature with
respect to the successes and failures, as well as the future promise of biopolymer microthreads as
scaffolds to promote endogenous and exogenous tissue regeneration. Biomimetic microthread
tissue constructs have been proposed for the functional regeneration of tendon, ligament, skeletal
muscle, and ventricular myocardial tissues. To date, biopolymer microthreads have demonstrated
promising results as materials to recapitulate the hierarchical structure of simple and complex
tissues and well as biochemical signaling cues to direct cell-mediated tissue regeneration.
Biopolymer microthreads have also demonstrated exciting potential as a platform technology for
the targeted delivery of stem cells and therapeutic molecules. Future studies will focus on the
design of microthread-based tissue analogs that strategically integrate growth factors and
progenitor cells to temporally direct cell-mediated processes that promote enhanced functional
tissue regeneration.
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Introduction

Tissue engineering is a multidisciplinary field that integrates the principles of engineering,
material science, cell biology, and medical sciences to create scaffolds that promote
regeneration of diseased or damaged tissues and organs. The primary functions of these
scaffolds are to provide provisional structural and mechanical stability to the injured tissue.
Additionally, these scaffolds should provide physical (topographic) and biochemical
signaling cues that mimic native extracellular matrix (ECM) architecture to instruct
progenitor cells to regenerate functional tissue.

In native tissue, the principle structural components of ECM are comprised of fibrillar
elements, arranged into hierarchically ordered constructs. These fibrillar elements are
composed of protein-based, building blocks that form structures 20-200 nanometers in
diameter and contain matrix proteins, such as type | collagen and fibrin. The structural
arrangement of these fibrils varies from tissue to tissue, in a manner that optimizes their
functional mechanical properties. The distinct architectures and biochemical compositions
of the native tissues also serve a critical function in directing cell-mediated tissue
regeneration following injury or trauma.[1]

Biopolymer microthreads are discrete, fibrous materials, generated from ECM and naturally
derived proteins such as fibrin [2—4], silk [5, 6], collagen [7, 8], chitosan, and alginate [9-
11]. The morphological and biochemical properties of the these microthreads are
comparable to native fibrous structures, and they can be precisely engineered into
hierarchically ordered, tissue-specific scaffolds with morphological, mechanical and
biochemical cues to promote cell mediated tissue regeneration (Figure 1). Using a variety of
processing strategies, including chemical crosslinking, these microthreads can be modified
to precisely modulate their material properties including the tensile strengths and
degradation rates. These thread modifications enable the fabrication of scaffolds that closely
mimic properties of native tissues.

Biopolymer microthreads can be used as a biomaterials platform technology for numerous
applications including the localized release of therapeutic molecules, growth factors and
stem cells. Designing microthreads containing growth factors with distinct release kinetics
facilitates scaffold mediated control of the temporal regenerative events that promote tissue
repair. Incorporating cells, including pluripotent stem cells, into microthreads may overcome
challenges of limited cellular ingrowth into wound sites. Stem cells are a powerful
therapeutic strategy, with proliferative capacity and the potential to differentiate into a
variety of cell types with different phenotypic functions [12-14]. Microthreads have been
used to deliver stem cells to a damaged tissue and may be able to direct cells down a desired
lineage by integrating specific physical and biochemical cues into the scaffold.[4, 15]

We anticipate that microthread-based scaffolds will enable an off-the-shelf, regenerative
solution that will ultimately replace the current standard treatments for a wide variety of
tissue types. Towards this, the fibrin microthread technology platform is being brought to the
market by VitaThreads, LLC. It is anticipated that the first product, an acellular fibrin
microthread suture to enhance aesthetic wound closure, will conclude pre-clinical testing
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within the next 18-24 months and begin its initial clinical trials immediately thereafter.
Advances in cell therapy will likely parallel regulatory approval of fibrin microthreads,
allowing for the development of many exciting combination products, such as the therapies
discussed in the following sections.

In this review, we will explore innovative approaches for creating biopolymer microthead-
based scaffolds that integrate morphologic, mechanical, and biochemical cues of native
tissues to promote functional tissue regeneration (Table 1). Progress that has been made
toward the development of microthread-based scaffolds for use in treating tendon, ligament
and skeletal muscle injury and state-of-the art studies that promise to resolve the ongoing
challenges associated with these strategies are reviewed. A new strategy for developing
microthread-based scaffolds as devices to facilitate targeted delivery of therapeutic
molecules, growth factors or stem cells to damaged tissue is also discussed. Finally,
strategies for creating anisotropically aligned, composite scaffolds to regenerate complex
tissues such as ventricular myocardial tissue are suggested.

