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Enthesis
Partially mineralized fibrous tissue situated between tendon and bone is believed to be tougher than
either tendon or bone, possibly serving as a compliant, energy absorptive, protective barrier between
the two. This tissue does not reform following surgical repair (e.g., rotator cuff tendon-to-bone re-
attachment) and might be a factor in the poor outcomes following such surgeries. Towards our long-
term goal of tissue engineered solutions to functional tendon-to-bone re-attachment, we tested the
hypotheses that partially mineralized fibrous matrices can derive toughness from mobility of mineral
along their fibers, and that in such cases toughness is maximized at levels of mineralization sufficiently
low to allow substantial mobility. Nanofibrous electrospun poly(lactic–co-glycolic acid) (PLGA) scaffolds
mineralized for prescribed times were fabricated as model systems to test these hypotheses. Tensile tests
performed at varying angles relative to the dominant fiber direction confirmed that mineral cross-linked
PLGA nanofibers without adhering to them. Peel tests revealed that fracture toughness increased with
mineralization time up to a peak value, then subsequently decreased with increasing mineralization time
back to the baseline toughness of unmineralized scaffolds. These experimental results were predicted by
a theoretical model combining mineral growth kinetics with fracture energetics, suggesting that tough-
ness increased with mineralization time until mineral mobility was attenuated by steric hindrance, then
returned to baseline levels following the rigid percolation threshold. Results supported our hypotheses,
and motivate further study of the roles of mobile mineral particles in toughening the tendon-to-bone
attachment.

Statement of significance

Effective surgical repair of interfaces between tendon and bone remains an unmet clinical need, in part
due to a lack of understanding of how toughness is achieved in the healthy tissue. Using combined syn-
thesis, experiment, and modeling approaches, the current work supported the hypothesis that toughen-
ing of a fibrous scaffold arises from brittle mineral particles that crosslink the fibers, but only if the
particles are free to slide relative to the fibers. In the case of the tendon-to-bone interface, this suggests
that partially mineralized tissue between tendon and bone, with mobile mineral but relatively low stiff-
ness, may serve as a compliant, energy-absorbing barrier that guards against injury. These results suggest
an opportunity for fabrication of tough and strong fibrous scaffolds for tissue engineering applications.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The attachment of tendon to bone is fascinating as a material
system. From a functional perspective, it can resist a lifetime of
mechanical loading without succumbing to the stress concentra-
tions that arise at the interface of two dissimilar materials [1,2].
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From surgical and tissue engineering perspectives, its resilience
cannot yet be matched nor regenerated [3–6]. From mechanical
and anatomical perspectives, it is at first glance perplexing, with
highly ordered tendon devolving into a disordered insertion site
[7–9], including competing microstructural factors that combine
to produce a partially mineralized tissue that is more compliant
than either tendon or bone [10–12]. Although the trade-offs
between mineral accrual, collagen organization, and matrix com-
position that give rise to this compliant tissue are now better
understood [10,13,12], the function of this compliant tissue is
not [14]. It is clear that the interfacial tissue attenuates stress con-
centrations [15–17], yet due to its compliance it also amplifies
strain [18]. This compliant zone of tissue is believed to be only par-
tially mineralized, and because mobility of mineral at the nanos-
cale is believed to toughen bone [19], the remarkable toughness
of the tendon-to-bone attachment may arise in part from energy
resulting from mineral mobility.

Strengthening and toughening of collagenous tissues via
hydroxylapatite mineral depends on the location of the mineral
relative to the collagen. Mineral inserts both within and atop colla-
gen fibrils in bone, with about half of mineral within and half atop
the fibrils [20]. Even in the crowded space between collagen fibrils
in bone, non-collagenous proteins (NCPs) binding collagen fibrils to
mineral nanocrystals and mineral nanocrystals to one another
appear to break and reform, enabling a degree of plasticity and
energy absorption in bone [21]. This energy absorption might be
accentuated in partially mineralized tissues, in which, at least dur-
ing development, relatively diffuse clusters of nanocrystals accrue
on the exteriors of collagen fibrils [22]. Accumulations of nanocrys-
tals bridging neighboring fibrils have the potential to enhance
energy absorption as these mobile mineral-crosslinked fibrils slide
relative to one another during deformation.

Mineralized nanofiber material systems, interpreted through
theoretical models, are useful for examining fiber-mineral interac-
tions in an idealized setting. In previous studies, mineralized nano-
fiber scaffolds were synthesized by electrospinning poly(lactic–co-
glycolic acid) (PLGA) and mineralizing them using simulated body
fluid (SBF) [23,24]. These scaffolds have been developed for a num-
ber of musculoskeletal applications, including tendon, ligament,
and bone grafting. Previous mechanical characterization experi-
ments on single nanofibers and on network of nanofibers have pro-
duced a surprising contradiction: precipitation of calcium
phosphate mineral onto nanofiber scaffolds stiffens the scaffolds
[24,25] without stiffening or strengthening the individual nanofi-
bers [26]. This counterintuitive result suggests that mineral crys-
tals form structural cross-links between adjacent nanofibers, but
do not adhere to the nanofibers, making the system well-suited
for testing our hypothesis.

