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Abstract
In an effort of achieving suitable biomaterials for peripheral nerve regeneration, we present a material
design strategy of combining a crystallite-based physical network and a crosslink-based chemical
network. Biodegradable polymer disks and conduits have been fabricated by photo-crosslinking three
poly(ε-caprolactone fumarate)s (PCLF530, PCLF1250, and PCLF2000), which were synthesized
from the precursor poly(ε-caprolactone) (PCL) diols with nominal molecular weights of 530, 1250,
and 2000 g.mol−1, respectively. Thermal properties such as glass transition temperature (Tg), melting
temperature (Tm), and crystallinity of photo-crosslinked PCLFs were examined and correlated with
their rheological and mechanical properties. Furthermore, in vitro degradation of uncrosslinked and
crosslinked PCLFs in PBS crosslinked PCLFs in 1 N NaOH aqueous solution at 37 °C was studied.
In vitro cytocompatibility, attachment, and proliferation of Schwann cell precursor line SPL201 cells
on three PCLF networks were investigated. Crosslinked PCLF2000 with the highest crystallinity and
mechanical properties was found to best support cell attachment and proliferation. Using a new photo-
crosslinking method, single-lumen crosslinked PCLF nerve conduits without defects were fabricated
in a glass mold. Crosslinked PCLF2000 nerve conduits were selected for evaluation in a 1-cm gap
rat sciatic nerve model. Histological evaluation demonstrated that the material was biocompatible
with sufficient strength to hold sutures in place after 6 and 17 weeks of implantation. Nerve cable
with myelinated axons was found in the crosslinked PCLF2000 nerve conduit.
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1. Introduction
Peripheral nerve injuries have been a challenging clinical problem for surgeons.[1–5]
Autologous nerve graft is still the gold standard in repairing injured peripheral nerve. However,
it has several disadvantages such as limited sources of donor nerve, the need of a second surgery
to obtain the donor nerve, loss of nerve function in transplantation, and mismatch between the
injured nerve and donor nerve.[1–7] Therefore, synthetic nerve conduits have attracted great
attention and numerous biocompatible polymers have been used to fabricate nerve conduits to
bridge the gap between injured peripheral nerve stumps.[1–7] Suitable nerve conduit materials
should satisfy several general properties in regards of feasibility of fabrication, sterilizability,
capability of resisting tear, and suturability.[1]

Crosslinkable polymeric biomaterials have many advantages because they can be injected and
hardened in situ to fill tissue defects or fabricated into pre-formed scaffolds.[8,9] Recently we
have developed a series of crosslinkable, degradable polymers and polymer composites for
hard and soft tissue engineering applications.[10–17] Among these crosslinkable polymers,
poly(ε-caprolactone fumarate) (PCLF) (Scheme 1) is a copolymer synthesized through the
polycondensation of PCL diol and fumaryl chloride in the presence of a proton scavenger
triethylamine or potassium carbonate (K2CO3).[10,12] In this study, PCLFs were synthesized
from three starting PCL diols having nominal molecular weights of 530, 1250, and 2000
g.mol−1 with K2CO3. We have reported the structural characterizations and physical properties
of these PCLFs and found they could be crosslinked by either thermal crosslinking or photo-
crosslinking without the need of additional crosslinkers.[12]

This report will focus on the physical properties of these three photo-crosslinked PCLFs as
well as the evaluations of them as candidate materials for peripheral nerve regeneration. For
investigating in vitro cell-material interactions, PCLFs have been fabricated into two-
dimensional (2D) flat disks and the tested cell type was SPL201 cell, a conditionally
immortalized Schwann cell precursor line for myelinating axons.[18] In in vivo animal testing,
three-dimensional (3D) crosslinked PCLF nerve conduits have been fabricated using a novel
molding method to guide axon growth between the distal and proximal nerve ends in a rat
sciatic nerve defect model.

Because of distinct crystallinity and melting point, these three photo-crosslinked PCLFs have
different mechanical properties at room temperature or body temperature. Such crystallite-
enhanced surface stiffness will be emphasized in this report as a critical role in both regulating
cell responses and determining the suitability for peripheral nerve regeneration. Therefore, this
study not only supplies novel photo-crosslinkable biomaterials with great potentials for
peripheral nerve regeneration but also testifies the material design strategy of using double
polymer networks formed by both crosslinks and crystallites to modulate biomaterial properties
and regulate cell responses.

