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Abstract Electrospun scaffolds hold promise for the regen-
eration of dense connective tissues, given their nanoscale
topographies, provision of directional cues for infiltrating
cells and versatile composition. Synthetic slow-degrading
scaffolds provide long-term mechanical support and nano-
scale instructional cues; however, these scaffolds suffer
from a poor infiltration rate. Alternatively, nanofibrous con-
structs formed from natural biomimetic materials (such as
collagen) rapidly infiltrate but provide little mechanical
support. To take advantage of the positive features of these
constructs, we have developed a composite scaffold consisting

in both a biomimetic fiber fraction (i.e., Type I collagen nano-
fibers) together with a traditional synthetic (i.e., poly-[ε-
caprolactone], PCL) fiber fraction. We hypothesize that inclu-
sion of biomimetic elements will improve initial cell adhesion
and eventual scaffold infiltration, whereas the synthetic ele-
ments will provide controlled and long-term mechanical sup-
port. We have developed a method of forming and
crosslinking collagen nanofibers by using the natural cross-
linking agent genipin (GP). Further, we have formed compo-
sites from collagen and PCL and evaluated the long-term
performance of these scaffolds when seeded with mesenchy-
mal stem cells. Our results demonstrate that GP crosslinking is
cytocompatible and generates stable nanofibrous type I colla-
gen constructs. Composites with varying fractions of the bio-
mimetic and synthetic fiber families are formed and retain their
collagen fiber fractions during in vitro culture. However, at the
maximum collagen fiber fractions (20%), cell ingress is limit-
ed compared with pure PCL scaffolds. These results provide a
new foundation for the development and optimization of
biomimetic/synthetic nanofibrous composites for in vivo tissue
engineering.
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Introduction

Collagen is the principal constituent of the extracellular
matrix (ECM) of most dense connective tissues and, as
such, defines the microenvironmental milieu in which cells
reside. In fiber-reinforced musculoskeletal tissues, collagen
fibers are highly organized and generate the direction-
dependent mechanical properties critical to the function of
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these structures (Mauck et al. 2009). Given its primary role
in native tissues, collagen is particularly attractive as a
biomaterial for tissue engineering applications in which
scaffolds are coupled with cells to repair or regenerate
damaged tissues (Yannas et al. 2010). One method for
producing collagen-based scaffolds is through electrospin-
ning (Barnes et al. 2007a; Matthews et al. 2002; Shields et
al. 2004; Zhong et al. 2006; Venugopal et al. 2005; Li et al.
2005a; Buttafoco et al. 2006; Rho et al. 2006; Sefcik et al.
2008). This technique yields nanoscale to micronscale fibers
similar in diameter to those of the native ECM (Barnes et al.
2007a; Li et al. 2005b; Baker et al. 2009a; Pham et al.
2006a). For the engineering of orthopaedic tissues, methods
have been devised to electrospin fibers into aligned arrays
that can recapitulate the anisotropy of fiber-reinforced tis-
sues (Li et al. 2007; Nerurkar et al. 2007; Courtney et al.
2006; Ayres et al. 2006). We have shown that nanofibrous
scaffolds containing a single slow-degrading synthetic fiber
population can promote the formation of organized and
mechanically robust tissue-engineered constructs with appli-
cation to the knee meniscus (Baker et al. 2009b) and the
annulus fibrosus of the intervertebral disc (Nerurkar et al.
2009). Although a number of polymers have been electrospun
in this aligned format, collagen-based scaffolds are especially
promising as they provide a biomimetic interface for cell
attachment (Matthews et al. 2002; Teo and Ramakrishna
2006). Indeed, early reports from Telemeco and coworkers
(2005), using randomly organized nanofibrous constructs,
demonstrate that collagen-based (but not synthetic) scaffolds
can be infiltrated completely when placed in vivo.

