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Abstract
Background: Fibrin plays an important role in hemostasis, but it also provides a temporary,
degradable matrix for tissue repair. In the final step of the coagulation cascade fibrinogen is
converted to fibrin. Plasma fibrinogen is very heterogeneous and one form is the alternative
messenger RNA processing variant γ′. This fibrinogen form shows increased thrombin and factor
XIII binding and decreased platelet binding, as compared to the common γA form. Objectives:
study the effects of γ-variants on angiogenesis and wound healing were investigated. Methods
and Results: The endothelial cell characteristics on γA- and γ′-fibrin matrices were investigated in
vitro using adhesion, proliferation, migration and tube-formation assays. Moreover, the progress
of wound healing was studied in vivo with a rat full-thickness wound healing model (wound
closure rate, new vessel formation, perfusion and wound breaking strength). Purified γ′-fibrinogen
contained more factor XIII (FXIII) and formed a fibrin network with thinner fibers than γAfibrinogen, this affect was abolished by using equal FXIII concentrations. The in vitro tube
formation was slightly more pronounced in γA- than in γ′-fibrin matrices and was accompanied
with an increased fibrinolysis. Endothelial cell adhesion, migration and proliferation were similar
on γA- and γ′-fibrin. The in vivo wound healing model suggested that γA-fibrinogen was promoting
wound healing slightly, but not significantly, better than γ′-fibrinogen. Conclusions: matrices of γAand γ′-fibrin govern different structural and functional characteristics. Small, non-significantly
increased in vitro tube formation and in vivo wound healing were shown in γA-fibrin, compared to
γ′-fibrin. However, more data are necessary before conclusions can be drawn.
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Introduction
Wound healing is a dynamic, interactive and complex process, which involves interactions
between many different cells and the extracellular microenvironment. Fibrinogen is a central
protein in the coagulation cascade and following endothelial injury, a fibrin clot is formed, which is
the first protection against hemorrhage. In addition to its role in hemostasis, fibrin provides a
temporary, biodegradable matrix for cell invasion during wound healing1-3. The formation of new
capillaries (angiogenesis) depends on the extracellular matrix in the wounded area, and on the
migration and mitogenic stimulation of endothelial cells1. Fibrin facilitates cell adhesion, migration,
proliferation and stimulates angiogenesis2. Moreover, fibrin binds growth factors that influence
these processes, such as vascular endothelial growth factor (VEGF) and fibroblast growth factor-2
(FGF-2)1-3.
The fibrinogen molecule comprises two identical disulfide-linked halves, each consisting
of three polypeptide chains termed Aα, Bβ and γ4. Numerous fibrinogen forms are present in
healthy individuals, which are the result of alternative processing of fibrinogen messenger RNA,
posttranslational modifications and degradation of the protein5. One naturally occurring isoform is
the γ′-fibrinogen variant, which comprises 10% ± 3% of the total circulating fibrinogen in healthy
individuals6. γ′-fibrinogen is the result of alternative messenger RNA processing at intron 9 and
exon 10, resulting in the replacement of the last 4 amino acids (408-411) at the C-terminus of the
γ-chain by 20 amino acids (408-427)7.
The extension of γ′-fibrinogen contains a high affinity binding site for thrombin, which
results in anti-thrombin I activity7. In addition, γ′-fibrinogen contains an extra binding site for the
factor XIII (FXIII) B subunit8,9 and lost its platelet integrin αIIbβ3 binding site, which results in
reduced platelet-fibrin(ogen) interactions10. In the circulation, γA/γA-fibrinogen (abbreviated as
γA) and fibrinogen molecules containing one or two γ′-chain(s) (γA/γ′ or γ′/γ′, both abbreviated as
γ′) are present. Several studies reported structural and functional differences between γA- and γ′fibrin matrices, such as slower fibrinopeptide B release, slower fibrin polymerization for γ′fibrinogen, thinner fibers and more branch points with scanning electron microscopy on γ′-fibrin
matrices11-13.
We hypothesized that the functional differences between γA- and γ′-fibrin, in combination
with the altered matrix structure, influences angiogenesis and wound healing. The denser
structure of γ′-fibrin is likely to be associated with impaired fibrinolysis14,15 and local degradation of
the extracellular matrix is an important determinant for angiogenesis and wound healing16,17. The
interaction between endothelial cells and γA- or γ′-fibrin matrices might be modified, and hence
affect the inflammatory, proliferative and remodeling phases in wound repair. In this study, we
investigated the effects of the γA- and γ′-fibrinogen variants on the in vitro endothelial cell
characteristics and in vivo wound healing.
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Materials and methods
γA- and γ′-fibrinogen characterization
Purification and characterization of fibrinogen γ-variants
γΑ- and γ′-fibrinogen variants were purified by anion-exchange chromatography8 from plasmaderived fibrinogen (in vitro experiments)18 or from commercial fibrinogen (in vivo experiments)
(Enzyme Research Laboratories, South Bend, IN). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using a 4–15% gradient gel (Criterion Tris-HCL
precast, Biorad, Hercules, CA) and total protein was stained with colloidal blue (Invitrogen,
Carlsbad, CA). Western blotting was performed using polyclonal rabbit anti-fibrinogen (Dako,
Glostrup, Denmark) and monoclonal anti-human γ′-fibrinogen antibodies (2.G2.H9; Millipore,
Billerica, MA) followed by detection with fluorescent
labeled secondary antibodies: goat anti-rabbit 680
(Invitrogen, Paisley, UK) and goat anti-mouse 800
(Invitrogen, Paisley, UK) for fibrinogen and γ′fibrinogen, respectively. Factor XIII activity was
determined