The current study aimed to understand how mineral stiffening
and toughening occurs without strengthening the fibers them-
selves, with the aims of identifying design principles for mineral-
ized nanofiber scaffolds and identifying toughening mechanisms
possible in natural, partially mineralized tissues.

We first hypothesized that mineral stiffens and strengthens
nanofiber scaffolds predominantly by enhancing links between
adjacent fibers. To test this hypothesis and uncover the mecha-
nisms of stiffening, aligned nanofiber scaffolds were tested in ten-
sion at a number of off-axis angles. For this experiment, we
predicted that the stiffening effect of mineral would be more pro-
nounced in the transverse directions (i.e., perpendicular to the pre-
dominant fiber orientation) than in the longitudinal direction (i.e.,
along the predominant fiber direction). We further predicted that,
due to the weak bonding of minerals to fibers, strengthening would
occur predominantly in the perpendicular direction. To test the
hypothesis that mineral mobility endows scaffolds with toughness,
scaffolds were layered, mineralized for prescribed amounts of time,
and pulled apart in a peel test configuration. For this experiment, it
was predicted that mineral would enhance fracture toughness only
at intermediate amounts of mineralization.
2. Methods and materials

2.1. Overview

Two sets of experiments were performed to determine the
mechanisms by which mineral stiffens, strengthens, and toughens
nanofiber scaffolds. These experiments were interpreted through a
series of models that enabled the testing of our hypotheses. The
first experiment focused on stiffening and strengthening by min-
eral by testing aligned mineralized scaffolds at multiple angles rel-
ative to the predominant fiber direction. This testing setup
revealed the combined effects of mineral stiffening and fiber orien-
tation on scaffold mechanics. The second experiment focused on
toughening by mineral by examining fracture energy when peeling
one mineralized nanofiber scaffold from a second mineralized
nanofiber scaffold. This testing setup specifically isolated the effect
of mineral cross bridges on scaffold toughness.

2.2. Off-axis mechanical testing

In earlier work, the effect of fiber alignment and mineral con-
centration on nanofiber scaffold mechanics was examined only in
the direction of fiber alignment (i.e., in the longitudinal direction)
[23,24,27]. To examine anisotropy and fiber–fiber interactions,
scaffolds must be tested at multiple angles off-axis from the direc-
tions of fiber alignment. For example, the mechanical effect of min-
eral bridges between adjacent nanofibers would be most apparent
when scaffolds are tested perpendicular to the direction of fiber
alignment.

2.2.1. Scaffold fabrication for off-axis experiments
Electrospinning was performed using the protocol described

previously, with several modifications [24]. PLGA (85:15 lactic:gly-
colic) 50–75 kDa (Sigma, St Louis, MO) was used, dissolved at 25%
m/v into 4:1 dichloromethane:N-dimethylformamide (Sigma, St.
Louis, MO). The solution was loaded into a 3 mL syringe with a
23.5 ga blunt-end needle and put in a syringe pump, set to release
fluid at a rate of 1 mL/hr. The source was set at 18 kV, with a tip-to-
collector distance of roughly 23 cm. The mandril rotated at an
angular velocity of 1,840 rpm and a linear velocity of roughly
5.8 m/s. Aligned nanofibers were deposited for 1 h. Scaffolds were
then mounted to carbon-tape-coated aluminum frames to main-
tain their size and shape prior to mechanical testing, and samples
were cut into two adjacent samples, with one destined to be min-
eralized. The mounted samples were then plasma treated for 8 min
to increase surface energy and hydrophillicity (Harrick Plasma
PDC-001) [28]. The frame chosen for mineralization was then min-
eralized by immersion in 10� SBF (10SBF), set to a pH of 6.6 using
sodium bicarbonate, as described in detail previously [25,24]. Due
to the high porosity of the scaffolds (�13 vol% polymer), no diffu-
sion limitations were expected for mineralization through the
thickness of the samples, but wettability required a lower mandril
speed to prevent high fiber density that prevented fluid flow.

2.2.2. Mechanical testing of off-axis samples
Test strips of 3 mm x 15 mm were cut at various angles from

the predominant fiber direction (0�, 15�, 30�, 45�, and 90�; Fig. 1),
as described by Nerurkar et al. [29], and tested in uniaxial tension
under displacement control at a constant strain rate of 0.5%/s.
Strain was calculated using a combination of optical and machine
outputs. A strain-tracking algorithm was used to determine strain



Fig. 1. Test strips (3 mm � 15 mm) were prepared at multiple angles for uniaxial
tensile testing (scale bar: 200 lm).
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on video captured during testing [30]. The dimensions of the sam-
ple were determined from calibrated points on the fixtures. Sam-
ples typically failed at the midpoint between the grips; however,
3/62 samples (2/35 in the mineralized group and 1/27 in the
unmineralized group) failed at a grip and were excluded from
the study. Rectangular-shaped samples were used because of the
aligned and fibrous nature of the material; dog-bone shaped sam-
ples, which are typically used for tensile tests of solid isotropic
materials, are not appropriate for scaffolds consisting of alignment
fibrous networks.
2.2.3. Analysis of off-axis mechanical testing
The thickness of the samples was measured using a laser

micrometer (Keyence, Nashville, TN) and the width of the samples
was measured via calibrated images of the samples and ImageJ
(NIH, Bethesda, MD). Load-deformation and stress–strain data
was used to determine structural (e.g., stiffness, ultimate load)
and material properties (e.g., modulus, strength), respectively.
2.3. Peel test

