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Ligament Tissue Engineering Using a Novel Porous
Polycaprolactone Fumarate Scaffold and Adipose
Tissue-Derived Mesenchymal Stem Cells
Grown in Platelet Lysate
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Purpose: Surgical reconstruction of intra-articular ligament injuries is hampered by the poor regenerative
potential of the tissue. We hypothesized that a novel composite polymer ‘‘neoligament’’ seeded with progenitor
cells and growth factors would be effective in regenerating native ligamentous tissue.
Methods: We synthesized a fumarate-derivative of polycaprolactone fumarate (PCLF) to create macro-porous
scaffolds to allow cell–cell communication and nutrient flow. Clinical grade human adipose tissue-derived
human mesenchymal stem cells (AMSCs) were cultured in 5% human platelet lysate (PL) and seeded on
scaffolds using a dynamic bioreactor. Cell growth, viability, and differentiation were examined using metabolic
assays and immunostaining for ligament-related markers (e.g., glycosaminoglycans [GAGs], alkaline phos-
phatase [ALP], collagens, and tenascin-C).
Results: AMSCs seeded on three-dimensional (3D) PCLF scaffolds remain viable for at least 2 weeks with
proliferating cells filling the pores. AMSC proliferation rates increased in PL compared to fetal bovine serum
(FBS) ( p < 0.05). Cells had a low baseline expression of ALP and GAG, but increased expression of total collagen
when induced by the ligament and tenogenic growth factor fibroblast growth factor 2 (FGF-2), especially when
cultured in the presence of PL ( p < 0.01) instead of FBS ( p < 0.05). FGF-2 and PL also significantly increased
immunostaining of tenascin-C and collagen at 2 and 4 weeks compared with human fibroblasts.
Summary: Our results demonstrate that AMSCs proliferate and eventually produce a collagen-rich extracellular
matrix on porous PCLF scaffolds. This novel scaffold has potential in stem cell engineering and ligament
regeneration.

Introduction

Intra-articular ligament injuries are becoming in-
creasingly common and if left untreated can lead to abnor-

mal articular loading and ultimately progressive degenerative
changes of the joint.1 From an economic perspective, it is
estimated that the annual cost of osteoarthritis in the United
States is $82 billion.2 The poor healing potential of these
ligaments is in part due to the poor healing potential from
the intrasynovial location with limited intrinsic healing
ability.3 Tissue engineering aims to develop a specialized
scaffold with a biologically functional extracellular matrix
(ECM) and biomechanical properties suitable for enhanc-
ing regenerative repair. While scaffolds provide an initial

framework for stability and guiding tissue ingrowth, ideal
ligament scaffolds must create a framework for tissue in-
growth, meet the initial mechanical demands, degrade with
time, and most importantly achieve functional integration of
soft ligament tissues.4–6

Strategies in ligament engineering combine natural or
synthetic polymer technology with biological regeneration,
such as growth factors and stem cells. However, there has
been limited success in joining the two strategies in part
because the hydrophobic and acidic nature of synthetic
scaffolds prevents cellular adhesion and induces local in-
flammation. Furthermore, there have been issues with cell
seeding and maintaining mechanical integrity of decellular-
ized scaffolds, and the inherent low mechanical strength of
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collagen scaffolds.7–11 Utilizing both strategies is critical
because manipulation of mesenchymal cell differentiation has
shown promise in regeneration of native tissue.12–14

Currently, there is considerable interest in defining ideal
ligament scaffolds and therefore our goal has been to create
a novel engineered neoligament tissue. In this study, we
have examined growth of mesenchymal cells on a synthetic
scaffold prepared from biodegradable polymers in the
presence of ligament-related growth factors to assess whe-
ther such biologically enhanced scaffolds have the potential
to restore native ligamentous tissue and architecture. Spe-
cifically, our methodology utilizes the biocompatibility of
polycaprolactone (PCL) cross-linked using the natural gly-
colytic metabolite fumarate (polycaprolactone fumarate
[PCLF]) to create a novel scaffold with interconnected
channels. We show that this scaffold permits proliferation of
mesenchymal stem cells in the presence of platelet lysate
(PL) and exhibits deposition of a collagen-rich ECM upon
administration of fibroblast growth factor 2 (FGF-2).

