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Tissue engineering of fibrous tissues of the musculoskeletal system represents a considerable challenge because of
the complex architecture and mechanical properties of the component structures. Natural healing processes in
these dense tissues are limited as a result of the mechanically challenging environment of the damaged tissue and
the hypocellularity and avascular nature of the extracellular matrix. When healing does occur, the ordered
structure of the native tissue is replaced with a disorganized fibrous scar with inferior mechanical properties,
engendering sites that are prone to re-injury. To address the engineering of such tissues, we and others have
adopted a structurally motivated approach based on organized nanofibrous assemblies. These scaffolds are
composed of ultrafine polymeric fibers that can be fabricated in such a way to recreate the structural anisotropy
typical of fiber-reinforced tissues. This straight-and-narrow topography not only provides tailored mechanical
properties, but also serves as a 3D biomimetic micropattern for directed tissue formation. This review describes the
underlying technology of nanofiber production and focuses specifically on the mechanical evaluation and theo-
retical modeling of these structures as it relates to native tissue structure and function. Applying the same
mechanical framework for understanding native and engineered fiber-reinforced tissues provides a functional
method for evaluating the utility and maturation of these unique engineered constructs. We further describe
several case examples where these principles have been put to test, and discuss the remaining challenges and
opportunities in forwarding this technology toward clinical implementation.

Introduction

Fiber-reinforced tissues: structure and function
in health and disease

Fibrous tissues of the musculoskeletal system are
dense connective tissues that serve critical load-bearing

roles. The fibrous architecture of these tissues is organized to
optimize this mechanical functionality. For example, tendons,
ligaments, the knee menisci, and the annulus fibrosus (AF) of
the intervertebral disc all transmit tensile loads generated
with physiologic motion through their aligned extracellular
matrix (ECM).1–4 This ECM is most commonly comprised of
collagen assembled in a hierarchical fashion into dense bun-
dles (Fig. 1). In tissues that operate primarily in one direction,
such as tendons and some ligaments, collagen is organized
along the prevailing line of action, and imbues such tis-
sues with mechanical properties that are highly anisotropic

(direction dependent) and highest in the prevailing fiber ori-
entation. In structures that experience more complicated
loading patterns, such as the anterior cruciate ligament (ACL),
the knee meniscus, and the AF, collagen alignment changes as
a function of position within the tissue (either continuously or
within discrete bundles or layers). In the AF, which experi-
ences multiaxial tension, compression, and shear, collagen
fibers in adjacent lamellae alternate between þ30 and �30
degrees with respect to the circumference, resulting in a more
complex reinforced composite (Fig. 1, center). In the meniscus,
which is exposed to a similarly complicated loading envi-
ronment, the majority of collagen fibers are circumferentially
organized, ranging from horn insertion site to horn insertion
site, with radial tie fibers interspersed and oriented perpen-
dicular to these prevailing fiber bundles and serving to bind
the tissue together. These tissues have common develop-
mental antecedents, in that this ordered structure arises very
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early in gestation.5–7 Cell orientation and cytoskeleton polar-
ity is followed by sequential deposition of ECM components
(e.g., fibronectin and laminin), which in turn serves as a
template for structural protein (collagen) deposition and as-
sembly in an orderly fashion.5,8 This dense network is then
refined and remodeled with load-bearing use to achieve the
unique mechanical properties of adult tissues. In addition to
these mechanical characteristics, these tissues also share a
common feature that in the adult, the matured structures are
increasingly hypovascular and hypocellular. Shown, for ex-
ample, in Figure 2 is H&E staining of fetal compared to adult
meniscus, demonstrating the early alignment of formed col-
lagen, and the decreasing cellularity that occurs with age.

While critical for musculoskeletal function, the demanding
mechanical environment in which these tissues perform pre-
disposes them to damage. Likewise degenerative changes that
occur in all tissues with aging are inadequately counter-
balanced by regeneration. As a consequence, tendon and
ligament injuries are common; ACL rupture occurs at a rate of
1 in 3000 in the general population of the United States each
year (*100,000 ACL tears per year).9 Similarly, there are more
than 750,000 operations performed each year to repair or re-
move damaged or degenerate meniscus.10 Failed conservative
treatment of lumbar disc herniation leads to surgical dis-

cectomy at a rate of over 250,000 per year, making it the most
frequently performed neurosurgical procedure in the United
States.11 Notably, the rate of re-herniation is nearly 20%, often
occurring at the same disc location.12 In all of these instances,
the limited vascularity and the hypocellularity of these tissues
in the adult engender only limited endogenous repair pro-
cesses. Indeed, this repair does not restore normal tissue
structure and function, and the once highly ordered tissue is
instead replaced by a disorganized scar, that is, mechanically
inferior and prone to re-injury.7,13,14 Thus, there exists an
unmet clinical need for a mechanically functional implantable
tissue or tissue substitute that can either guide repair or re-
place damaged fiber-reinforced tissues.

Approaches to fibrous tissue repair and regeneration

Engineering of functional replacements for these complex
fiber-reinforced structures is and remains a daunting challenge
to the field. These tissues are dense, avascular, and hypocel-
lular, have refined direction-dependent mechanical properties
and hierarchical structures, and function in a demanding
mechanical environment. All of these unique characteristics
must be considered and enabling technologies must be de-
veloped to affect repair for these challenging load-bearing

FIG. 1. Fiber organization in dense connective tissues. Most tendons and simple ligaments show fiber alignment in a
common prevailing direction over which load is transferred. Annulus fibrosus (AF) and meniscus achieve fiber reinforcement
in more complicated loading environments through multilamellar planar alignment of extra-cellular matrix (ECM) or via
interspersion of fibers perpendicular to the predominant fiber direction. Image on left from Ref.137 Scale bar¼ 100 mm, used
with permission from Wiley. Middle image from Ref.138 Scale bar¼ 200 mm, used with permission from Elsevier. Right image
from Ref.139 Scale bar¼ 500mm, used with permission from Springer.
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tissues. To this end, a number of strategies have been devel-
oped for tissue repair and replacement. The most sensible and
oft tried is the simple replacement of these tissues with similar
structures taken from cadaveric donor tissue or alternative
donor sites in the patients own body. It has been shown that
devitalized (acellular) tendon grafts are re-colonized by fi-
broblasts from adjacent tissues, and that these cells take on
a preferential alignment coincident with the pre-existing col-
lagen network.15 In practical applications, patellar tendon
transfer (in bone-tendon-bone units) is commonly employed
in the repair of intra-articular ligaments such as the ACL.16

Meniscus transplantation from cadaveric sources is also rela-
tively common in clinical practice. With meniscus transplan-
tation, it has been shown that some cellular re-colonization can
be achieved over 6 months, though the central core remains
devoid of cells.17 Both techniques are limited, however, by the
availability and proper size of donor tissues, the creation of
points of donor-site morbidity, concerns related to disease
transmission, and the observed decline in tissue properties as
remodeling events transpire post-implantation.

To overcome these challenges, numerous tissue engineer-
ing strategies have been developed toward the production of
fibrous tissues. These constructs can be matured in vitro and
implanted with fully functional properties, or be designed to
mature in situ with controlled rehabilitative regimens. Ulti-
mately, the construct needs to operate under loading condi-
tions experienced by the tissue in vivo.18 Toward this end,
some of the earliest work in this field was carried out in col-
lagen gels. These studies took advantage of the fact that fi-
broblast-like cell-mediated contraction around a fixed
boundary (a post for example) generates ordered cellular and
ECM networks.19,20 These findings have been extended to
more complicated structures with different organization un-
der a variety of boundary constraints.21,22 While useful for
understanding the developmental antecedents of fiber-
reinforced tissues, the resulting mechanical properties of most
gel-based constructs remain very low, potentially limiting
their in vivo application. To address mechanics specifically,
others have turned to natural and synthetic scaffolds for im-
plantation. These efforts have included woven and nonwoven
fibrous scaffolds composed of a diverse range of materials,
from standard biodegradable polyesters to silk fibroin.23

Novel weaving technologies have further refined the me-
chanical response of such constructs, and commercial prod-

ucts based on these approaches are making their way to
market.24–27

The approach that we and others have adopted for fiber-
reinforced tissue engineering builds on these past efforts, but
focuses specifically on the multiscale rendering of fiber re-
inforcement from the nano- and micron-scale through to the
tissue level. These efforts employ electrospinning of ultrafine
or nanofibrous polymer networks as a base technology. This
review is intended to serve as a general overview of this
unique scaffold fabrication technology, and to specifically
discuss the mechanical characterization of such scaffolds. In
subsequent sections, we discuss the intrinsic properties of
natural and synthetic nanofibrous assemblies, methods for
instilling anisotropy in these networks, relevant testing mo-
dalities as they relate to physiologic loading, and modeling
approaches that provide additional insight into scaffold
formation and cell-mediated tissue growth. Finally, we pro-
vide several case examples where these guiding principles
have been deployed toward the engineering of fiber-
reinforced tissues, and discuss the challenges that must be
overcome for the clinical translation of this technology for
the repair of damaged or diseased fibrous tissues.