2. Materials and methods
2.1. Materials

Unless noted otherwise, all chemicals used in this study were purchased from Sigma-Aldrich
Co (Milwaukee, WI). PCLF samples were synthesized using α,ε-telechelic PCL diols with
nominal number-average molecular weight (Mn) of 530, 1250, and 2000 g.mol−1.[12] The
obtained PCLFs are named as PCLF530, PCLF1250, and PCLF2000, having weight-average
molecular weight (Mw) of 6050, 15800, and 12900 g.mol−1, and Mn of 3520, 9000, and 7300
g.mol−1, respectively.
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2.2. Photo-crosslinking of PCLF and fabrication of nerve conduits
Photo-crosslinking was initiated with ultraviolet (UV) light (γ=315–380 nm) in the presence
of a photo-initiator, phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE
819™, Ciba Specialty Chemicals, Tarrytown, NY). In this study, 75 μL of BAPO/CH2Cl2 (300
mg/1.5 mL) solution was used for pre-dissolved PCLF/CH2Cl2 solution (1.5 g/500 μL). BAPO/
PCLF weight ratios were calculated to be 10 mg/g. Homogeneous PCLF/BAPO/CH2Cl2
mixture was transferred into a mold consisting of two glass plates (2.1 mm, thickness) and a
Teflon spacer (0.37 mm, thickness). The filled mold was placed under UV light with a distance
of ~7 cm from the lamp head for 30 min to allow crosslinking. Crosslinked PCLF sheets were
removed from the mold after cooled down to ambient temperature. Strips and disks with
different dimensions were cut from the sheets for different experimental purposes.

For fabricating nerve conduits for implantation, homogenous PCLF/BAPO/CH2Cl2 mixture
mentioned earlier was injected from a syringe to a custom mold formed using a glass tube, a
stainless steel wire, and two Teflon end-caps, as depicted in Scheme 2. The mold loaded with
viscous polymer solution was rotated under UV light for 30 min to facilitate crosslinking. The
crosslinked polymer nerve conduits were soaked in acetone for two days to wash away the
solvent and sol fraction. Then the polymer conduits were dried in a vacuum oven.

2.3. Gel fraction and swelling ratio measurements
The procedure of determining gel fraction and swelling ratios of crosslinked PCLFs can be
found in our previous reports.[12,14] Briefly, two crosslinked PCLF disks (5 mm × 0.34 mm,
diameter × thickness) per solvent were immersed in excess CH2Cl2, ethanol, and water for two
days. The swelling ratios and gel fractions of these crosslinked PCLF disks were calculated
using the equations of (Ws-Wd)/Wd×100% and Wd/W0×100%, respectively, where W0 is the
original weight of disk, Wd is the dry weight of disk after being soaked in CH2Cl2, and Ws is
the weight of fully swollen disk. CH2Cl2 was the solvent for determining gel fractions.

2.4. Microscopic observation of nerve conduits
Cross-sectional and longitudinal surface morphologies of crosslinked PCLF nerve conduits
were examined by cold-field emission scanning electron microscopy (SEM) (S-4700, Hitachi
Instruments Inc., Tokyo, Japan). All samples were imaged at 3 kV accelerating voltage and
9500 nA emission current.

2.5. Thermal characterizations
Thermal properties of crosslinked PCLFs (~2 mg) were measured using a differential scanning
calorimeter (DSC) (Q1000, TA Instruments) in a nitrogen atmosphere. The sample was first
heated from room temperature to 100 °C and cooled to −90 °C at 5 °C/min. Then a subsequent
heating run was performed from −90 to 100 °C at 10 °C/min.

2.6. Rheological measurements
Frequency sweep mode was applied to obtain the linear viscoelastic properties of crosslinked
PCLFs, including storage and loss moduli G' and G” as well as viscosity η as functions of
frequency, on a rheometer (AR2000, TA Instruments) in the frequency (ε) range of 0.5–100
rad/s at 37 °C. In the measurements, a small strain (γ=0.01) was applied and an 8 mm diameter
parallel plate flow cell was used. The gap was around 0.5 mm, depending on the sample
thickness.

2.7. Mechanical measurements
Tensile, compression, and 3-point bending properties of photo-crosslinked PCLF specimens
were implemented by a dynamic mechanical analyzer (DMA2980, TA instruments) at room
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temperature. In tensile experiments, crosslinked PCLF strips (~30 mm × ~2 mm × ~0.4 mm,
length × width × thickness) were elongated at 0.5 N.min−1 up to a maximum static force of 18
N. Five specimens were measured and averaged for each sample. In order to test how much
the crosslinked PCLFs can hold the suture, pull-out tests were performed on a laboratory-
developed mechanical analyzer for the polymer disks (5 mm × 0.35 mm, diameter × thickness)
with a micro-surgical Nylon suture loop (10-0 Ethilon, Ethicon Co., Somerville, NJ) through
the center. The detailed procedure for the pull-out tests was given in our earlier report.[14]
Three specimens for each sample were measured at a pull-out rate of 0.1 mm.s−1. In
compression measurements, modulus was measured on small polymer disks (4.1 mm × 0.36
mm, diameter × thickness) at a compression rate of 2 N.min−1 up to a maximum static force
of 18 N. Flexural modulus of crosslinked PCLF conduits was measured using three-point
bending mode in DMA. Polymer conduits have an average outer diameter ranging from 2.04
mm for PCLF530 conduits to 1.92 mm for PCLF2000 conduits, and a fixed length of 10.23
mm. In indentation tests, polymer disks were indented with a 1-mm flat-ended cylindrical tip
on an ELF3100 micro-indenter (Bose Inc., Minnetonka, MN), assuming they were in
unconfined compression. The indentation was performed at a rate of 0.2 mm.s−1 with a
maximum force of 20 N. Three indents were performed on each specimen and the indentation
depth ranged from 0.1 to 0.3 mm. The concern about disk thickness was included in the
calculation according to our earlier report.[14]

2.8. Contact angle measurement and protein adsorption
A static contact angle system (Kruss, Model DSA10) with water as the liquid phase was used
to test the hydrophilicity of the crosslinked PCLF disks. Approximately 1 μL of water (pH=7.0)
was injected onto the disk surface. Contact angle measurement was made after a static time of
30 s. A tangent method was used to calculate the contact angle in degrees. For each composition,
three disks were used and six data points were taken for average and standard deviation
calculation.