Tendon and Ligament

Regenerative Need

Torn tendons and ligaments are among the most common sports injuries, with over 200,000
patients per year injuring their anterior cruciate ligament (ACL) alone.[16] If ACL damage
is left untreated, it can result in arthritis, joint laxity, and chronic pain. Current treatments for
ACL injuries include autografts, allografts, and xenografts. The “gold standard” treatment
for ACL injuries involve replacing the damaged ACL with a patellar tendon autograft, but
this procedure can result in donor site morbidity, fracture, and tendonitis. Similarly,
allografts and xenografts have been used for ACL repair, but these treatments present a risk
of immune rejection, disease transmission and they can take longer to heal than autografts.
[17] As such, there is a need for an off-the-shelf tendon/ligament replacement that is
biocompatible, provides mechanical support to the joint and facilitates long-term joint
stability.

Scaffold Design Strategies

Tendons and ligaments are composed primarily of bundles of type | collagen fibers,
organized in a dense and highly aligned, cable-like manner with a crimp pattern that repeats
every 45-60 um.[18] These fiber bundles form fascicles within the cable-like structure that
are principally responsible for uniaxial load transfer from muscle to bone (tendon) or bone
to bone (ligament). Ultimate load of the ACL was determined to be 2.160 +/- 157 N for
specimens aged 22 to 35.[19] To promote robust tendon/ligament regeneration, these
biopolymer scaffolds should provide provisional tensile strengths and strains, recapitulate
the complex tissue architecture and ECM composition, and present biochemical signaling
cues to direct cell-mediated tissue regeneration of functional tissue constructs.

Many researchers have investigated developing novel crosslinking strategies to improve the
tensile strengths and stiffnesses of discrete collagen microthreads to enhance their structural
stability and to prolong their degradation times [7, 8, 20-24]. Initial studies of discrete,
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reconstituted collagen fibers used combinations of dehydrothermal treatment (DHT),
carbodiimide and glutaraldehyde crosslinking methods to create scaffolds with tensile
strengths, stiffnesses and degradation rates that would maximize neotendon and neoligament
regeneration.[20, 21] When these scaffolds were implanted in a rabbit Achilles tendon

model for 52 weeks, histological analyses showed that glutaraldehyde-crosslinked collagen
fiber implants were not resorbed, and triggered a fibrotic encapsulation response.
Carbodiimide-crosslinked collagen fibers were resorbed and replaced with neotendon, but
lacked mechanical properties that were comparable to native tendon.[21] The results of these
studies suggested that the next generation of collagen microthread scaffolds exhibit tensile
strengths comparable to native tendon and slower degradation rates to enhance the rate of
aligned tissue deposition on the surfaces of the scaffolds. To further analyze the mechanical
properties, enzymatic degradation rates, and fibroblast outgrowth on collagen microthreads,
one study crosslinked threads using physical and chemical crosslinking techniques including
dehydrothermal treatment (DHT), ultraviolet light (UV), and carbodiimide (EDC)
crosslinking.[7] They found that DHT crosslinked collagen microthreads had tensile
strengths comparable to native tendon fibers and prolonged the degradation rates. However,
these crosslinked collagen threads also decreased the rate of fibroblast outgrowth on the
surfaces of the threads in an in vitro tissue ingrowth assay.[7] These findings suggest that the
design of future microthreads must incorporate biochemical signaling cues to enhance the
rate of cellular ingrowth and tissue regeneration.

To create a scaffold with biochemical signaling cues to enhance the rate of cell-mediated
tissue regeneration, we developed a novel process for biofabricating fibrin microthreads,
derived from the provisional ECM protein that triggers the initial cellular responses to
wound healing.[25] When fibrin microthreads were chemically or physically crosslinked
using methods described previously, they exhibited structural, mechanical and cell
attachment properties similar to collagen microthreads.[25] These results suggest that fibrin
microthreads are an innovative platform technology for directing cell mediated tissue
regeneration. Several examples of promising results for fibrin microthread-based scaffolds
are illustrated later in this review.

