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Alignment of the Fibrin Network Within an Autologous
Plasma Clot
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Autologous plasma clots with longitudinally aligned fibrin fibers could serve as a scaffold for longitudinal
axonal regrowth in cases of traumatic peripheral nerve injuries. Three different techniques for assembling
longitudinally oriented fibrin fibers during the fibrin polymerization process were investigated as follows: fiber
alignment was induced by the application of either a magnetic field or—as a novel approach—electric field or
by the induction of orientated flow. Fiber alignment was characterized by scanning electron microscopy
analysis followed by image processing using fast Fourier transformation (FFT). Besides FFT output images,
area xmin to xmax, as well as full width at half maximum (FWHM) of the FFT graph plot peaks, was calculated to
determine the relative degree of fiber alignment. In addition, fluorescently labeled human fibrinogen and
mesenchymal stem cells (MSCs) were used to visualize fibrin and cell orientation in aligned and nonaligned
plasma clots. Varying degrees of fiber alignment were achieved by the three different methods, with the electric
field application producing the highest degree of fiber alignment. The embedded MSCs showed a longitudinal
orientation in the electric field-aligned plasma clots. The key feature of this study is the ability to produce
autologous plasma clots with aligned fibrin fibers using physical techniques. This orientated internal structure of
an autologous biomaterial is promising for distinct therapeutic applications, such as a guiding structure for cell
migration and growth dynamics.

Introduction

Although surgical techniques for peripheral nerve
repair have been improved over the last several de-

cades, the clinical results are not consistently successful.
The transplantation of an autogenous nerve graft, taken pri-
marily from the sural nerve of the injured patient, is considered
the ‘‘gold standard’’ for bridging peripheral nerve gaps.1

However, this technique is associated with several disadvan-
tages, including donor-site morbidity, the need for an additional
surgical procedure, painful scar formation, sensory loss, and
abnormal sensitivity.2,3 Furthermore, the overall success rate is
only *50%.4,5 Attempts to avoid these problems and to im-
prove outcomes have been made with artificial implants, such as
nerve conduits.6,7 They are designed as hollow tubes, in which
the nerve ends are inserted.8,9 Conduit biomaterials have to
fulfill general requirements as biocompatibility, biodegradabil-
ity, and porosity. There are numerous material design strategies
to generate successful nerve conduits, such as the development
of biopolymers and synthetic polymers.10 However, due to their
tubular construction, hollow nerve conduits provide limited

support for axonal regrowth.11,12 Therefore, an incorporation of
a soft interior matrix with a longitudinally orientated texture
could be helpful for effectively promoting the longitudinal ax-
onal regrowth. Different filler biomaterials, such as keratin hy-
drogels, laminin, fibronectin, or fibrin, have been used.10

Various microfabrication methods have been developed to
generate matrices, which assist the alignment of axonal out-
growth, such as electrospinning13 and microfluidic spinning14 of
polymers, mechanically induced fiber alignment of collagen/
alginate15,16 or alignment within a strong magnetic field.17,18

These strategies led to various structural intraluminal guidance
cues, which may act as a replacement for the randomly formed
fibrin networks that emerge after physiological plasma clotting.4

Notably, an autologous plasma clot matrix would itself be a
promising biomaterial for longitudinal axonal regrowth if the
randomly orientated fibrin network could be aligned unidi-
rectionally. Such a plasma clot would possess a microporous
three-dimensional structure and excellent biocompatibility and
would allow the diffusion of nutritional and regulatory fac-
tors.19–22 Another advantage of an autologous plasma clot is
that it does not require allogeneic or xenogeneic factors during
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clot preparation, in contrast to commercially available fibrin
sealant systems. The feasibility of such a plasma clot system
under clinical conditions has been demonstrated earlier by our
group.23

Therefore, the aims of this study were to induce the align-
ment of fibrin fibers during the clotting process using different
methods and to analyze the extent of fiber alignment.

Materials and Methods

Plasma clot preparation

Platelet-free plasma was prepared by centrifugation of
citrated blood (S-Monovette; Sarstedt) at 2000 g (45 min,
room temperature). After centrifugation, the plasma was
aspirated and used for the experiments.