Materials and Methods

Synthesis of PCLF

All chemicals were purchased from Aldrich or Fisher
Chemicals, unless otherwise noted. PCLF was synthesized
as previously described15–18 (Fig. 1). To eliminate the toxic
degradation product diethylene glycol, PCLF was synthe-
sized using propylene glycol and glycerol.19 Briefly, the
polymer compositions and molecular weights were charac-
terized by 1H NMR spectroscopy and gel permeation
chromatography. PCLF (3.0 g) was dissolved in 1 mL of
methylene chloride. The photo-initiator Irgacure 819 (0.3 g)
was dissolved in 3 mL of methylene chloride, and 300mL

was added to the PCLF and gently vortexed to form a vis-
cous homogenous solution.

Scaffolds were designed to mimic the tendon size of
rabbit anterior cruciate ligament (ACL) (4 · 10 mm) and to
have square pores (500 · 500 mm or 750 · 750mm) to allow
cell–cell communication and nutrient flow. Porous scaffold
molds were designed using SolidWorks CAD software (3D
CAD Solutions) and printed using a SolidScape 3D printer
(Solidscape Lab 3D). The PCLF and cross-linker solution
was injected over the sacrificial molds created by the So-
lidScape printer. The molds containing the PCLF solution
was then cured using UV cross-linking chamber (3D sys-
tem) for 1 h. After removal from the chambers, the molds
were removed from the scaffolds using a mixture of meth-
anol and acetone washes over a period of 3 days.

Toxicity protocols

After removing the molds from the scaffolds, the scaffolds
underwent an analysis of multiple toxicity protocols involv-
ing hydrophobic solvents like methylene chloride, ethanol,
and acetone. These washes involved a series of 12-h washes
involving a combination of different combinations of these
solvents. Briefly, the ethanol-based protocol involved wash-
ing the scaffolds in 100%, 90%, and 70% ethanol with in-
terspersed immersions of phosphate buffered solution (PBS).
The acetone-based regimen utilized two separate 12-h washes
in 75:25 acetone:ethanol and 50:50 (v/v) acetone:ethanol,
followed by washing for 24 h in 70% ethanol solution. The
methylene chloride-based protocol involved 12-h washes of
scaffolds in, respectively, 50:50 (v/v) methylene chlo-
ride:acetone, 50:50 (v/v) methylene chloride:ethanol, and
50:50 (v/v) acetone:ethanol, followed by 24 h in 70% ethanol.

Scanning electron microscopy and microCT

Images of the scaffold were obtained using the Hitachi
4700 field emission spectrometer. The PCLF scaffolds were
fixed with 2.5% glutaraldehyde solution for 20 min, washed
with PBS and dehydrated in a series of graded aqueous
ethanol solutions.

In vitro cell culture

All cells used in these experiments were initially cultured
in advanced Modification of Eagle’s Media (aMEM; In-
vitrogen), supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, and l-glutamine (In-
vitrogen), standardized to a pH of 7.2. Cells before and after
seeding on scaffolds were incubated at 37�C, with media
changed every 2 days. For the collagen and immunofluo-
rescence assays, cells were also cultured with or without
FGF-2 at a concentration of 10 ng/mL.

Platelet lysate

For the proliferation, viability, and differentiation experi-
ments, comparison were made between the control (aMEM
with 10% FBS) and a media based on PL. The PL media
included aMEM with 5% PL, 1% penicillin/streptomycin, and
l-glutamine. PL was procured according to Good Manu-
facturing Practice (GMP)-adherent protocols as previously
described.20 Briefly, 500 distinct platelet donors from the
Mayo Clinic Blood Bank were lysed into lots containing 8–12

FIG. 1. Polycaprolactone fumarate (PCLF) synthesis.
PCLF scaffolds were made using ultraviolet cross-linking.
The scaffold geometry was designed using CAD software and
printed using a 3D printer, with large interconnected pores to
allow tissue infiltration and cell–cell communication.
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donors. The facility used to generate the PL were subject to
strict environmental monitoring for adherence to GMP stan-
dards, with quality assurance measures taken to the freeze-
thaw manufacturing approach.21