To create scaffolds that more closely replicate the complex structural and mechanical
properties of tendons and ligaments, biopolymer microthreads have been engineered into
tissue constructs with braided, twisted or bundled morphologies. This provides a strategy to
increase mechanical strength while simultaneously mimicking native ECM architecture. In
one study, EDC crosslinked braided collagen scaffolds were developed with mechanical
properties matching native ligament, and they also supported increased primary rat ligament
fibroblast proliferation.[26] In a systematic series of studies, silk fibers were formed into
plied, twisted, cabled, braided, and textured geometries, and it was shown that cabled silk
fibers closely match native tissue mechanical properties including ultimate tensile strength
and stiffness, as well as fatigue performance.[6, 27] Additionally, Altman et al. showed that
these scaffolds supported human progenitor bone marrow stem cell attachment,
proliferation, and differentiation, as well as increase MRNA expression of ligament markers
such as collagen types | and I11.[6] Finally, a composite scaffold composed of knitted silk
fibers encapsulated with a collagen sponge, combining the mechanical strength and slow
degradation of silk with the increased expression of ligament matrix genes of cells cultured
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on collagen substrates. When implanted in a rabbit MCL defect model, the silk/collagen
scaffold had better collagen fiber deposition and stronger scaffold ligament interface than
untreated controls and controls treated with silk scaffolds.[28] Together, these findings
suggest that biopolymer microthreads provide a platform for creating more complex scaffold
geometries, capable of recapitulating native tissue architecture and mechanical properties to
promote cell-mediated, functional tissue regeneration.

To further enhance cellular response, researchers have focused on incorporating biochemical
signaling cues into biopolymer microthreads to enhance cellular and tissue responses to the
scaffolds. In one study, fibrin microthreads loaded with varied concentrations of FGF-2 were
incorporated into an /n vitro model of tissue ingrowth and the scaffolds promoted an
increase in human dermal fibroblast proliferation and migration on the surfaces of materials
when compared to controls.[29] When the ECM peptide sequence arginine-glycine-aspartic
acid (RGD) was incorporated into silk fibers, the RGD-modified silk fibers increased
collagen type I transcript levels and improved attachment of bone marrow stromal cells and
ACL fibroblasts.[28] Additionally, human tenocytes had a 1.3-fold increase in attachment
and 2.3-fold increase in type | collagen mRNA levels when seeded on RGD-modified silk
sutures, compared to cells seeded on tissue culture plastic.[30] These findings suggest that
biochemical modifications are a promising strategy for eliciting cellular response and
enhancing the rate to functional tissue regeneration in implantation models.

Biopolymer microthreads have also been used as a cellular delivery mechanism to enhance
to rate of tissue regeneration in models of tendon and ligament repair. Delivery of stem cells
to an injured tendon or ligament aids in tissue regeneration and functional recovery.[31, 32]
Awad et al. seeded rabbit bone marrow-derived mesenchymal stem cells (BMSCs) onto
collagen gel/fiber composite scaffolds that were used to replace patellar tendon defects
created in a rabbit animal model.[33] After 26 weeks, the maximum force, stiffness, and
strain of MSC-seeded grafted repairs were 174%, 183%, and 192% greater than values for
ungrafted contralateral injury controls, respectively.[33] Liu et al. performed a study
comparing BMSCs and ACL fibroblasts to determine the most effective cell type for treating
tendon injury.[15] Both cell types were cultured on silk scaffolds and implanted into a rabbit
ACL injury model. They found that a greater number of BMSCs were localized at the injury
site than ACL fibroblasts, suggesting that BMSCs are a better cell type for treating tendon
injury.[15] Funakoshi et al. developed a braided scaffold of chitosan/hyluronan polymer
fibers and tested these fibers as a potential tendon/ligament treatment in a rabbit rotator cuff
model.[9] They found that type I collagen was formed only in the fibroblast-seeded scaffold,
and the tensile strength of this scaffold was significantly enhanced 12 weeks after surgery
compared to untreated control injuries.[9] Biopolymer microthreads support enhanced
cellular responses such as attachment and proliferation, and when implanted have been
shown to enhance tissue regeneration.