Plasma clots were generated by mixing plasma with the
same volume of RPMI 1640 (Life Technologies GmbH) and
adding CaCl2 (Sigma Aldrich) to a final concentration of 5%
of the plasma volume. The added CaCl2 solution was 10%
in water. Both chambers of a two-chamber slide (Nunc)
were filled with 1 mL of the prepared mixture and left for
60 min at room temperature to allow polymerization under
the different fibrin fiber alignment conditions.

To analyze the fiber orientation by confocal laser scan-
ning microscopy, the plasma mixtures were supplemented
with prelabeled human fibrinogen conjugated with Alexa
Fluor 594 (Molecular Probes). Therefore, 10mL of the
fluorescent fibrinogen was added to 1 mL plasma mixture
before the polymerization process was started. Partly, human
mesenchymal stem cells (MSCs) obtained from Lonza Walk-
ersville, Inc. were added to the plasma clotting mixture before
the polymerization process was started (4000 cells/mL RPMI
medium) and for these experiments, cell-loaded plasma clots
were subsequently cultured for 1 week after the fibrin fiber
alignment procedures.

The viability and morphology of embedded MSCs were
analyzed using calcein-acetoxymethylester (calcein-AM;
Calbiochem) fluorescence staining. The clots were washed
twice with RPMI 1640 and incubated with calcein-AM
(1 mM) at 37�C for 30 min under cell culture conditions.
Subsequently, the clots were washed again with RPMI and
analyzed by confocal laser scanning microscopy (Zeiss
LSM 700).

Alignment of fibrin fibers by magnetic field

Two magnet stacks consisting of seven cuboids (NdFeB
NeoDelta Magnet: 20 · 10 · 5 mm; IBS Magnet) were used
for experiments (Fig. 1). The magnetic field strength was
0.25 T in the mid of the chamber and 1.2 T at the poles. Both
magnet stacks were fixed on a Teflon tray to leave exactly
enough space for the two-chamber slide, which was finally
sandwiched between the magnets (Fig. 1). For fibrin fiber
alignment, the chamber adjacent to the magnet stacks was
filled with the plasma mixture.

Alignment of fibrin fibers by electric field

A specific experimental setup was developed to apply an
electric field during clot polymerization. Initially, copper
strips (4 mm in width ·0.1 mm in height) were fixed at both
longitudinal sides of a chamber slide, and each was con-
nected with a copper strip (8 mm in width ·0.1 mm in

height) at right angles. The longitudinal copper strips were
then insulated. The wider copper strips were connected to a
high-voltage power supply (Spellman High Voltage Elec-
tronics Corporation) (Fig. 2). An electric field of 15 kV was
applied using electrodes integrated into a special high-
voltage protection plastic box (Fig. 2). The power supply
was switched on immediately after filling the chamber with
the plasma mixture.

Fiber alignment by flow induction

For the so-called flow experiments, a horizontal shaker
(IKA HS 500; IKA) and a rocking shaker (Mini-Rocker
Shaker MR-1; Biosan) were used (Fig. 3). Plasma mixtures
were added to two-chamber slides that were fixed on each

FIG. 1. Experimental setup for the magnetic alignment of
plasma fibrin fibers in one chamber of a two-chamber slide
(surface area: 4.2 cm2) with two adjacent magnet stacks (the
second chamber of the chamber slide remained empty due to
the size of the magnet stacks). The direction of the magnetic
field (dotted lines), which connects the south pole (S) of
magnet stack 1 and the north pole (N) of magnet stack 2, is
marked by arrows.

FIG. 2. Experimental setup for the electrical alignment of
plasma fibrin fibers. The direction of the electric field
(dotted lines) extending from the positive charge to the
negative charge is marked by arrows. Both wells of the
chamber slide were filled with the plasma mixture.
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shaker. The shaking frequency of the horizontal shaker was
15 rpm (Fig. 3B). The Mini-Rocker Shaker had a fixed tilt
angle of 7� and a motion frequency of 7.5 oscillations/min
(Fig. 3A). Both shakers induced a gentle back and forth
motion (flow) of the plasma mixture in a given direction.