Human adipocyte-derived mesenchymal stem
cell and ACL fibroblast isolation

Adipocyte-derived mesenchymal stem cells (AMSCs) and
fibroblasts were isolated and cultured as previously de-
scribed20 using protocols compliant with recommendations of
the Mayo Clinic institutional review board (IRB). Briefly,
human adipose tissue was obtained from different anatomic
compartments in patients undergoing multiple general surgi-
cal operations. The tissue was subsequently minced with
scalpels, incubated in 0.075% collagenase type I (Worthing-
ton Biochemical) for 90 min at 37�C, centrifuged at 500 g
for 10 min and passed through a 70mm cell strainer (BD
Biosciences). For fibroblast isolation, intrasynovial human
ACL tissue was minced for 15–20 min, incubated in 0.1%
collagenase type 1 and collagenase D (Roche) for 90 min at
37�C, centrifuged at 500 g for 10 min, and passed through
sterile 70mm cell strainers. Expansion media was aMEM
with either 10% FBS or 5% PL, 100 U/mL penicillin, and
2 mM l-glutamine.

Dynamic rotational bioreactor cell seeding
and attachment

After fabrication of the macroporous PCLF scaffolds, the
scaffolds underwent a toxicity protocol, followed by disin-
fection with ethanol washes and sterile PBS. Cell suspensions
with a concentration of 1 million cells per milliliter of media
were seeded onto the scaffolds using one of three seeding
strategies. In the static group, a cell suspension of 1 million
cells in media was seeded by directly pipetting the solution
onto the scaffolds in a slow, deliberate manner over a 5-min
period. The suspension group involved deliberately pipetting
the cells onto the scaffold and immersing seeded scaffolds
in the same media containing 1 million cells per mL for 12 h.
In the dynamic group, 12 scaffolds were placed inside a
dynamic rotational bioreactor (Synthecon) containing 12 mL
of media with 1 million cells per mL. The gravitational com-
ponent was removed through a constant rotational force applied
at 18 rpm for 18 h. Subsequently, the scaffolds were removed
and incubated in static 24-well cell culture plates. The number
of cells attached to scaffolds in each of the treatment groups
were quantified using the MTS Cell Proliferation Assay (Pro-
mega Corporation) and by counting for the number of viable
cells stained with Trypan Blue.

Proliferation, toxicity, and viability assays

MTS and cell counting assays were used for cytotoxicity
and proliferation assays. For the toxicity assay, the scaffolds
underwent one of three solvent toxicity protocols as men-
tioned above, based on ethanol, acetone, or methylene
chloride. After disinfection with ethanol washes, the cells
were seeded on to the scaffolds using direct pipetting and
suspending in a cell solution. After 24 h the scaffolds were
removed, washed with PBS, and placed in a new 24-well
plate. The MTS Cell Proliferation Assay (Promega Cor-
poration) was used to quantify the mitochondrial activity.

Cells from the initial cell solution not in contact with the
scaffolds were used as positive control. In a separate toxicity
cell counting assay, the cells were quantified after the cells
were trypsinized off the scaffolds, viable cells stained with
trypan blue and counted using a hexameter.22

Cellular proliferation was quantified for using both MTS
assays and cell counting, as previously described.22 Com-
parisons were made between cells cultured in FBS and PL-
based media, and the cells culture on scaffolds with pore
sizes of 500 and 750mm at days 1, 3, 5, 7, and 14.22

Cellular viability was assessed at days 1, 7, and 14, cell
morphology and viability was examined using a Live/Dead
Kit (Molecular Probes). Viable living cells (green) were
stained with calcein AM, while dead or apoptotic cells (red)
were stained with ethidium bromide. The cells were visu-
alized using confocal microscopy (Zeiss LSM 780; Zeiss).

Alkaline phosphatase activity
and glycosaminoglycan assays

Baseline cell characterization was performed using alkaline
phosphatase (ALP; Sigma) and glycosaminoglycan (GAG)
assay, as previously described.23 The cells were seeded and
cultured in static 24-well culture dishes for 1, 7, and 14 days.
The overall ALP activity was normalized to the total protein
content present using the Bradford protein assay (Bio-Rad).