Limitations and Future Needs

Biopolymer microthreads are a promising approach to tendon/ligament tissue engineering,
as they mimic the native ECM architecture. Significant work has been done to braid, twist,
or cable biopolymer microthreads to form robust, mechanically supportive scaffolds suitable
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for tendon/ligament repair. Although these scaffolds have adequate mechanical properties,
there is still a need to create a scaffold with scaffold degradation rates that promote sufficient
tissue ingrowth.

One promising approach to enhancing the rate of tendon/ligament regeneration is to create
composite scaffolds that integrate the benefits of several materials and cell signaling cues.
For example, researchers created a composite silk fiber/collagen sponge scaffold, which
increased the expression of tendon/ligament genes, compared to a silk fiber scaffold, in a
murine implantation model.[34] Microthead-based tissue analogs that combine the
mechanical and biochemical signaling cues of collagen and fibrin threads, may also enhance
the rate on tissue regeneration.

The controlled release of growth factors from microthreads is another promising strategy to
promote tendon/ligament regeneration. Tendon and ligament regeneration is controlled by a
variety of growth factors, including insulin-like growth factor-1 (IGF-1), transforming growth
factor-p (TGF-B), vascular endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), and basic fibroblastic growth factor (bFGF).[35] In the future, dose responses,
temporal release profiles, and combinatorial effects should be studied to investigate how
growth factors will promote /n vivo tendon/ligament regeneration. Currently, the only
commercially available scaffolds on the market for tendon and ligament repair are allograft
scaffolds. Biopolymer microthread-based sutures for wound closure are currently
undergoing preclinical testing and it is anticipated that subsequent evaluation in clinical
trials will conclude within the next 2-3 years. At the conclusion of these trials, we anticipate
that fibrin microthreads augmented with growth factors and/or cytokines with controlled
release profiles that promote tendon and ligament regeneration would begin pre-clinical and
clinical assessment to assess the safety and efficacy of these implantable scaffolds.

Skeletal Muscle

Regenerative Need

Combat injuries, tumor resection, and traumatic injury can result in volumetric muscle loss
(VML), where severe musculoskeletal damage results in scar formation and poor functional
tissue recovery. For all soldiers injured on the battlefield, 82% suffer from at least one
musculoskeletal extremity wound.[36] Following these injuries, endogenous skeletal muscle
regeneration activates muscle progenitor cells, or satellite cells, which proliferate and
differentiate to form mature myotubes that restore contractile function to damaged muscle
tissue.[37] In the case of VML injuries, the structural and biochemical cues such as the
basement membrane and connective tissue are removed, compromising regeneration
potential of the tissue. The current standard of care for VML is autologous tissue transfer
from an uninjured site. This procedure often results in donor site morbidity, loss of muscle
strength due to the formation of scar tissue, and graft failure from complications such as
infection and necrosis.[38-41] As such, there is a need for an off-the-shelf biomimetic
scaffold that directs the formation of new skeletal muscle tissue in large defect sites and
enhances functional tissue regeneration.
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Scaffold Design Strategy

Skeletal muscle is a highly aligned tissue, which represents approximately 40-45% of total
body mass[42], and it is primarily responsible for generating a series of discrete uniaxial
forces that enables locomotion. Skeletal muscle is composed of nerves, blood vessels,
connective tissue, and myofibers, the fibrous functional units of muscle. Myofibers form
when myaoblasts fuse together and form multinucleated tubes, ranging in size between 20
and 100 um.[42] Myofibers are surrounded by connective tissue comprised of ECM
proteins, which provides structural support and aids in synchronous contraction. Skeletal
muscle has a stiffness ranging from 12 kPa to 11.2 MPa depending on whether it is static or
contracting.[43, 44] Scaffolds that direct functional skeletal muscle regeneration must
provide structural and biochemical cues to guide tissue deposition from the surrounding
musculature into large VML defects.[45, 46]

Scaffolds that guide skeletal muscle regeneration strategies must facilitate the formation of
aligned myotubes parallel to the force conduction pathway, to maximize functional
regeneration. Specifically, these tissue scaffolds must provide the morphological
architecture, mechanical strengths, degradation rates and cell signaling cues to promote
cellular ingrowth.[47] Biopolymer scaffolds composed of ECM proteins such as collagen
and fibrin contain intrinsic bioactive signaling cues to promote specific cellular functions,
but few studies describe the development of scaffolds that provide both biochemical and
structural cues to direct aligned, musculoskeletal tissue ingrowth.[48] Fibrin microthreads
offer a promising therapeutic treatment for skeletal muscle regeneration.[4, 49] These
materials approximate the ECM of native skeletal muscle and serve as structural support
with bioactive cues to guide myotube fusion and differentiation into contractile muscle.