As described in an earlier paper for protein adsorption measurement,[14] pre-wetted
crosslinked PCLF disks (11 mm × 0.37 mm, diameter × thickness) were immersed in cell
culture medium for 4 hr at 37 °C. Then the disks were transferred into 48-well plates (one disk
per well) and 600 μL of phosphate buffer saline (PBS) was used to wash the disks three times.
Five minutes of gentle agitation was applied and PBS was discarded after each wash. Two
hundred forty microliters (240 μL) of 1% sodium dodecyl sulfate (SDS) solution was put into
these wells for 1 hr at room temperature. The SDS solution was collected in a plastic vial and
new SDS solution was put into the wells for another 1 hr. This procedure was repeated twice
and all the SDS solution was collected in a plastic vial. The concentrations of protein in the
collected SDS solutions were determined on a microplate reader (SpectraMax Plus 384,
Molecular Devices, Sunnyvale, CA) using a MicroBCA protein assay kit (Pierce, Rockford,
IL). Albumin in the kit was used to prepare solutions in SDS with eight known concentrations
in order to construct a standard curve.

2.9. In vitro degradation
In vitro degradation of both uncrosslinked and crosslinked PCLFs was performed as follows.
Uncrosslinked PCLFs (0.2 g) or crosslinked PCLF disks (~20 mg) were immersed in 10 mL
PBS in glass vials and incubated at 37 °C for 71 weeks. After the degraded samples were fully
washed and dried, the molecular weights were measured using GPC every 3–5 weeks for
uncrosslinked PCLFs while the weights were measured and compared with their initial weights
for crosslinked PCLFs. Degradation of crosslinked PCLF disks in 1 N sodium hydroxide
(NaOH) aqueous solution at 37 °C was also studied and the weight change was recorded every
day till the disappearance of the sample.
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2.10. In vitro cytocompatibility, cell attachment, and proliferation
Rat SPL201 cells were used to evaluate the cytocompatibility of the PCLF material for nerve
regeneration. Cryo-preserved SPL201 cells were thawed and plated on polystyrene flasks in
culture medium that was composed of Dulbecco's modified eagle medium (Gibco, Grand
Island, NY), 10% fetal bovine serum (FCS) (Sera-Tech, Germany), 50 μg gentamycin (Sigma,
St. Louis, MO), and 10 ng/ml human recombinant EGF (Pepro Tech Inc., Rocky Hill, NJ).
After plating, the cell suspension was incubated for 12 hr in a 5% CO2, 95% relative humidity
incubator at 37 °C. Cell culture medium was changed after 24 hours of plating the cells from
waking them up. Cells were split when they were 80% confluent. Trypsin with a concentration
of 0.025% was used to bring the cells off from the flasks. The passage number was usually
between 8 and 20.

The cytotoxicity evaluation proceeded by harvesting the SPL201 cells from the flasks and
seeding them in 24-well plates at a density of 2×104 cells/cm2 with 300 μL/cm2 of primary
medium. Crosslinked PCLF disks were sterilized in excess 80% ethanol solution overnight
with gentle shaking. Then the disks were dried under vacuum and washed with PBS at least
three times prior to use. The cells were exposed through culture medium to the sterile polymer
disks (5 mm × 0.34 mm, diameter × thickness) inside the trans-wells for 1, 4, and 7 days.
SPL201 cells plated with the same density without exposure to the polymer disks were positive
controls and empty wells were negative controls. UV absorbance at 490 nm was determined
on the incubated MTS assay solution (CellTiter 96 Aqueous One Solution, Promega, Madison,
WI) using a microplate reader and cell viability was indicated by comparing the absorbance
with the positive control's value.

SPL201 cell attachment and proliferation were performed to demonstrate the effect of material
properties on cell responses. Sterile crosslinked PCLF disks were placed on the bottom of 48-
well tissue culture plates using sterilized inert silicon-based high temperature vacuum grease
(Dow Corning, Midland, MI) to avoid floating in the culture medium. Cells were seeded onto
the polymer disk surface at a plating number of 15,000 cells/cm2. After 1, 4, and 7 days, culture
medium was removed from the wells and the polymer disks were washed with PBS twice. The
attached cells were fixed in paraformaldehyde (PFA) solution for 10 min. After PFA solution
was removed, the cells were washed twice with PBS and permeabilised with 0.2% Triton
X-100. The cells were stained using rhodamine-phaloidin for 1 hr at 37 °C and DAPI at room
temperature for photographing with an Axiovert 25 Zeiss light microscope (Carl Zeiss,
Germany).