A more direct method to determine the toughening effect of
mineral on fiber–fiber connections is the peel test. Peel tests are
used to estimate the fracture energy of an attachment [31–34].
The resistance to peeling is dependent on the fracture energy of
the attachment, as a crack forms at the leading edge of the adher-
ents and propagates through the length of the attachment. Using
an idealized model developed by Kendall [32] of this testing setup,
the fracture energy can then be estimated. This configuration is
particularly relevant in the current study to determine the role of
mineral cross-bridges between nanofibers on scaffold toughness.
2.3.1. Scaffold fabrication for peel test experiments
A new fabrication method was necessary to create samples suit-

able for peel test experiments. Aligned nanofibers were electro-
spun in custom frames, placed perpendicular to each other, and
mineralized (Fig. 2). The system was designed using Google
SketchUp (Google, Inc. Mountain View, CA) and then fabricated
from aluminum sheets and bonded using epoxy (Parson Adhesives,
Rochester, MI). This idealized setup was expected to produce welds
of mineral at each point where individual perpendicular nanofibers
crossed.

Prior to mineralization, aligned PLGA nanofibers were electro-
spun across the gaps of the two frames (Fig. 2A). Samples were
then plasma treated for 4 min to increase surface energy and
hydrophillicity (Harrick Plasma PDC-001) [28]. Nanofibers were
further secured to the frames using tape to prevent grip failure
during peel tests. The width of the nanofiber mat in one frame
(Fig. 2, light gray frame) was reduced to roughly 1/3 the width of
the nanofiber mat in the second frame (Fig. 2, dark gray frame);
this ensured consistent stress across the peeling pieces during test-
ing. Next, the frames were firmly attached at a 90� angle and
placed in a container with the frames in a vertical configuration
(to prevent mineral precipitates from settling onto the mats). The
container was then filled with 10SBF and nanofibers were mineral-
ized for various amounts of time (5, 15, 30, 60 and 120 min). It was
previously shown that mineralization time correlates with mineral
content [23]. Mineral morphology was examined using scanning
electron microscopy (SEM) and energy dispersive X-ray (EDX).
2.3.2. Mechanical testing for peel tests
Prior to mechanical testing, a random texture was applied to the

samples for strain tracking using a diffuse spray of Alizarin Red S
(10 mg/ml in ddH2O) from an aerosol bottle. The frames were
mounted in the two grips as shown in Fig. 2 and peel tests were
performed by pulling the top piece from the bottom piece at an ini-
tial angle of 90� at a rate of 0.05 mm/s. During the test, video was
recorded from one perspective to determine strain in the scaffolds
(Illunis VMV-8M; 8MP, 2.67fps) and from a second perspective
(smartphone camera on LG D800; 2MP, 30fps) to determine the
angle between the two scaffolds.
2.3.3. Analysis of peel test results
Interpretation of peel tests required analysis of three different

data sets: (i) force–displacement from the material testing frame
data (ElectroPuls E1000, Instron), used to measure the force neces-
sary to separate adherents, (ii) high resolution, low speed video
(illunis VMV-8M; 8MP, 2.67fps), used to measure deformation in
the samples, and (iii) low resolution, high speed video (smartphone
camera on LG D800; 2MP, 30fps), used to measure the angle
between the adherents. The three data sets were synchronized
using an LED which turned on at the onset of the test. Data were
analyzed using custom scripts in MATLAB (Mathworks, Natick,
MA). Sample width was measured using ImageJ (NIH, Bethesda,
MD) from the neutral images taken prior to the start of the test
and calibrated based on known lengths of apparatus segments.
The force data was smoothed with an adaptive Savitz-Golay filter.

The Kendall [32] model was used to estimate the fracture
toughness Gc from peel test data (Fig. 2):

Gc ¼ F2

2w2d E
þ F
w
ð1� cosuÞ ð1Þ

where Gc is the work per unit crack length required to advance the
crack, F is the force applied during crack extension, d is the thick-
ness of the peeled portion of the scaffold, w is the depth of the
peeled scaffold (distance into the page in Fig. 2C), E is the elastic
modulus of the peeled scaffold, and u is the angle of peeling. The
first term on the right-hand side accounts for elasticity of the spec-
imen; as is appropriate for our thin specimens, flexural terms were
neglected [35]. The two videos were reviewed simultaneously with
the force data to identify when the following idealized criteria for
the Kendall [32] model were met: (i) constant peeling velocity,
(ii) constant peeling force, (iii) consistent geometry of the peeling
strip, and (iv) known angle between adherents. SEM was performed