To investigate the potential for fibrin microthreads to enhance skeletal muscle regeneration,
cell-seeded threads were studied in a murine VML defect model system.[4] Primary human
muscle cells expressing stem-cell markers were cultured on fibrin microthreads, then
secured in an excised murine tibialis anterior (TA) muscle. Cell-seeded fibrin microthread
treatment groups appeared to reduce collagen deposition and increased force production
compared to untreated control injuries at later time points (4 months).[4] Histological
analyses indicated that implanted cells contributed to myotube formation and muscle
regeneration. Further evaluation noted that microthreads were rapidly degraded within 2
weeks after implantation and many of the regenerated myofibers in the wound site exhibited
misalignment with respect to the direction of the muscle tissue. These and other studies
suggest that the persistence of the scaffold in the wound site is critical for directing aligned
myofiber ingrowth and robust tissue regeneration.[4, 50]

These findings motivated a series of /n vitro studies to modulate the structural and
mechanical properties of fibrin microthreads to enhance cellular responses and aligned tissue
ingrowth. To strategically tune the mechanical properties and degradation rates of fibrin
microthreads, researchers investigated various chemical and physical crosslinking strategies.
[25, 51] One study showed that physically crosslinking threads with ultraviolet (UV)
irradiation increases mechanical strength and stiffness of fibrin microthreads twofold.[25].

In a similar study, fibrin microthreads were crosslinked with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) in a dose-dependent manner, as a function of pH
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and time. The results of this study demonstrated that crosslinking threads with EDC in a
neutral buffer (EDCn) significantly increased the tensile strength and decreased the
degradation rates of the materials sixfold, relative to uncrosslinked control threads, without
adversely effecting cell attachment or proliferation.[51] Together, these findings suggest that
crosslinking fibrin microthreads will enable their persistence in the wound, providing
extended structural support to large-scale injuries, and enhancing aligned myofiber ingrowth.

In a study investigating an alternative method to modulate the structural and mechanical
properties of fibrin microthreads, scaffolds were subjected to a series of static axial
stretching conditions.[2] When microthreads were stretched between 0 —200% of their initial
lengths, threads stretched 150% of their initial length exhibited a three-fold increase in
tensile strength.[2] Additionally, stretched threads increased the alignment of C2C12
myoblasts seeded on the surface of threads, with respect to untreated microthread controls.
[2] Together, these findings show that static axial stretching significantly enhanced
mechanical properties and the cellular responses of fibrin microthreads. However, static
axial stretching did not modulate the /n vitro degradation rates of fibrin microthreads,
implying future work should address this in order to maximize their regenerative capacity.

Growth factors serve an important role in modulating the temporal sequence of processes
that direct functional skeletal muscle regeneration. As such, a key consideration for the
design of microthread-based scaffolds is the controlled release of therapeutic molecules in a
manner that recapitulates the complex signaling cues during tissue regeneration, similar to
previous studies on the controlled release of FGF-2.[29] During muscle wound healing,
hepatocyte growth factor (HGF) stimulates the activation and migration of satellite cells
(SCs) from the wound margin to the injury site.[52, 53] When HGF was adsorbed to the
surface of uncrosslinked and EDCn crosslinked fibrin microtheads, functional analyses of
HGF release, using an /in vitro cell proliferation assay, showed that EDCn crosslinked
microthreads facilitated a rapid release of HGF from the microthreads for a period of 48-72
hours.[54] These results suggest that fibrin microthreads with precisely tuned degradation
rates and growth factor release kinetics can enhance the functional regeneration of skeletal
muscle tissue.

To investigate the effects of crosslinking and growth factor release from microthreads on
skeletal muscle regeneration in an /7 vivo model, fibrin microthreads that were EDCn
crosslinked and loaded with HGF were implanted in a murine model of a VML defect where
20% of the TA muscle was excised.[49] HGF loaded, EDCn crosslinked threads increased
the number of differentiated myoblasts 14 days after injury and supported enhanced
angiogenesis, relative to control threads.[49] The rapid, sustained release of HGF from the
microthreads also significantly enhanced the force production of muscle tissue 60 days after
injury, compared to untreated controls.[49] Enhanced force generation suggests that fibrin
microthreads are a promising new therapeutic strategy for the functional recovery of VML
injuries.