2.11. In vivo implantation and histological evaluation
All the animal procedures were conducted under anesthesia and governed by an IACCUC
protocol with special emphasis placed on post-operative care to alleviate potential pain and
reduce autonomy. Single-lumen polymer nerve conduits made from photo-crosslinked
PCLF2000 (as described in Section 2.2) were used for in vivo implantation because they were
sufficiently flexible and tough to resist tear. The crosslinked PCLF2000 conduits were
sterilized in 80% ethanol solution for 30 min and dried under vacuum overnight before they
were implanted in a 1-cm gap in the rat sciatic nerve as described previously.[19] Briefly, the
sciatic nerve was cut 5 mm distally from the tendon of the internal obturator muscle. A further
5-mm section of the sciatic nerve was replaced with a crosslinked PCLF2000 conduit. The
nerve ends were inserted approximately 1 mm into the nerve conduit and held by a pair of
sutures at both ends to leave a 1-cm gap in the nerve. After 6 and 17 weeks, the sciatic nerve
and polymer nerve conduit were re-exposed and fixed in situ for 30 min in trumps fixative (2%
PFA and 1% glutaraldehyde in PBS, pH=7.2) using the methods adapted from the literature.
[20] The polymer nerve conduits with approximately 2 mm of both proximal and distal sciatic
nerve ends were cut and removed prior to an immediate 24-hr fixation in trumps fixative. The

Wang et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polymer nerve conduits were embedded in SPUR using standard histological techniques. In
brief, the nerve conduits were washed twice in PBS, treated with 1% osmium tetroxide
(OsO4) for 1 hr, washed three times in water, and immersed in 2% uranyl acetate for 30 min.
The nerve conduits were then washed in H2O and subsequently dehydrated. Once dehydrated,
the samples were incubated in increasing concentrations of SPUR in ethanol. Finally after the
immersion in 100% SPUR for 1 hr, the samples were mounted on a block mold and polymerized
for 2–3 weeks at 40 °C. Thick sections were taken from the mid-part of the conduits, stained
with toluidine blue and p-phenylene diamine, and evaluated for the presence of myelinated
axons, macrophages, and fibroblasts.

3. Results and Discussion
3.1. Gel fraction, swelling ratios, and thermal properties

Before crosslinking, PCLFs are paste- or wax-like and lack sufficient mechanical properties
for biomedical applications at room temperature or body temperature because their molecular
weights are not high enough. After crosslinking, PCLFs form networks with higher mechanical
properties. Because the composition of crosslinkable fumarate segment is lower for the PCLF
prepared with a higher molecular weight of PCL precursor,[12] the gel fraction of crosslinked
PCLF (Table 1) decreases from 77% for PCLF530 to 69% for PCLF1250 and then 53% for
PCLF2000. The chemical structure of PCLF (Scheme 1) indicates that the distance between
two neighboring crosslinks in PCLF networks is determined by both the PCL precursor's
molecular weight and also the BAPO/polymer ratio.[22] Five amounts of photo-initiator BAPO
have been employed in the photo-crosslinking to examine the effect of BAPO/polymer ratio
on the physical properties of the PCLF networks.[22] In this study, BAPO/polymer ratio is 10
mg/g, the swelling ratio of crosslinked PCLF in CH2Cl2 shown in Table 1 increases
progressively from 4.0±0.2 for crosslinked PCLF530 to 16.8±0.84 for crosslinked PCLF2000.
Crosslinked PCLFs do not swell in water but swell slightly in ethanol with swelling ratios
ranging from 11% to 25%.

Uncrosslinked PCLFs are all semi-crystalline with molecular-weight-dependent melting point
(Tm) and crystallinity (χc) increase from 27.5 °C and 37.4% for PCLF530 to 43.9 °C and 47.2%
for PCLF1250, then to 45.7 °C and 50.6% for PCLF2000.[12] Their glass transition
temperatures (Tg) are around −60 °C.[12] In PCLF networks, both crosslinks and crystallites
affect their thermal and mechanical properties.[22] Meanwhile, crystallites can be prohibited
by crosslinks as demonstrated in the crystallization of ε-caprolactone blocks within a
crosslinked microdomain structure of poly(ε-caprolactone)-block-polybutadiene.[23,24]
Crosslinked PCLF530 is amorphous because crystallization is completely suppressed by the
crosslinks. In contrast, crosslinked PCLF1250 and 2000 are still semi-crystalline with lower
crystallinities (30% and 37%, respectively) and Tm (31.6 and 42.0 °C, respectively) compared
with their uncrosslinked counterparts.