Fig. 2. Fabrication and testing methods for peel test experiments. (A) Peel test samples (top view) were synthesized by first depositing aligned PLGA nanofibers onto two
identical frames. Note that the box outlined with a dashed line was detachable, and was removed for mechanical testing. (A0) After electrospinning, one frame was rotated 90�
and attached using three bolts (solid black circles). The two layered scaffolds, aligned perpendicular to each other, were then submerged in 10SBF for mineralization. (B) After
mounting, the top piece was cut on the left (non-peeling) side at its attachment to frame piece 1 (side view). The right side (piece 3) was then pulled vertically (gray arrow) to
create a peeling angle of � 90� . (C) A schematic depicting the variables in the Kendall peel test model is shown. Note that elastic energy stored in the lower layer was
neglected in the analyses due to its relatively shorter length. (D) Start, middle, and end of a test (direction of displacement is shown by white arrow). The nanofiber mats are
labeled 1 and 2, and the arrowhead indicates the crack front. Scale bar: 5 mm.
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on some samples to estimate fiber alignment and fiber–fiber bond
density (FEI NanoSEM, FEI, Hillsboro, OR).
2.4. Theory

Mathematical models were developed and applied to interpret
the experimental observations and test the hypotheses. Three sets
of models were needed: first, a multiscale model of how toughen-
ing by mobile mineral varies with time of mineralization; second,
multiscale models of how scaffold modulus varies with the direc-
tion of loading; and third, a phenomenological model of how
strength varies with the direction of loading. Details for these mod-
els can be found in Appendix A.
2.5. Statistics

To compare mechanical property outcomes, a two-way analysis
of variance (ANOVA) was performed for off-axis experiments and a
one-way ANOVA was performed for peel tests experiments, fol-
lowed by post hoc Tukey tests. Significance was set at p < 0:05.
3. Results

3.1. Mineral increased the elastic modulus and strength of scaffolds in
the direction transverse to the fibers

The effect of mineral on the mechanics of nanofibrous scaffolds
was evident from representative stress–strain curves from tensile
testing experiments (Fig. 3). These curves showed a small initial
non-linear toe region, followed by an elastic region though 0.025
strain and a long plastic deformation plateau region through up
to 1.0 strain prior to failure.

In both mineralized and unmineralized scaffolds, a significant
effect of testing angle on the strength (ultimate stress) and modu-
lus was evident (Fig. 4), with transverse values always lower than
longitudinal values. The modulus and strength of mineralized scaf-
folds were generally higher, with several notable exceptions. Both
the testing angle and the mineral content affected the strength
(ultimate stress) and modulus significantly, with transverse values
being lower than longitudinal values, mineralization leading to
higher modulus, and increasing angle leading to lower strength
and modulus (Fig. 4). For both the mineralized and unmineralized
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samples, scaffolds had the highest strength in the longitudinal
direction (0�), with strength dropping significantly by 15� and con-
tinuing to drop with increased angle. The addition of mineral led to
significantly increased strength only at angles above 30�, with the
maximum effect seen at 45�. Strength in the transverse direction
was increased �25% with the addition of mineral whereas it had
no effect on the strength in the longitudinal direction.

When examining scaffold factors on modulus, mineralization
led to increases at all angles, with the maximum effect at 45�
(�100% change). The modulus in the transverse direction was
nearly doubled with the addition mineral, but longitudinal modu-
lus was only modestly affected. Specifically, mineral stiffened scaf-
folds tested at 0�, 15�, 30�, 45�, and 90� by 46%, 49%, 91%, 218%, and
97%, respectively. In absolute terms, however, stiffening effects
were similar for all directions tested. Specifically, mineral stiffened
scaffolds tested at 0�, 15�, 30�, 45�, and 90� by 33 MPa, 35 MPa,
42 MPa, 46 MPa, and 23 MPa, respectively.

3.2. Low levels of mineralization increased scaffold toughness, but
these gains were lost at higher levels of mineralization

Peel test experiments (Fig. 2) demonstrated that mineral signif-
icantly increased adhesion energy for groups that were mineral-
ized for up to 30 min, with the trend reversing for 60 and
120 min of mineralization (Fig. 5). The peak toughness was signif-
icantly greater than those at other timepoints ðp < 0:005Þ. SEM
combined with EDX was used to examine the morphology and con-
tent for each group. Mineral was not observed in the 5 min group,
and this group had similar adhesion fracture energy to the 0 min
(i.e., unmineralized control) group. Mineralization time had a sig-
nificant effect on the adhesion fracture energy. Between-group sta-
tistical comparisons revealed that adhesion energy was
significantly higher with 30 min of mineralization than in all other
groups with the exception of 15 min. This indicates that adhesion
energy was similar between the highest and lowest mineralization
groups, but that 30 min led to increased adhesion.
4. Discussion

4.1. Mineral cross-linked adjacent nanofibers but did not adhere
significantly to individual nanofibers

Mechanical characterization of partially mineralized nanofiber
scaffolds demonstrated the hallmarks of mobile mineral that
cross-linked but did not otherwise adhere strongly to the nanofi-
bers. This was first evident from tensile loading tests of scaffolds
in the dominant fiber direction, in which the strength was
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unaffected by mineral (Fig. 4), indicating that the mineral had
ceased to interact mechanically with the scaffold at the point at
which failure occurred. However, the strength for tensile loading
of scaffolds at angles skew and perpendicular to the fiber directions
increased with increasing mineral content, indicating that the min-
eral enabled improved transfer of load laterally, consistent with an
effect of crosslinking. Fitting the Hashin [36] quadratic failure
model to the mineralized and unmineralized scaffold data showed
a transition in failure mode as a function of loading angle. Fiber
failure dominated at low loading angles, while matrix failure dom-
inated at loading angles greater than approximately 30� from the
fiber direction; this transition is evident from a kink in the strength
versus loading angle curves (Fig. 4).