Limitations and Future Needs

Biopolymer microthreads are a promising approach to skeletal muscle regeneration as they
recapitulate the morphology of native skeletal muscle fibers and the surrounding ECM to
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provide topographical cues that promote aligned myotube formation. To achieve functional,
organized tissue regeneration, modifications to enhance degradation rates are still needed.

With the development of more sophisticated scaffolds, skeletal muscle regeneration
strategies should continue to incorporate therapeutic proteins to promote the endogenous
regeneration of tissue by initiating the response of resident satellite cells. As biomaterial
scaffolds advance, strategies to incorporate multiple growth factors with clinically relevant
release profiles may be helpful in promoting various stages of tissue regeneration. These
inductive scaffolds should release a sequence of growth factors that might promote resident
progenitor cells to infiltrate the wound site [55, 56], proliferate [52, 57], and differentiate
[58, 59] to form mature, functional myotubes.

Additional strategies for delivering satellite cells or stem cells to the injury site are still
needed to accelerate the regeneration of VML injuries. Current strategies focus on hydrogel-
based delivery, which provides limited functional support. Biopolymer microthreads used
for cell delivery may integrate mechanical support, biomimetic tissue architecture and
topographical cues to enhance the formation of aligned, functional tissue. Currently, there
are no commercially available scaffolds on the market to direct skeletal muscle repair.
Challenges such as re-innervation and vascularization have limited the translation of tissue-
engineered products for skeletal muscle.[60] At the conclusion of the clinical trials for fibrin
microthread-based sutures, we anticipate that we can begin pre-clinical and clinical
assessments of microthread scaffolds augmented with myogenic, angiogenic, and/or
neurotrophic growth factors with controlled release profiles that promote endogenous
skeletal muscle regeneration in small facial muscle defects and subsequently, large VML
defects.

Ventricular Myocardium

Regenerative Need

Heart failure is the leading cause of death globally with 500,000 new cases diagnosed
annually in the United States alone.[61] When a coronary artery is blocked, a myocardial
infarction (MI) can occur resulting in downstream ischemia of cardiac muscle. The ischemia
can lead to cardiomyocyte death and a severe inflammatory reaction resulting in non-
contractile scar formation.[62] Decreased contractile function of the ventricle can ultimately
lead to heart failure.[63] The current gold standard treatment is a heart transplant, but donors
are limited. Only ~2,500 transplantation surgeries occur annually, leaving a high majority
untreated.[61] Other options such as left ventricular assist devices provide mechanical
assistance but do not help to regenerate the damaged tissue. Because cardiomyocytes have a
low proliferation rate, surrounding myocardium has a limited capacity to regenerate
damaged tissue post-MI. Consequently, there is a significant need for a regenerative strategy
to restore the functional properties of damaged myocardial tissue. Two critical components
to this strategy are the development of i) engineered scaffolds and ii) cell delivery
approaches that will facilitate the regeneration of contractile myocardial tissue.

Curr Stem Cell Rep. Author manuscript; available in PMC 2017 June 01.
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Scaffold Design Strategy

The anterior myocardium is ~1.5 cm thick and composed of highly aligned cardiomyocytes
and ECM fibrils, predominantly containing collagen.[ 64, 65] Ventricular myocardium is
arranged in anisotropically aligned sheets of fibrils that are stacked and rotate from +60° to
—60°.[65] Within each layer, the fibril size can range from 30-120 nm with fibril
orientations ranging from +/— 13° relative to one another.[ 66, 67] Myocytes closely follow
this structure, resulting in highly oriented cells and aligned contraction of cells. This
alignment results in high torsional squeezing enabling efficient pumping of blood.[68]
Ventricular myocardium has a modulus ranging from 20 kPa—500 kPa as it moves from
diastole to systole.[69] To promote functional tissue regeneration, recapitulating the
properties of the native tissue may be advantageous.[ 69, 70]