Electrospinning of Nanofibrous Assemblies

Overview of electrospinning

The technique of electrospinning to create fibrous scaffolds
is becoming increasingly prevalent in the extant literature.
While the basic technique was first patented in the 1930s,28 a
search for nanofiber or electrospinning in the PubMed da-
tabase finds nearly 300 entries in the last 12 months alone,
with applications as diverse as bone tissue engineering to
drug delivery to treatment of burns. Several recent reviews
on electrospinning29–34 highlight much of this literature and
provide an excellent foundation for the basic technology and
its potential applications. Given the availability of these re-
cent reviews, it is not the intent of this work to review all of
electrospinning literature, but rather to focus on those fea-
tures of electrospun scaffolds that have not been discussed in
great detail—namely, the mechanical properties of nano-
fibrous networks, how these properties are properly assessed
and understood, and which considerations must be appre-
ciated for application in load-bearing conditions, and, in
particular, the engineering of fibrous tissues.

FIG. 2. Cell and matrix characteristics of fiber-reinforced connective tissues. H&E staining of (A) fetal ovine meniscus (130
days gestation) and (B) adult ovine meniscus (1 year old). With aging, fibrous tissues decrease in cellularity while the
collagen-rich ECM grows denser and more organized. Color images available online at www.liebertonline.com=ten.

MECHANICS OF NANOFIBROUS SCAFFOLDS 173

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.teb.2008.0652&iName=master.img-001.jpg&w=381&h=141


The basic electrospinning setup consists simply of a polymer
source (or sources), a high voltage power supply, and a
grounded target (Fig. 3). The solution is expressed through a
fine capillary or syringe (called the spinneret) by gravity or
positive pressure, and forms a pendant droplet. Application
of a high voltage to this solution causes charge buildup
and charge–charge repulsion among the individual polymer
chains within the droplet, until these intermolecular forces
overcome the surface tension holding the droplet in place.
Once this critical threshold is reached, the polymer emits from
the spinneret as a fine jet, and rapidly travels to the nearest
grounded surface.35,36 As the jet is drawn from its source
through the high-voltage gradient, solvent evaporation and
whipping instability produces ultrafine fibers (50–1000
nm).37 With time, these fibers accumulate on the grounded
surface to create a mesh composed of randomly oriented fi-
bers. Mesh thickness can be controlled by simply increasing
the time of deposition. Nanofiber features in the network
depend on the polymer composition and several controllable
processing variables37 (discussed below). Nanofibers can be
tuned to range from as small as 50 nm up to several microns in
diameter, and as such are many times smaller than most
mammalian cells; in fact, they are similar in scale to collagen
fibers normally present in the ECM.38 This nano- and micron-
scale topography has been shown to modulate cell signaling
pathways39 and to elicit superior metabolic and matrix
forming activities by seeded cells.40 Nanofibrous meshes are
porous structures with a continuous distribution of pore sizes
in the range of 2–465mm and void volumes of 80–90%.41

Electrospinning synthetic and natural polymers

Production of meshes via electrospinning has been carried
out with numerous polymers, including polyurethanes,42

biodegradable polyesters (e.g., polycaprolactone [PCL],41,43–45

polyglycolic acid,46 polylactic acid,47–49 and polydiaxanone50),
and natural biopolymers, including collagen,44,51–54 elas-
tin,53,54 silk fibroin,55,56 chitosan,57,58 dextran,59 and wheat
gluten.60 Additionally, liquid blends of biosynthetic and nat-
ural components have been electrospun (with components
thus mixed in every fiber) to create meshes with enhanced cell
compatibility.61,62 The most common appearance of such
blends is in the combination of two dissimilar synthetic ma-
terials to result in a blend fiber that has properties of both, or a
natural and a synthetic fiber combined to impart biologic
functionality to the fibers as they form.63 Additional studies
have modified fiber surfaces to enhance cell binding and=or
growth factor retention.64–66 Further, methacrylate-based co-
polymers have been electrospun to form nanofibrous coatings
that can be crosslinked after formation.67,68 We have recently
reported on the electrospinning of several elements of a library
of 120 poly(b-aminoester)s that were photo polymerized after
formation69 as well as novel photocrosslinkable and hydro-
lytically degradable elastomers.70 Clearly, there exists a wide
range of polymers that can be processed into the nanofibrous
format.

Optimization of electrospinning parameters

For each polymer utilized, spinning parameters are opti-
mized to generate a homogeneous fiber array. Common in-
trinsic parameters that can be varied include the solvent type
and composition, the mass concentration of the polymer,
molecular weight of the polymer, solution viscosity, applied
voltage, electric field strength, spinneret-to-collector distance,
and polymer flow rate.30,36,37,71 Additional extrinsic param-
eters include atmospheric conditions such as ambient tem-
perature and humidity. These individual parameters are

FIG. 3. Electrospinning ultrafine fibrous networks. (A) Schematic of a common electrospinning setup. These simple systems
consist of a polymer source flowing (actively or passively) through a highly charged spinneret, where charge repulsion in the
solution generates a dispersion of fiber jets that travel rapidly to a grounded collecting plate or mandrel. (B) Electrospun
fibers have diameters that range from 50 nm to several microns, providing a surface topography in which cells interact
simultaneously with multiple fibers. Shown are human mesenchymal stem cells (MSCs) on a nonaligned polycaprolactone
(PCL) nanofibrous sheet.
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tuned to generate fibers that meet the criteria of the intended
application, most commonly that the fibers minimize their
diameter, be free of defects (beads), and show little fiber–
fiber welding at the interstices. Figure 4A shows examples of
such defects in a PCL scaffold formed with suboptimal electro-
spinning conditions. Fiber diameter and defects can usually
be controlled by adjusting the solution mass concentration,
voltage gradient, and distance over which fibers are collected.
Solvent characteristics strongly influence these features. A re-
cent study by Kidoaki and co-workers showed that when
electrospinning poly(ester urethane)urea (PEUU), increasing
N,N-dimethylformamide content in the spinning solution led
to enhanced fiber–fiber welding.72 In some cases, for example,
when the molecular weight is low, polymers simply cannot
be electrospun on their own using traditional measures. In

such instances, alternative strategies must be adopted. In our
recent efforts to electrospin low-molecular-weight photo-
crosslinkable macromers from a poly(b-aminoester) library, a
carrier molecule, poly ethylene oxide (PEO), was required to
increase the viscosity and chain length of the polymer solu-
tion.69 Once formed, nanofibers of this kind could be stabi-
lized by photocrosslinking, and the carrier removed. In other
applications, synthetic polymers that are readily spun on
their own have been used as carriers for biologic proteins,
such as collagen and elastin, which are generally more dif-
ficult to spin and=or stabilize after production.62,63,73

Even after spinning conditions have been optimized, some
variation exists between batches, most likely caused by small
changes in extrinsic and intrinsic conditions on the day of
production. Indeed, some in the field have suggested that
electrospinning is an art rather than a science because of this
inherent variability. An example of this is shown in Figure 4B,
where the mechanical properties of 10 different batches of
PCL nanofibers (aligned, tested in the fiber direction) show
some intra-scaffold variability (based mostly on position on
mandrel), and extensive intra-batch variability (from small
deviations in intrinsic and extrinsic factors). In our studies, we
address these concerns in two ways. First, when multiple
scaffolds produced on different days are to be combined for
use in a large study, rigorous characterization (structural
and mechanical) is carried out on each batch, and those not
matching desired criteria are removed. Second, when using
scaffolds for a cell-based study, we commonly include acel-
lular controls to be tested in the same manner and at the same
time points for the duration of the study. These steps have
increased consistency between studies, and have aided in the
interpretation of research findings.