Clot preparation for scanning electron microscopy

The morphology of the plasma clots was examined using a
DSM 962 scanning electron microscope (Zeiss Oberkochen).
The clots were measured between 3 and 5 mm in length and
3 mm in height. Clots were washed in phosphate-buffered sa-
line (PBS), fixed with 4% glutaraldehyde in PBS for 24 h at
4�C, and washed in distilled water. Subsequently, the clots were
dehydrated in a graded series of ethanol (30%, 50%, 70%, 90%,
and 96% for 15 min each), followed by infiltration with pentyl
acetate (Sigma Aldrich) for 15 min. After critical point drying
with CO2 (K850; Quorum Technologies), the specimens were
mounted on scanning electron microscopy (SEM) carriers and
sputter coated with a 12.5 nm gold–palladium layer (K500X;
EMITECH). At areas where the clot skin was ripped due to the
preparation procedure, images from interior fibrin fibers at near
surface sites were taken. Areas that were representative for the
entire clots were examined, and SEM micrographs were taken
at a magnification of 3000·.

Fast Fourier transformation analysis of fiber alignment

Fast Fourier transformation (FFT) analysis of the SEM
micrographs was performed to evaluate the plasma clot fiber
alignment. ImageJ 1.44 software (NIH) with oval profile
plugin (William O’Connel) was used for image processing
and FFT measurement. For analysis, the SEM images were
converted to 8-bit grayscale TIF files and cropped to
2048 · 2048 pixels. To reduce background noise and edge
effects, the background was subtracted, and the contrast was
enhanced. Then, the image was filtered with a median filter
(radius: two pixels) (Fig. 4A). Subsequently, the image was

processed with the FFT tool (ImageJ) to produce a grayscale
FFT output image of the frequency information (Fig. 4B).
The grayscale pixels were distributed in a pattern that re-
flected the degree of the fibrin fiber alignment in the original
SEM image. The FFT output image was rotated 90� to
compensate for the 90� rotation during FFT processing, and
an elliptical selection was set (Fig. 4C). The ImageJ oval
profile plugin was used to sum the frequency information
along a radius from the center to the edges of the elliptical
selection (Fig. 4D). A graphical plot showed the FFT fre-
quency distribution determined by conducting a radial
summation of the intensities for each degree between 1� and
360�. The average intensities and corresponding angles were
transferred to an Excel spreadsheet. All FFT data were
normalized to a baseline value of 0 and plotted as a function
of the corresponding angle. The fibrin fiber orientation in the
original SEM image was reflected by the height and the
shape of the peak in the graphical plot.

In addition, the area (xmin to xmax) and full width at half
maximum (FWHM) of the peaks were calculated to deter-
mine the relative degree of fiber alignment.

Statistical analyses

Statistical analyses were performed with OpenStat software
(Industrial Technology Department, Iowa State University).
The data are expressed as the mean – standard deviation
(n = 3, independent experiments). FWHM and peak areas
were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test with a signif-
icance level of p < 0.05.

Results

To address the need for a biomaterial that is able to assist
and guide nerve growth and that is as biocompatible as
possible, we studied a plasma clot matrix, in which the
randomly orientated fibrin fiber network was aligned by
applying different experimental conditions during the po-
lymerization process. Calcium chloride was used to trigger
the clotting of a mixture of a cell culture medium and
platelet-free citrated blood plasma within an electric or
magnetic field or under unidirectional movement of the
clotting fluid and compared to a clotting process in the ab-
sence of experimental manipulation (control).

Alterations in fibrin fiber alignment were not observed at
different sites of an individual plasma clot. Under the dif-
ferent polymerization conditions, plasma clots with varying
degrees of fibrin fiber alignment were generated as shown in
Figure 5–7. In contrast to the pattern of randomly orientated

FIG. 3. Alignment of plasma fibrin fibers under flow
conditions. (A) The movement of the rocking shaker (7� tilt
angle) was upward and downward, as shown by arrows. (B)
The movement of the horizontal shaker was from left to
right and reverse, as shown by arrows.