3.2. Rheological and mechanical properties
Fig. 1 shows dynamic frequency sweep results of three crosslinked PCLFs at 37 °C, revealing
their rheological properties especially shear modulus at body temperature. All these three
crosslinked PCLFs demonstrate rubbery behavior with storage modulus G' always larger than
loss modulus G“ and no frequency dependence for G' in the frequency range of 0.5–100 rad/
s. Shear thinning behavior can be observed for viscosity η. When the measurement temperature
is 60 °C, all the PCLF networks are amorphous and the shear modulus is only determined by
the average molecular weight between the two neighboring crosslinks or crosslinking density
in the polymer network.[25] Consequently, crosslinked PCLF530 possesses the highest shear
modulus at 60 °C. Similar to their roles in thermal properties, both crosslinks and crystallites
also determine crosslinked PCLFs' rheological and mechanical properties.[22] Because
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crosslinked PCLF2000's Tm is 42.0 °°C (Table 1), its crystalline structure largely remains at
37 °C and consequently G' and η are the highest (7.25 MPa) among these three samples in Fig.
1. Crosslinked PCLF1250 shows a continuous decrease in G', G”, and η with increasing
measurement temperature from 20 to 37 and 60 °C because crosslinked PCLF1250's Tm is 31.6
°C and crystalline domains start to melt partially at 37 °C. In contrast, crosslinked PCLF530
is amorphous, its G', G”, and η are lower than those of semi-crystalline crosslinked PCLF1250
and PCLF2000. The magnitude of G' (4.75 MPa) for crosslinked PCLF1250 is over four times
higher than that (1.11 MPa) for crosslinked PCLF530 at 5.0 rad/s because the crystallites
enhance the PCLF1250 network significantly as physical fillers or associations.

Mechanical properties of crosslinked PCLFs from tensile and pull-out measurements are listed
in Table 1. The other mechanical properties determined from indentation, compression, and 3-
point bending measurements are shown in Fig. 2. Because crosslinked PCLF530 is amorphous
without the enhancement of crystallites, its tensile modulus and stress at break are as low as
0.87±0.07 and 0.48±0.40 MPa. For crosslinked PCLF2000 having the highest crystallinity and
Tm among these three crosslinked PCLFs, it has the highest tensile modulus and stress at break
as well as pull-out force with crystallites behaving like fillers and forming a physical network.
Crosslinked PCLF2000 has a low gel fraction of 53% at the BAPO/polymer ratio of 10 mg/g,
so it is brittle with and a low elongation at break of 17±2.3%. Nevertheless, it has a high tensile
modulus of 138±17 MPa and a high tensile strength at break of 7.1±0.3 MPa, which exceed
the tensile properties of fresh transected and coapted adult rat sciatic nerve (4 MPa for tensile
modulus, 0.78 MPa for strength at break, and 30% for elongation at break).[26]

For peripheral nerve regeneration, a suitable material should have sufficient pull-out force to
hold the suture and ensure the connection between the nerve conduits and the proximal and
distal nerve ends during the implantation.[1,14] The pull-out force increases from 0.05±0.002
N for crosslinked PCLF530 to 0.24±0.03 N for crosslinked PCLF1250. Due to a higher
crystallinity, PCLF2000 network has a much higher pull-out force of around 0.42 N, suggesting
that crosslinked PCLF2000 is more suitable for being used as nerve conduit material than the
other two crosslinked PCLFs. As shown in Fig. 2, the flexural modulus of crosslinked PCLF
conduit increases significantly from 2.54±0.18 MPa for crosslinked PCLF530 and 2.10±0.17
MPa for crosslinked PCLF1250 to 73.4±12.7 MPa for crosslinked PCLF2000. Compression
modulus and surface stiffness increase from 3.17±0.31 and 0.69±0.03 MPa for crosslinked
PCLF530 to 3.76±0.18 and 8.94±0.73 MPa for crosslinked PCLF1250, and then to 11.8±0.53
and 25.3±9.0 MPa for crosslinked PCLF2000, respectively.

3.3. Protein adsorption, hydrophobicity, and in vitro degradation
Surface energies of biomaterials are frequently correlated with the onset of biological
parameters such as cell adhesion and wettability when implanted.[27] Contact angle of water
on the biomaterial surface is used to evaluate surface energy and hydrophilicity. Fig. 3 shows
both contact angle of water on the surface of crosslinked PCLFs and the surface's capability
of adsorbing protein from cell culture medium. The contact angle for crosslinked PCLF530 is
51±2°, in agreement with the value of 54° reported earlier for crosslinked PCLF530 synthesized
using a different proton scavenger triethylamine.[14] The contact angle increases to 57±4° and
85±3° for crosslinked PCLF1250 and PCLF2000, respectively, indicating the hydrophobicity
is higher when the crystallinity is higher. Both hydrophilicity and surface roughness influence
the capability of the surface to adsorb proteins from culture medium.[27] Though a higher
roughness can be observed for crosslinked PCLF2000 disks (Section 3.5 and Fig. 7), its high
hydrophobic characteristic may prohibit culture medium from spreading over and consequently
less protein will attach, which was reported for the photo-crosslinked blends consisting of
polypropylene fumarate (PPF) and PCLF. At different BAPO/polymer ratios, the capacity of
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adsorbing protein from the culture medium varies without a clear trend among these three
crosslinked PCLFs.