Order from Disorder: Methods for Inducing Anisotropy

When standard electrospinning methods are employed,
and fibers are collected onto a stationary grounded plate, the
resultant mesh contains fibers organized in a random fash-
ion. As indicated above, most fiber-reinforced tissues show
pronounced mechanical anisotropy (different properties in
different directions), which is based on the underlying or-
ganized collagen ultrastructure. Methods to induce fiber
alignment in nanofibrous scaffolds have thus been of great
interest to the fiber-reinforced tissue engineering community,
and were recently reviewed by Teo and Ramakrishna.31 One
of the first instances of nanofiber alignment was presented
by Theron and colleagues,74 who focused fiber collection on
the thin edge of a rotating disk. Nanofiber alignment was
also demonstrated by Xia and colleagues, using a system in
which the collecting surface was composed of pairs of elec-
trodes that could be differentially grounded and separated
by an air gap or insulating surface. In this way, linear arrays
of fibers were generated, and by varying the state of the
electrodes (grounded or not), different rosette patterns were
achieved.32,75,76 More recently, Sun and colleagues77 dem-
onstrated the capabilities of near-field electrospinning, where
a point spinneret is situated only a few microns from the
grounded surface. The probe tip, which is dipped in polymer
solution, becomes a stylus from which polymer is ejected,
and its position relative to the ground can be controlled to
fabricate ordered structures. These methods are somewhat
limited in their throughput; therefore, the most common

FIG. 4. Optimization of electrospun scaffolds. Solution,
fabrication, and environmental parameters can be optimized
to generate sheets with homogenous fiber populations.
Shown in (A) are several features that arise when electro-
spinning conditions are not optimized; *, bead-like inclu-
sions; large arrow, thick fibers; small arrowhead, thin fibers.
Quality control of microstructure is required to ensure ho-
mogeneity across production runs. Even when precautions
are taken, small changes in fiber properties can yield a range
of mechanical properties in the resultant scaffolds. Shown in
(B) is the modulus of aligned PCL scaffolds produced over
10 separate production runs. Note the deviations in me-
chanical properties within each batch, as well as the scatter of
average properties across production runs. Gray area indi-
cates �1 standard deviation for this grouping of scaffolds.
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method for aligning fibers for the generation of tissue engi-
neering scaffolds (and the method that our lab uses) is to
deposit fibers onto a rotating drum or mandrel.78–84 From
high-speed imaging studies, it has been shown that a single
fiber can transit from the source spinneret to the ground at
speeds >2 m=s.85 Thus, presenting a surface moving faster
than the fiber jet will pull fibers into alignment as they are
deposited. We and others have shown that the degree of
alignment is a function of the rotation speed of the collecting
surface.81,83,84 Further, this structural anisotropy is reflected
in the measured mechanical properties, with more highly
aligned scaffolds possessing greater levels of mechanical
anisotropy.81

Mechanical Characterization of Nanofibrous Scaffolds

Mechanical properties of nanofibrous assemblies

Most load-bearing tissue engineering applications with
nanofibrous scaffolds require some level of mechanical func-
tionality. Therefore, the most common assay (aside from
scanning electron microscopy observation) of any nanofi-
brous scaffold is the assessment of mechanical properties.
These properties are typically assessed at the time of forma-
tion, as well as with subsequent degradation under physio-
logic conditions or with cell-mediated matrix deposition.
When formed into random or nonaligned meshes, nanofiber
scaffolds exhibit isotropic properties (same in all directions)
that are reflective of the mechanical properties of their poly-
mer composition. For example, polymers such as poly(D,L-
lactide-co-glycolide) (PLGA) produce meshes that are quite
stiff in tension, while scaffolds composed of PCL are 10 times
less stiff and remain elastic over a wider range (up to 8–

10%)49 (Fig. 5). When biologic and synthetic molecules are
mixed (in the same solution) before electrospinning, me-
chanical properties vary with composition.34,73 Given the
large number of polymers (as well as biopolymers) that have
been successfully electrospun, there is a correspondingly
wide range of mechanical properties that can be achieved
(see Table 1). Multi-jet electrospinning systems have also
been developed to increase production rates.29,86–88 These
systems may be used to create composite scaffolds (with a
different polymer in each jet) whose properties reflect the
properties and ratios of the individual components.89–94

Several such multicomponent scaffolds are described in de-
tail below.

In addition to properties imparted by the polymer com-
position itself, several other factors may influence the mea-
sured mechanical properties. As noted above, recent studies
have shown that alignment and mechanical properties in the
fiber direction increase substantially as the collecting surface
(rotating mandrel) increases in velocity.81,83,84 For example,
for PCL scaffolds, the ratio of properties in the fiber direction
compared to transverse to the fiber direction can increase by
10–20-fold with increasing alignment81 (Fig. 6). Testing aligned
scaffolds in directions that do not correspond to the prevailing
fiber orientation also influences the measured mechanical
properties in a predictable fashion.82 Random scaffolds ex-
hibit a relatively linear stress–strain response in the pre-yield
region, and extend linearly after yield. Aligned scaffold tested
in the fiber direction have a sharper increase in stress with
increasing deformation, and yield and fail at similar points
earlier in the strain regime. When these same scaffolds are
tested in the transverse direction, a much lower stress–strain
profile is observed. Other factors that can change mechanical

FIG. 5. Tensile properties of common biodegradable polymers. (A) Tensile modulus and (B) yield strain for nonaligned
nanofibrous scaffolds fabricated from a common set of biodegradable polymers. A range of properties can be achieved, but
few polymers can be distended to greater than 2% elongation before yielding. Adapted from Ref.49 with permission from
Elsevier.
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properties include the amount of solvent remaining in a fiber
when it reaches the collecting plate and consequently the num-
ber of fiber–fiber welds that form. Kidoaki and co-workers
showed a fourfold increase in properties of electrospun scaf-
folds with increasing degrees of fiber–fiber welding.72 Some
materials show profound changes in mechanical properties
when they are tested in a dry versus hydrated state. For ex-
ample, collagen nanofibers (which must be cross-linked to be
hydrated) decrease in tensile properties by approximately
100-fold with hydration.95,96 In composite fibers formed with
a temporary carrier (such as PEO), bulk scaffold properties
may change as the carrier material is eluted. We have shown,
for example, that mechanical properties can increase in scaf-
folds that are cross-linked after formation, and then subse-
quently decrease as the carrier PEO is eluted.69 Given the large
number of factors influencing these mechanical properties,
and the importance of these properties for fiber-reinforced
tissue engineering applications, the following sections describe
nanofiber and scaffold evaluation across multiple length
scales and in different testing configurations.