FIG. 4. Fast Fourier Transformation (FFT) analysis sequence. (A) Original scanning electron microscopy (SEM) image after
image processing. (B) FFT output image of the frequency information. (C) 90� rotation of FFT output image and elliptical selection.
(D) Hotspot of FFT (analysis mode: radial sums; number of points: 200). Color images available online at www.liebertpub.com/tec
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fibers observed within the control plasma clot (Fig. 5A),
aligned fiber networks were observed in the manipulated
plasma clots.

The degree of unidirectional fiber orientation was then
quantitatively analyzed by digital image processing using
FFT analysis. In this analysis, the typical randomly bran-
ched fiber network of control clots with relatively uniform
fiber diameters resulted in a symmetrical circular profile
(Fig. 5A) of the FFT output image, indicating that the image
pixel intensity was uniform in all directions (Fig. 5B insert).
The corresponding FFT graph plot of the control clot ap-
peared as a line with many small frequency peaks, demon-
strating that there was no pattern alignment within the image
(Fig. 5B).

In contrast, the presence of a directed magnetic field
during the clotting process produced a more parallel fiber
orientation along the magnetic field lines (Fig. 5C), which is
reflected by the elliptical profile of the FFT output image
(Fig. 5D insert) and corresponding FFT graph plot that
contains a peak representing a directional distribution of
image intensity signals (Fig. 5D).

Figure 6A shows that the exposure to an electric field also
had a strong directional influence on fibrin fiber organization
during clot polymerization. FFT analysis resulted in a small
elongated ellipse representing the FFT output image (Fig.
6B insert), and the FFT graph plot showed a symmetrical
peak at 90� (Fig. 6B).

The presence of unidirectional flow during the clotting
process also affected clot structure. Under static conditions,
fibrin fibers formed a homogeneous randomly distributed
network (Fig. 5A), and while under flow conditions, fibers
were orientated parallel to the flow direction (Fig. 7A, C).
Especially after flow induction using the rocking shaker, we
observed the formation of large fiber bundles that were in-
terconnected by thin fibers. FFT analyses showed an ellip-
tical profile, indicating a single general fiber direction (Fig.
7B, D). The FFT graph generated a peak at 90� for flow
experiments on a rocking shaker (Fig. 7B) and a peak at
*100� on the horizontal shaker (Fig. 7D).

The different fiber alignment procedures were compared
by analyzing the peak width (FWHM) in the FFT plot, as
shown in Figure 8. This peak parameter was similar for

FIG. 5. (A) Representative
scanning electron micrograph
of a nonaligned plasma clot
(control). (B) FFT output
image of (A) and normalized
intensity plotted against the
corresponding angle. (C) SEM
image of fibrin fibers aligned
in a magnetic field. The direc-
tion of the magnetic field is
marked with a white arrow.
(D) FFT output image of (C)
and the resulting FFT plot.

FIG. 6. (A) Representative
scanning electron micro-
graphs of fibrin fibers aligned
in an electric field. The white
arrow indicates the aligned
direction of the fibers. (B)
FFT output image of (A) and
normalized intensity plotted
against corresponding angle.
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three of the alignment procedures (horizontal shaker, 70.9�
–6.3�; magnetic field, 71.0� –5.5�; rocker shaker, 68.4�
–6.3�), but significantly lower after the application of the
electric field (58.04� –5.86�), indicating a higher degree of
orientation of the generated fibers. The quantitation of the
peak area (xmin to xmax) yielded similar results (data not
shown).

To permit the microscopic visualization of fiber align-
ment within the plasma clot, fluorescently labeled human
fibrinogen (1%, Alexa Fluor 594-conjugated) was added to
the plasma fluid before the clotting process. Confocal laser
scanning microscopy was performed after clot polymeriza-
tion. Figure 9 demonstrates the random fibrin network of
control clots (Fig. 9A), in contrast to the highly aligned
fibers obtained after electric field exposure (Fig. 9D).