The GAG assays were performed at the same time points
of 1, 7, and 14 days. Briefly, the scaffolds were rinsed with
PBS before digestion in 50 mg per mL of proteinase K in
100 mM K2HPO4, pH 8.0 at 60�C for 16 h. At the end of the
digestion, the proteinase K was inactivated at 90�C for
10 min. This solution was used for the GAG assay with
Blyscan Glycosaminoglycan Assay Kit (Biocolor). The total
GAG content was standardized by the total DNA content on
each PCLF scaffold using the Picogreen Cell Proliferation
Kit (Molecular Probes).

Total collagen assay

The total amount of secreted and deposited collagen on
the PCLF scaffolds was quantified using the Sircol Collagen
Dye Binding Assay Kit (Biocolor, Ltd.), as previously de-
scribed.24 This protocol is based on Sircol dye specific for
collagen’s Gly-X-Y helical structure, but not the unwound
triple helix or other random similar chains. The total col-
lagen amount was normalized using the total DNA content
on each PCLF scaffold as determined by picogreen staining
(Picogreen Cell Proliferation Kit; Molecular Probes).

Immunofluorescence staining

The deposition of collagen I, tenascin-C, and collagen III
on PCLF scaffolds were visualized and quantified as previ-
ously described.25 After the staining protocol, images of each
scaffold were obtained using confocal microscopy (Zeiss
LSM 780; Zeiss). Red signals represent the protein of interest,
while blue represents the DAPI nuclear stain. The amount of
Cy3 expression was quantified using Image J software.26

Statistical analysis

A two-tailed Student’s t-test was used to compare control
groups in each respective assay with the individual experi-
mental groups for toxicity, cell seeding, proliferation, GAG,
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ALP, collagen, and immunofluorescence experiments.
Results with p < 0.05 were deemed statistically significant.

Results

Toxicity analysis

The AMSCs were seeded on the scaffolds to test the
toxicity associated with different solvent-based protocols.
Due to the toxicity of the original starting materials, resid-
uals monomers and uncross-linked PCLF must be removed
using some combination of ethanol, methylene chloride,
and/or acetone-based scaffold washes. AMSCs were seeded
on to the scaffolds 24 h before the cytotoxicity evaluations.
The number of living viable cells were significantly in-
creased on scaffolds associated with the acetone-based or
methylene chloride and acetone-based toxicity protocols,
when compared to the ethanol only protocol ( p < 0.01)
(Fig. 2A). These two protocols maintained a comparable
number of viable cells to the control wells, containing cells
not seeded on a scaffold. Counting the number of viable
cells after Trypan Blue staining demonstrated similar find-
ings, with a higher number of viable cells on the scaffolds
washed with acetone or methylene chloride and acetone-
based protocols ( p < 0.01) (Fig. 2B).

PCLF morphology

Polymer scaffold surface topography and pore size are one
of many factors that influence cell attachment, sustained vi-
ability, and proliferation, in addition to tissue infiltration and
ligament regeneration. The scanning electron microscopy
(SEM) demonstrates rough surfaces along the PCLF surfaces
lining the channels (Fig. 3). This roughness is in the order of
tens of microns in size, which is sufficiently large to facilitate
sustained cell attachment.

The pore size was measured using the SEM software, with
measurements taken on multiple areas on all six surfaces of
the scaffold. Figure 3A and B demonstrate the size of the
interconnected pores, forming channels throughout the body
of the scaffolds. We compared the theoretical pore and pillar
size as designed through SolidWorks Software with the actual
pore and pillar size after processing the scaffolds. The pore
size of the scaffolds decreases between 16% and 12%, while
the pillars lining the channels swell *8–15% beyond the

initial size. Regardless of the swelling, the scaffold channels
remain very large: the 500-micron scaffolds maintain average
pore sizes of *420 microns, while the 750-micron scaffolds
sustain pores of *659 microns on average.

Scaffold static versus bioreactor cell seeding

Scaffolds were seeded with AMSCs using three different
seeding protocols; direct pipetting (static group), pipetting
and cell suspension (suspension group), and suspension in the
dynamic bioreactor (bioreactor group). Figure 4 demonstrates
the differences in the cell counting and MTS assays between
different seeding groups. The most encouraging results show
statistically significant improvement in cell attachment in the
dynamic seeding group.