Hydrolytical degradation of both uncrosslinked and crosslinked PCLFs was studied in PBS at
37 °C. The decrease in Mw for uncrosslinked PCLFs over 71 weeks is shown in Fig. 4a. Mw
did not decrease in the first 20 weeks for all the PCLFs as both degradation and partial
crosslinking might occur at the beginning. After 20 weeks, degradation is dominant as indicated
by the continuous decrease in Mw. For crosslinked PCLFs, weight change was examined in
both PBS and 1 N NaOH aqueous solution at 37 °C. In PBS, three crosslinked PCLFs degraded
at similar rates and only a decrease of 15–30% in weight fraction can be observed after 35
weeks. After 71 weeks, 70–80% of the original samples had been degraded. The in vitro
degradation of crosslinked PCLFs in PBS at 37 °C is in agreement with the in vivo degradation
of PCL sutures in literature.[28] As shown in the inset of Fig. 4b, the degradation of crosslinked
PCLFs in NaOH solution is much faster than in PBS. Moreover, crosslinked PCLF530
demonstrates the highest degradation rate with no residue after 3 days. Crosslinked PCLF1250
is slower and crosslinked PCLF2000 is the slowest in degradation due to higher crystallinities;
nevertheless, both samples degrade completely in the NaOH solution after 2 weeks.

3.4. In vitro cell studies
For the PCLFs synthesized using a different proton scavenger triethylamine, we have reported
excellent cell viability using human fetal osteoblast cells, rat bone marrow stromal cells, and
SPL201 cells.[10,14] In the present study, only SPL201 cells are used to evaluate cell
compatibility of three crosslinked PCLFs for peripheral nerve regeneration. As discussed in
the degradation of crosslinked PCLF disks in PBS at 37 °C, there is no detectable weight change
in one week. Therefore, the mechanical properties and topology largely maintain in the present
in vitro cell studies. Fig. 5 shows the SPL201 cell viability in the presence of crosslinked PCLF
disks for 1, 4, and 7 days. The fractions of viable cells normalized to the positive control, i.e.,
cells cultured on tissue culture polystyrene (TCPS) without exposure to polymer disks, are
close to 100% within experimental errors for all three crosslinked PCLFs. This result indicates
that all three crosslinked PCLFs have excellent compatibility to SPL201 cells and do not release
toxic small molecules in the duration of one week.

SPL201 cell morphology at 1 day and 7 days post-seeding on the crosslinked PCLF disks is
shown in Fig. 6. Consistent with our earlier report,[14] amorphous crosslinked PCLF530 disks
cannot support cell adhesion and proliferation well (Figs. 6a, d, g). In contrast, much more
attached cells with spread-out phenotype and distinct actin stress fibers can be observed on
semi-crystalline crosslinked PCLF2000 disks at both 1 and 7 days (Figs. 6b, e, h). At 37 °C,
crosslinked PCLF1250 having a very close Tm (31.6 °C) is still semi-crystalline and its shear
modulus and surface stiffness are between those of crosslinked PCLF530 and 2000, as indicated
in Figs. 1 and 2. The number of attached cells and their phenotype on the crosslinked PCLF1250
disks (Figs. 6b, e, and h) suggest that crosslinked PCLF1250's capability of supporting cells
to attach and proliferate is also between the other two crosslinked PCLFs.

It is generally believed that three major factors, i.e. chemical, topological, and mechanical
factors, influence cell responses to biomaterials.[27] As recently elaborated in numerous
reports, material's surface stiffness can play an important role through strong mechanical
feedback from cell-substrate adhesion sites.[29–32] Crosslinked PCLFs are majorly (>90%)
composed of PCL with different molecular weights; however, they have different surface
energies or hydrophilicity, capabilities for adsorbing protein from culture medium, and
mechanical properties because of the difference in the crystallinity. The contact angle of ~50°
for crosslinked PCLF530 and 1250 is believed to favor cell attachment and proliferation better
than a larger value of ~90° for crosslinked PCLF2000.[27] However, because crosslinked
PCLF2000 has a lower gel fraction compared with crosslinked PCLF530 and 1250, its surface
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is rougher than the other two samples after extraction of the sol fraction using acetone, which
can be directly seen in SEM images of the outer surface of the fabricated nerve conduit in Fig.
7d. Therefore, crosslinked PCLF2000 disks have two advantages: 1) higher surface stiffness;
2) increased surface roughness that encourage SPL201 cells to attach and proliferate on its
surface in the time frame of over 1 week, although its hydrophilicity and capability for
adsorbing proteins are the poorest among these three crosslinked PCLFs. Note that it is not
unusual to observe no certain correlation between the contact angle or protein adsorption and
cell attachment.[14,33]

Differences in cell behavior were reported on less crystalline versus more crystalline poly-L-
lactide substrates previously.[34] The influence of nanometer-scale roughness on proliferation
was also revealed on the osteoblast response to polymer crystallinity using poly(L-lactic acid).
[35,36] Although crosslinked PCLF1250 and 2000 are semi-crystalline, the existence of
nanometer-scale roughness in them might not be possible because the fabrication method of
using glass molds did not allow crystallizable PCL segments to form surface features at
nanometer scale. It can be speculated that crystallinity plays a more important role in regulating
cell responses through enhancing the PCLF network's mechanical properties. It should be also
noted that crosslinking process influences the final physical properties of crosslinked PCLF
significantly.[22] Particularly, incomplete thermal crosslinking will result in a tacky surface,
a higher crystallinity, a lower gel fraction, and a higher surface roughness even for PCLF530
that has the highest density of crosslinkable segments among the three PCLFs in this study.
Cells are expected to respond to the thermally crosslinked PCLF disks differently.