Single-fiber mechanics

At their most basic level, nanofibrous scaffolds are the sum
of many thousands of ultrafine fibers traversing a small vol-
ume. While these fibers sometimes interact, via welding or
frictional interactions, bulk scaffold properties should build
directly from these constituent fibers. Testing of a single fiber
is an exacting science, requiring specialized and sensitive
equipment, and as such there are few examples in the litera-
ture. Of these few, perhaps most common is the microtensile
testing of single fibers. In one study by Tan and colleagues,97

single PCL fibers were collected across a small gap, and uni-
axial extension applied until failure was achieved. They re-
ported that smaller fibers have a higher modulus, but are less
ductile than larger fibers. Similarly, Chew and co-workers
found that small fibers were stiffer than thick fibers, and that
individual fiber properties change when model proteins and
pharmacologics were incorporated.98 Subsequent work by
Lim and colleagues showed that crystallinity within a fiber
strand influenced mechanical behavior; more crystalline fibers

Table 1. Tensile Properties of Common Electrospun Scaffolds

Polymer Alignment
Modulus
(MPa)

Yield strain
(%)

Ultimate
strain (%)

Yield stress
(MPa)

Ultimate
stress (MPa) References

1 Thermoplastic polyurethane Both n=a n=a n=a n=a n=a 139
2 Polydiaxanone-elastin blend NA 5–10 n=a 60–200 n=a 3–5 63
3 Poly(ester urethane)urea NA 8 n=a 2.2 n=a 13 140

Poly(ester-urethane)urea-collagen
blends

NA 1–7 n=a 160–280 n=a 2–11 140

4 Biodegradable polyurethane NA 5.7 61 79 61 1.3 141
5 Poly(D,L-lactide-co-glycolide) (85:15) NA 323 n=a 96 n=a 23 41
6 Poly(p-diaxanone-co-L-lactide)-

block-poly(ethylene glycol)
NA n=a n=a n=a n=a 1.3–1.4 142

7 Silk fibroin NA 625 n=a 4 n=a 13.6 143
8 Poly(L-lactide-co-e-caprolactone) NA 156 n=a 127 n=a 5 43
9 Collagen-poly(ethylene oxide) blends NA 12 n=a n=a n=a 0.37 144

10 Collagen AL 52.3
26.1

n=a n=a n=a 1.5
0.7

51

11 Poly(ethylene glycol)-g-chitosan NA n=a n=a 78–112 n=a 8–17 145
12 Gelatin NA 105 n=a 64 n=a 2.5 73

Gelatin-poly(e-caprolactone) NA 5 n=a 126 n=a 2.7 73
Poly(e-caprolactone) NA 31 n=a 138 n=a 1.3 73

13 Poly(vinyl alcohol)-cellulose acetate
blends

NA 44 n=a 420 10 11 88

Poly(vinyl alcohol) NA 18–34 n=a 214–334 5.9–7.2 7.0–9.4 88
Cellulose acetate NA 3 n=a 175 1.5 2 88

14 Poly(L-lactic acid) NA 8.5 1.9 20–25 0.1 n=a 49
Poly(D,L-lactic acid) NA 70 1.9 n=a 1.1 n=a 49
Poly(D,L-lactic-co-glycolic acid)

(50:50)
NA 144 2.1 38 2.8 n=a 49

Poly(D,L-lactic-co-glycolic acid)
(85:15)

NA 114 1.9 n=a 1.9 n=a 49

Poly(glycolic acid) NA 138 2.1 n=a 2.7 n=a 49
Poly(e-caprolactone) NA 8.5 7.5 n=a 0.7 n=a 49

15 Poly(e-caprolactone) AL 3.3–4.7
2.7–3.9

n=a 200–231
216–277

0.6–0.7
0.6–0.4

1.4–2.1
1.2–2.0

146

16 Poly(glycolic acid) AL 55–105
20–55

n=a 60–80
105–130

n=a n=a 78

Poly(glycolic acid) NA 40–95 n=a 80–100 n=a n=a 78

Mechanical properties of electrospun scaffolds for fibrous tissue engineering. Depending on the choice of polymer and formation method,
electrospun scaffolds can achieve a range of mechanical properties. For example, the modulus can range from one to several hundred MPa.
Moreover, yield strains can be quite low for many common biodegradable polyesters, but markedly higher for elastomeric polymers.

NA, nonaligned; AL, aligned; n=a, not available.
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(produced from lower concentration solutions) were stiffer
than less crystalline fibers (even when fiber diameters were
comparable).99 In addition to direct tensile tests, atomic force
microscopy (AFM) has been used to manipulate and test
single fibers as well. For example, Kim and colleagues showed
that cross-linked poly-HEMA nanofibers snap back into place
after being distended with an AFM probe tip.68 Tan and co-
workers fixed one end of a nanofiber, and used the AFM
cantilever to deform and measure force generated in PEO
nanofibers.100 Similarly, the AFM probe tip has been used to
carry out three-point bending tests of individual fibers placed
over a groove microetched into a silicon wafer.101 Still more
recently, specialized MEM devices have been constructed that
couple with AFM cantilevers, and have been used to show the
dependence of ultimate strain on applied strain rate for
polyacrylonitrile nanofibers.102,103

Uniaxial tensile testing of fibrous assemblies

While scaffolds are comprised of individual fibers with
their own set of distinct mechanical features, the mechanical
function is most commonly characterized in bulk samples,
where the individual fibers combine to produce an aggregate
response. In uniaxial testing of bulk scaffolds, load is applied
along a single specified direction, while the sample is free to
contract laterally. A rectangular or dumbbell-shaped sample
is typically loaded into a test frame and pulled at a specified
rate of displacement (displacement controlled) or force (load
controlled), and both the load and displacement are mea-
sured. By normalizing force to undeformed cross-sectional
area (engineering stress) and displacement to undeformed
length (engineering strain), we can calculate the stress–strain
behavior. To evaluate cross-sectional area, noncontacting

methods such as imaging or laser systems are preferable; this
avoids permanent deformation of scaffolds, particularly at
early culture periods. The typical metric for the elastic be-
havior of linear elastic materials (those in which the plot of
stress vs. strain reveals a linear relationship) is the Young’s
modulus (E), or slope of the stress–strain curve. Some elec-
trospun polymers, such as aligned PCL fibers (as well as many
fiber-reinforced soft tissues), exhibit a nonlinear stress–strain
behavior and so are characterized by reporting a slope of the
beginning of the curve, known as the toe-region modulus, in
addition to the elastic region modulus. The strain at which the
curve transitions from toe to linear regions is the transition
strain, and is an additional parameter of interest in nonlinear
materials. When electrospun scaffolds are stretched beyond
their elastic regime, they may experience either of two pri-
mary failure modes: plastic deformation (deformations that
are not reversed upon removal of load) and catastrophic
failure (load goes instantly to zero or decreases markedly).
The onset of plastic deformation occurs at a strain–stress level
known as the yield point. As noted above, electrospun poly-
mers have distinct failure properties, and may involve a
combination of yielding and catastrophic failure.81,104 In this
case, an additional material property, the ultimate tensile
strength, or the maximum stress before failure, is often re-
ported. However, post-yield measures, such as ultimate ten-
sile strength, are less valuable for tissue engineering than
properties of the elastic behavior, because postyield defor-
mations are not recoverable upon unloading. Due to the dy-
namic loading that most tissues encounter, it is critical that an
engineered construct recover after deformation, and not be
fully expended after a single loading event. Further, native
soft tissues often undergo more than 25% deformation before
yielding or failure, while many common polymers in

FIG. 6. Fiber alignment influences mechanical properties of nanofibrous scaffolds. Stress–strain response of PCL nanofi-
brous scaffolds produced in a nonaligned configuration (A), produced in an aligned configuration and tested in the pre-
vailing fiber direction (B), and produced in an aligned configuration and tested in the transverse direction (C). Schematics
and images illustrate fiber organization and testing direction for each scaffold.
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electrospinning are limited to 1–2% strain before yielding (see
Table 1).49 Therefore, the yield point is an important design
criterion to consider when selecting polymers for specific
tissue applications.

