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Abstract: Seeding of artificial nerve grafts with Schwann
cells is a promising strategy for bridging large nerve defects.
The aim of the present study was to evaluate the adhesion
and growth of human Schwann cells (HSCs) on 1,3-trimeth-
ylene carbonate (TMC) and �-caprolactone copolymers, with
the final goal of using these materials in the development of
an artificial nerve graft. The adhesion, proliferation, and
morphology of HSCs on copolymers containing 10 and 82
mol % of TMC and on the parent homopolymers were
investigated. HSCs adhered faster and in greater numbers
on the copolymer with 82 mol % of TMC and on the TMC
homopolymer compared with the other (co)polymers. On all
polymer films, cell adhesion was lower than on gelatin
(positive control). Despite differences in cell adhesion, cells
displayed exponential growth on all tested surfaces, with

similar growth rates. Cell numbers doubled approximately
every 3 days on all substrates. When the polymer films were
coated with fibronectin, no significant differences in cell
adhesion and proliferation were observed between coated
polymer surfaces and gelatin. The results indicate that all
tested materials support the adhesion and proliferation of
HSCs and can in principle be used for the preparation of
flexible and slowly degrading nerve guides. © 2003 Wiley
Periodicals, Inc. J Biomed Mater Res 67A: 876–885, 2003
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INTRODUCTION

Autologous nerve grafts are regarded as the “gold
standard” for the repair of large peripheral nerve le-
sions. Nerve grafts can be placed between nerve fas-
cicles, or more generally, between two severed nerve
ends, providing a direct, unbroken path between
nerve ends and preventing the ingrowth of scar tissue
that might hinder nerve regeneration. However, the
current technology is limited by donor tissue avail-
ability, secondary deformities, and possible mismatch
in tissue organization and dimensions. An off-the-
shelf artificial graft adaptable to the neurosurgeon’s
needs would be a welcome alternative in the treatment
of nerve defects. The nerve conduit should preferably
degrade after axonal regeneration to avoid an even-

tual late foreign-body response and chronic nerve
compression that can jeopardize nerve recovery.1

The use of degradable artificial nerve guides has
been extensively investigated in vivo.2–7 But despite
the many advances and contributions in the field of
nerve tissue engineering, the results obtained with
degradable nerve guides in the correction of large
nerve defects have never reached the levels of nerve
function recovery obtained with autologous nerve
grafts.8,9 Considering the graft material, the use of
polymers with too high degradation rates, unsuitable
mechanical properties, and impermeability of the de-
vice to body fluids have been listed as possible causes
for graft failure.10 Furthermore, a limited knowledge
of the biochemical components and pathways in-
volved in the nerve regeneration process might have
prevented the successful selection of key elements for
the regeneration process to be incorporated into the
nerve guide.

In the past few years, much effort has been put into
the identification of the factors involved in axonal
regeneration. Outgrowth over clinically relevant dis-
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tances and functional recovery seems to require addi-
tional stimulation by, for instance, contact with
Schwann cells (SCs) and/or extracellular matrix
(ECM) components. The incorporation of SCs into a
nerve guide, with a few exceptions,11 already proved
to have a positive effect on the overall regeneration
process, increasing peripheral nerve growth, myelina-
tion, and functional recovery.12–17 These cells have a
vital role in the natural nerve regeneration process,
producing ECM proteins and a range of neurotropic
and neurotrophic factors essential for neuron
growth.18–21

Recently, we have published on the potential use of
1,3-trimethylene carbonate (TMC) and �-caprolactone
(CL)-based (co)polymers in the preparation of porous
nerve conduits for bridging nerve gaps.22 Poly(TMC)
and TMC–CL copolymers with high CL content are
very flexible and tough materials that can be pro-
cessed into highly porous structures. These materials
are biocompatible and their degradation rates can be
tuned by adjusting the comonomer content.23,24 The
aim of the present study was to evaluate how varia-
tions in the polymer composition affect the adhesion,
proliferation, and morphology of human SCs (HSCs)
on TMC and CL (co)polymer substrates, with the final
goal of using these materials in the preparation of
artificial nerve grafts seeded with SCs.

Ultimately, the HSCs will be seeded on the inner
surface of the graft either directly or after coating of
the graft luminal surface with an adhesive pro-
tein.25–27 Alternatively, the nerve guide can be filled
with SCs in a supporting adhesive matrix.12–14,17,28

Therefore, the effect of fibronectin coating of TMC and
CL (co)polymers on the behavior of HSCs was also
investigated.