Whereas electrospun collagen scaffolds are of great in-
terest to the tissue engineering community, one major draw-
back is their inherent instability in aqueous environments.
To address this, various crosslinking agents including
glutaraldehyde (GA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride and N-hydroxysuccinimide
chemistries have been used to stabilize the fibers (Shields
et al. 2004; Zhong et al. 2006; Barnes et al. 2007b). How-
ever, these chemicals often prove cytotoxic or excessively
laborious in application and do not necessarily preserve the
nanoscale topography of the fibers (Shields et al. 2004).
Moreover, even with crosslinking, the mechanical properties
of collagen-based nanofibrous scaffolds decrease dramatically
with rehydration (Barnes et al. 2007b). Thus, pure collagen
nanofibrous scaffolds cannot function in a context in which
load-bearing is necessary immediately upon implantation.

In this study, we have assessed genipin (GP) as an alterna-
tive crosslinker for preserving the structure and mechanical
characteristics of type I collagen nanofibrous scaffolds. GP, a
natural extract from the Gardenia flower, has been employed
in crosslinking porcine pericardium and gelatin microspheres
and is considered to be less cytotoxic than most other agents
(Sung et al. 2000,2001; Liang et al. 2003). In this work, we

have compared the crosslinking of collagen nanofibers
by GP with that by glutaraldehyde (GA) vapor, the
standard method in the literature. Previous comparisons
between these agents using gelatin microspheres have
demonstrated that GA treatment results in less stability
than GP treatment. We hypothesize that GP will pre-
serve the biomimetic properties of collagen nanofibers,
demonstrating improved cell adhesion over synthetic
poly-(ε-caprolactone) (PCL) nanofibers. Additionally,
we postulate that GP will stabilize collagen nanofibers
in aqueous solution and maintain scaffold mechanical
properties at levels comparable with those of other
crosslinking methods.

Because of the decrease in mechanical properties that
occurs with hydration of collagen (and other biologic/
protein-based) nanofibrous scaffolds, a number of meth-
odologies have been developed to take advantage of the
beneficial aspects of collagen, while improving overall
scaffold mechanics. Most popular is the inclusion of
collagen (or another biologic moiety) in the same spin-
ning solution as a synthetic polymer (Stankus et al.
2008, Ekaputra et al. 2008, 2011). For this, solvents
must be used that are compatible with both the biologic
molecule in question and with the synthetic carrier
polymer. For example, Stitzel and co-workers have spun
collagen, elastin and poly-(lactide-co-glycolide) from the
same solution and shown that individual fibers contain-
ing natural and synthetic elements are more cell-
adhesive than pure synthetic fibers and that scaffolds
formed in this way retain their mechanical properties
upon hydration (Stitzel et al. 2006; Lee et al. 2007).
Similar approaches have been taken with a number of
other biologic materials that show the same aqueous
instability in nanofibrous format as collagen (Sell et al.
2006). In addition to co-spinning the biologic and synthetic
elements together into one fiber, others have coupled the
biologic moiety to the previously formed synthetic fiber (Ma
et al. 2005; Casper et al. 2005, 2007). For example, gelatin
fragments have been grafted onto PCL fibers, showing en-
hanced biologic activity of the modified scaffold (Ma et al.
2005). Several potential drawbacks exist to these methods,
however. In the case of co-spinning mixed solutions of colla-
gen (or other biologic molecules) and synthetics, the distribu-
tion of components in the resulting fibers is difficult to assess
and control. The amount of the biomolecule that will be
present at the surface of synthetic fibers, or whether natural
cell-mediated degradation mechanisms can act upon those
molecules trapped within the fibers, is unclear. In the case of
surface-coupled molecules, the synthetic backbone will per-
sist, even after cellular interaction and/or degradation of this
surface-bound molecule. This is particularly important given
the slow infiltration observed in purely synthetic nanofiber
networks (Baker et al. 2009b; Telemeco et al. 2005; Pham et
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al. 2006b). If cells cannot degrade the fibers, then cell attach-
ment but not cell infiltration, will be improved.