Biaxial tensile testing of fibrous assemblies

Despite the value and practicality of uniaxial tensile testing,
its physiologic relevance is limited because of the absence of
freely contracting boundaries for many tissues in situ. A great
many fiber-reinforced soft tissues, such as the meniscus, AF,
arteries, and myocardium, are subject to tensile loads along
multiple directions. For this reason, biaxial tensile testing is a
more valuable testing modality for electrospun scaffolds and
tissue-engineered constructs. Although uniaxial tests can be
performed in multiple orientations with respect to the pre-
vailing fiber direction,51,81,82 these tests must be performed
either on multiple samples or sequentially on the same sample
at small, sub-yield strains. However, biaxial testing allows for
the measurement of the material behavior simultaneously
along two orthogonal axes. This method is more robust for
characterizing scaffold and tissue function, and more closely
approximates in vivo loading. Nonetheless, there are relatively
few studies that have considered the biaxial behavior of
electrospun scaffolds.83,105–107

Grip-to-grip versus local strain

In both uniaxial and biaxial tensile testing, it is common to
use grip displacement to compute strain.81,82,95,108 However,
as this method only generates information regarding the
boundaries of the sample, it introduces errors associated
with inhomogeneous strain fields and sample slippage at the
grips. Therefore, measurement of material or local strains
from the sample mid-substance more accurately reflects the
true strain of the material.109 This is typically performed by
placing fiducial markers on the sample, or speckle coating
the surface with paint or other texture, and collecting images
of the sample surface throughout the test. These images are
then postprocessed to measure the surface strains during
the deformation. This results in two-dimensional material
strains, which, in the case of uniaxial tests, allow for the
determination of an important additional material property,
the Poisson’s ratio. An example of the local strain associated
with tensile deformation of an aligned nanofibrous scaffold
is shown in Figure 7. Average strain within a region of in-
terest (ROI) compares favorably with the bulk grip-to-grip
strain, while clear heterogeneity across the ROI is observed. It
is possible, however, that with tissue deposition by resident
cells, engineered constructs may produce complex, hetero-
geneous strain fields and become increasingly susceptible to
slippage at the grips. Therefore, it is of value to perform the
necessary validations for studies where grip-to-grip strains
are employed. On a fiber level, even this characterization of
surface strain likely misses fiber rearrangements and sliding
more consequential to the response of isolated cells within the
network. For example, recent work by Stella and co-workers
showed that nuclear orientation and deformation correlated
with bulk scaffold deformation up to *50% strain, and then
remained constant thereafter.107 Methods such as these,
where fiber and cells are monitored continuously with
applied deformation, will be required to determine the pre-

cise local deformations that control cell activity within these
scaffolds.

Dynamic and viscoelastic properties
of electrospun scaffolds

Although electrospun scaffolds are primarily elastic
structures, they are commonly applied to the engineering of
viscoelastic and cyclically loaded tissues. Despite this fact, the
testing procedure for electrospun scaffolds is typically a
quasistatic (slowly applied strain rate to eliminate rate de-
pendent effects), continuous ramp to failure. Based on some
theoretical models81,82 there is evidence that electrospun PCL
fibers may slide relative to one another. These frictional in-
teractions may be a source of rate-dependent effects. More-
over, as resident cells deposit ECM on electrospun scaffolds,
there is an increase in water content and concentration of
viscoelastic ECM elements. In effect, the rate-dependent be-
havior of electrospun scaffolds and engineered tissues is of
great importance; however, this aspect of electrospinning for
tissue engineering has not been widely characterized. Further,
it is important to understand how electrospun materials be-
have under conditions of repeated loading. Humans take an
estimated 1–2 million steps per year, so materials for im-
plantation must be able to withstand cyclic loading without
experiencing fatigue damage. We have recently tested aligned

FIG. 7. Local strain in aligned scaffolds with tensile de-
formation. (A) Surface image of speckle-coated scaffolds
with superimposed strain map of an aligned nanofibrous
scaffold undergoing tensile deformation. Equilibrium strain
ranged from 4% to 6% with a grip-to-grip strain of 5% within
the ROI. (B) Average local strain in ROI compared to grip-to-
grip strain for a range of deformations. These data illustrate
that bulk deformations of aligned scaffolds are relatively
uniform in the center of scaffolds. Color images available
online at www.liebertonline.com=ten.
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PCL scaffolds for up to 20,000 cycles of dynamic tensile de-
formation to 3% grip-to-grip strain at a frequency of 0.5 Hz.
Results of this study are shown in Figure 8. Interestingly, the
scaffolds showed very little energy loss when dynamically
loaded in this strain regime, as evidenced by the small area of
hysteresis. Further, there was no apparent change in the ten-
sile modulus or maximum stress of these scaffolds as a con-
sequence of the loading regimen. Conversely, Klouda et al.
carried out a similar study investigating the effect of cyclic
tensile loading on nonaligned electrospun PCL scaffolds for a
longer duration. They found a reduction in the failure strain
and ultimate tensile stress in samples that were cyclically
loaded for 15 days, but no change in the elastic modulus.110

Additional work by Sell and co-workers employed dynamic
compliance testing to evaluate polydiaxanone-elastin nano-
fiber tubes for vascular applications.63 These results suggest
that experiments such as these, assessing dynamic and fatigue
properties, are particularly relevant for tissue engineering
strategies that may exploit cyclic loading bioreactors or in-
volve direct implantation into load-bearing sites.

Modeling of Nanofibrous Scaffold Mechanics

Although experimental measures of mechanical function
are instructive, theoretical or constitutive models provide
additional insight into the study of both acellular scaffolds

and the maturation of cell seeded constructs. A constitutive
model is an explicit mathematical description of the me-
chanical behavior of a material. Constitutive laws permit the
mechanical characterization of complex materials and, more
importantly, permit one to predict how a material will behave
in response to various mechanical perturbations. Despite their
utility, constitutive models have not been widely used to
describe electrospun scaffolds, and have been used even less
to describe nanofiber-based engineered tissue constructs.

Constitutive models of electrospun scaffolds vary widely in
their complexity, from simple geometrically motivated linear
models81,82,108 to hyperelastic continuum models.83,111,112

Mathew et al. successfully predicted the dependence of elec-
trospun poly(butylene terephthalate) mechanics in uniaxial
tension on the degree of alignment and prevailing fiber ori-
entation using a classical equation from fiber-reinforced rub-
bers.108 In a similar application, Li et al. used a linear spring
model that accounted for fiber dispersion to predict the re-
sponse of electrospun PCL scaffolds; the model closely ap-
proximated the experimentally measured dependence of
modulus on degree of dispersion only when it permitted
unconstrained sliding between fibers.81 Nerurkar et al.82 ap-
plied a linear homogenization model to characterize the de-
pendence of aligned PCL on fiber orientation in uniaxial
tension, demonstrating that fiber connectivity and nonfibrillar
matrix are key determinants of this relationship. This work

FIG. 8. Dynamic testing of
nanofibrous scaffolds. (A)
Setup for dynamic and fatigue
testing. (B) Dynamic stress–
strain profiles of aligned na-
nofibrous scaffolds through
20,000 cycles of 3% deforma-
tion applied at 0.5 Hz. (C)
Modulus and (D) maximum
stress of constructs before and
after 20,000 loading cycles.
Color images available online
at www.liebertonline
.com=ten.
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also confirmed the observation by Mathew et al. that fiber
orientation plays a minimal role in the uniaxial tensile be-
havior of aligned electrospun fiber mats when the direction of
loading deviates by more than 408 from the prevailing fiber
direction.

Hyperelastic models have the additional advantage of de-
scribing materials with nonlinear mechanical behaviors over
large deformations. Because nonlinearity and finite defor-
mations are functional signatures of many fiber-reinforced
soft tissues, hyperelastic models are of great value not only for
characterizing acellular scaffolds and engineered constructs,
but also to yield comparisons of these materials with native
tissue benchmarks. De Vita et al.111 employed a hyperelastic
model to describe the elastic and failure behavior of aligned
electrospun poly(butylene terephthalate), whereby failure
was modeled as a statistical distribution of fiber failure strains
at which fibers ceased to carry load. Although the model was
able to fit both elastic and postyield behavior with relative
accuracy, interpretation of these types of models is limited by
an inability to distinguish between the catastrophic and se-
quential failure of fibers and the plastic deformations that are
likely superimposed upon them. Courtney et al.83 formulated
a hyperelastic model that incorporated fiber distributions,
and applied it to ES-PEUU scaffolds with varied degrees of
alignment. One key feature that distinguishes this study from
those discussed thus far is the application of the model to bi-
axial tensile tests. Unlike Nerurkar and colleagues and Mathew
and co-workers, who investigated multidirectional properties
by uniaxial tension, modeling biaxial tension is a more robust
method because the model must simultaneously describe
behavior along two orthogonal loading directions.