Consistent with mineral sliding, the tensile strength for loading
parallel to the fibers was not affected by mineralization. For load-
ing directions in which fiber failure dominated, mineral likely
cracked away without contributing to ultimate strength, as seen
previously in single fiber mechanical testing [26]. As shear and
transverse loading began to dominate the failure at higher loading
angles, effects of crosslinking by mineral became evident, with
mineralization increasing fiber–fiber bonding. This was evidenced
by the best-fit values of the Hashin quadratic failure model: rc

11,
which corresponds to strength in the dominant direction of the
fibers, did not change from 1.7 MPa when the scaffolds were min-
eralized; rc

22, which corresponds to strength perpendicular to the
dominant direction of the fibers, rose due to cross-linking from
0.48 to 0.80 MPa; rc

12, which corresponds to shear, rose from
0.61 to 0.87 MPa.

Crosslinking was evident in the results of stiffness measure-
ments performed on both the unmineralized and mineralized scaf-
folds. Note that these moduli were estimated at a strain level far
below failure. In the unmineralized scaffolds, a laminate-like char-
acter was evident from a comparison of the direction-dependence
of the modulus to two models. The first was the model of a non-
cross-linked non-woven fiber assemblage. Fitting this model to
the data for the unmineralized specimens, taking the aspect ratio
of the specimens as L=w ¼ 10, provided a reasonable scaling
for the lower testing angles, but a less adequate fit for the
capture the response of the unmineralized specimens to loading
perpendicular to the dominant direction of the fibers. This
suggested that a small degree of cross-linking (or perhaps fiber
entanglement) was likely present.

Taking the best-fit dispersion value of b ¼ 0:94 found for the
unmineralized scaffold and applying it to fit the model for
uncross-linked fibers to the mechanics of the mineralized scaffold
led to a poor fit. Particularly notable was the poor fit for high load-
ing angles. The mineral accumulations caused the angle-dependent
moduli of the scaffold to drift further from that expected from a
mat of uncrosslinked fibers, indicating that mineral cross-linked
the fibers.

For both the mineralized and unmineralized scaffolds, a reason-
able fit to the angle-dependent moduli could be obtained the
orthotropic laminate model (Fig. 4). The ratio E90=E0, a metric of
the degree of cross-linking, increased from 0.30 to 0.48 with min-
eralization, indicating once again that mineral cross-linked the
fibers. The increase in E0 from 80 to 110 MPa with mineralization
was not associated with a strengthening of the scaffold, indicating
that the mineral was no longer functioning in the direction of the
fibers at the point of failure. Combined with the observations of
Kolluru et al. that mineralization does not stiffen individual fibers
[26], this suggested a role of crosslinking in increasing scaffold
modulus. Furthermore, the increase in E90 from 24 to 53 MPa
was associated with an increase in rc

22 from 0.48 to 0.80 MPa, indi-
cating that mineral contributed to the mechanics of the scaffolds
transverse to the fibers up to the point of failure.

The current studies support the hypothesis that mineral stiffen-
ing of nanofiber scaffolds occurs via increased connections
between fibers. In a previous publication, unmineralized aligned
nanofiber scaffolds were tested at various angles, demonstrating
similar outcomes to those of the mineralized scaffolds in the cur-
rent study [29]. Here, we also showed that mineralization stiffened
the scaffolds at all test directions, and most strongly at 45� to the
fiber direction. At this testing angle, nanofibers were neither
aligned with the direction of load (which would provide the high-
est resistance) nor perpendicular to the direction of load (which
would provide the least resistance). The observed effect of mineral
at this testing angle suggests that it provides resistance to fiber
realignment under loading.
4.2. Mobile mineral toughened scaffolds up to a percolation threshold

Peel tests of layered, mineralized, nanofiber scaffolds showed
that even a relatively low level of mineral significantly increased
bonding between nanofibers. Furthermore, the effect was dose-
dependent, with increased mineralization leading to higher frac-
ture energy, although the trend reversed at the highest mineral
concentrations. The strong effect of mineral on adhesive strength
between fibers also supported the hypothesis that mineral bridges
and bonds neighboring fibers.

Mineral and PLGA are mechanically dissimilar: the mineral is
stiff and brittle, and the PLGA is compliant and ductile. In the scaf-
folds considered here, the polymer fraction was kept constant and
mineral was added. Liu et al. demonstrated that when modified
10SBF was used to mineralize PLGA nanofiber scaffolds, the modu-
lus rose as the toughness fell [27]. However, in our experiments,
the addition of small amounts of brittle mineral toughened the scaf-
folds, while at the highest concentrations of mineral, the peeling
fracture energy was reduced to that of the unmineralized case.