To address this issue, we have developed a system for
making composites with multiple (but distinct) fiber fami-
lies by using a multi-jet electrospinning approach (Baker et
al. 2009c). Multi-jet spinning has previously been described
for combining a variety of synthetic fibers, in which each
fiber fraction imparts different mechanical attributes to the
composite structure (Ding et al. 2004; Kidoaki et al. 2005;
Stella et al. 2008; Baker et al. 2008; Ionescu et al. 2010;
Ladd et al. 2011). For instance, in a recent report, we have
shown that the inclusion of increasing amounts of “sacrifi-
cial” poly-(ethylene oxide) (PEO) nanofibers can expedite
cellular colonization by increasing the scaffold porosity
from the outset (Baker et al. 2008). One limitation of our
study was the immediate dissolution of the sacrificial fiber
fraction in which pores were created immediately through-
out the scaffold, far in advance of cell migration. In an
alternative approach, Ekaputra and colleagues have devel-
oped a combined electrospinning/electrospraying technique
wherein PCL fibers including collagen are spun at the same
time that biologic hyaluronic-acid-based materials are elec-
trosprayed; these composites with biologic inclusions are
more rapidly infiltrated than fiber-alone scaffolds (Ekaputra
et al. 2008, 2011). In the current study, we hypothesized that
the judicious combinations of type I collagen and PCL
nanofibers into a composite scaffold will enhance cellularity
and infiltration, with the PCL fraction maintaining the me-
chanical properties of the scaffold over long culture dura-
tions. We also hypothesized that collagen fiber fractions
will enhance the bioactivity of scaffolds and yet be
subject to remodeling and breakdown via cell-mediated
processes as they infiltrate the scaffold. To examine this
phenomenon, two distinct fiber populations (PCL and
collagen) have been electrospun into the same scaffold,
at two different levels of biomimetic inclusion: low (10%
collagen) and high (20% collagen) levels. The mechani-
cal properties, biochemical content and mesenchymal
stem cell (MSC) infiltration of the constructs have been
evaluated with time in culture in a chemically defined in
vitro culture environment.

Materials and methods

Electrospinning of collagen nanofibers

Type I collagen nanofibers were formed based on a protocol
modified from Bowlin and colleagues (Matthews et al.
2002). Collagen type I from calf skin (Sigma, St. Louis,
Mo., USA) was dissolved in 1,1,1,3,3,3-hexafluoro-2-prop-
anol (HFIP) at a concentration of 80 mg/ml. After centrifu-
gation at 1000g for 20 min, a homogenous collagen solution

was obtained. This solution was expressed through a
20-gauge blunt-ended needle (spinneret) along a 15-kV
electric field over a 12.5-cm air gap. For initial character-
ization and cell interaction studies, thin layers of collagen
fibers were collected onto glass microscope slides. For
mechanical testing, thicker mats were collected on either a
grounded plate or a mandrel rotating at ~10 m/s to obtain
non-aligned or aligned scaffolds, respectively (Li et al.
2007; Baker and Mauck 2007). For comparison, PCL
(Sigma-Aldrich, St. Louis, Mo., USA) was prepared in a
tetrahydrofuran/dimethylformamide solution as previously
described (Li et al. 2007; Baker and Mauck 2007) and
expressed through an 18-G blunt-ended spinneret charged
to 13 kVover a 20-cm air gap. All fibers and scaffolds were
exposed to germicidal UV light in a biosafety cabinet for 1 h
prior to use in cell seeding studies.

Crosslinking of collagen nanofibers

Because collagen nanofibers are inherently unstable in an
aqueous environment, crosslinking methodologies were
used to stabilize nanofibrous films and scaffolds. Collagen
nanofiber films and scaffolds were crosslinked with either
GP or GA. For GP crosslinking, fibers on slides or whole
fiber mats were submerged in 0.4 M GP dissolved in 100%
ethanol for 48 h at 37°C (Sung et al. 2000, 2001; Liang et al.
2003). GA crosslinking was achieved by incubation of
samples in a vapor chamber containing a 1:1 solution of
GA:H2O for 24 h at 25°C (Zhong et al. 2006). After GA
fixation, scaffolds were washed with 100% ethanol and
submerged in 0.1 M glycine to quench residual aldehydes.
To visualize scaffolds and films before and after crosslink-
ing, samples were lyophilized, sputter-coated with Au/Pd
and viewed by scanning electron microscopy (SEM). Colla-
gen fibers pre- and post-crosslinking were examined in a dry
state.