3.5. Scaffold fabrication and in vivo nerve regeneration
Previously we used thermal crosslinking of PCLF530 in Teflon molds to fabricate polymer
nerve conduits.[37] After 1 month of implantation of thermally crosslinked PCLF disks, a high
rate of biocompatibility was suggested by a very thin layer of fibrous capsule around the
sample, and the absence of some adverse reactions such as chronic infection in the blood,
abnormalities in the renal capsules or kidney glomerulus, and interstitial thickening around the
blood vessels.[10] However, the fabrication method of using thermal crosslinking is time-
consuming (12 hr at 60 °C) and inefficient. In addition, the polymer conduits fabricated using
thermal crosslinking often contain defects and bubbles because of inhomogeneous distribution
and solvent evaporation. The new method presented in this report uses photo-crosslinking of
polymers in a glass mold shown in Scheme 2. As elaborated in Section 2.2, defect-free conduits
with single or multiple channels can be easily fabricated from homogeneous PCLF/BAPO/
CH2Cl2 solutions after 30-min photo-crosslinking. Single-lumen nerve conduits made from
three crosslinked PCLFs using this method are shown in Figs. 7a–c. Because crosslinked
PCLF2000 has a gel fraction of 53%, its outer surface is with wrinkles and roughness is at the
scale of 50 μm after being soaked in acetone, as demonstrated in Fig. 7d. Little swelling of
these conduits was found in PBS solution; however, they swell slightly in 80% ethanol solution
during sterilization, which is indeed helpful for leachable and potentially toxic molecules to
be removed in this step if there are some.

We deliberately selected the toughest crosslinked PCLF2000 nerve conduit to evaluate in
vivo biocompatibility of crosslinked PCLFs. By controlling its crosslinking density and
crystallinity, the PCLF2000 network is sufficiently strong to hold the suture while still suturable
and flexible that is preferred in the repair of large gaps. Furthermore, the mechanical properties
of crosslinked PCLF also support cells to attach and proliferate best among these three PCLFs.
After 6 and 17 weeks of implantation, the structure of nerve conduit was still intact and only
a think capsule of fibrous tissue grew and covered the crosslinked PCLF2000 nerve conduit
(Fig. 8). Histological analysis also suggests that the nerve conduits are biocompatible with the
surrounding tissue by showing only a small layer of fibrous tissue around the conduits. As
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demonstrated in Figs. 9a and 9c, the cross-sections of the crosslinked PCLF2000 nerve conduits
at the middle point (5 mm) from the proximal anastomosis confirm the presence of a
regenerating axon cable 6 and 17 weeks post-implantation. With a larger magnification in Figs.
9b and 9d, myelinated axons can be observed in the mid-part of the channels of the nerve
conduit after implantation. Fasciculation of myelinated axons increased number of myelinated
axons can be found after a longer period of implantation, 17 weeks, in Fig. 9d when compared
with 6 weeks in Fig. 9b. Numerical analysis of the axons in the regenerated nerves section in
Figs. 9c and 9d was conducted. The area of regenerative tissue is 0.2438 mm2, the total axon
count is 3405, and the average myelin thickness is 1.3 μm.

This pilot study demonstrates that crosslinked PCLF2000 is an excellent candidate material
for substituting autologous nerve conduit because it satisfies the major requirements in
fabrication, degradation rate, flexibility, toughness, and biocompatibility. Furthermore, it is
rather convenient to incorporate crosslinked PCLF2000 nerve conduits with such features as
multiple guidance channels, porous permeable wall structure, supporting cells, and nerve
growth factors. Beyond the scope of the present report that supplies preliminary data on
biocompatibility, more extensive implantations with functional tests are to be performed in our
laboratory using these photo-crosslinked PCLF2000 nerve conduits and a detailed
investigation of nerve regeneration with statistical analysis will be reported later.

The strategy of combining networks from both crosslinks and crystallites in this study suggests
a good method to achieve biomaterials with appropriate properties for both in vitro cell studies
and in vivo peripheral nerve regeneration. Our laboratory recently focuses on the injectable
polymeric systems with controllable mechanical properties for investigating the role of
mechanical factor in regulating cell responses and tissue ingrowth. Besides three PCLFs with
different crystallinities and melting points reported herein, the systems include a series of
copolymers consisting of PPF and PCL, PPF/PCLF blends,[14] and PPF [17] or PCLF
composites with hydroxyapatite nano-particles. The results are consistent with each other in
terms of regulating cell behavior and all suggest the role of surface stiffness can be crucial in
designing and selecting polymeric materials for biomedical applications.

