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Abstract Ordered gelation under spin-coating conditions,
as reported here, is a suitable method to order cells in bio-
gels. Cell ordering is of great importance for functional repair
of central nervous system (CNS) injuries, because therapies
must include strategies to bridge chystic gaps and facilitate
axon growth towards its target. Organized biocompatible and
biodegradable substrates may be used for this purpose, to sup-
ply trophic support and provide directional cues for neuronal
process outgrowth. Atomic force microscopy (AFM) and low
temperature scanning electron microscopy (LTSEM), con-
firmed that fibrils in κ–carrageenan/chitosan and fibrin hy-
drogels prepared under spin-coating conditions, were longi-
tudinally arranged. The cell model was conveniently tested
using rat C6 glioma cells. C6 cells were distributed regu-
larly in fibrin gels formed under centrifugal force. The abil-
ity of ordered fibrin scaffolds to promote uniform distribu-
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tion of transplanted cells, was confirmed by fluorescence
microscopy.

1. Introduction

Brain and spinal cord lesions have an increasing social and
economic importance in developed countries. Accidents are
the major cause of death in adults (only surpassed by heart
disease and cancer) and lesions surpass all other problems
in number of potential years of life and work lost, because
they occur most frequently to people under 45 years of age.
About 10 people in a million suffer spinal cord lesions in
Spain, most of them (81%) traumatic [1] and no treatment
has been described that reliably restores sensorimotor and
visceral functions. The best we can do, after vital stabiliza-
tion, is to teach patients to live as well as possible with the
consequences of the lesion.

Injured CNS axons fail to regenerate and reconnect with
their targets for several reasons, including the neurite in-
hibitory properties of the glial environment [2–4] and the in-
trinsic lack of growth capacity of CNS fibers [5]. A possible
approach to promoting target-oriented growth of nerve fibers
is the development of organized substrates capable of sup-
plying both, trophic support and guiding cues. Biocompatible
and biodegradable three-dimensional scaffolds, both natural
and synthetic, have been developed that act as templates to
guide tissue growth for injury repair [6, 7]. The repair of
spinal cord injury includes strategies to bridge chystic gaps,
thus facilitating axon growth towards their targets [8]. Scaf-
folds of high porosity and surface area, with suitable mechan-
ical properties and specific three-dimensional shape, must
be designed for this objective. Materials tested for the pur-
pose of inducing oriented neurite outgrowth include hydrogel
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matrices [9, 10], laminin-coated poly(L-lactide) filaments
[11] and longitudinally oriented fibrin [12, 13] or collagen
gels [14–16].

Transplants of cultured cells, particularly of olfactory
ensheathing cells (OECs) [17–21], have been used as a
complementary approach. The reported controversial results
probably depend on the importance of achieving a uniform
distribution of the transplanted cells in the host tissue, re-
ducing cell aggregation and providing a suitable substrate
for correct cellular interactions. Forced arrangement of fib-
rils in a cell containing gel may facilitate oriented growth of
transplanted cell processes. We describe here ordered gela-
tion under spin-coating conditions, a method to order cells
in biogels. The method yielded highly transparent hydro-
gels that may be used as cellular bridges to repair CNS
lesions.

2. Materials and methods

2.1. Cell culture

A 5% CO2 humid chamber (at 37◦C) was used for cell cul-
ture. The C6 rat glioma line was maintained in Dulbecco’s
modified Eagle medium (DMEM; Sigma, Steinheim, Ger-
many) plus 10% fetal calf serum (Cultek, Madrid, Spain).

Fibrinogen (10 mg/ml) (Sigma, Steinheim, Germany)
aliquots were dialyzed at 4◦C against Tris-buffered saline
(TBS), at pH 7.2 or pH 10. C6 cells (3 × 106) suspended in
400 μl of TBS in 35 mm cell culture plates (Nunc, Denmark)
were mixed with 2 ml fibrinogen solution, 10 mM in CaCl2.
A solution of thrombin (Sigma, Steinheim, Germany; 1 unit
NIH) in TBS (100 μl) was added to obtain 4 mg/ml fibrin
gels. The mixture was incubated for 1 h at 37◦C and 2 ml
DMEM containing 10% FCS was added to terminate the re-
action.