Cell culture and assessment of morphology

After the crosslinking step, thin layers of collagen nanofibers
on glass slides were rinsed once in 100% ethanol and three
times in phosphate-buffered saline (PBS) prior to cell seeding.
Slides were seeded with ovine mesenchymal stem cells
(MSCs) that were expanded through passage 2 (Huang et al.
2009). In duplicate fashion, 1 ml of media containing 5×104

cells were pipetted onto each slide, followed by incubation
under 5% CO2 at 37°C for 4, 8, 12, or 24 h to allow cell
adhesion. At each time point, cells were fixed in 4% parafor-
maldehyde and stained with phalloidin/Alexa Fluor 488 and
4,6-diamidino-2-phenylindole (DAPI) to visualize the actin
cytoskeleton and nucleus, respectively (Nathan et al. 2009).
Images were acquired at 20× magnification by using a Nikon
T30 inverted fluorescent microscope.
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Mechanical evaluation of nanofibrous collagen scaffolds

Uniaxial tensile testing was performed on dry as-spun samples
(~15×3.5 mm) cut either parallel (fiber) or perpendicular
(trans) to the prevailing fiber direction (Li et al. 2007; Baker
andMauck 2007). Additional crosslinked samples were tested
after submersion in PBS. Thickness was determined by using
an LVDT system and width was measured with digital cali-
pers. Samples were extended to failure at a constant strain rate
of 0.1%/s. The tensile modulus was calculated from the linear
region of the stress-strain curve.

Composite scaffold formation and analysis

Composite scaffolds were formed from individual fibers of
collagen and PCL. PCL and type I collagen spinning sol-
utions were prepared as described above. A sheet of
~0.5 mm in thickness containing distinct PCL and collagen
fibers was electrospun via three separate spinnerets (one
containing PCL solution, two containing collagen solution),
focused on a common rotating mandrel to instill fiber-
alignment by using a custom-made device (Baker et al.
2009c). Control scaffolds containing PCL alone were elec-
trospun by using a single jet. Test samples from the com-
posite scaffold were submerged in 90% ethanol followed by
distilled H2O to remove collagen from the composite. After
desiccation and weighing, the percentage of the collagen in
the original mat was determined by fractional mass loss.
Scaffolds (5×30 mm, long axis in fiber direction) of 10%
(Low) and 20% (High) collagen by mass were prepared for
cell seeding. Pure PCL scaffolds were likewise prepared as
controls. All scaffolds were crosslinked in 0.8 M GP in
100% ethanol for 5 days at 37°C and stored in 100% ethanol
until seeding. Acellular strips were cross-sectioned and
stained with Picrosirius Red (PSR) before and after cross-
linking and hydration to verify the retention of collagen with
GP treatment.

Long-term in vitro culture of PCL-collagen composite
scaffolds

For long-term cell seeding studies, scaffolds (PCL, GP-
stabilized “Low” collagen content and GP-stabilized “High”
collagen content) were hydrated and sterilized through a
graded series of ethanol/double-distilled H2O, terminating in
100% PBS. Bovine MSCs were seeded at a density of 1
million cells per scaffold and cultured for 9 weeks in a chem-
ically defined medium (high glucose DMEM with 1× antibi-
otics/antimycotics, 0.1μMdexamethasone, 50μg/ml ascorbate
2-phosphate, 40 μg/ml L-proline, 100 μg/ml sodium pyruvate,
6.25 μg/ml insulin, 6.25 μg/ml transferrin, 6.25 ng/ml selenous
acid, 1.25 mg/ml bovine serum albumin and 5.35 μg/ml lino-
leic acid; Baker et al. 2009b) containing 10 ng/ml transforming

growth factor-β3 (R&D Systems, Minneapolis, Minn., USA).
On days 21, 42 and 63, constructs were mechanically tested
under tension as above. After mechanical testing, all samples
were papain-digested (Mauck et al. 2006) and the content of
DNA, sulfated glycosaminoglycan (s-GAG) and collagen was
determined by using the Picogreen double-stranded DNA
(dsDNA) kit (Molecular Probes, Eugene, Ore., USA), DMMB
dye-binding (Farndale et al. 1986) and hydroxyproline assay
(Stegemann and Stalder 1967), respectively. Cross sections of
the constructs were stained with PSR and DAPI to visualize
collagen content and location of cell nuclei, respectively.
Nuclear position with respect to the boundary was quantified
from DAPI-stained cross sections for each sample. Briefly, a
custom MATLAB script (Baker et al. 2008) was used to
identify the position of each nucleus in the image with respect
to the scaffold boundary. Position was binned into one of four
equal regions, with 0% indicating a cell at the scaffold edge and
100% indicating a cell that had infiltrated to the center of the
scaffold (see below). Data are presented as means ± SD of five
to six samples per group per time point. Statistical significance
was determined by analysis of variance with Bonferroni post-
hoc tests.