AMSC attachment, viability, and distribution

Cellular attachment and sustained viability are important
considerations for the use of novel scaffolds in tissue engi-
neering. Cell attachment 24 h after removal from the biore-
actor was visualized with the Live/Dead Kit to stain the viable
cells (green signal) and apoptotic cells (red signal) (Fig. 5).
The cells appeared evenly distributed throughout all the
scaffolds with both the 500 and 750-micron pore sizes. There
did not appear to be any difference between the two different
scaffold morphologies. The number of cells markedly in-
creased after day 7 with cells infiltrating throughout the
channels inside the body of the scaffolds in both groups. By
day 14, the cells remained viable and continued to increase in
number, as evidenced by complete coverage of cells
throughout the surface and channels of the PCLF scaffold.
Figure 5 displays representative images for scaffolds with
500 and 750-micron pore sizes at days 1, 7, and 14.

Cellular attachment and proliferation

In addition to assessing cellular viability, cellular attach-
ment and proliferation were quantified over the 14-day incu-
bation period by MTS and cell counting assays. At the end of
each time point, comparisons in the number of viable cells
were between PL and FBS, and scaffolds with pore sizes of 500
and 750 microns. There was no difference in initial cellular
attachment 24 h in any of the treatment groups after seeding
AMSCs using the dynamic bioreactor, as demonstrated by both

FIG. 2. Toxicity analysis. The cytotoxicity of the PCLF scaffolds after various toxicity removal protocols were tested
utilizing the MTS (A) and cell counting assays (B). The protocols were based with ethanol, acetone, or acetone and
methylene chloride, and were compared to a control group of cells for the initial solution not in contact with the scaffolds.
*p-value < 0.05 when compared to ethanol alone. Color images available online at www.liebertpub.com/tea
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MTS and cell counting assays (Fig. 6). AMSCs cultured on
scaffolds in the presence of PL had a significantly increased
rate in cellular proliferation compared to the AMSCs cultured
in FBS media ( p < 0.05) (Fig. 6A). There were no significant
differences between scaffolds with 500 or 750 micron pore

sizes. However, cell counting demonstrated that after an initial
increase in both groups for the first 3 days, the cells are not
released by trypsin on our scaffolds by day 7 under our ex-
perimental conditions (Fig. 6B). The cells appear to remain
adherent to the scaffolds by day 14 in all groups.

FIG. 3. MicroCT imaging of
scaffolds. MicroCT images of the
scaffolds demonstrating the large
interconnected pores of the two
scaffold sizes (500 and 750 mi-
crons) (A) and (B). There was
minimal change in pore size after
the toxicity and sterilization pro-
cessing protocols.

FIG. 4. Scaffold seeding comparison. A seeding comparison was performed between static (pipetting directly onto the scaffolds),
suspension (immersing the scaffolds in suspensions containing the cells), or dynamic seeding (in the rotating bioreactor). The
bioreactor, at a speed removing the gravitational component, had the highest rate of cell seeding as determined using MTS (A) and
cell counting assays (B). *p-value <0.05 when compared to static group. Color images available online at www.liebertpub.com/tea
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AMSC, GAG, and ALP expression

It is not clear whether the interaction of AMSCs with PCLF
affects the phenotype and multilineage differentiation poten-
tial of these adipose tissue-derived stem cells. To assess
whether the cells begin to differentiate down chondrogenic or
osteogenic pathways when cultured on the cells, the expres-
sion of the chondrogenic marker GAG and the osteogenic
marker ALP was quantified. PL by itself does not induce os-
teogenic or chondrogenic differentiation of these cells.20 The
expression of GAG and ALP by the AMSCs on the PCLF
scaffolds cultured in FBS or PL media on scaffolds with pore
sizes of 750 microns were quantified at days 1, 7, and 14. The
results obtained with AMSCs were compared to observations
with chondrocytes and osteoblasts as positive controls.

There was no significant difference in expression of GAG
between AMSCs on scaffolds cultured in PL or FBS, and no
increase in GAG expression by the cells over the 14-day
period when standardized by total DNA content (Fig. 7A).
However, total GAG deposition was significantly reduced in
the AMSCs when compared to the chondrocyte controls.
Similar to GAG expression, total ALP expression normalized
to total protein content did not increase throughout the 14-day
time period (Fig. 7B). Although PL slightly increased the

expression of ALP when compared to FBS, this minor dif-
ference was significantly lower in both groups than the
baseline ALP expression from the control group osteoblasts
( p < 0.05). These biomarker results suggest that AMSCs
cultured on PCLF scaffolds do not adopt overt osteogenic or
chondrogenic phenotypes under our experimental conditions.