2.2. Preparation of fibrin gel oriented under
dynamic conditions

Fibrin gels were prepared for atomic force microscopy and
scanning electron microscopy studies as follows. A solution
of fibrinogen in TBS, pH 7.0 (2 ml of 32 mg/ml), containing
10 mM CaCl2, was placed in a 35 mm Petri dish, at 37◦C,
under a spin rate of 450 rpm, using a Single Wafer Spin Pro-
cessor (model WS-400A-6 NPP/LITE SHOWN, from Lau-
rell Technologies Corporation, North Wales, PA). Thrombin
(4 U NIH) solution (100 μl) in TBS, pH 7.0, was added to
initiate gelation and the gel was spun at 450 rpm for 10 min-
utes. The same procedure was followed for the preparation
of fibrin gel at pH 10.0, using fibrinogen (32 mg/ml) and
thrombin (4 units NIH) solutions in TBS, pH 10.0.

2.3. Preparation of oriented. κ-carrageenan/chitosan
polyelectrolyte complex gel

High molecular weight chitosan (average MW =
342500 g.mol−1) was supplied by Aldrich and κ-carrageenan
(type I, from Irish Moss) by Sigma. κ-carrageenan solution
(1% w/v) was prepared in hot bidistilled water, at ca. 70◦C,
under strong magnetic stirring. Chitosan solution (2 ml; 1%
w/v), prepared in 1% (v/v) acetic acid, was added to a 38 mm
diameter dish and spun at 450 rpm in the Spin Processor. Un-
der such conditions 2 ml of hot κ-carrageenan solution were
added to the dish containing the chitosan and the mixture was
kept under a spin rate of 450 rpm for 5 minutes. For compar-
ison, a disordered κ-carrageenan/chitosan gel was prepared
using the same starting polysaccharides solutions and mix-
ing them under conventional magnetic stirring. Both kind of
samples, prepared under spin-coating and magnetic stirring
conditions, were mounted on microscope slides and dried at
60◦C for a previous study by means of an optical microscope
(Motic B3 Professional Series).

2.4. Viability assay

The C6 glioma cells were plated at 5000 or 10000 cell per
well on microtitulation plates and incubated in DMEM-10%
FCS for 6 hours to permit adherence. The medium was as-
pirated and 60 μl of: TBS at pH 10, TBS pH 7, PBS (Neg-
ative control) or DMEM-10% FCS (Positive control) were
added, 8 replicates per experimental variant were assayed.
After 1.15 hours of incubation at 37◦C in humid chamber
170 μl DMEM-10% FCS were added. The viability of cells
were determined at 24 and 72 h by Vybrant MTT Prolifera-
tion Assay Kit (Molecular Probes, Leiden, The Netherlands)
following the manufacturer instructions. The changes in ab-
sorbance at 595 nm were detected by Titertek Multiskan Plus
(Labsystem, Finland).

2.5. Inclusion of cells in an oriented fibrin gel

C6 glioma cells (3 × 106) diluted in TBS, pH 10, were pipet-
ted in the middle of a cell culture plate containing a pre-
warmed fibrinogen solution (4 mg/ml final concentration)
under the spin rate conditions described above. When the
cells formed a homogeneous ring, gelation was started by
adding thrombin (4 units NIH in 100 μl of TBS pH 10.0).
The gel was stirred at 450 rpm for 10 minutes, the oriented
cell bearing gel was incubated at 37◦C for 1 h and DMEM-
10% FCS (2 ml) was added. The plate was finally incubated
at 37◦C in 5% CO2 atmosphere for 12 hours and observed
by contrast and fluorescence microscopy.
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2.6. Atomic force microscopy imaging

Samples of the κ-carrageenan/chitosan polyelectrolyte com-
plex gel and fibrin gels were cut and just deposited on a
freshly exfoliated mica substrate for atomic force microscopy
(AFM) imaging. AFM measurements were performed af-
ter the gel samples were dried. Images were obtained with
a Nanoscope IIIa microscope (Digital Instruments, Veeco,
Santa Barbara, CA) operating in tapping mode, using the
piezoscanner J and using silicon cantilevers. Wide scans (up
to 100 μm scan size) were initially made in order to locate
the fibrils, which were then imaged at a higher resolution.

