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a b s t r a c t

A significant challenge in the design of biomimetic scaffolds is combining morphologic, mechanical, and
biochemical cues into a single construct to promote tissue regeneration. In this study, we analyzed the
effects of different crosslinking conditions on fibrin biopolymer microthreads to create morphologic scaf-
folds with tunable mechanical properties that are designed for directional cell guidance. Fibrin microth-
reads were crosslinked using carbodiimides in either acidic or neutral buffer, and the mechanical,
structural, and biochemical responses of the microthreads were investigated. Crosslinking in the presence
of acidic buffer (EDCa) created microthreads that had significantly higher tensile strengths and moduli
than all other microthreads, and failed at lower strains than all other microthreads. Microthreads cross-
linked in neutral buffer (EDCn) were also significantly stronger and stiffer than uncrosslinked threads and
were comparable to contracting muscle in stiffness. Swelling ratios of crosslinked microthreads were sig-
nificantly different from each other and uncrosslinked controls, suggesting a difference in the internal
organization and compaction of the microthreads. Using an in vitro degradation assay, we observed that
EDCn microthreads degraded within 24 h, six times slower than uncrosslinked control threads, but EDCa
microthreads did not show any significant indication of degradation within the 7-day assay period. Mic-
rothreads with higher stiffnesses supported significantly increased attachment of C2C12 cells, as well as
increases in cell proliferation without a decrease in cell viability. Taken together, these data demonstrate
the ability to create microthreads with tunable mechanical and structural properties that differentially
direct cellular functions. Ultimately, we anticipate that we can strategically exploit these properties to
promote site-specific tissue regeneration.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Large muscle defects profoundly impact patients’ quality of life.
In the military, over 50% of all wounds incurred on the battlefield
affect the musculoskeletal system, leading to over 1,000 amputa-
tions and significant losses in musculoskeletal function [1,2]. Addi-
tionally, 35–55% of all sports injuries involve muscle damage [3,4].
Many traumatic military and civilian injuries to skeletal muscle,
such as compartment syndrome, are characterized by volumetric
muscle loss (VML), where a large amount of tissue, including the
basement membrane architecture, is destroyed and functional
impairment occurs [5,6]. While skeletal muscle has an innate re-
pair mechanism, this mechanism is unable to compensate for
large-scale injuries, resulting in the formation of massive amounts
of scar tissue to fill the void left by the destroyed or lost muscle.

Although scar tissue can be moderately successful in the conduc-
tion of uniaxial force, it is unable to contract and function like skel-
etal muscle, resulting in a permanent loss of function. The current
gold standard for the repair of large-scale injuries is an autologous
tissue transfer, where muscle is harvested from an uninjured site
and is grafted to the injury site [7]. This process, which requires
a team of highly skilled and specialized surgeons, results in limited
restoration of lost muscle function. The success of autologous mus-
cle grafting is also limited by complications such as infection, do-
nor site morbidity, and failure of the grafted tissue due to
necrosis [7,8]. As such, there is a clear need for an off-the-shelf
scaffold that can direct endogenous skeletal muscle tissue forma-
tion within these large VML defect sites to facilitate functional tis-
sue regeneration.

Scaffolds that direct skeletal muscle regeneration must facili-
tate alignment and organization of newly forming muscle fibers
parallel to the uniaxial force conduction pathway [9,10]. To best
promote de novo muscle regeneration in a large defect, the scaffold
must also be biocompatible, support cellular ingrowth from the
surrounding musculature, and ultimately degrade as new tissue
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