MATERIALS AND METHODS

Materials

Unless indicated otherwise, all reagents and biochemicals
were purchased from Sigma (St. Louis, MO). Solvents were
of analytical grade (Biosolve, The Netherlands).

Polymer synthesis and characterization

The synthesis and characterization of the TMC (Boehr-
inger Ingelheim, Germany) and CL (Acros Organics, Bel-
gium) based polymers have been described in a previous
study.22 Briefly, the polymerizations were conducted by
ring-opening polymerization in evacuated and sealed glass
ampoules using stannous octoate as a catalyst. All homo-
and copolymerizations were performed for a period of 3
days at 130°C. The obtained polymers were purified by

dissolution in chloroform and subsequent precipitation into
a 10-fold volume of isopropanol. The precipitated polymers
were recovered, washed with fresh isopropanol, and dried
under reduced pressure at room temperature until constant
weight. The (co)polymer composition was determined by
proton nuclear magnetic resonance (Varian Inova 300 MHz,
Palo Alto, CA), the molecular weight by gel permeation
chromatography (Waters, Milford, MA), and thermal prop-
erties were evaluated by means of differential scanning cal-
orimetry (PerkinElmer Pyris 1, Norwalk, CT).

Preparation of polymer disks

Films were prepared by casting polymer solutions (4.0–
6.5 wt/vol %) in chloroform onto glass plates. After drying
the films under reduced pressure at room temperature, disks
with a diameter of 17 mm were punched out.

The disks were sterilized by two incubation steps in 70 vol
% ethanol solution for 15 min, followed by a rinsing step of
30 min in sterile water. After sterilization, individual disks
were gently placed in wells of 24-well tissue culture plates
(Costar, Cambridge, MA) and fixed with sterile rubber rings
with a 15-mm internal diameter (Eriks, The Netherlands).
After drying overnight in a laminar flow chamber, the disks
were used for cell culture.

In selected experiments, sterilized disks were precoated
by incubation at room temperature for 45 min with a 50-
�g/mL human fibronectin solution (Roche Diagnostics, Ger-
many) in phosphate buffered saline (PBS) (pH 7.4; NPBI, The
Netherlands).

Characterization of polymer films

Static contact angles of ultra-pure water (MilliQ Plus;
Millipore, France) on dry and wet polymer films and water
uptake in PBS were used to evaluate the wettability of TMC
and CL (co)polymers. Contact angle measurements based on
the sessile drop (dry films) and captive bubble (wet films)
methods were performed at room temperature using a video-
based optical contact angle meter OCA 15 (DataPhysics Instru-
ments GmbH, Germany). For the dry polymer surfaces, sessile
drop contact angles were determined using films spin-coated
from chloroform solutions (2 wt/vol %) onto glass slips (Men-
zel-Gläser, Germany) (readings were taken within the first
10–15 s). Contact angles of five different regions of each poly-
mer film were measured and averaged. Contact angles of wet
films were determined using the captive bubble method on
10-mm diameter disks punched out of the cast films, which
were conditioned in ultra-pure water for 1 week. Contact an-
gles of four different disks of each polymer were averaged.

The water uptake was defined as the weight gain of the
polymer specimen after conditioning, according to:

water uptake �
w � wo

wo
� 100 �wt%�

where wo is the initial specimen weight and w the weight of
the specimen after conditioning.
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Compression-molded specimens were placed in PBS at
37°C and the weight change of the samples was evaluated
until equilibrium was reached (within 24 h). Purified poly-
mer samples 600-�m thick were compression molded at
140°C in a 100 � 50 � 0.6 mm3 mold.

The surface structure of the films was evaluated using an
S800 Field Emission scanning electron microscope (Hitachi,
Japan) operating at 5 kV. Before scanning electron micro-
scope analysis, samples were sputtered with a gold layer
(Polaron, UK).