Since native cardiomyocytes exhibit limited proliferative and regenerative capacity,
significant research has focused on delivery of cells to the infarct site. Current methods
include intravascular (1V), intracoronary (IC) and intramyocardial (IM) delivery.
Intravascular delivery is the least invasive, with a substantial amount of cells trapped in the
lungs,[71] and less than 1% of the cells residing in the infarcted region.[72] The use of IC
delivery enables cells to be delivered directly to the region of interest during angioplasty.
However, when blood flow is restored the majority of cells are washed away from the infarct
with only 3% of the delivered cells engrafted into the heart four hours after delivery.[73] The
IM route for injection of cells improves retention, with 11% of the cells engrafting in the
heart one hour after delivery.[73] Scaffold-based strategies for delivering stem cells to the
heart have also been investigated using materials such as alginate,[74] collagen,[75]
collagen/GAG,[76] and Matrigel.[ 77, 78] However, stem cells delivered via scaffolds have
difficulty transversing the myocardial wall to reach the endocardium,[75] where most
clinical myocardial infarctions reside. Thus, current methods cannot efficiently deliver stem
cells to a well-defined region of the heart such as a myocardial infarct.

To enhance the efficiency of cell delivery, our labs pioneered a cell-seeded biopolymer
microthread-based suture system to facilitate targeted, localized cell delivery in the heart.
Biopolymer threads may mimic the fibril architecture observed in native myocardium, and
may help cells to incorporate into the infarct tissue. In one study evaluating the effective
delivery of human mesenchymal stem cells (hMSCs), cells were incorporated on a fibrin
microthread suture and implanted or delivered via IM injection to the left ventricular wall of
non-infarcted normal rat hearts. Delivery efficiency was greatly improved using the fibrin
suture relative to the cell injection alone (63.6 +/- 10.6% and 11.8 +/- 6.2%, respectively).
[3] In a more recent study, an acellular suture was compared to an hMSC-seeded suture to
assess the impact in normal functioning rat hearts. To compare regional mechanical function,
systolic area of contraction (SAC) in the region of biopolymer microthread delivery was
evaluated. Compared to native myocardium, SAC was decreased for acellular scaffold
implants, while this decrease was less pronounced in the hMSC seeded suture group.
Fibrosis was reduced for the hMSC seeded suture group relative to the acellular suture
group, [79] suggesting that hMSCs may release factors limiting the fibrotic response to
injury. The incorporation of hMSCs improved regional mechanics when compared to an
acellular scaffold, demonstrating the value of delivering healthy cells incorporated onto the
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biomaterial scaffold. In an /in vitro analysis, fibrin microthread sutures were able to support
hMSCs through maintained viability, proliferative capacity and multipotency as evaluated
through a LIVE/DEAD assay, Ki-67 staining, and assays to differentiate the cells into
adipocytes or osteocytes. Strategic incorporation of cell specific ECM cell adhesion proteins
such as fibronectin [80] may increase stem cell retention and delivery capacity. These data
suggest that the fibrin microthreads are a platform technology [81] and are adaptable to other
applications.

Limitations and Future Needs

Microthread-based scaffolds offer distinct advantages over cellular injections including
higher cell retention and precise delivery to target damaged myocardium. Cellular injections
are currently in clinical trials [82], but have low cell engraftment rates limiting delivery of
healthy cells to an infarct. Given the well-defined fiber orientation in the heart, microthreads
may be combined to form a highly aligned scaffold. Despite significant advances in the
design of scaffolds for cardiac tissue engineering, there remains a need to develop an
implantable cardiac patch with structural integrity that promotes substantial functional
improvements to damaged tissue. While creation of a fibrin microthread-based scaffold is
still in the development stages, contraction of individual microthreads seeded with cardiac
myocytes suggests that a contractile cardiac patch is a promising future direction.

While improvement in regional mechanics was observed in an hMSC-seeded construct
relative to an acellular construct, hMSCs are not the most clinically relevant cell type as they
do not readily transdifferentiate into cardiomyocytes. These stem cells may help reduce
infarct expansion through paracrine factors but will not contribute to the active systolic
function of the heart.[83] Induced pluripotent stem cell (iPS) derived cardiomyocytes may
be a more relevant cell type for regeneration of contractile function. Incorporation of iPS
derived cardiomyocytes on a biopolymer scaffold may be able to restore contractile function
to infarcted regions of the heart.