By fully characterizing the mechanics of an acellular scaf-
fold, constitutive models can also be used to characterize
changes in mechanics subsequent to the deposition of ECM by
a resident cell population. In effect, constitutive models can
serve as quantitative measures of functional maturation for
cell-seeded constructs. This was proposed in Nerurkar et al.82

for a linear homogenization model, and later extended to a
nonlinear hyperelastic model by Nerurkar et al.112 (described
below). In this study, the authors used the material parame-
ters of a fiber-reinforced constitutive model as metrics for
functional growth of engineered AF constructs, and corre-
lated these metrics with biochemical composition. Addition-
ally, upon validation, the model was used to investigate (by
simulation) the consequences of construct maturation on
complex, physiologically motivated loading scenarios such as
biaxial tension and simple shear. At their basic level, models
of these systems may provide insight into the complex mo-
lecular interactions of native tissue, and be used to guide
model development for these more complicated assemblies.
For tissue engineering, modeling of complex dynamic scaf-
folds of varying composition can be used to tune construct
properties to match the necessary mechanical requirements
expected over the lifetime of its intended use.

Fibrous Tissue Engineering on the Straight
and Narrow

Many polymers, many choices

Given the large and growing number of polymers available
for electrospinning, their unique mechanical and degradation
characteristics, and the ability to precisely control their orga-

nization, the question arises: How does one choose a starting
point for tissue engineering applications? The answer to this
question must be in part defined by the cell population and
matrix organization of the tissue of interest as well as the
operating conditions experienced by that tissue. Cellular in-
teraction is of course important, both in the case of acellular
scaffolds to be colonized after implantation, as well as cellu-
larized constructs grown in vitro. While fibrous tissues are
unified in their hierarchical matrix organization, some are
more organized than others (compare for example the su-
praspinatus tendon with the flexor tendon), and scaffolds
should reflect this complexity. The approach to tissue re-
placement matters as well; a construct intended for immedi-
ate implantation will require different properties than one that
is matured in vitro before implantation. For example, if the
tissue of interest is one that commonly experiences in vivo
strain levels of >5% strain, then polymers that yield below
this level may be unsuitable for immediate implantation.
However, these same polymers, combined with the appro-
priate cell source in vitro, may be perfectly acceptable if the
cell-mediated deposition of new ECM allows for a greater
range of distensibility after some culture duration. Alterna-
tively, controlled rehabilitation regimes after surgery might
be employed to protect the implant from loading while in vivo
maturation takes place. At the end of the production and=or
maturation process, the implanted material on functional day
0 should duplicate as many of the natural features of the
native tissue as possible. For example, while the linear mod-
ulus of tendons and ligaments is important, the toe region is
just as important, if not more so. As measured by Butler and
colleagues, the normal operating range of a tendon does not
typically engage its failure state.113 Indeed the toe region is
critical for ensuring low-force mobility of joints and other
moving structures to enable smooth motion, while the failure
properties are operative only under extreme conditions.

Case example: knee meniscus

One tissue for which we have extensively investigated the
application of nanofibrous scaffolds is the knee meniscus. As
noted above, this fibrous tissue of the knee functions to
transmit load from the femur to the tibia, and enhances joint
congruency. A distinguishing feature of the meniscus is the
highly organized collagen fiber structure, which imparts to
the tissue anisotropic tensile properties. An example of the
stress–strain response of meniscus (tested in the fiber direc-
tion) is shown in Figure 9. From this plot, we can appreciate
that the tissue shows significant nonlinearity in its stress–
strain response, with clear toe and linear regions. Also shown
on this plot are the stress–strain profiles of several aligned
nanofibrous constructs of differing polymer compositions (all
tested in the aligned fiber direction). As can be readily ob-
served, some of these polymers result in scaffolds that are
stiffer than the native tissue and fail at much lower strain
levels, while others produce scaffolds that are considerably
less stiff, matching at best the toe region modulus of the native
tissue.

Of the many possible polymers, we work primarily with
PCL, a slow degrading polyester that matches the native tis-
sue in its toe region, shows some nonlinearity in its stress–
strain response, and is distensible to greater than 10% strain.
In most of our studies PCL is formed into nanofibers using the
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electrospinning process, and scaffold fiber organization
is tuned by collecting on a static surface (for nonaligned
scaffolds) or on a rotating mandrel (when alignment is de-
sired).80–82 In one recent study, we evaluated the long-term
in vitro maturation of scaffolds after seeding with either
mesenchymal stem cells (MSCs) or meniscus fibrochon-
drocytes (MFCs). MSCs are multipotent cells derived from
bone marrow that can undergo fibro-cartilaginous differen-
tiation, while MFCs are cells derived from the native tissue
that are normally responsible for the production and main-
tenance of the fibro-cartilaginous ECM. Cell infiltration and
construct maturation were evaluated as a function of topog-
raphy with culture on both aligned (AL) and nonaligned (NA)
scaffolds.80 Seeded scaffolds were cultured in a defined pro-
chondrogenic medium114 for 10 weeks and at bi-weekly
intervals, and were tensile tested to failure; their biochemical
and histological characteristics were assessed.

The results of this study showed that aligned nanofibrous
scaffolds direct cell polarity in the scaffold (Fig. 10). At the
outset of the study, AL scaffolds had a higher linear region
tensile modulus (*12 MPa) than NA scaffolds (*4 MPa).
Notably, PCL degrades slowly, and so mechanical properties
did not change over 70 days in the absence of cells (not
shown). When seeded with MSCs or MFCs, both AL and NA
scaffolds increased in tensile properties with time (Fig. 11). AL
constructs increased by *10 MPa, while NA constructs in-
creased by only *1 MPa when seeded with either cell type.
Conversely, biochemical composition (proteoglycan and col-
lagen content) increased steadily with culture duration, and
was not dependent on the scaffold architecture. Histology of
transverse sections showed cell infiltration into the outer two-
third of the scaffold and increasing matrix deposition with
time (not shown). The most interesting finding in this study
was that while cells on NA and AL scaffolds produce similar
amounts of ECM, marked increases in tensile properties were
observed only on AL scaffolds. This finding may be explained
by the organization of newly deposited ECM. On AL scaf-
folds, polarized light microscopy showed collagen deposition

occurring in an ordered fashion, whereas deposited collagen
was disorganized on NA scaffolds (Fig. 11). In related studies
using MFCs derived from surgical waste tissue from 10 hu-
man donors,104 similar results were observed, with tensile
mechanical property increases correlating strongly with the
amount of collagen deposition. Importantly, the stress–strain
response of these MFC-seeded scaffolds from several donors
matched that of the native meniscus in its normal operating
range (0–6% strain). However, the long time required for cell
colonization (42–70 days) and the need for space for robust
matrix accumulation motivates our continued development
of these novel scaffolds and culture systems (as described
below).

Case example: annulus fibrosus

Another tissue of focus for nanofiber-based tissue engi-
neering is the AF of the intervertebral disc. Like the meniscus,
this tissue relies on an ordered collagen ultrastructure to
impart defined mechanical function. Unlike the meniscus,
the annulus is a laminate structure with alternating planes
of organized fibers oriented at *�308 relative to the cross-
sectional plane. Toward engineering a single annulus layer,
we have tested rectangular samples removed from aligned
fibrous meshes at angles that are not coincident to the fiber
direction (Fig. 12A).82 The mechanics of these acellular meshes
were further characterized using a homogenization model
that we have previously applied to native AF tissue, and we
found good agreement between modeled and measured lin-
ear-region moduli.82 In subsequent studies, AF cells isolated
from bovine caudal discs were seeded onto scaffolds with
fiber orientations of 08, 308, and 908 with respect to the lon-
gitudinal axis of the sample. These cell-laden constructs were
cultured in a chemically defined serum-free growth media (as
above) and mechanically tested at regular intervals. Histo-
logical and biochemical analyses were also carried out.