Isolation of HSCs

Pieces of sural nerve that remained after nerve transplan-
tation to restore brachial plexus lesions in two patients were
used to establish two HSC cultures (NCN61 and NCN68) by
means of a sequential explantation technique.29 All material
was obtained from the Leiden University Medical Center
(Department of Neurosurgery) after informed consent from
the patients. After careful stripping of the epineurium and
connective tissue, the sural nerve was cut into pieces of
approximately 1 mm3. These were placed in gelatin-coated
culture flasks (Greiner, The Netherlands) and covered with
a thin layer of LAK culture medium consisting of Dulbecco’s
modified Eagle’s medium (Bio-Whittaker Europe, Belgium),
10% lymphokine activated killer cells conditioned medium
(LAK),30 5% fetal calf serum (Gibco BRL, Life Technologies,
Germany), 0.25 �L/mL phytohaema-agglutinin (Difco Lab-
oratories, Detroit, MI), 100 IU/mL penicillin (Gist-Brocades,
The Netherlands), and 50 �g/mL streptomycin (Gist-Bro-
cades).

Gelatin coatings on the culture flasks were prepared by
incubating a 0.5 wt/vol % solution of gelatin (Difco Labo-
ratories) for 45 min at room temperature, followed by 15-
min incubation with 0.5 wt/vol % glutaraldehyde (Merck,
Germany) solution. The coated flasks were subsequently
thoroughly rinsed with distilled water and dried overnight
in a laminar flow chamber.

Immunocytochemistry of HSCs

To differentiate between SCs and fibroblasts, cultures of
NCN61 and NCN68 were made on gelatin-coated coverslips
(same coating procedure as described above for coating of
the culture flasks), fixed with Cryofix� (Merck), rinsed three
times with PBS, and incubated with antibodies appropri-
ately diluted in PBS containing 0.1% bovine serum albumin
and 1% normal goat serum (CLB, The Netherlands). To
identify SCs, antibodies were added directed against S100
and glial fibrillary associated protein (Boehringer Mannheim
Biochemica, Germany) in a dilution of 1:1000 and 1:500,
respectively. For fibroblast identification, antibodies di-
rected against fibroblasts (S5 clone), Thy 1.1 (Serotec, UK),
and smooth muscle actin were used in a dilution of 1:100,
1:10,000, and 1:200, respectively. After overnight incubation
at 4°C and 100% humidity, cultures were again rinsed three
times with PBS and subsequently stained with goat anti-
mouse/fluorescein isothiocyanate (Molecular Probes, The

Netherlands) appropriately diluted in PBS containing 0.1%
bovine serum albumin and 1% normal goat serum. After
extensive rinsing with PBS, sections were mounted, dehy-
drated, and coverslipped with Fluoromount� (Merck) and
viewed with a fluorescence microscope (Olympus, The
Netherlands).

SC identity and functionality were further confirmed by
testing for myelin production around cortical neurons as
described elsewhere.31

HSC seeding

HSCs were collected from the gelatin-coated culture flasks
by incubation for approximately 2 min at room temperature
with a solution of 0.25% trypsin (Difco Laboratories) and 10
mM ethylenediaminetetraacetic acid in Dulbecco’s modified
Eagle’s medium, followed by the addition of an equal
amount of culture medium. A small cell sample was stained
with True Blue (Janssen Chimica, Belgium) to evaluate cell
viability. The cell number was estimated using a Bürker-
Türk chamber and subsequently the cell suspension was
centrifuged for 5 min at 1600 rpm. The cell pellet was
washed with LAK culture medium and, after a second cen-
trifugation step (5 min, 1600 rpm), the cells were resus-
pended in fresh culture medium to a final concentration of
2.8 � 103 cells/mL (the same seeding concentration was
used in all studies). The cell suspension (500 �L aliquots)
was added to the wells and incubated at 37°C in humidified
air/5% CO2. In proliferation experiments, the medium was
refreshed three times per week. Glass slides (Menzel-Gläser)
coated with gelatin were used as positive control (same
coating procedure as described above for coating of the
culture flasks).

HSC adhesion and proliferation

At the indicated times, cultures (in triplicate for each
surface) were gently rinsed with PBS, fixed with Cryofix�

and stained with 0.25 wt/vol % Coomassie blue solution in
methanol/water/acetic acid (5:5:1). Subsequently, samples
were fixed with an 8.8 wt/vol % trichloroacetic acid and 2.6
wt/vol % sulfosalicylic acid solution in a 23:77 vol % meth-
anol/water mixture. Finally, the disks were coverslipped
with Gur� (BDH, UK) and examined under the light micro-
scope (Olympus) at 100� magnification. Cell numbers were
determined by counting the cells present on the total area of
the disks by direct microscopical observation. Morphology
was assessed in terms of the size of the cells, the existence of
clusters, and the presence of spaces between cells. Also, the
relative homogeneity and overall morphology of the cells in
culture were evaluated. Light micrographs of HSC cultures
on the different surfaces were taken at the different evalua-
tion time points (Nikon, Japan).