Results

Formation and crosslinking of type I collagen nanofibrous
scaffolds

Using established protocols, type I collagen nanofibers were
successfully electrospun into non-aligned and aligned
meshes (Fig. 1a, b). Samples that were not crosslinked
dissolved upon submersion in PBS, whereas GP- and GA-
crosslinked scaffolds endured extensive washing. Inspection
of fiber morphology by SEM showed that, whereas GA-
treated fibers swelled and fused to give a slab-like appear-
ance, GP crosslinking preserved the integrity of the collagen
nanofibers (Fig. 1c–e). MSCs seeded onto collagen nano-
fibers (both GA- and GP-crosslinked) showed rapid adhe-
sion and elongation of cell processes along individual fibers,
even at the earliest time point of 4 h (not shown). Conversely,
MSCs seeded on PCL showed poor attachment and little
tracking along fibers at 4 h. By 24 h, MSCs on PCL scaffolds
had adhered with small processes being evident, whereas
MSCs on both GA- and GP-crosslinked scaffolds were well-
spread at this time point (Fig. 2). Tensile testing of aligned
collagen scaffolds revealed the effect of fiber organization on
mechanical anisotropy: samples extended in the fiber direction
had moduli approximately eight times higher (~80 MPa) than
those extended in the transverse direction (Fig. 3a, P<0.005).
However, after crosslinking and hydration, markedly lower
moduli were observed in both GA- and GP-treated scaffolds
(lowering the modulus in the fiber direction to ~0.5-1 MPa),
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with no difference being found between these two groups
(Fig. 3b, P>0.14).

Formation and analysis of PCL-collagen composites

To address the poor mechanics of crosslinked hydrated
nanofibrous scaffolds formed from pure collagen, compo-
sites were formed with fiber families including both a stiff
slow-degrading PCL fiber fraction and a biomimetic type I
collagen fiber fraction. For this, two jets containing collagen
solution and one jet containing PCL were spun and collected
simultaneously on a common rotating mandrel. Contrary to
expectations based on delivery volumes, in which nearly 2/3
of the scaffold should have been composed of collagen, the
highest mass loss noted upon submersion in ethanol or water
was the order of 20%. This finding was probably attribut-
able to PCL collecting in a much more focused manner than
the disperse collection of collagen fibers. To visualize the
presence of collagen before and after crosslinking, acellular
composite scaffolds with a range of collagen fiber fractions

(either Low [10%] or High [20%] collagen) were stained with
PSR. Whereas little background staining was observed in PCL
controls, rich staining was seen in the collagen-containing
composite scaffolds. Importantly, washes in PBS removed this
collagen fiber fraction in non-crosslinked samples but did not
alter staining intensity in GP-crosslinked samples (Fig. 4).

To examine the cellular interaction and maturation of
these composite scaffolds, both Low and High collagen
content scaffolds were crosslinked with GP, seeded with
MSCs and cultured in a chemically defined in vitro envi-
ronment for up to 9 weeks. Mechanical assessment showed
that the presence of collagen in the composite decreased the
overall modulus on day 21, with Low and High composite
constructs having a significantly lower modulus than PCL-
alone constructs (P<0.05, Fig. 5a). As expected, increasing
collagen content was found in Low and High composites on
day 21 compared with PCL controls (P<0.05, Fig. 5c),
indicative of the inclusion and retention of the initial colla-
gen fiber families. With longer periods of culture, all seeded
constructs increased in mechanical properties by day 63