Results of this study showed that when seeded with AF
cells, scaffolds increase in tensile moduli with time for each

FIG. 9. Benchmarks for the
engineering of fibrous tissues.
Healthy meniscus tissue tes-
ted in the fiber direction pro-
duces a nonlinear stress–strain
response (circles indicate av-
erage response; boundaries
indicate high and low range of
responses from 10 separate
samples). Superimposed on
this physiologic range are the
stress–strain responses of na-
nofibrous scaffolds of varying
composition.
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fiber orientation (Fig. 12C–E). Notably, constructs tested in
the fiber direction (j¼ 08) increased by *25 MPa (140%),
while oblique (j¼ 308) and transverse (j¼ 908) constructs
increased by *2 MPa (33–100%). These cell-seeded scaffolds
with a fiber orientation similar to the AF (j¼ 308) matched
the circumferential linear region modulus of native inner AF
(5.6 MPa) after just 8 weeks of culture (7.3 MPa). However,
the j¼ 08 fiber direction modulus (43.3 MPa) remains below
the single lamella of the native AF (77.6 MPa).115 The toe-
region modulus in the fiber direction (9.1 MPa), however,
was slightly higher than native AF (5.9 MPa). Therefore,
in the range of small deformations, constructs achieved

comparable tensile properties to native tissue by 8 weeks.
As with meniscus constructs above, the orientation of de-
posited collagen coincided with the scaffold fiber direction
(Fig. 12B).

Additionally, a fiber-reinforced constitutive model was
applied to tensile stress–strain curves of these samples to
yield four scalar material parameters with physically discrete
meanings:m, nonfibrillar (matrix) stiffness; n, matrix compress-
ibility; g, fiber stiffness; x, fiber nonlinearity. When the hy-
perelastic model was applied, data from j¼ 908 and j¼ 08
samples fit well (Fig. 12F; R2> 0.98) and yielded excel-
lent predictions for j¼ 308 samples (not shown, R2> 0.98),

FIG. 10. Nanofibrous topography controls cell morphology. (Top row) Scanning electron micrographs of NA and AL
electrospun PCL meshes. (Middle row) Scanning electron microscopy images of MSCs seeded on these meshes after 7 days of
culture. Note that cell polarity is dictated by the underlying scaffold topography. (Bottom row) Actin staining (green, with
DAPI [blue] nuclear counter stain) shows that cytoskeletal elements within cells are similarly organized to reflect the
underlying topography. Scale bar¼ 50mm. Color images available online at www.liebertonline.com=ten.
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thereby validating the model for this application. The material
parameters that represent the matrix (Fig. 12G) and fibers
(Fig. 12H) increased with time in culture. Of these, the largest
increase was for fiber stiffness g, and these model parameters
correlated well with biochemical content. These results sug-
gest that the functional improvement of the constructs is based
on the increasing contribution of fibrillar and matrix ECM.
This work additionally confirmed the ability of AF cells to
colonize and deposit organized, functional ECM, with similar
composition and architecture as the native tissue. Further, this
study demonstrates the utility of an approach that couples
experimental measurement with constitutive modeling to
characterize the full nonlinear behavior of constructs. This
approach will help to elucidate the physical and biochemical
mechanisms of functional growth and may help guide our
tissue engineering efforts for creating functional AF tissue for
implantation.

Other Considerations

While the results above clearly indicate the potential of
nanofibrous scaffolds for soft tissue engineering, there re-

main a number of challenges and opportunities for ad-
vancement of the technology that should be addressed. Some
of these issues are detailed below.

Enhancing cell infiltration

While cell-mediated matrix deposition can generate func-
tional constructs, one significant limitation in engineering
fibrous constructs for implantation is the long durations re-
quired for scaffold colonization of slow degrading aligned
polyester scaffolds. This limits both the rate of matrix accu-
mulation, as well as potentially limiting the degree to which
integration with native structures can occur. As detailed above,
using juvenile bovine and adult human MFCs, *1-mm-thick
scaffolds were only colonized in the peripheral two-thirds
thickness after 10 weeks in culture.80,104 It thus appears that
these dense fibrous arrays, while providing a suitable mi-
cropattern for directing growth, can also be a physical im-
pediment to cell infiltration. When formed into an aligned
configuration, this issue is exacerbated as the apparent den-
sity in scaffolds is significantly increased compared to non-
aligned or random scaffolds.81

FIG. 11. Case example: meniscus tissue engineering. MSCs and MFCs were grown on either NA or AL PCL scaffolds for up
to 10 weeks of in vitro culture. (A) On AL scaffolds, both MSC- and MFC-seeded constructs increased by *10 MPa over this
time course, while the same cells on NA scaffolds only increased by *1 MPa. (B) Differential growth was not a function of
ECM deposition, as similar amounts of collagen (as well as proteoglycan, not shown) were deposited in each scaffold.
Producing en face sections (in the scaffold plane, (C) shown schematically) and viewing under polarized light (insets, D and E)
show that organized collagen is present only in aligned scaffolds (E). Scale bar¼ 100mm. Data adapted from Ref.80 Color
images available online at www.liebertonline.com=ten.
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While numerous potential solutions could be posited for
overcoming this hurdle, ranging from fluid pressure116 to
galvanotactic mechanisms,117 few reports exist on expedited
infiltration. The most direct method for overcoming this bar-
rier would be to place cells directly into the scaffold as it is
formed. This has recently been accomplished by Stankus and
co-workers, who electrosprayed cells in onto a common
mandrel onto which PEUU fibers were simultaneously being
collected.118 This is an exciting new process, though scale-up
and sterility may limit its wide-spread application. Another
method for increasing cell infiltration may be to form ECM
proteins directly into nanofiber form. Biologic elements (in-
cluding collagen) provide a biomimetic environment for cell
adhesion and thus are more readily colonized. Telemeco and

colleagues reported enhanced cell infiltration into pure col-
lagen scaffolds compared to synthetic scaffolds with subcu-
taneous implantation.119 In these biologic scaffolds, cells
may colonize by one of two routes, either through direct in-
teraction in which they pull themselves through the protein-
aceous milieu or they may degrade the ECM by secretion of
matrix metalloproteinases. One drawback of this strategy,
however, is that scaffolds mechanical properties using bio-
logic polymers are considerably lower than that of common
synthetic nanofibrous scaffolds,51,96 and that pretreatment
with crosslinking agents (such as gluteraldehyde) are re-
quired for their stabilization.

An alternative to these direct approaches can be found in
the extensive literature on porous foams and sponges. From

FIG. 12. Case example: AF tissue engineering. (A) Mechanical response and properties of acellular aligned scaffolds tested
in directions that are not coincident (see inset) with the prevailing fiber direction can be captured with simple composite
models. (B) When seeded with AF cells, matrix deposition (collagen staining) is coincident with the direction of the un-
derlying fibers. Mechanical properties of cell-seeded scaffolds of different orientations (C: 08, in fiber direction; D: 308, off axis
to the scaffold direction; E: 908, perpendicular to the fiber direction) increase with time in culture. (F) Hyperelastic models
capture the temporal evolution of functional matrix. Representative curves for engineered AF (j¼ 08) demonstrate a non-
linear response in uniaxial tension. With time in culture, ECM deposition increases the nonlinearity and modulus from 1 day
to 8 weeks. The model (solid lines) successfully fit experimental tensile behavior (open circles) at each time point, as shown.
Model parameters for matrix (G) and fiber (H) moduli increase with culture duration. Data adapted from Ref.82,112 Color
images available online at www.liebertonline.com=ten.
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that body of work, it appears that there exists an optimal pore
size to promote cell infiltration.120 For nanofibrous scaffolds,
this approach has been addressed by mixing fibers of different
diameters to limit fiber packing.116 Alternatively, pores may
be introduced by including salt particles at the time of pro-
duction and subsequently leaching the salt out.121 In the for-
mer case, some increase in cell infiltration was observed,
particularly when coupled with fluid flow through the scaf-
fold thickness. In the latter case, salt crystals created planes of
separation within the scaffold into which cells could migrate,
though this compromised the overall structural integrity of the
scaffold. In place of salt, still others have induced the forma-
tion of ice crystals from relative humidity with collection on a
super-cooled collecting surface to provide solid inclusions
aroundwhichfibers form.122 Still,others havesimply increased
the fiber size itself, transitioning from sub-micron-sized fibers
to fibers on the order of tens of microns.123 This approach
increases cellular infiltration, but sacrifices the biomimetic

characteristics of the nanofibrous topography. Such size in-
creases in fiber size adversely impact cellular behavior.40