Finally, human MSCs were added to the plasma fluid
(also containing 1% labeled fibrinogen) before polymeri-
zation, and clots were generated either under static (control)
polymerization conditions (Fig. 9B) or under the influence
of the electric field (Fig. 9E). The electric field did not affect
cell viability. In general, MSCs are viable within this plasma
clot and are even able to proliferate within such a matrix.24

The cell orientation in plasma clots with nonaligned fibers
clearly remained random (Fig. 9B); in contrast, MSCs ex-
hibited a longitudinal orientation along the aligned fibrin
fibers (Fig. 9E). The alignment of the embedded MSCs was
analyzed by FFT, similar as it was performed for fibrin fi-
bers using here only the green fluorescence images, which
resemble the living MSCs embedded in the plasma clot. As
it is shown after electric field fiber alignment, the MSCs are

FIG. 7. Representative
scanning electron micro-
graphs of fibrin networks
polymerized under flow on a
rocking shaker (A) or a hor-
izontal shaker (C). The flow
direction is marked with a
white arrow. (B) FFT output
image of (A) and the result-
ing FFT plot. (D) FFT output
image of (C) and the result-
ing FFT plot.

FIG. 8. Full width at half
maximum (FWHM) of the
FFT plot peaks. Values are
presented as mean – standard
deviation. Statistical analysis
was performed using one-way
analysis of variance
(ANOVA), followed by
Tukey’s test; significance
was set at p £ 0.05. Three in-
dependent experiments were
performed for each alignment
procedure.
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quantitatively orientated in the direction of the fibrin fibers
(Fig. 9F), in contrast to cells adherent to nonaligned fibers (Fig.
9C). FFT analysis confirmed the unidirectional orientation of
the MSCs along the fibrin fibers showing a small elongated
ellipse representing the FFT output image (Fig. 9F insert) and a
symmetrical peak at 90� of the respective FFT graph plot (Fig.
9F) in contrast to MSCs within the nonaligned fibrin matrix
(Fig. 9C). Quantitatively, the alignment of MSCs resulted in a
peak width of 54 (FWHM) in the FFT plot that was in the range
of fibrin fiber alignment (Fig. 7).

Discussion

In this study, we have shown that it is possible to obtain
fibrin fiber alignment within a plasma clot matrix using
exclusively physical methods. Earlier approaches have used
commercially available fibrin glue as filler for nerve con-
duits to enhance nerve regeneration; conduits loaded with a
fibrin matrix did not inhibit regeneration, in contrast to the
results obtained with alginate gels.25,26 Furthermore, the use
of a fibrin conduit in the repair of nerve gaps improved
nerve regeneration distance and Schwann cell intrusion in a
rodent sciatic nerve injury model.27 Choi et al. reported that
a vein graft filled with an autologous fibrin glue produced
superior axonal regeneration compared with grafts filled
with commercial fibrin glue in a rabbit model.28 However,
both studies involved an extensive fibrinogen harvesting
method consisting of ethanol precipitation, the subsequent
isolation of fibrinogen-free plasma and, finally, the induc-
tion of fibrin fiber formation through the addition of en-

riched thrombin.27,28 The approach presented in our study
seems to have several methodological advantages for use in
a fibrin-containing conduit, namely, a less cumbersome fi-
brin clot preparation technique and an orientation of the
fibrin fibers or bundles that is no more time consuming than
the clotting process itself.

In contrast to a variety of artificial and synthetic implants,
the plasma clot functions not just as a passive cell-
transferring matrix but also as a source of many growth
factors.21,29 It is well known that the fibrin molecules within
the plasma clot serve as storage and release system for a
variety of bioactive factors, including growth factors.19,20 In
addition, the biological half-life of bioactive molecules may
be prolonged by binding to the fibrin matrix.20 The con-
clusion that a fibrin matrix within a nerve conduit generally
favors axonal outgrowth and cannot grow per se. However,
inside hollow conduits, the wound healing process results in
the formation of a fibrin matrix in the lumen and across
short lengths.4,30 This physiological response provides a
scaffold for the immigration of cells from both nerve
stumps.31 The previous alignment of an intraluminal fibrin
matrix may facilitate these regenerative processes.