Fig. 1 Morphology of
electrospun collagen nanofibers
upon crosslinking and
hydration. Scanning electron
micrographs (SEM) of
(a) non-aligned, (b) aligned,
(c) pre-crosslinked,
(d) GP-crosslinked post-
submersion and
(e) GA-crosslinked post-
submersion. Bars 50 μm (top),
10 μm (bottom)

Fig. 2 Cell adhesion to and
morphology on synthetic (PCL)
and biomimetic (collagen)
nanofibers. Phalloidin staining
of actin (green) and DAPI
staining of cell nuclei (blue)
at 24 h post-seeding on PCL
(a) and collagen (b) nanofiber
films. Note that collagen nano-
fibers autofluoresce (green,
right). Bar 10 μm
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(Fig. 5a). Interestingly, PCL constructs increased in DNA,
collagen and GAG content with time, whereas Low collagen
composite constructs showed only increasing DNA, with
GAG and collagen contents remaining unchanged. Compo-
sites containing High collagen fiber fractions at the outset
increased in DNA content, showed no change in GAG
content and slightly decreased in collagen content with time
(Fig. 5b–d), presumably a result of the electrospun collagen
slowly leaching from the composite system. Comparisons
between groups at day 63 showed that PCL scaffolds had a
higher DNA and GAG content (P<0.05) than composite

constructs. Moreover, by day 63, DAPI-stained cross-
sections showed that PCL constructs achieved the greatest
degree of cell infiltration and matrix deposition, followed by
the Low composite constructs (Fig. 6). Composites with the
highest collagen fiber fraction showed the poorest cell infil-
tration. Quantification of the position of each cell with
respect to the scaffold periphery further underscored these
histological findings (Fig. 7). Namely, on day 63, ~60% of all
cells were located in the outer 25% of the scaffold for both the
High and Low collagen composites, whereas a significantly
lower fraction (36%, P<0.01 vs. High and Low groups) of the

Fig. 3 Mechanics of type I collagen nanofibrous scaffolds before and
after crosslinking. a Tensile modulus of dry pre-crosslinked (pre-X)
collagen scaffolds in the fiber and transverse to the fiber directions. b

Tensile modulus in the fiber direction of GA- and GP-crosslinked
(post-X) collagen scaffolds hydrated in phosphate-buffered saline; n04
per group

Fig. 4 Composite scaffolds
containing biomimetic
(collagen) and synthetic (PCL)
fiber fractions. Picrosirius Red
(PSR) staining of PCL (a) and
composite (Low, b) constructs
upon formation (top row, a, b)
and composites after washes
with (d) and without (c) GP
crosslinking (bottom row, c, d).
Red staining indicates presence
and retention of collagen fiber
fraction. Bar 500 μm
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total cell number resided in this region in PCL controls.
Conversely, in the innermost portion of the scaffold (i.e.,
75%-100% infiltration), High and Low collagen composites

contained only 3%-4% of the total cells in this region, whereas
~12% of total cells were present in this region in PCL con-
structs (P<0.05 vs. Low and High groups).

Fig. 5 Maturation of PCL and
composite (Low and High)
MSC-seeded collagen con-
structs over 9 weeks in culture.
Modulus (a), DNA (b), colla-
gen (c) and GAG (d) content of
PCL and Low and High colla-
gen composites as a function of
culture duration. *P<0.05 vs.
day 21, n06 per group
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Fig. 6 Matrix deposition and
cell infiltration in PCL (a, d, g)
and composite (Low: b, e, h;
High: c, f, i) MSC-seeded
collage constructs at 9 weeks
in culture. Top two rows
Picrosirius Red (PSR) staining
of cross sections from PCL
and Low and High collagen
composites on days 21 (a–c)
and 63 (d–f), respectively.
Bottom row (g–i) DAPI staining
of cell nuclei (punctate white
staining at scaffold border and
in interior) of constructs on day
63. Bar 500 μm
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Discussion