photometrically

according

to

manufacturers instructions (Berichrom Factor XIII,
Siemens healthcare diagnostics, Deerfield, IL).
Plasminogen
chromogenic
manufacturers

activity

was

substrate
instructions

measured
S-2251

with

following

(Instrumentation

laboratory, Lexington, MA). The clottability was
determined by measuring the protein content
(optical density at 280nm) before and after 2h
polymerization of purified fibrinogen (1 mg/mL) at
ambient temperature with 0.5 U/mL thrombin
(Organon Teknika, Boxtel, The Netherlands) and
2.5 mM CaCl219.

Figure 1. Characterization of the γA- and γ′fibrinogen fractions. (A) SDS–PAGE with total
protein staining and (B) Western blotting of
fibrinogen with polyclonal human fibrinogen
antibody (red) and monoclonal human γ′-fibrinogen
antibody (green). M: protein electrophoresis marker.

Confocal microscopy of fibrin matrices
Fibrinogen variants were labeled with fluorescein isothiocyanate isomer I (FITC) (Sigma-Aldrich,
Saint Louis, MI) and fibrin matrices (2 mg/mL) were formed by adding 0.5 U/mL thrombin and 2.5
mM CaCl2 in a total volume of 100 µL in microchambers. The FXIII concentration in the γAfibrinogen matrix was supplemented with human plasma coagulation FXIII (Fibrogammin P, CSL
Behring, Marburg, Germany) to compensate for the higher FXIII activity in γ′-fibrinogen. After 2h
polymerization, the matrices were extensively washed with Tris-HCl buffer. Confocal images were
visualized on a Zeiss LSM 510 Meta inverted confocal microscope (Carl Zeiss MicroImaging,
Jena, Germany) with 63x oil immerse objective lens in combination with a 5-W argon laser and
488 nm band-pass laser filter for the excitation. Fibrin fiber diameters (n=50) were measured
using LSM Image Browser software, version 4.2 (Carl Zeiss MicroImaging, Jena, Germany).
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In vitro endothelial cell behavior
Cell culture
Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical cords, kindly
provided by the Department of Obstetrics of the Amstelland Hospital, Amstelveen. HUVEC were
isolated, cultured and characterized as previously described20. Human microvascular endothelial
cells (HMVEC) were isolated from foreskin, kindly provided by the Department of Dermatology of
the VUMC, Amsterdam. HMVEC were isolated, cultured and characterized as previously
described21.
Fibrinogen coatings
Fibrinogen coatings were prepared on polystyrene culture plates (Costar, Corning, Amsterdam,
The Netherlands) as previously described22. Plates were coated with fibrinogen (0.2 µM; 0.068
mg/mL) in phosphate buffered salt solution (PBS) for 1h at 37°C, and then washed with PBS.
Endothelial cells were seeded on fibrinogen coatings to determine their adhesion, migration and
proliferation.
In vitro adhesion, proliferation and migration
Adhesion was performed by seeding HUVEC on fibrinogen coatings in a density of 2x104
cells/cm2 in medium (M199) supplemented with 100 U/mL penicillin and 100 mg/mL streptomycin
(p/s) and 1% human serum albumin (HSA, Sanquin, Amsterdam, The Netherlands). After 0.5, 1, 2
and 4h the wells were carefully washed and cells were fixated. Pictures were taken using a
Qimaging camera on a Zeiss microscope connected to a computer with Optimas image analysis
software (Media Cybernetics, Bethesda, USA). Cell counting was performed using Image J 1.42
software (National institutes of health, Bethesda, USA).
Proliferation of HUVEC was determined using 3H-thymidine incorporation. HUVEC were
seeded in a density of 6x103 cells/cm2 in M199 supplemented with p/s and 1% HSA. Cells
adhered to the fibrinogen coatings in 4h, followed by 72h stimulation of endothelial cell
proliferation with M199 supplemented with p/s, 10 ng/mL vascular endothelial growth factor
(VEGF) and 10% heat-inactivated newborn calf serum (NBCSi). To quantify the proliferation 1 µCi
3

H-thymidine was added during the last 16h of growth. The beta-emission was measured with