2.7. Low Temperature Scanning Electron Microscopy
(LTSEM)

Small fragments from each sample were cut with a razor
blade and fixed onto the specimen holder of a cryotransfer
system with cryo-glue (O.C.T. compound Gurr from BDH
Laboratories, Poole, U.K.) at room temperature. The frag-
ments were immediately plunged-frozen in liquid nitrogen
and transferred directly into the cryochamber, precooled to
−180◦C with an air-lock transfer device. The frozen frag-
ments were then fractured with a cooled blade and an etching
process was applied by slowly heating the chamber to −90◦C
over a 2 min period. This process allows sublimation of the
first superficial microns of water. The etched fragment was
returned to the cryo-chamber, sputter-coated with gold for 2
min 15 s at 10 mA, moved to the SEM-chamber precooled
to −150 to −160◦C and observed at an acceleration voltage
of 10–15 kV. The instrument used was a CT 1500 Cryotrans
system (Oxford Instruments) mounted on a Zeiss DSM-960
microscope.

2.8. Fluorescence microscopy

Cell culture plates containing fibrin gels plus C6 cells la-
belled with Hoechst 33342, (10 μg/ml; Sigma Chem. Co.,
Steinheim, Germany) were examined on a Zeiss Axiovert 35
microscope fitted with a Nikkon Coolpix 4500 digital camera
adjusted for phasecontrast and fluorescence analysis.

3. Results and discussion

3.1. κ-Carrageenan/chitosan polyelectrolyte complex
gel prepared under dynamic conditions

The procedure of gelation under dynamic conditions was
initially assayed by applying a centrifugal force during the
gelation of a mixture of two polysaccharides, chitosan and
κ-carrageenan. Both are polyelectrolytes with opposite ionic
charges and interact electrostatically giving rise to a poly-
electrolyte complex gel [22, 23]. The appearance of the gel
depends on the conditions applied during the gelation step.
An opaque gel is formed when gelation takes place under
conventional magnetic stirring. In contrast, gels formed un-
der centrifugal force, are completely transparent. Whereas a
heterogeneous gel was formed under static conditions, trans-
parent and stable complex gels could be prepared under dy-
namic conditions, without the usually required addition of
salts to the starting biopolymer solutions [22, 23].

In order to assess the effect of the centrifugal force on
the orientation of the fibrils, we have performed a system-
atic optical microscopy characterization of both samples,
the spin-coated ones (Fig. 1 a–c) and those prepared under
conventional magnetic stirring (Fig.1 d–f). The comparison

Fig. 1 Optical microscopy images of κ-carrageenan/chitosan polyelectrolyte complex gels prepared under a spin rate of 500 rpm (a–c) and under
magnetic stirring (d–f).

Springer



798 J Mater Sci: Mater Med (2006) 17:795–802

Fig. 2 Atomic force microscopy images of a κ-carrageenan/chitosan
polyelectrolyte complex gel. The hydrogel samples were prepared un-
der a spin rate (A), or under magnetic stirring (B). Detail of a κ-

carrageenan/chitosan fibril (C). Bi-dimensional and three-dimensional
views are shown. Note that the vertical scale of the 3D views is the same
in both cases.

between the images of both types of samples clearly shows
that the samples prepared by spin-coating, using spin rates
higher than 100 rpm, display an ordered and oriented dis-
tribution of fibrils. In contrast, the magnetic stirred samples
exhibit a random dispersion of fibrils. It should be noted
that optical microscopy studies allowed us to get relevant

morphological data on the effect of both sample preparation
methods. In addition, the AFM technique, which a rather lo-
cal character, was applied to characterize at higher resolution
the fibril structures.

The previous characterization by optical microscopy was
useful to select low roughness surface areas allowing their

Fig. 3 Bidimensional and three-dimensional views of a fibrin gel prepared under spin coating conditions, analyzed by atomic force microscopy.
Note that the vertical scale of the 3D view is half of that of the κ-carrageenan/chitosan gel.
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further analysis by means of AFM. This last technique also
showed the presence of domains where fibrils were arranged
in parallel, perpendicularly to the applied centrifugal force
(Fig. 2A), as well as the randomly arranged fibrils displayed
in the gel samples prepared in the absence of centrifugal
force (Fig. 2B). The AFM technique allowed both the mea-
surement of the fibrils dimensions and the determination
of their morphology. The fibrils formed under a centrifu-
gal force (Fig. 2A) have a lateral size of 3–4 μm and a
height in the 200-500 nm range. These fibrils seem to be
bundled together (see arrows in Fig. 2A) and within the bun-
dles the fibrils appear twisted. Both, twisting of individual
fibrils and bundle morphology explain the wide range of the
observed fibril dimensions. In addition, tip convolution ef-
fects may lead to overestimation of the fibril width. The aver-
age distance between neighboring fibrils, estimated from the
peak in the power spectral density function of the image, was
5–7 μm.