These seemingly contradictory results supported our hypothe-
sis that mineral formed a loosely adherent layer on these scaffolds
and contributed to scaffold mechanics exclusively by crosslinking
scaffold fibers with sliding connections. The two bounding cases
modeled produced nearly indistinguishable predictions when fit
to our data, and predicted the data reasonably (Fig. 5). The point
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of percolation was overpredicted by a few percent in our model,
perhaps indicating a role of shape, orientation, or heterogeneity
of the mineral accumulations, or perhaps indicating a relatively
minor role for lock-up of mineral sliding occurring at crosslinks
between fibers that existed prior to mineralization. The scissoring
of these scaffolds into the direction of loading can lead to substan-
tial Poisson contraction [37]. The contribution of Ga to the fracture
toughness of adhesion between fibers was similar for both low and
high degrees of mineralization. Sources of this baseline toughness
include adhesion and entanglement of the nanofibers. This implies
that mineral fracture did not contribute significantly to the overall
fracture toughness of the scaffolds, and suggests that mineraliza-
tion has little effect on the adhesion between fibers.

Both models of mineral sliding (growth-dominated and
nucleation-dominated) produced trends that matched the input
data (Fig. 5). The inputs to the model were Ga and Gmax

s along with
best-fit time constants predicting that the peak fracture energy
was reached at 27 min of mineralization. The remainder of the
trends were predictive of the data, including the shape of the rise
and fall in fracture energy with mineralization time and the ratio
of the time of peak sliding contribution to the time of percolation
at which this contribution disappeared.

4.3. Further tailoring of toughening by a brittle mineral matrix is
possible

The material system we studied here falls into a larger category
of brittle matrix fibrous composite materials that can be toughened
by frictional sliding between fibers and matrix. Such materials
include ceramic matrix laminates developed for high temperature
applications with strong fibers that maintain integrity as a brittle
matrix cracks away [38,39]. Here, the interface between fibers
and matrix is designed to attract and arrest growing cracks
[40,41], and the composite eventually fails as the fibers fracture
and slide against the matrix [42,43]. Although, unlike the material
we studied here, cracking of the ceramic matrix of an engineering
composite absorbs substantial energy, some insight can be gained
from the fact that both materials absorb substantial energy as
fibers slide against and pull out from the matrix [44]. From a
macrostructural perspective, these processes transform the system
of brittle matrix and brittle fibers into a ductile composite [45–48].
From the microstructural perspective, the tunable details of the
fiber–matrix interactions are key determinants of toughness [45].

The interactions between collagen andmineral are now believed
to be central to the toughness of bone. The hypothesis that mobile
mineral absorbs energy in bone and developing bone was advanced
numerically by the Buehler group [19,49–51]. These first-principle
and coarse-grained simulations show that interactions between
mineral and collagen dominate this toughening phenomenon. In
the current study, our system was relatively simple, with friction
between PLGA andmineral governing interactions. Based on tensile
tests, mineralization of nanofiber scaffolds caused an approxi-
mately 2-fold increase in strength and no consistent change in
toughness. Based on peel tests, optimal levels of mineralization
led to an approximately 5-fold increase in toughness. The Buehler
group’s modeling study also showed a 2-fold increase in strength
and a 5-fold increase in toughness, generally consistent with our
experimental results. Nevertheless, the two studies differ in
approach (model vs. experiment) and the nature of the fibers (colla-
gen with intrafibrillar mineral vs. PLGA with extrafibrillar mineral).
Despite these differences, the key questions are: what degree of
tailoring of these interactions is possible, and how can our results
be translated to bone and partially mineralized natural tissues?

In bone, the Thurner group has put forth a hypothesis that NCPs,
especially osteopontin and osteocalcin, mediate the interactions
between collagen and mineral [21]. These interactions are
mediated by charge condensation and shared ionic bonds that
are controlled by divalent cations interacting with the long disor-
dered chains of the NCPs [52,53]. Support for this hypothesis
comes from the dominant presence of NCPs on bone fracture sur-
faces [54] and from the close relationship between osteopontin
efficiency and osteoporotic pathology [55,56]. From this perspec-
tive, the reconstitution of this class of toughening is particularly
compelling for a number of reasons. First, dissipation coming from
interrupting these ionic bonds during sliding is, unlike our current
model system, recoverable: after stressing is released, the bonds
can reform and pull mineral back to a state in which sliding-
based dissipation can again occur. Second, the nature of NCPs
enables the possibility of tuning sliding stresses. Finally, when
combined with the nanoscale size and irregular spatial distribution
of mineral around collagen in partially mineralized tissues [20,22],
it enables a relatively large amount of toughening per unit mineral
volume.

The model system studied here does not enable the easy bind-
ing of NCPs, but should be tunable to a degree. In a previous study,
chitosan and heparin were attached to PLGA nanofibers to explore
improved mechanical connection between the mineral crystals and
the nanofibers, and the stiffening effect of the mineral was more
potent [24]. Surface treatments like these could be a useful method
to improve mineral bridge adhesion strength. Additionally, the
morphology of the mineral can change the mineral-polymer bond
area and also the apparent modulus of the mineral. Previous work
demonstrated that mineral morphology can be changed dramati-
cally with small changes in mineralizing fluid composition, and
that mineral coatings with smaller particles had a more potent
stiffening effect on the scaffolds [24].