Statistical data analysis

Data are given as mean � standard deviation (SD) and
were analyzed using one-way analysis of variance, followed
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by Tukey’s least significant differences multiple compari-
sons test. In the studies of HSC adhesion and proliferation
on the polymer surfaces, the comparison between the cell
counts on each polymer surface and gelatin at each time
point was made by a two-sample t test (equal variances not
assumed). Differences were considered statistically signifi-
cant when p � 0.05. All calculations were performed using
SPSS software for Windows (version 10.0) (SPSS, Chicago,
IL).

RESULTS

Polymer characterization

The characteristics of the TMC and CL (co)polymers
used in this study can be found in Table I. All synthe-
sized materials have high molecular weight and range
from amorphous rubbers in case of TMC-rich (co)pol-
ymers, to semicrystalline rubbers in case of the CL-
rich (co)polymers.

Characterization of polymer films

In Table II, the equilibrium water uptake and the
sessile drop and captive bubble contact angles of the
different polymer films under study are presented.
The water uptake is higher for the amorphous poly-
mers. This can be explained by the absence of the
denser crystalline domains. The contact angle deter-
mined by the sessile drop method (films in the dry
state) slightly increased with the TMC content; never-

theless, all compositions yielded relatively hydropho-
bic polymer surfaces. The contact angle was also de-
termined by the captive bubble method because an
aqueous environment resembles the conditions in
which the films were tested for SC adhesion and pro-
liferation. For all polymer compositions, the contact
angle on wet films was lower than the contact angle on
dry films. An increase in TMC content had no effect on
the contact angle values determined by the captive
bubble method. Despite the described differences in
water uptake and static contact angle in the dry and
wet state between the polymers, all surfaces can be
regarded as hydrophobic.

Scanning electron microscopic analysis of the films
used for SC culture (data not shown) showed that
poly(TMC) and 82:18 TMC–CL copolymer films have
a very smooth surface. Poly(CL) and 10:90 TMC–CL
copolymer film surfaces exhibited the spherulitic mor-
phology characteristic of a semicrystalline material.

Purification and characterization of HSC cultures

Purification by the sequential explantation method
resulted in cultures that stained almost exclusively
with S100 and glial fibrillary associated protein anti-
bodies, and only sporadically with fibroblast, Thy 1.1,
and smooth muscle actin antibodies, indicating highly
purified (95–98%) HSC cultures. Both cell lines
(NCN61 and NCN 68) tested positive for myelin pro-
duction around cortical neurons (data not shown).

Indicating high HSC viability, 99–100 % of the cells
that were to be seeded stained with True Blue.

TABLE I
Characterization of the Synthesized TMC and CL (co)polymers Used in the Preparation of the Polymer Disks

Polymer Composition
TMC/CL (Mol Ratio) M� n � 10	5 M� w/M� n Tg (°C) Tm (°C) wc

a (%)

100:0 3.4 1.7 	17 — —
82:18 2.8 1.8 	29 — —
10:90 1.4 1.8 	64 33 32

0:100 1.6 2.0 	68 55 45
aThe mass fraction of crystallinity (wc) was determined according to the expression: wc � 
H/
H°, where 
H is the heat

of fusion as determined by differential scanning calorimetry and 
H° the heat of fusion of 100% crystalline poly(CL) reported
to be 139.4 J/g.43

TABLE II
Wettability of the TMC and CL (Co)polymer Films

Polymer Composition
TMC/CL (Mol Ratio)

Water Uptakea

(wt %)
Sessile Drop

Contact Angle (°)
Captive Bubble

Contact Angle (°)

100:0 1.37 � 0.15 73 � 1 57 � 2
82:18 1.24 � 0.02 77 � 1 52 � 2
10:90 0.83 � 0.03 80 � 1 56 � 2

0:100 0.51 � 0.05 80 � 1 62 � 1
aEquilibrium water uptake, after conditioning in PBS, at 37°C for 24 h.
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HSC adhesion to TMC (co)polymers