In contrast, the fibrils observed in Figure 2B, showing the
AFM image of the disordered gel formed under conventional
magnetic stirring, are not aligned at all. They have a lateral
dimension in the 1.5–3 micron range whereas the height is in
the 150–300 nm range. Thus, they result to be smaller than
those observed in Figure 2A. In this case, the fibrils are clearly
twisted (Fig. 2C). Also, it is observed in Figure 2B that many
of the fibrils are seen to emerge from the bulk of the sample
suggesting a threedimensional network of fibrils not only at
the surface but also beneath it. Finally, it is interesting to note
that the fibrils of Figure 2B are flatter than those shown in
Figure 2A since the root mean square roughness of the latter
is twice that of the formers.

3.2. Fibrin gels oriented under dynamic conditions

The same procedure of gelation under dynamic conditions
seems to be useful to induce order in a fibrin network, giv-
ing rise to transparent and stable gels with fibrils arranged in
parallel, similarly to the κ-carrageenan/chitosan gel. In this
case, polymerization was initiated by addition of thrombin
to a fibrinogen solution in TBS containing CaCl2. Thrombin
catalyses the hydrolytic removal of fibrinopeptides A and
B, converting fibrinogen into fibrin. Fibrin monomers are
assembled by means of noncovalent interactions resulting
in two-stranded protofibrils that aggregate laterally to form
fibers. Usually these fibers branch into a three-dimensional
network stabilized by covalent bonding in the presence of
factor XIIIa [24], giving an opaque gel. However, when the
polymerization process takes place under dynamic condi-
tions, applying a spin rate of 450 rpm, atomic force mi-
croscopy confirms the presence of fibril domains arranged
in parallel (Fig. 3).

The AFM image of fibrin gel shows the aggregation of
fibrin fibrils in thicker strands arranged in parallel, 2.5 to

4 μm wide and 70–120 nm high. The average distance be-
tween fibrils is 10 to 15 microns, although it should be noted
that they are not as periodically spaced as those observed in
Fig. 2A.

Fig. 4 Low temperature scanning electron microscopy images of a
fibrin gel prepared from a mixture of fibrinogen, thrombin and CaCl2
in TBS: (A), under centrifugal force; (B), the same reaction mixture
without thrombin; (C) detail of a fibrin fibril.
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Fig. 5 The alkaline treatment does not affect the C6 cells viability.
The C6 cells at 5 × 103 (A) or 104 cell per well (B) were treated by
TBS at pH 10.0 or pH 7.0 and incubated for 24 and 72 h. A minimal

reduction in cell viability in comparison to untreated cell was observed
in both cases. Correlation between cell number seeded and the change
in absorbance was maintained in the incubation periods assayed.

3.3. LTSEM imaging of oriented fibrin gel

The study of gel samples by AFM is quite difficult since
gels must be dried. Even under such conditions the AFM
measurements can be complicated due to the sample surface
roughness induced by the drying process. For this reason,
fibrin gel samples prepared under dynamic conditions have
been also examined by means of LTSEM (Low Tempera-
ture Scanning Electron Microscopy). Using such technique,
the samples can be imaged in a wet state, being the hydro-
gel structure preserved due to a freezing step by immersion
in liquid N2. Thus, the parallel display of the fibrin fibrils
has been confirmed. In this way, the solid structure of wa-
ter containing the electrolytes from the buffer solution can
be also observed together with the fibrin fibrils. In Fig. 4 A,
the fibrin fibrils, aggregated as linear and parallel fibers (en-
circled by white dashed lines), can be observed between the
ice structures. In a blank sample, prepared in the same con-
ditions but without addition of thrombin, the structures cor-
responding to the ice walls are also observed, the isolated
proteins and dispersed salts being discerned between them
(Fig. 4B). A detail of the fibrin fibrils is presented in Fig. 4C,
and from this LTSEM image the diameter of the observed
fibrils can be estimated in an average value of 75 nm, in
good agreement with previous results reported by Ryan and
coworkers [24]. Therefore, the parallel structures observed
in Fig. 4A may result from the aggregation of fibrin fibrils
in a preferred direction. The diameter of such aggregates,
estimated from the LTSEM image, is 1.7–2.2 μm, and the
distance between parallel fibers is approximately 15 μm,
as previously observed in the AFM image. The fact
that these oriented fibrils have been found on wet sam-
ples (i.e. not on dried samples) allows us to discard