Although nanofibrous constructs are promising tools for soft
tissue repair, the continued optimization of material ele-
ments, construction methods and culture systems is required
to generate scaffolds that can promote functional repair in
vivo. In particular, material composition that mimics the
content of the native tissue might provide a biomimetic
starting point for tissue development. As dense connective
tissues such as the meniscus and the annulus fibrosus are
composed of highly aligned collagen, we have produced
aligned type I collagen nanofibrous scaffolds to mimic the
natural composition and organization of these tissues.
Consistent with nanofibrous scaffolds produced by using
other polymer systems, fiber alignment imparts anisotro-
py as observed by the 8- to 10-fold higher modulus in
the fiber direction compared with the direction perpen-
dicular to fibers (Li et al. 2007). In the dry state, these
aligned scaffolds match or exceed the mechanical prop-
erties of native tissue (i.e., on the order of 80 MPa;
Bursac et al. 2009a, b; Skaggs et al. 1994). However,
these as-formed constructs lack the complex packing and
crosslinking that stabilizes native tissue structures (Bank
et al. 1998; Powell and Boyce 2006; Verzijl et al. 2002;
Birk et al. 1989, 1995; Birk and Zycband 1994) and so
dissolve completely upon hydration, making them unsuit-
able for direct application.

To address this issue, a number of crosslinking methods
have been developed to stabilize the nanofibrous form of
collagen scaffolds. We have evaluated the potential of GP, a
naturally occurring plant extract, to crosslink and stabilize
collagen nanofibers. GP has been used in a number of
studies to crosslink native tissue structures (i.e., valve leaf-
lets) and engineered collagen-based materials (Sung et al.
2000, 2001; Liang et al. 2003, 2004; Solorio et al. 2010;
Somers et al. 2008). In this study, GP-crosslinked fibers
resist dissolution in aqueous solutions and maintain their
fiber architecture; they do so to a greater extent than more
traditional GA fixation methods. This is a promising find-
ing, as GP is less cytotoxic than GA and is straightforward
in its application. However, consistent with other crosslink-
ing agents, the mechanical properties of GP-crosslinked
scaffolds are similar to those of GA-fixed scaffolds after
hydration, with both being markedly lower (80 times) than
the as-spun dry scaffold (Barnes et al. 2007b). Collagen
nanofibers fixed with either agent do however show more
rapid and extensive MSC adhesion compared with PCL nano-
fibers. This enhanced adhesion, attributable to the biomimetic
nature of collagen, might be important for enhancing cell
invasion into thicker scaffolds but the low mechanical prop-
erties still limit applications to scenarios in which load-bearing
is not a critical feature.

To address this persistent mechanical limitation, we next
combined collagen and PCL together into a biomimetic and

Fig. 7 Quantification of cell
infiltration as a function of
scaffold composition on day 63.
a Representation of image
processing algorithm
highlighting the construct
border, individual cell nuclei
and their infiltration distance
with respect to the boundary.
The distance of each nuclei
from the scaffold border was
measured and binned into four
regions, with 100% infiltration
representing the centermost
point of the scaffold cross
section. b Percentage of total
cells (at least 200 per image) in
each quartile on day 63 as a
function of composite
formulation; High (high
collagen content), Low
(low collagen content) and PCL
alone groups are shown.
*P<0.05 compared with both
High and Low groups within a
given quartile, n05–6 per group
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biosynthetic composite scaffold. Here, the requisite mechan-
ical properties are derived from the stiff synthetic component,
whereas the collagen fiber fractions provide biomimetic in-
struction to promote cell adhesion and offer the potential for
remodeling. By using a recently developed multi-jet spinning
apparatus (Baker et al. 2009c), composite biomimetic/biosyn-
thetic nanofibrous scaffolds can be formed. Staining for col-
lagen in acellular scaffolds shows inclusion and retention of
the collagen nanofibers within the composite (after GP cross-
linking). These acellular scaffolds retain significant mechani-
cal properties (on the order of 30 MPa) in the hydrated state,
even at high (20%) levels of collagen fiber inclusion. Further-
more, direct measurements and histological staining reveal the
persistence of graded levels of collagen content during culture.
However, contrary to our initial hypothesis, the presence of
the collagen fiber fraction at these levels does not improve
matrix content, cell number, or infiltration. Indeed, the reverse
has been observed, with the poorest infiltration and matrix
deposition observed in composites containing the highest
collagen fiber fraction (~20%). Of further note, little addition-
al collagen and almost no proteoglycan are deposited in con-
structs containing collagen, whereas pure synthetic (PCL)
constructs show an increase in both of these ECMcomponents
with time in culture.