Ultima Gold scintillation fluid on 1900 TR Liquid Scintillation Analyzer (Packard Bioscience,
Massachusetts, USA).
The migration of HUVEC was studied by determining their migration into a cell free area.
Endothelial cells were seeded in a density of 6x104 cells/cm2 in M199 supplemented with p/s and
1% HSA. Prior to cell seeding, a device of 1.5 x 20 mm was placed into the well to prevent cell
adhesion. Cells adhered to the fibrinogen coating, the device was removed and migration was
stimulated for 16h by addition of M199 supplemented with p/s, 10 ng/mL VEGF and 10% NBCSi.
Five measurements of cell-free area per picture were performed using Photoshop 5.0 software
(Adobe, San Jose, USA).
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In vitro tube formation
The in vitro tube formation was determined using 3-dimensional (3D) fibrin matrices and HMVEC,
as described by Koolwijk et al.23 Prior to polymerization, all fibrinogen fractions were dialyzed to
M199 supplemented with p/s, and the γA-fibrin matrix was supplemented with human plasma
coagulation FXIII (final concentration 0.31 U/mL). Fibrin matrices were prepared by addition of
thrombin (0.01 U/mL) to 2 mg/mL fibrinogen solution. After 4h polymerization, thrombin was
inactivated by 16h incubation with M199 supplemented with 10% heat-inactivated human serum
(HSi) and 10% NBCSi. HMVEC were seeded in confluent density and after 24h, and
subsequently at 48h intervals, the HMVEC were stimulated with M199, 10% HSi, 10% NBCSi, 10
ng/mL tumor necrosis factor-α (TNFα, Sigma, St Louis, USA) and 25 ng/mL VEGF or 10 ng/mL
fibroblast growth factor-2 (FGF-2, Preprotech, London, UK). The tube-like structure formation of
HMVEC into the fibrin matrices was analyzed after staining the F-actin filaments with rhodaminephalloidine (Molecular Probes, Eugene, USA) and nuclei with Hoechst (Molecular Probes). The
Zeiss Axiovert 200 MarianasTM inverted microscope with 2.5 and 10x magnification was used and
controlled with Slidebook software (Intelligent Imaging Innovations, Denver, USA). The amount of
fibrin degradation products in conditioned media of the tube formation assay were determined
with the enzyme-linked immunosorbent assay FDP14-DD13, as described previously24.
In vivo wound healing
Full-thickness excisional wound healing model
The wound healing model was performed as previously described by Tong et al.25 Briefly, 24
male 9-week-old WAG/RijHsd rats (Harlan, Zeist, The Netherlands) were anesthetized with 5%
isoflurane for induction and 2% isoflurane for maintenance (Isoflurane, Rhodia Organique Fine
Limited, Bristol, UK) and two full-thickness wounds (15 mm diameter circles, the centers were 3
cm apart and 4 cm caudal to the scapulae) were excised. 100 µL fibrinogen (2 mg/mL), mixed
with 1 U/mL thrombin, was topically applied or an equal amount of Tris-HCl buffer was applied for
control wounds. Experiments were conducted with approval of the Animal Experiments
Committee of the Erasmus University Medical Center.
Wound closure rates were measured with standardized digital photographs of the wounds