artifacts due to hydrogel drying as the origin of the fibril
orientation.

3.4. C6 cells viability after alkaline treatment

The reaction to obtain large fibrin fibers implies the use of
TBS at pH 10 [12], as detailed in the Materials and Meth-
ods section, and this incubation in alkaline environment
could induce loss of cell viability or alterations in cell ac-
tivity. To determine this effect, we studied C6 glioma cells
at 2 different concentrations for 1 and 3 days after incu-
bation in bidimensional cultures under alkaline conditions,
obtaining a minimal reduction in the proliferation activity
in treated cells in comparison to untreated control (Fig. 5).
The presence of the hydrogel made difficult to study the
cell proliferation activity inside fibrin gels of all cell pop-
ulation; however the maintenance of cell divisions in bidi-
mensional cultures demonstrated an appropriated physiolog-
ical activity of C6 cells after incubation under this alkaline
conditions.

3.5. Cell ordering in an oriented fibrin gel

Several types of cells used for transplantation have the ca-
pacity to migrate and colonize the required anatomical site.
However, as a therapy, transplantation may fail due to ag-
gregation, inhibition by the environment, or attachment to
an incorrect target. The inclusion of the cells into an ori-
ented hydrogel could reduce these undesirable phenomena.
A feature that is important to control is the cell distribution
in the hydrogel. In order to study cell ordering inside a fib-
rin gel in vitro, we used a rat CNS glioma line. C6 glioma
cells, labeled with a nuclear dye, were incorporated into
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Fig. 6 Arranging cells by
dynamic gelation. (A, B), C6
cells disposed themselves
randomly on a bidimensional
surface. (C, D), the cells
assembled themselves in
spherical globules inside a
disordered fibrin gel. (E, F),
However, when incorporated in
fibrin gelating under centrifugal
force, the cells differentiated
processes and arranged
themselves along the hydrogel
fibrils. The nuclei (blue) show
the position of the cells in the
culture dish and in gels after
culture for 12 h. Magnification,
200x.

fibrin fibrils gelated under centrifugal force. Their geometri-
cal distribution was compared to C6 cells in bidimensional
or tridimensional cultures (Fig. 6).

Glioma cells cultured over a bi-dimensional surface were
distributed randomly (Fig 6A, B). When C6 cells were cul-
tured inside a fibrin gel, they aggregated in spherical globules
and individual cells did not differentiate any processes (Fig.
6 C, D). However cells incorporated during gelation under
dynamic conditions become bipolar, aligning and elongat-
ing their processes in the direction of the fibrin gel (Fig. 6E,
F). Gelation under these conditions strongly diminished cell
aggregation, allowing a homogeneous distribution of differ-
entiated cells inside the gel.

Biopolymers ordered as described above, with the inclu-
sion of glial cells, may be useful as bridges for the reconnec-
tion of CNS neurons separated by injury; besides, ordered
cellular bridges could create a well-distributed gradient of
trophic factors, needed in damaged nerve tissue repair.

4. Conclusions

Experimental spinal cord lesions have been repaired by trans-
plantation of glial cells [17, 20, 25, 26]. However, optimal
tissue distribution, survival and function of transplanted cells,
has not been assured. The work reported here opens the pos-
sibility of differentiating cells more uniformly inside a bio-
compatible gel. The inclusion of glial cells during ordered
gelation yields a more controlled disposition and differenti-
ation of the cells inside the gel, offering new possibilities of
cellular manipulation ex vivo for transplantation in the CNS.
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