While fibrin microthreads have shown the ability to guide cellular orientation,[2] the
microthreads are mechanically stiff relative to myocardium and may limit cell-mediated
contractility.[84] Similarly, electrospun scaffolds have been shown to influence cellular
orientation through the microtopography of fibrils,[85] but are typically dense, limiting
cellular infiltration and high-force contractions.[69] In contrast, hydrogels provide
compactible environments and have produced some of the highest reported contractile force
measurements to date.[86] However, hydrogels are typically mechanically weak [87, 88] and
may fail in the dynamic environment of the heart.[70, 88] A composite material composed
of a microthread element and a hydrogel phase may yield a scaffold combining the benefits
of structural cues and mechanical integrity of microthreads, with the hydrogel environment
that is conducive to cell-mediated contractility.[89, 90] These materials could be
strategically combined to mimic the mechanical environment of native myocardium
promoting high functionality of incorporated cells. The use of fibrin microthreads within the
composite may enable a contractile tissue analog of myocardial tissue.
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Conclusions

Biopolymer microthreads are natural, biodegradable scaffolds that can be manipulated
mechanically and biochemically to mimic tissue-specific structural properties. Complex
tissue structures can be recapitulated with these scaffolds, providing the necessary cues to
promote cell-mediated tissue regeneration. When incorporating growth factors, microthreads
become a powerful tool to drive regeneration processes /1 vivo. Through the delivery of stem
cells on microthreads, injured or diseased tissues can receive targeted treatment with a
reduced dependence on tissue ingrowth. A wide range of applications have been investigated
using this scaffold including tendon, ligament, skeletal muscle, and ventricular myocardium.
Future work will be focused on further recapitulation of the native properties of the targeted
tissues, and the temporal events conducive to tissue regeneration.
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Figure 1.
Biopolymer microthreads composed of different biomaterials (A) can be hierarchically

combined to produce scaffolds (B-D). These scaffolds mimic tissue structures (E-G) of
targeted diseased or injured tissues (H-J).
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Biopolymer microthreads made of varying materials have been strategically combined and modified to form

structured scaffolds that mimic targeted tissues

MATERIAL TARGETED TISSUE  STRUCTURES GOAL OF WORK REFERENCE
FIBRIN Ventricular myocardium  Suture (bundled fibrin In vivo, Cell delivery Guyette et al. 2013 [3]
microthreads) (hMSCs) Proulx et al. 2011 [79]
In vitro, Cellular response  Tao et al. 2014 [78]
(hMSCs)
In vivo, Cell delivery
(hMSCs)
Skeletal muscle Microthreads Mechanical modification Grasman et al.
Mechanical modification 2012[51]
In vivo, GF incorporation Grasman et al. 2014
In vivo, Cell delivery [2]
(primary human satellite Grasman et al.
cells) 2015[49]
Page et al. 2011 [4]
Tendon/Ligament In vitro cellular response, Cornwell et al.
Mechanical modification 2007[25]
In vitro, GF delivery Cornwell et al.
2010[29]
SILK Tendon/Ligament Bundles In vitro cellular response, Altman et al. 2002 [6]
Mechanical modification
Knitted In vitro cellular response Liu et al. 2008 [15]
Braided, Twisted, Cabled Mechanical modification Horan et al. [27]
In vitro cellular response Chen et al. 2003 [28]
COLLAGEN Tendon/Ligament Microthreads In vitro cellular response, Cornwell et al. 2007

Braided

Composite (fibers and
gel)

Mechanical modification
Mechanical modification
Mechanical modification
Mechanical modification
Mechanical modification
In vitro cellular response,
Mechanical modification

In vivo, Mechanical
modification

In vitro cellular response,
Mechanical modification
In vivo, cell delivery
(BMSCs)

[71

Dunn et al. 1992 [20]
Zeugolis et al.
2009[23]

Pins et al. 1997 [22]
Zeugolis et al.
2010[24]

Gentleman et al. 2003

(8l
Kato et al. 1991 [21]

Walters et al. 2012

Awad et al. 2003 [33]

CHITOSAN/HYLURONAN  Tendon/Ligament

Braided composite fibers

In vivo, cell delivery
(fibroblasts)
In vitro cellular response

Funakoshi et al.
2005[9]
Funakoshi et al.
2005[10]

Growth factor (GF); Human mesenchymal stem cells (hnMSCs); mesenchymal stem cells (MSCs); Bone marrow derived mesenchymal stem cells

(BMSCs).
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