AMSC total collagen expression

The amount of total secreted and deposited collagen by the
AMSCs along the scaffolds was assessed using the Sircol
Total Collagen Assay. This is a preliminary nonspecific
marker for fibrogenic differentiation and an indication of
ECM formation.24 The total collagen production by the
AMSCs increased throughout the 28-day experiment (Fig. 8).
The increase in collagen ECM formation became apparent at
day 7 and increased until day 28. Furthermore, cells cultured
in PL media had higher production of collagen at days 14 and
28 ( p < 0.05) (Fig. 8A). When FGF-2 was added to both PL
and FBS media, there was a significant increase in collagen
production by the AMSCs on the scaffolds ( p < 0.01). This
increased in collagen ECM is consistent with the tight at-
tachment of cells after the first week of growth when cells
become quite resistant to trypsin digestion.

FIG. 5. Cellular viability with
live/dead assay. After seeding with
the dynamic bioreactor, stem cells
were cultured for 14 days, demon-
strating proliferation and invasion
into the pores. Green—live cells.
Red—cells undergoing apoptosis.
Color images available online at
www.liebertpub.com/tea

FIG. 6. Cellular proliferation assay. Stem cells were cultured on the scaffolds in the presence of fetal bovine serum (FBS)
or platelet lysate (PL). Although the MTS assays indicated that the cells continued to proliferate beyond day 14 (A), the
cells were not able to be trypsinized off the scaffolds beyond day 5, possibly indicating their attachments were resistant to
trypsin (B). Color images available online at www.liebertpub.com/tea
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Immunostaining for ligament differentiation markers

The expression of ECM markers for ligament differentia-
tion were analyzed using immunostaining for collagen I,
tenascin-C, and collagen III, with Cy3 (red signal) expression
for each protein. The DAPI nuclear counterstaining repre-
sents the blue signal. After seeding with the dynamic biore-
actors, the scaffolds were cultured in the presence of FBS
alone (FBS), PL alone (PL), FBS and FGF (FGF), and PL plus
FGF-2 (PL+FGF), with human ACL fibroblasts as a positive
control. The cells were cultured for 14 and 28 days before IHS
staining was visualized by confocal microscopy (Fig. 9A).

By 14 days, there was a significant increase in expression
of tenascin-C in the FGF and PL+FGF groups, when com-
pared with the FBS alone ( p < 0.05) (Fig. 9B). The ex-
pression of PL+FGF was comparable to the baseline
tenascin-C matrix protein expression from the fibroblasts.
The ECM containing the tenascin-C protein appeared to
begin to cover most of the scaffold surface in both the
PL+FGF and fibroblast groups. By 28 days, the expression
of tenascin-C in the ECM was significantly increased in the
PL+FGF group and the positive control fibroblast group
(Fig. 9A). In addition to the PL+FGF and fibroblast groups,
the PL and FGF groups also had increased expression of
tenascin-C when compared with FBS alone ( p < 0.05). At

this time point, the ECM containing the tenascin-C of the
PL+FGF and fibroblast groups covered the entire scaffold
surface area, including infiltrating throughout the channels
within the body of the PCLF scaffolds.

The expression of collagen I was also significantly in-
creased in the PL+FGF and FGF groups when compared to
FBS alone at 14 days ( p < 0.05) (Fig. 9B). Similar to
tenascin-C, the expression of collagen I in the ECM pro-
duced by AMSCs in the PL+FGF group were comparable to
fibroblasts. At 28 days, the scaffolds containing AMSCs
cultured in the PL, FGF, and PL+FGF groups all had sig-
nificantly increased expression of collagen I compared with
FBS ( p < 0.05). The matrices of the PL+FGF and fibroblast
groups contained a marked amount of interconnected cells
expressing collagen I covering most of the surface of the
scaffolds, including throughout the inner pores (represen-
tative images in Fig. 9A). This was seen to a lesser extent in
the FGF group as well.