HSC (NCN61) adhesion to TMC–CL copolymers
and parent homopolymers was determined at 1, 3, 6,
and 24 h after seeding (Fig. 1). Of all the polymer
surfaces tested, poly(TMC) and 82:18 TMC–CL copol-
ymer films showed the fastest and highest adhesion of
SCs. One hour after seeding, the number of cells ad-
hering to TMC-rich materials was higher compared
with materials with lower TMC content. The number
of cells that adhered to poly(CL) and the 10:90 TMC
–CL copolymer showed an increase over time, reach-
ing a plateau after 3 h of culture. In time, the number
of cells attached to poly(TMC) and the 82:18 TMC–CL
copolymer did not change. At all time points, the cell
density was generally lower on CL-rich polymers than
on TMC-rich materials. No increase in cell numbers
was observed on gelatin over time. At the different
time points, cell numbers on the polymer surfaces
were significantly lower than those on gelatin [except
at 1 h where there was no statistical difference be-
tween the number of cells on the TMC-rich (co)poly-
mers and on gelatin].

To determine whether patient-to-patient variation
would have an effect on HSC adhesion to the poly-
meric surfaces under study, cells derived from another
patient (NCN 68) were seeded onto the TMC copoly-
mer films (Fig. 2). Cell adhesion on the five different
surfaces showed a similar trend as observed for the
NCN61 culture. The number of cells adhering to the
TMC-rich materials was generally higher compared
with the number of cells adhering to materials with
lower TMC content. However, cell adhesion on the
polymers proceeded slower compared with the

NCN61 culture. Cell density increased up to 3 h for
the TMC-containing polymers and up to 6 h for
poly(CL). Cell numbers on all tested polymer surfaces
were significantly lower than those on gelatin at the
different time points [except at 6 h where there was no
statistical difference between the number of cells on
the poly(TMC) films and on gelatin]. Cell numbers on
gelatin also did not change over time, as observed
with the NCN61 culture.

Figure 3. Total number of HSCs (NCN61) on different
TMC and CL (co)polymer films and gelatin at different time
points. At 15 days, the cell number on gelatin could not be
determined accurately because of the very large number of
cells covering the surface. The data represent a mean � SD
of three independent measurements. The four (co)polymer
compositions were compared among each other: *signifi-
cantly different from poly(CL) and the 10:90 TMC–CL co-
polymer at the corresponding time point.

Figure 1. Total number of HSCs (NCN61) adhering to
different TMC and CL (co)polymer films and gelatin at
different time points. The data represent a mean � SD of
three independent measurements. The four (co)polymer
compositions were compared among each other: *signifi-
cantly different from poly(CL) and the 10:90 TMC–CL co-
polymer at the corresponding time point; §significantly dif-
ferent from the 10:90 TMC–CL copolymer at 1 h;
†significantly different from poly(CL) at 1 h.

Figure 2. Total number of HSCs (NCN68) adhering to
different TMC and CL (co)polymer films and gelatin at
different time points. The data represent a mean � SD of
three independent measurements. The four (co)polymer
compositions were compared among each other: *signifi-
cantly different from corresponding polymer at 1 h; §signif-
icantly different from poly(CL) at 1 h; †significantly different
from poly(CL) at 1 and 3 h.
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HSC proliferation on TMC (co)polymers

In a separate study, HSC proliferation (NCN61) on
the TMC–CL copolymers and parent homopolymer
films was evaluated at 3, 6, 9, and 15 days of culture
(Fig. 3). All surfaces tested showed significant cell
proliferation between 3 and 15 days of culture.

In accordance to the observations at shorter culture
times, the number of cells on poly(TMC) and the 82:18
TMC–CL copolymer was generally higher than on the
polymers with higher CL content. Also in agreement
with the higher initial cell adhesion, the total number
of cells observed at all time points on gelatin was
higher than on the polymeric surfaces.

The natural logarithm of the average cell number on
each surface increases linearly as a function of time
(Fig. 4). Therefore, despite differences in total cell
numbers, HSCs displayed exponential cell growth
when cultured on all the tested surfaces during the
time scope of this study. From the slopes of the linear
fittings, growth rates and doubling times were calcu-
lated for the HSCs on the different surfaces (Table III).
There were no major differences between the growth
rates and consequently doubling times of the cells
cultured on the different polymer surfaces and gelatin.
The cells divided approximately every 3 days.