4. Conclusions
Three polycaprolactone fumarates (PCLFs) with different nominal molecular weights (530,
1250, and 2000 g.mol−1) of their precursor polycaprolactone (PCL) diols have been photo-
crosslinked to explore their applications in guided peripheral nerve regeneration. As different
crosslinked PCLFs have different crystallinity and melting point, their mechanical properties
vary significantly. Among these three photo-crosslinked PCLFs, crosslinked PCLF2000
synthesized from a PCL diol with 2000 g.mol−1 possesses the highest Tm and crystallinity,
consequently the best rheological and mechanical properties at body temperature. All three
crosslinked PCLFs show no cytotoxicity to rat SPL201 cells. Crosslinked PCLF2000 disks
support SPL201 cell attachment and proliferation most efficiently although they are
hydrophobic with the highest contact angle of 85±3° and have the lowest capability of
adsorbing protein from culture medium among the three crosslinked PCLFs. The role of
crystallinity in enhancing cell proliferation can be interpreted as the result of crystalline-
domain-induced greater mechanical properties, particularly, surface stiffness. Therefore,
crosslinked PCLF2000 nerve conduits have been made using a novel photo-crosslinking
fabrication method for evaluating in vivo biocompatibility and functionality of guiding axon
growth in a rat sciatic nerve defect model. The materials are biocompatible with the rat tissue
without showing inflammatory reactions or existence of macrophages. Nerve cable with
myelinated axons has been found in the crosslinked PCLF2000 nerve conduit after 6 and 17
weeks of implantation. Besides physical and degradation properties of PCLF networks, the
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present study supplies a strategy of combining both chemical and physical networks to achieve
biomaterials with suitable mechanical properties to support cell responses and tissue ingrowth.
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Fig. 1.
Storage modulus G' (solid symbols), loss modulus G” (open symbols), and viscosity η (lines)
vs. frequency for crosslinked PCLFs at 37 °C. Crosslinked PCLF530: squares and dotted lines;
crosslinked PCLF1250: circles and dashed lines; crosslinked PCLF2000: triangles and solid
lines.
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Fig. 2.
Compression, flexural, and surface moduli of crosslinked PCLF specimens at room
temperature.
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Fig. 3.
Contact angle of water and protein adsorption on crosslinked PCLF disks.
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Fig. 4.
Degradation of (a) uncrosslinked PCLF and crosslinked PCLF samples in (b) PBS and (c) 1
N NaOH aqueous solution at 37 °C.
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Fig. 5.
SPL201 cell viability in the presence of crosslinked PCLF disks as compared to cell-seeded
tissue culture polystyrene (TCPS) without polymer specimen as positive (+) control and empty
TCPS without cells as negative (−) control.
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Fig. 6.
SPL201 cell morphology after 1 day (×400) and 7 days (×100 and ×400) of culture on
crosslinked PCLF disks. The scale bars in (a), (d), and (g) stand for 100, 200, and 100 μm,
respectively, and they are applicable for the images in the same column.
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Fig. 7.
SEM pictures of crosslinked (a) PCLF530, (b) PCLF1250, and (c) PCLF2000 conduits, and
(d) outer surface of crosslinked PCLF2000. The scale bars in (a–c) stand for 2 mm and the
scale bar in (d) is 0.5 mm.
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Fig. 8.
Gross view of a crosslinked PCLF2000 nerve conduit sutured with the proximal and distal
sciatic nerve strumps (arrow headed) at 17 weeks post-implantation.

Wang et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Micrographs of toluidine blue-stained cross-sections of regenerated nerve cable at the mid-
portion of a crosslinked PCLF2000 single-lumen conduit 6 weeks (a, b) and 17 weeks (c, d)
after implantation (a: ×20, b: ×100, c: ×10, d: ×40). The scale bars in (a, b, c, d) stand for 50,
10, 100, and 50 μm.
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Scheme 1.
Chemical structure of PCLF. (n, m, and p are integers to indicate the number of repeating units).
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Scheme 2.
Fabrication of a photo-crosslinked PCLF conduit.
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Table 1

Physical properties of photo-crosslinked PCLF networks

PCLF530 PCLF1250 PCLF2000

Tg (°C) −54.7 −55.1 −59.0

Tm or Tc (°C)a / 31.6 (−2.6) 42.0 (16.8)

ΔHm (J.g−1)a 0 38.9 (39.7) 48.4 (50.7)

χcb 0 0.30 0.37

Gel fraction 0.77±0.01 0.69±0.004 0.53±0.07

Swelling ratio in ethanol 0.25±0.01 0.11±0.005 0.20±0.01

Swelling ratio in CH2Cl2 4.0±0.2 9.1±0.46 16.8±0.84

Tensile modulus (MPa) 0.87±0.07 30.7±10.7 138±17

Stress at break (MPa) 0.48±0.40 3.7±0.5 7.1±0.3

Elongation at break (%) 50±11 155±39 17±2.3

Pull-out force (N) 0.05±0.002 0.24±0.03 0.42±0.03

a
Tm and ΔHm out of parenthesis, and Tc and ΔHm in parenthesis were determined in the heating and cooling runs of DSC, respectively.

b
Crystallinity χc was calculated using the equation of χc=[ΔHm/(ϕPCLΔHmc)]×100%, where ΔHmc of PCL is 135 J/g [21] and ϕPCL is 95.7% and

98.1% [12] for crosslinked PCLF1250 and PCLF2000, respectively.
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