Although the current results supported the initial hypothesis,
current approaches for stiffening PLGA nanofiber scaffolds produce
materials that are at least an order-of-magnitude weaker than
bone and bony interface applications. Thus, improvements must
be made to this material system for it to approximate the proper-
ties of natural mineralized tissues. The results of the current exper-
iments provide insight into the stiffening effects of mineral on
nanofiber scaffolds, and methods to test these effects.
5. Conclusions

This work provides support for the hypothesis that mobile min-
eral deposits can toughen fibrous scaffolds at concentrations of
mineral that enable energy absorption through mineral sliding.
The system we developed enabled mobile mineral to be added to
a scaffold without strengthening the scaffold. Although this min-
eral is known to reduce the toughness of individual PLGA fibers,
the mineral toughened a fibrous PLGA scaffold for intermediate
but not long mineralization times. These results are consistent
with a multiscale model combining nucleation kinetics with the
energetics of fracture. The loss in toughening occurred due to a loss
in mineral mobility that occurred as the mineral depositions
approached rigid percolation. Results show significant toughening
of fibrous materials by mobile mineral deposits, and point to
opportunities to optimize toughening of fibrous scaffolds for engi-
neering and surgical use by tailoring mineral/nanofiber interac-
tions. Mineralized scaffolds like the ones presented in this work
have potential applications in clinical practice, particularly for
bone and tendon-to-bone applications.
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Appendix A. Appendix – Theory

A.1. Multiscale model of the effect of mineralization time on scaffold
toughening

The first model relates the time that a scaffold was immersed in
the mineralizing solution to the toughness of the scaffold. The
model consists of two parts. The first relates the amount of mobile
mineral to the degree of sliding and hence energy absorption by
the mineral particle. The particle itself is treated as brittle and of
appreciable strength but negligible fracture toughness. The second
relates the time of mineralization to the volume fraction and spa-
tial disposition of mineral.

A.1.1. Toughening by mineral sliding
The energy release rate Gc is the sum of that associated with

adhesion, Ga, and that associated with sliding, Gs:

Gc ¼ Ga þ Gs ð2Þ
As described in the results section, our data indicated a baseline

value of Ga � 0:3 J=m2 for the case of no mineralization, and an
addition due to sliding 0 6 Gmax

s � 1:4 J=m2 that depended on the
duration of mineralization (Fig. 5). Because the data showed that
toughening was highest for intermediate durations of mineraliza-
tion, we developed a model to quantify how sliding of mineral
would vary with the duration of mineralization, and to quantify
the associated energetics of toughening.

Measured force–displacement curves indicated that the crack
advanced in increments a �1–2 mm, and the videos indicated a
predominantly mode I crack (Fig. 2B). The increment of work dU
associated with the sliding of mineral as such a crack advances a
distance da is:

dU ¼
XN
i¼1

DiD ¼ DmDðqw daÞ ð3Þ

where N is the number of sliding mineral connections in a region of
length a and width w;q is the areal number density of such sliding
elements, D is the average drag force during sliding, and Di is the
sliding distance of element i during the process of fracture, with
mean Dm. The energy release rate Gs is:

Gs ¼ 1
w

@U
@a

¼ qD a
@Dm

@a
þ Dm

� �
ð4Þ

The sliding distance decreases with the number and size (mean
area in the plane of the scaffold, Am) of the sliding elements down
to the point of rigid percolation:

Dm ¼ 1� q
/Am

� �
a; 0 6 q

/Am 6 1

0; q
/Am P 1

8<
: ð5Þ

where / � 0:65 is the area fraction associated with percolation, so
that:

@Dm

@a
¼ 1� q

/Am

� �
� a

/
@
@a qAmð Þ; 0 6 q

/Am 6 1

0; q
/Am P 1

8<
: ð6Þ
A.1.2. The effect of mineralization time on toughening
The effect of mineralization time on toughening enters the

model through the rate and disposition of mineral. The two
extreme cases were considered for estimation of @ qAmð Þ=@a:
nucleation- and the growth-dominated cases.
Nucleation-dominated model. In the first extreme, the process
of mineral nucleation is the rate limiting phenomenon, and min-
eral accumulations reach a stable area Am immediately upon nucle-
ation. Assuming first-order reaction kinetics with rate constant kN ,
the density of nuclei scales as [57]:

q ¼ 1
Am

ð1� expð�kNtÞÞ ð7Þ

and the second term in Eq. (6) vanishes. In this case, for
0 6 q

/Am 6 1,

@Dm

@a
¼ 1� 1

/
ð1� expð�kNtÞÞ ð8Þ

Thus, for the nucleation-dominated case, over the time interval
0 6 t 6 �ð1=kNÞlnð1� /Þ,