HSC morphology on TMC (co)polymers

Figure 5 shows the appearance of HSCs (NCN61) on
different TMC- and CL-based (co)polymer films and
on gelatin at selected evaluation points. The time
points 1 h, 24 h, and 9 days of culture were selected as

indicative for the initial adhesion, the post-adhesion
state, and advanced proliferation stage, respectively.

After 1 h of culture, �90% of the SCs present on
poly(CL) and 10:90 TMC–CL copolymer films main-
tained their round shape (14 � diameter � 60 �m), but
small lamellipodial extensions, the first signs of
spreading, were present [Fig. 5(A1) and (B1)]. On the
82:18 TMC–CL copolymer and poly(TMC) films, only
approximately 50% of the SCs maintained their round
shape (17 � diameter � 32 �m) whereas the remain-
der of the cells were flattening, and exhibited lamelli-
podial extensions (96 � length � 185 �m) [Fig. 5(C1)
and (D1)]. In the case of gelatin, all SCs were flattening
after 1 h of culture, and exhibited many lamellipodial
extensions (42 � length � 172 �m) [Fig. 5(E1)].

At 24 h of culture, both spindle-shaped and well-
flattened SCs were observed on gelatin (110 �
length � 285 �m) [Fig. 5(E2)]. On all polymeric sur-
faces, SCs formed clusters and were still not totally
flattened. On the copolymers with high TMC content,
cells tended to be more extended (70 � length � 206
�m) [Fig. 5(C2) and (D2)] than on films with high CL
content where the cells were generally smaller (68 �
length � 128 �m) [Fig. 5(A2) and (B2)].

After longer periods of culture, SCs were flattened
on all surfaces and demonstrated a typical bi- or tri-
polar morphology and oval nuclei.32 However, there
were significant differences between the surfaces. On
gelatin, a confluent packed layer of cells was observed
after 9 days [Fig. 5(E3)]. Both spindle-shaped and
elongated flattened SCs were observed. After 15 days
(data not shown), the number of cells on gelatin con-
tinued to increase. The cells were well aligned and
even more densely packed than at 9 days. On TMC-
rich (co)polymers, SCs tended to be slightly elongated
or spindle-shaped, and appeared more flattened than
at initial culture times [Fig. 5(C3) and (D3)]. After 15
days of culture on these polymers, the cell layer was
nearly confluent, but clusters of cells remained
present. On the poly(CL) and the 10:90 TMC–CL co-
polymer, even at later stages of culture, the total SC
numbers were lower than on the other surfaces tested,
as previously mentioned [Fig. 5(A3) and (B3)]. After

Figure 4. Natural logarithm of the average cell numbers
observed on each surface versus time and correspondent
linear fittings. The data represent a mean � SD of three
independent measurements. (■) 100% CL; (E) 10% TMC; (‚)
82% TMC; (�) 100% TMC; and (�) gelatin.

TABLE III
Growth Rates and Doubling Times � SD for HSCs

(NCN61) Cultured on the Different TMC and CL
(Co)polymer Films and on Gelatin

Surface

Growth
Rate

(Day	1)

Correlation
Coefficient
of Linear

Fit (R)

Doubling
Time

(Days)

100% CL 0.22 � 0.01 0.998 3.10 � 0.08
10:90% TMC–CL 0.26 � 0.02 0.994 2.66 � 0.12
82:18% TMC–CL 0.20 � 0.01 0.992 3.52 � 0.18
100% TMC 0.23 � 0.01 0.997 3.02 � 0.10
Gelatin 0.22 � 0.01 0.999 3.19 � 0.07
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15 days, cultures were still not confluent and clusters
of cells remained present. Furthermore, on these sur-
faces, the SCs had smaller dimensions (37 � length �
201 �m) than SCs cultured on gelatin (91 � length �
303 �m) or on the (co)polymers with high TMC con-
tent (41 � length � 289 �m), and were mainly spindle-
shaped or with rounded morphology. Some flattened
cells were also observed, but with thin and long cell
protrusions.

HSC culture on fibronectin-coated TMC
(co)polymers

Adhesion and proliferation of HSCs (NCN61) on
fibronectin-coated polymer films were evaluated at 1,
6, and 24 h, and 3 and 9 days of culture, respectively.
Gelatin surfaces (not coated with fibronectin) were
used as control.