The ideal pore size in a nerve regeneration matrix has yet
to be clinically determined, and the fiber size in plasma clots
is easily controlled by altering the fibrinogen or calcium
concentrations.21,24 Furthermore, bioactive molecules, such
as nerve growth factors, and regeneration-supporting cells,
such as MSCs, can be added before clot gelation to enhance
regeneration processes.32 However, there are a few draw-
backs to the use of plasma clots that consist of completely

FIG. 9. Representative confocal laser-scanning micrographs of a nonaligned plasma clot (control) (A) and a clot aligned
in an electric field (D) (magnification: 63·). Before polymerization, clots were labeled with Alexa Fluor 594-conjugated
human fibrinogen. Mesenchymal stem cells (MSCs) were embedded in nonaligned (B) and aligned plasma clots (E),
cultured for 1 week under conventional culture conditions and subsequently stained with calcein-AM. Green fluorescence
represents viable MSCs. FFT plot of cell orientation in plasma clots with nonaligned fibers (C). FFT plot of cell orientation
in plasma clots with aligned fibers (F). Color images available online at www.liebertpub.com/tec
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autologous material to avoid allo- or xenograft-induced
immune reactions or the transfection of pathogens. In con-
trast to commercially available fibrin matrices or sealants, in
which the matrix strength may be adjusted using different
concentrations of fibrinogen and thrombin,33 autologous
plasma clots have a more heterogeneous microstructure.23 In
addition, there is a significant genetic contribution to vari-
ance in coagulation and fibrinolytic factors, which may in-
fluence the individual clot structure and, thus, must be
considered.34

Although the alignment of fibrin fibers was generally
achieved by the used methods, lateral crossbridging of fibrin
fibers also occurred with different degrees. It has been de-
scribed that crossfibers disturb the axonal outgrowth in an
electrospun PLLA-fiber scaffold.35 Whether fibrin cross-
bridging fibers will exert similar effects has to be proven,
however, it is known from the early work of Cajal36 that
regenerating axons are able to take winding pathways.

Different methods for aligning fibrin molecules have been
reported. The application of strong magnetic fields (8–20 T)
during the polymerization process has produced highly
orientated fibrin gels in several different studies.17,18,37,38 In
contrast, we demonstrated that fibrin fiber alignment can be
achieved at a magnetic field strength as low as 0.25 T,
consistent with the results reported by Yamagishi et al.
demonstrating fiber alignment at 1 T.18 The fibrin orienta-
tion induced by flow has also been analyzed in platelet-poor
or platelet-free plasma. Gersh et al. simulated the physio-
logical effects of blood flow on clot organization in vitro.39

These authors showed that fibrin fibers oriented in the flow
direction and that alignment increased as the flow rate in-
creased. Campbell et al. flowed plasma over a layer of fi-
broblasts and observed significant alignment of the fibrin
fibers parallel to the flow.40 In our study, the fibrin formed
thicker fibers under the flow conditions than under the other
two alignment conditions. Although the thick fibers aligned
by flow would support rapid plasmin generation, these fibers
would also lyse more slowly.40

The alignment of different materials within an electric
field was observed in many studies of a variety of different
structures, including supramolecular fibers41 and nano-
tubes.42 However, to the best of our knowledge, the align-
ment of fibrin orientation has not yet been described. Thus,
our observation that exposure to an electric field induced
highly orientated fibers is of particular interest. In addition,
the viability and proliferation of embedded human MSCs
were not affected by electric field exposure, and the cells
were orientated in the same direction as the generated fibrin
fibers. The combination of an efficient and safe clinical
grade matrix with a nerve growth-guiding internal structure
appears to be advantageous as nerve conduit filler. Cur-
rently, a variety of commercially available synthetic nerve
conduits have been approved by regulatory authorities.8
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