The expression of collagen III was not as striking as
the other two ECM markers. Collagen III is thought of as
a nonspecific marker of fibrogenic differentiation.24 Al-
though at day 14 the expression of collagen III increased in
the FGF, PL+FGF, and fibroblast groups compared with
FBS alone, this difference was not as striking as the other
ECM markers ( p < 0.05). Furthermore, while this increased

FIG. 7. Osteogenic and chondrogenic assay. The chondrocyte differentiation marker glycosaminoglycan (GAG) (A) and the
osteogenic differentiation marker alkaline phosphatase (ALP) (B) were assessed at different time points, demonstrating the stem
cells did not differentiate on the scaffolds in the presence of PL or FBS. Color images available online at www.liebertpub.com/tea

FIG. 8. Total collagen assay. Total collagen levels produced by stem cells grown on scaffolds in PL and FBS demonstrated
the cells produced increasing levels of collagen through 4 weeks, both in the absence (A) and the presence (B) of FGF. Color
images available online at www.liebertpub.com/tea
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expression continued at 28 days, the FBS only group did
have a relatively increased expression of collagen III com-
pared with the other two ECM markers. Additionally, there
was minimal difference between the expression of collagen
III, when comparing the FGF, PL+FGF, and fibroblast
groups (Fig. 9A).

Discussion

Intrasynovial ligament injuries are difficult to treat due to
their poor healing capacity. These injuries predispose pa-
tients to recurrent pain and joint instability, chondral in-
juries, and early onset osteoarthritis.27–30 These injuries are
usually treated with surgical reconstruction using allograft
or autograft tendons. Although the initial strength is satis-
factory with this technique, donor site morbidity, loss of
structural integrity with time, and unfavorable immunogenic
response when allograft tendons are used make this strategy
less than ideal.31,32 Therefore, there has been a focus to
create a neoligament with stable initial biomechanical
properties that overtime will resemble the native ligament.
Three main tissue-engineering strategies have been em-
ployed: (1) decellularized allograft, (2) natural polymer, or
(3) synthetic polymer scaffold. When used alone, these
acellular scaffolds might meet the mechanical demands but
lack both cellular conductive and inductive properties.
However, when used in combination with mesenchymal
progenitor cells and growth factors, they represent a prom-
ising solution to native ligamentous regeneration.

We created a novel synthetic polymer scaffold that is able
to be seeded with progenitor and mature fibroblasts, which in
combination with growth factors were able to be induced to
express a ligament-like matrix covering the scaffolds. Our
goal was to create a scaffold with four essential properties for

ligament engineering: (1) Biocompatible scaffold that facil-
itates cellular attachment and tissue infiltration; (2) Large
pores and channels to facilitate nutrient transport, cellular
proliferation, and sustained cellular and tissue viability; (3)
An environment compatible for induction of ligamentous
differentiation and ingrowth of ligamentous matrix; and (4) A
scaffold with the initial mechanical and structural properties
to withstand the loading demands within the joint.

Our scaffold was made using the synthetic biomaterial
PCLF. This scaffold was initially designed to act in con-
junction with two other synthetic polymers, the more rigid
biodegradable polypropylene fumarate (PPF) scaffold and
poly lactic-co-glycolic acid (PLGA) microspheres, for bone
engineering. In a previous investigation, we were able to
embed PLGA microspheres containing bone morphogenetic
protein-2 (BMP-2) into PPF scaffolds and seeded with bone
marrow stromal cells (BMSCs).33 However, this cyto-
compatibility was not limited to PPF and PLGA, as PCLF is
also very compatible with many different cell types. Given
the ability to modify the mechanical properties and geo-
metric properties of PCLF, it is an appealing biomaterial for
use in connective tissue engineering applications. Further-
more, it is shown to be slowly degrading in vivo, with the
structural integrity of the scaffolds remaining intact for well
over 16 weeks in most studies.17,19,34,35

PCLF has been previously used as a material in a wide
array of biological applications, including injectable scaf-
folds, drug delivery vehicles, and electrically conductive
nerve conduits.15–17,19,36–42 By modifying the crystallinity,
cross-linking, and degree of polymer branching, the strength,
flexibility, and stiffness of PCLF can be modulated.19,40,42

For example, the tensile modulus of this polymer can vary
from 0.87 to 138 MPa by varying only the molecular
weight of the PCL precursor chosen.42 Additionally, this