An alternativeapproachtotheseaforementionedtechniques
is to increase the size of the pores themselves, while not alter-
ing the nano-scale morphology of the fibers or the preinstilled
fiber alignment. To achieve such a goal, Baker and co-workers
have recently reported on a novel dual-electrospinning pro-
cess in which two fiber populations are deposited onto a
common rotating mandrel93 (Fig. 13). By carefully selecting
fabrication parameters and degree of overlap between spin-
nerets, one can control the relative fraction of each polymer in
the resulting composite mesh. Inclusion of fiber populations
that are rapidly eroding and=or soluble in aqueous solutions
(such as PEO) dramatically enhances porosity as the sacrificial
component elutes from the composite. Figure 13 shows an
example of this process, where the interspersion of discrete
fibers of differing composition is achieved and organized fiber
directionality is maintained within the scaffold. As might be

FIG. 13. Enhancing cell infiltration via the inclusion of sacrificial fibers. A dual electrospinning system (A) delivers two
interspersed fiber populations to a common grounded rotating mandrel (red, PCL; green, PEO), and removal of the sacrificial
component fibers (PEO) upon submersion in an aqueous environment (B). Mechanical properties of slowly degrading
meshes, such as PCL, do not change with hydration, while pure sacrificial meshes degrade completely. Mixtures of PEO and
PCL fibers decrease in mechanical properties after submersion (C). Increased porosity enhances infiltration of MSCs into the
scaffold by week 3 of in vitro culture (D). Quantification shows increased fractions of sacrificial components (60%) led to
increasing numbers of cells within the central region (50–100% infiltration depth) of the scaffold (E). Data adapted from Ref.93

Color images available online at www.liebertonline.com=ten.
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predicted, elution of sacrificial fibers from the composite has a
pronounced effect on scaffold properties. Combining indi-
vidual fiber components with dissimilar mechanical proper-
ties influences the composite scaffold mechanics, and does so
as a function of the fiber fractions employed. Fiber mixing also
alters several key features of the stress–strain profile, includ-
ing the toe region and the plastic deformation response of the
scaffolds after reaching their yield point. Both visual inspec-
tion and mechanical testing of scaffolds before and after re-
moval of PEO fibers show that mechanical anisotropy was
preserved. Further, by offsetting the source spinnerets with
respect to one another, a graded fibrous mesh was produced
with varying PEO contents. The tensile properties (maximum
stress, stiffness, and modulus) reflected the amount of sacri-
ficial component removed from the scaffold. When seeded
with MSCs, scaffolds with greater amounts of removed sac-
rificial fibers showed pronounced increases in their cell infil-
tration rates.93

To further this area of inquiry, and to potentially offset the
loss in properties with sacrificial fiber removal, we have re-
cently adapted our techniques to allow for as many as three

individual polymers to be spun simultaneously onto the same
collecting mandrel94 (Fig. 14). The mechanical properties of
these multipolymer composites can be tuned to compensate
for losses in properties from sacrificial fiber removal, such that
cell ingress can be promoted despite the removal of a signif-
icant sacrificial fiber fraction.

Reconstituting anatomic form

Fabrication and maturation of a simple planar structure
that recapitulates the primary mechanical features of the na-
tive tissue is a considerable challenge. Added to this is the fact
that most tissues possess a specific anatomic form, and in
some tissues, such as the intervertebral disc and meniscus,
this form is a critical component of tissue function. Most na-
nofibrous scaffolds begin as flat sheets or hollow tubes (when
collected on a mandrel). This latter form is particularly useful
for small blood vessel tissue engineering, and unique multi-
layered tissues have been formed using this technique.90

For other more complicated structures, few construction al-
gorithms exist. Recent reports show that an MSC-seeded

FIG. 14. Multipolymer nanofibrous composites. Scaffold mechanics can be tuned with the integration of different polymers
into nanofibrous composites. Here three polymers [PEO, PCL, and poly(D,L-lactide-co-glycolide)] were collected simulta-
neously to produce a fully interspersed fiber mixture (A). Changing component ratios affects the resulting stress–strain
response (B). Mechanical properties of the composite are dictated by the relative fraction of each constituent (C). Using this
approach, and based on the starting properties of each individual polymer, a wide range of scaffold properties can be
generated (D). Data adapted from Ref.94 Color images available online at www.liebertonline.com=ten.
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nanofibrous scaffold can be press-fit into a molding appara-
tus, and maintain their form for up to 6 weeks of in vitro
rotating wall bioreactor culture.124 Others have investigated
multicomponent scaffolds, where a gelatinous core is estab-
lished (by injection) in the mid-substance of a nanofibrous
sheet for intervertebral disc applications.125 Still others have
begun to investigate how layers of nanofibers can be seeded
with cells, and then stacked to achieve anatomic forms such as
periodontal ligament126 as well as more complicated struc-
tures recreating the anatomic form of the IVD and the knee
meniscus127,128 (Fig. 15).

Conclusions and Future Directions

The large body of literature that has recently emerged
concerning nanofibrous scaffolds is a testament to the degree
of excitement in the field regarding their potential for tissue
engineering applications. As the field advances, several ex-
citing new possibilities arise, and what first emerged as a
simple straight-and-narrow template for organizing cells will
develop into multifunctional scaffolds that enhance tissue
repair and regeneration. Emerging work focused on the
combination of multiple polymers into composite arrays will

FIG. 15. Engineering anatomic form with nanofibrous scaffolds. Nanofibrous scaffolds are typically formed as planar
samples, while most fiber-reinforced tissues have specialized anatomic form. For complex structures, such as the knee
meniscus (A–C) and the intervertebral disc (D–H), construction algorithms must be developed for in vivo application. Custom
wrapping can produce cell-laden wedge-shaped structures for meniscus applications (B) that can be colonized by seeded cells
(C). For IVD, annular composites with multiple layers can be formed (D, E). Cell-seeded IVD composites localize cells to
lamellar interfaces (F), and direct cell (G) and matrix (H) organization in each layer. Color images available online at
www.liebertonline.com=ten.
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allow for the tuning of scaffold properties to match those of
numerous native tissues.34,94 New drug and gene delivery
methods are emerging that will impart additional function-
ality,129–131 potentially improving in vivo maturation rates and
expanding the potential clinical application. Bioreactor sys-
tems that promote tissue growth via nutrient provision132

and=or mechanical stimulation133 will increasingly be utilized
to foster nanofiber-based tissue development. Further, con-
sideration of soft–hard interfaces, such as tendon insertion
sites,134 may be addressed via selective induction of miner-
alization and bone formation with inclusion of hydroxyapa-
tite crystals.135 As these developments occur and, in particular,
as advances are made in the area of load-bearing tissue en-
gineering, special attention must be given to the appropriate
characterization methods and analysis of mechanical prop-
erties of these unique scaffolds. Moreover, production meth-
ods must be optimized, such that nanofibrous scaffold
production is less of an art, and more of a science. For this, we
must endeavor toward higher throughput production meth-
ods, and the establishment of good manufacturing protocols
and rigorous analyses. Finally, we must ultimately test these
scaffolds in realistic and challenging load-bearing situations
to evaluate their in vivo efficacy.136 These include the tensile
loading methods described in this review, as well as com-
pressive testing modalities (including equilibrium and dy-
namic testing) when implants are to be used in compressive
and or mixed load-bearing situations (e.g., in the knee me-
niscus). Taken together, this unique approach for the multi-
scale rendering of fiber reinforcement from the nano- and
micron-levels holds tremendous potential for the repair or
replacement of fiber-reinforced tissues.
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