Both for short and long culture times, no significant

Figure 5. Light micrographs of HSCs (NCN61) on different surfaces at different time points (first column � 1 h, second
column � 24 h, and third column � 9 days). (A1–A3) poly(CL); (B1–B3) 10:90 TMC–CL copolymer; (C1–C3) 82:18 TMC–CL
copolymer; (D1–D3) poly(TMC); and (E1–E3) gelatin.
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differences were observed between the total cell num-
bers on the five different surfaces (Fig. 6). Between 1
and 24 h of culturing, the number of cells adhering to
the different surfaces did not significantly increase. In
all cases, after the initial adhesion period, HSC num-
bers showed an exponential increase over time. Using
the results obtained at 1, 3, and 9 days of culture,
growth rates and doubling times for the HSCs cul-
tured on the fibronectin-coated polymer films and
gelatin were calculated (Table IV). There were no ma-
jor differences between growth rates on the different
surfaces; the cells divided approximately every 4 days.

In terms of morphology, the SCs appeared very
similar on all surfaces at the different time points.
After 1 h of culture, cells were still rather small (52 �
length � 169 �m) but all were flattening. At 24 h of
culture on all surfaces, cells were mainly flattened
showing several lamellipodial extensions. However,
in case of copolymers with high CL content, the cell
extensions were thinner and longer than on the poly-
meric surfaces based on TMC-rich polymers or gela-
tin.

All cultures were confluent at 9 days with cells
showing a more elongated (100 � length � 279 �m)
and packed conformation. At this time, it was possible
to observe both spindle-shaped and flattened cells in
all cultures. Flattened cells on films of poly(CL) or on
the 10:90 TMC–CL copolymer had thinner cell exten-
sions appearing more like “ink-splashes” than like a
“fried-egg” shape as observed for cells on the other
(co)polymer surfaces and on gelatin.

DISCUSSION

The optimal way to incorporate SCs into an artificial
nerve guide still needs to be determined. SCs can be

seeded directly on the inner surface of the graft or
after coating of the luminal graft surface with an ad-
hesive substrate. Alternatively, the nerve guide can be
filled with SCs in a supporting adhesive three-dimen-
sional matrix, e.g., based on ECM proteins. In all cases,
a prerequisite in the design of an artificial conduit
with cultured SCs to be used in the clinic is the cell
adhesion to the selected substrate and subsequent pro-
liferation and functionality. In the present study, we
evaluated the adhesion and proliferation of pure and
viable HSC cultures on fibronectin-coated and non-
coated TMC and CL (co)polymer films.

Cell adhesion and proliferation occurred on all
tested polymer surfaces. However, for both primary
HSC lines tested, a faster and higher cell adhesion was
observed on films with higher TMC content. Cell at-
tachment on the polymeric surfaces was lower and
slower than on gelatin (positive control). The deter-
mined number of cells that had attached to the sur-
faces under study was higher than the estimated num-
ber of seeded cells (except in the study of the
proliferation of HSC on noncoated polymeric surfac-
es). In contrast with the cell number determination by
direct observation, the estimation of the cell concen-
tration in the cell suspension to be seeded by means of
the Bürker-Türk chamber method can be hampered by
the agglomeration of the cells after trypsinization.
Therefore, the observed differences can be explained
by an underestimation of the number of cells initially
seeded. Despite differences in cell adhesion, exponen-
tial cell growth was observed on all polymer films as
well as on gelatin. The growth rates were similar on all
surfaces with cell numbers doubling approximately
every 3 days. The growth rates previously reported for
HSCs cultured in the presence of mitogens vary be-
tween 3–4 days,33 similar to the ones observed in our
study, to 1–2 weeks.34 Such differences in the growth
rates may arise from isolation of the cells from differ-
ent donors or donor sites and the use of different
culture conditions such as cell culture substrate, cul-
ture media composition, and seeding densities.