FIG. 9. Ligamentous differentiation live immunostaining assay. The stem cells were cultured on scaffolds in the presence
of FBS only, PL, fibroblast growth factor (FGF) in FBS (FGF), or PL and FGF. The positive control was anterior cruciate
ligaments (ACL) fibroblasts. The red staining represents cells expressing the different marker ligamentous differentiation
markers. The blue staining represents the live cells covering the scaffolds (DAPI nuclear staining). Color images available
online at www.liebertpub.com/tea
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biodegradable material can be sterilized using FDA-approved
ethylene oxide or autoclave, with minimal effect on its
mechanical properties or cytocompatibility.19 Using Solid-
Works CAD software and SolidScape 3D printer, we were
able to create a scaffold with large pores and channels
traversing the length of the scaffold with the size and flexi-
bility similar to native human wrist and rabbit ACL liga-
ments. This is the first description of this novel technique
printing a three-dimensional scaffold with customized pore
sizes and scaffold geometry.

Important considerations in scaffold engineering involve
surface topography, pore size, and biocompatibility.
Rougher surfaces with larger pore sizes are generally
thought to promote cell attachment and viability, and pro-
mote tissue ingrowth when implanted in vivo.17 This rep-
resents a challenge in engineering decellularized autograft
tendons, as any increase in porosity compromises the tensile
strength.12,43–47 Furthermore, many natural and synthetic
scaffolds have been associated with poor cellular attachment
and tissue infiltration secondary to the hydrophobic and
acidic nature, and the induction of local inflammatory re-
sponses.7–11,47 Thus, when considering the use of scaffolds
without natural cell binding domains, it is critical to ensure
their ability to facilitate cell attachment and cytocompat-
ability. We created synthetic scaffolds with rougher surfaces
and large macro channels traversing the scaffolds in the X,
Y, and Z-axes to sustain cellular attachment and growth
over 28 days. Additionally, PCLF has been demonstrated in
the past to be very compatible with both mature and pro-
genitor nerve and bone cells.16,17,40,42 Similar to these
studies, the PCLF scaffolds in our study demonstrated good
biocompatibility with respect to other cell types from the
mesenchymal progeny. The high cell attachment rates and
seemingly very friendly micro environment created on the
surfaces of these scaffolds lead to the cells proliferating and
covering all aspects of the scaffolds after multiple weeks in
static culture.

One important finding was that the cells cultured in the
presence of growth factors significantly increased cellular
proliferation and expression of ligamentous markers. One of
the biologic strategies we utilized was PL and the liga-
mentous differentiation regulator FGF-2. The PL is a col-
lection of lysed platelets from 500 distinct platelet donors
from the Mayo Clinic Blood Bank, split into batches con-
taining 8–12 donors according to GMP standards.20,21 It has
been demonstrated to contain growth factors, such as TGF-
beta, VEGF, PDGF, FGF, and EGF.20 FGF-2 has been
shown to induce stem cell proliferation and differentiation
into ligamentous and tenogenic tissues and enhance me-
chanical strength of such tissues.48–50 Similar to prior
studies, our results found that PL increases mesenchymal
cellular proliferation rates, it does not induce differentiation.
Furthermore, PL combined with FGF-2 induced expression
of ligamentous matrix proteins, including collagen I,
tenascin-C, and collagen III. Further investigation is war-
ranted to determine its potential for augmentation of liga-
mentous and other mesenchymal tissue regeneration.

In conclusion, we have designed a novel PCLF scaffold
using 3D printing to customize a scaffold containing large
pores and channels traversing the scaffold in multiple di-
rections. With the aid of a dynamic bioreactor, cells are
evenly distributed throughout the scaffold from the first day.

The large pores, rough surface, and cell friendly synthetic
polymer creates an environment that progenitor and mature
ligamentous cells are able to attach, proliferate, and remain
viable for a long period of time. Augmentation with PL and
FGF-2 induced adipocyte-derived stem cell proliferation
and expression of a ligamentous matrix containing collagen
and tenascin-C. In the future, we hope to enhance the po-
tential for clinical translation through investigations into
copolymers and other methods of ligamentous differentia-
tion induction using the PCLF scaffold as a backbone. This
scaffold has potential within ligament engineering, and the
regeneration of many other mesenchymal and skeletal soft
tissues.
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