GN
s ¼ Gmax

s
4
/

1� expð�kNtÞ � 1
/
ð1� expð�kNtÞÞ2

� �
ð9Þ

where Gmax
s ¼ /Da=2Am, and 0 for all other t. The maximum occurs

at time t ¼ ð�1=kNÞlnð1� ð/=2ÞÞ.
Growth-dominated model. In the other extreme, nucleation is

a rare event and the radii of nuclei increase following first-order
reaction kinetics [57]:

Rmean ¼ Rmax 1� expð�kGtÞð Þ ð10Þ
or

Am ¼ 1
q

1� expð�kGtÞð Þ2 ð11Þ

where 1=q is the limit for Am as the entire area becomes mineral-
ized. In this case as well, the second term in Eq. (6) vanishes. Thus,
for 0 6 q

/Am 6 1,

@Dm

@a
¼ 1� 1

/
ð1� expð�kGtÞÞ2 ð12Þ

The drag force scales with the diameter of the mineral deposits,
so that:

D ¼ Dmax 1� expð�kGtÞð Þ ð13Þ
Thus, in the growth-dominated case, over the time interval

0 6 t 6 �ð1=kGÞlnð1� /Þ,

GG
s ¼ Gmax

s
3

ffiffiffiffiffiffi
3/

p
2/

 !
1� expð�kGtÞ � 1

/
ð1� expð�kGtÞÞ3

� �
ð14Þ

where Gmax
s ¼ ð4

ffiffiffiffiffiffi
3/

p
ÞqaDmax=9, and 0 for all other t. The maximum

occurs at t ¼ ð�1=kGÞ lnð1� ffiffiffiffiffiffiffiffiffi
/=3

p Þ.

A.2. Multiscale models of how scaffold modulus varies with direction of
loading

Multiscale models of scaffold modulus were developed to help
determine the degree to which mineral adhered to or crosslinked
the nanofibers. Two models were considered: first, a non-
crosslinked, non-woven fiber assemblage model; and second, a
standard orthotropic laminate model.

Non-crosslinked, non-woven fiber assemblage model. A
broad range of models exists for the modulus of an assemblage
of non-crosslinked, non-woven fibers [58–62]. We applied such
models to predict the direction-dependent response of a scaffold
clamped and stretched at an angle h0 to the dominant direction.
The simplest involves non-interacting fibers:

Eðh0Þ ¼ C
Z þhlim

�hlim

pðhjh0; bÞcos3hdh ð15Þ
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where C is a constant to be fitted and pðhÞdh is the probability of
finding a fiber oriented between h to hþ dh, assigned according to
a von Mises distribution [63]:

pðhjh0; bÞ ¼ eb cosð2ðh�h0ÞÞ

pI0ðbÞ ð16Þ

in which 1=b is a measure of the dispersion of the fiber distribution.
The fibers that contribute to the resistance to stretching lie within
�hlim 6 h 6 þhlim. For the comparison model of interest, only fibers
directly clamped by the grips contribute to the modulus, so that
hlim ¼ tan�1ðw=LÞ, where L is the gauge length of the specimen.
The constant C could be written in terms of the mechanics of the
individual fibers, if known, as:

C ¼ fEfiber
Afiber

wd
ð17Þ

where f ; Efiber , and Afiber are the volume fraction, elastic modulus, and
cross-sectional area of individual fibers, respectively, and w and d
are the width and thickness of the specimen, respectively.

Orthotropic laminate model. For an orthotropic laminate con-
sisting of fibers that deform in registry with an elastic matrix (or,
equivalently, a population of fibers undergoing affine deforma-
tion), the angle-dependent moduli can be obtained by rotating
the stiffness tensor for an orthotropic, linear elastic laminate by
the loading angle, h (Fig. 4) [64]:

1
EðhÞ ¼

1
E0

cos4ðhÞ þ 1
E90

sin4ðhÞ þ S sin2ðhÞ cos2ðhÞ ð18Þ

where E0 and E90 are the laminate moduli parallel and perpendicu-
lar to the dominant fiber direction, and S is a material constant that
relates to shear distortion and Poisson contraction. The ratio E90=E0,
is a metric of the relative degree of cross-linking in the scaffolds
studied.

A.3. Phenomenological model of how strength varies with the direction
of loading

To further assess crosslinking and adhesion of nanofibers, we
studied the directional variation of strength in the context of an
elementary phenomenological model of symmetric, fibrous, ortho-
tropic laminae. The failure of such laminae is typically character-
ized by distinct failure loads for uniaxial stressing parallel to the
dominant direction of the fibers (rc

11), uniaxial stressing perpendic-
ular to the dominant direction of the fibers (rc

22), and shearing in
axes aligned with the fibers (rc

12). A number of schemes exist for
predicting failure in response to a general multiaxial loading based
upon these quantities. Amongst the simplest of these is the Hashin
[36] quadratic failure model, which predicts that an orthotropic,
fibrous lamina loaded in tension fails if either of the following
are satisfied:

r11

rc
11

� �2

þ r12

rc
12

� �2

¼1 ð19Þ

r22

rc
22

� �2

þ r12

rc
12

� �2

¼1 ð20Þ

where rij are the planar components of the nominal stress tensor
applied to the specimen, and the x1 and x2 directions are oriented
parallel and perpendicular to the dominant fiber directions,
respectively.
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