Although the mechanism underlying these findings
remains to be determined, the increased propensity for cells
to adhere to collagen fibers might limit their fibrochondro-
genic differentiation (production of proteoglycan and colla-
gen) and division rates. In a recent study, we have shown
that human MSCs are limited in their ability to differentiate
on aligned PCL scaffolds compared with pellet culture
(Baker et al. 2010). The collagen fibers may exacerbate this
issue with bovine MSCs. Likewise, the DNA content in
scaffolds containing collagen fiber fractions is ~two-fold
lower; with fewer cells, less matrix will be formed in a
given region. Further, high levels of collagen in the cellular
microenvironment might down-regulate new collagen pro-
duction in a negative feedback mechanism, as has been
observed in other cell types (Buschmann et al. 1992). The
enhanced adhesion with collagen fiber fraction inclusion
might likewise have limited cell infiltration; more adher-
ent cells might migrate to a lower extent than those with
only moderate adhesion to synthetic fibers. Alternatively,
GP crosslinking might have been too robust and so
limited the ability of cells to remodel the matrix suffi-
ciently to enable migration. Subcutaneous implantation of
decellularized native tissues shows a dose-dependent de-
crease in cell colonization with extended GP treatment
(Liang et al. 2004). Thus, an overly slow degradation of
collagen fibers, coupled with a slight swelling of this
fiber fraction with hydration, serves to limit pore size
further in these composites. An additional concern might
be the state of the collagen itself, with recent reports

suggesting that HFIP (and electrospinning) denatures
type 1 collagen, with the consequent loss of biologic
epitopes (Zeugolis et al. 2008). Finally, the collagen fiber
fraction might have simply been too low, such that neg-
ative effects prevailed over positive attributes. Despite
our efforts to increase collagen fiber fractions by spin-
ning from two jets (with only one PCL jet), the maxi-
mum collagen fiber fraction is only 20%. In our past
work with sacrificial PEO fibers, a minimum threshold of
40% is required to improve cell infiltration relative to
pure PCL scaffolds (Baker et al. 2008). As rapid cell
colonization is essential for the clinical application of
nanofibrous scaffolds for regenerative applications, future
studies should elucidate the mechanism by which this
limitation occurs in order to optimize biomimetic/synthet-
ic composites for rapid construct maturation and to de-
termine whether the temporal characteristics of this
process change with in vivo implantation. Additionally,
bioactive factors could be included in the collagen com-
ponent to expedite infiltration of these meshes; in a
recent study, by Ekaputra and colleagues, vascular endo-
thelial growth factor and platelet-derived growth factor
increased vascular cell invasion of PCL/collagen fibrous
scaffolds containing hyaluronic acid based hydrogel
inclusions (Ekaputra et al. 2011).

In conclusion, we generated aligned type I collagen fi-
brous scaffolds and composite biomimetic/synthetic hybrid
constructs designed for the repair or replacement of dense
connective tissues. GP crosslinking stabilizes collagen
nanofiber morphology in both single-fiber and composite
scaffold formulations, enabling the production of a mechan-
ically robust nanofibrous network with biomimetic inclu-
sions. Whereas these collagen fibers enhance initial cell
adhesion, current findings do not support the use of
collagen fiber fractions to improve cell infiltration, as
the majority of cells in collagen-containing composites
remain at the outer regions of the scaffold. Continuing
studies will seek to optimize these findings by further
increasing the collagen fraction while, at the same time,
decreasing the degree of crosslinking in this fiber frac-
tion, so as to make this portion of the composite more
amenable to remodeling and eventual colonization. Alter-
natively, the same fiber fractions could be employed but
fibers could be positioned via melt electrospinning to
define fiber and pore structure specifically in the forming
composite (Hutmacher et al. 2011; Dalton et al. 2006,
2009). Additionally, the inclusion of a separate rapid-
pore-forming fiber fraction (i.e., sacrificial PEO fibers)
into these dynamic biomimetic structures might improve
this infiltration process. Ultimately, our work might pro-
vide a structurally and mechanically relevant framework
of biosynthetic and biomimetic fibrous composites for in
vivo tissue engineering.
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