When proliferating on the polymer films and on

TABLE IV
Growth Rates and Doubling Times � SD for HSCs

(NCN61) Cultured on the Different TMC and CL
(Co)polymer Films Coated with Fibronectin

and on Gelatin

Surface

Growth
Rate

(Day	1)

Correlation
Coefficient
of Linear

Fit (R)

Doubling
Time

(Days)

100% CL 0.17 � 0.01 0.998 4.06 � 0.16
10:90% TMC–CL 0.17 � 0.01 0.999 4.05 � 0.02
82:18% TMC–CL 0.19 � 0.01 0.998 3.70 � 0.15
100% TMC 0.17 � 0.02 0.991 4.09 � 0.39
Gelatin 0.17 � 0.02 0.995 3.97 � 0.29

Figure 6. Total number of HSCs (NCN61) on different
fibronectin-coated TMC and CL (co)polymer films and ge-
lation at different culturing times. The data represent a
mean � SD of three independent measurements.
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gelatin, cells presented the typical bi- or tripolar mor-
phology.32 However, on the polymer films, cells
tended to form clusters, and on the CL-rich materials
in particular, at all time points, the cells were smaller
and had fewer lamellipodial extensions.

The results demonstrate that the surface properties
of the TMC-based polymers have an effect on the
initial adhesion and overall morphology of HSCs. In
terms of the substrate wettability, TMC-rich films
were found to be slightly less hydrophobic than CL-
rich films. However, in view of the small differences
observed, all polymer surfaces can be considered
equally hydrophobic. Therefore, dissimilarities in cell
behavior cannot be directly correlated to the surface
wettability. With the increase of CL content in the
polymer, the ratio of ester/carbonate units increases
as well as the number of crystallizable units per poly-
mer chain. CL-rich (co)polymer films are semicrystal-
line, featuring the characteristic spherulite morphol-
ogy, in contrast to the amorphous and more flexible
TMC-rich (co)polymers. Chemical composition, poly-
mer morphology (crystallinity), and mechanical char-
acteristics may affect the polymer surface properties.
Ultimately, this may not only influence the nature and
the amount of protein adsorption from serum contain-
ing medium onto the polymer film, but can also reg-
ulate conformational changes of the adsorbed protein,
thus indirectly controlling cell adhesion and protein-
mediated cell functions.35 ECM proteins in the culture
medium, like fibronectin, contain RGD amino acid
sequences that can be recognized by integrin receptors
present in the cell membrane of the SC.36,37 This inter-
action causes the SC to attach to the surface and pro-
motes a series of other events such as cell spreading
and cytoskeletal reorganization. The effect of polymer
composition on the adsorption of proteins present in
the culture medium onto the prepared TMC and CL
(co)polymer films is currently being investigated by
means of surface plasmon resonance, an optical tech-
nique that allows the investigation of dynamic surface
events in situ in real time.38

Although the mechanism mediating HSC behavior
on the different polymers is not yet fully understood,
the results described so far show that all materials
allow SC adhesion and proliferation independently of
the donor source, and that HSCs proliferate at com-
parable growth rates. Therefore, TMC- and CL-based
(co)polymers can in principle be used for the prepa-
ration of artificial nerve grafts. If cells are to be seeded
directly on the inner surface of the graft, higher cell
numbers may be reached in shorter periods by in-
creasing the initial cell seeding densities.

SCs can also be seeded onto the luminal surface of a
nerve graft that has been precoated with an adhesive
substrate. ECM proteins such as fibronectin, laminin,
or collagen stimulate the outgrowth of neurites and
improve nerve regeneration over large nerve

gaps.39–41 In this study, fibronectin was selected as a
coating because it is known to promote cell-substra-
tum adhesion under a variety of conditions. The ad-
hesion and proliferation of HSCs on different ECM
protein coatings, including fibronectin, was evaluated
in a separate study.42 When the TMC- and CL-based
polymer surfaces were coated with fibronectin before
culture, no significant differences in cell behavior be-
tween the polymer surfaces and gelatin were found.
HSC adhesion was improved to levels comparable to
gelatin and SC morphology was similar as observed
on gelatin. Surface modification with fibronectin ap-
parently masks the polymer surface properties and
provides optimal HSC adhesion and proliferation. Ex-
ponential cell growth was also observed on the fi-
bronectin-coated polymer substrates. The growth
rates were similar on all surfaces, with cell numbers
now doubling approximately every 4 days. Because
more cells adhere to the polymer surfaces as a result of
fibronectin coating, the use of ECM protein-coated
nerve guides can reduce the required number of HSCs
needed for seeding.

A. P. Pêgo acknowledges the PRAXIS XXI programme
(Portuguese Foundation for Science and Technology) for her
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ing the scanning electron microscopy studies.
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