taken on day 0, 3, 7, 10, 14 and 21 after surgery with an Olympus camera (Olympus, Tokyo,
Japan). The wound area was determined with Image J 1.42, and the wound closure rate was
calculated.
The skin perfusion was determined using Laser Doppler perfusion measurements (LDPM,
Perimed, Periflux System 5000, Perimed AB, Stockholm, Sweden) of the wounded and normal
skin on day 14 and 21 after wounding, as described previously25. A stable measurement at 33°C
with the thermostatic Laser Doppler probe (PROBE 457, Perimed AB, Stockholm, Sweden) was
set as baseline. Subsequently, the skin was heated to 44°C and the microcirculatory response
was measured for 10 minutes using continuous coherent laser light at a wavelength of 780 nm.
The reactive hyperemia rate was expressed as percentage change in baseline.
The breaking strength of the wounded skin was measured as previously described by
Tong et al.25 Briefly, after sacrificing the rat on day 21, the skin containing the wounded areas and
the normal skin between the wounds were excised and uniformly cut into standardized dumbbell-
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shaped strips (central width 4 mm and length 45 mm). Subsequently, the strips were fixed
perpendicularly between the two clips of the tensiometer (Testometrics AX, M250-2.5KN,
Testometric Company, Lancashire, UK) and a constant strain rate of 60 mm/minute using a 1.0
kg force transducer was applied. Before the skin collapsed, the maximum load was recorded in
Newton (N). The ratio of the wound breaking strength was expressed relative to the breaking
strength of normal skin.
Paraffin sections of the wounds were immunohistochemically stained for CD34 on
endothelial cells (goat-anti-rat CD34 IgG, R&D system, Minneapolis, MN)26. The positive-signal
density of CD34 was quantified using the Cell^D Imaging Solution software (Olympus, Tokyo,
Japan).
Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Differences between groups
were analyzed by univariate ANOVA, and differences between different time points were
analyzed by ANOVA with pairwise comparisons (Bonferroni correction). Statistical analyses were
performed with Statistical Package for the Social Sciences for windows (SPSS), Version 15.0
(Chicago, IL). Results were considered statistically significant with two-sided P-values <0.05.

Figure 2. Confocal microscopy of γA- and γ′-fibrin matrices. Fibrin matrices prepared from γA-fibrinogen without
additional FXIII (γA), γA-fibrinogen supplemented with FXIII (γA+FXIII) and γ′-fibrin (γ′) as described in Materials and
methods. The scale bars indicate 5 µm.
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Results
Characterization of γA- and γ′-fibrinogen
and fibrin
SDS-PAGE analysis showed the presence
of the γ′-chain at approximately 50 kDa in
the purified fraction of γ′-fibrinogen, and the
absence

hereof

in

the

γA-fibrinogen

fraction (Figure 1A). Western blotting with
fibrinogen

and

γ′-fibrinogen

specific

antibodies confirmed this result (Figure
1B). In the γ′-fibrinogen fraction an extra
band of approximately 77 kDa was visible,
mass spectrometry confirmed that this was
the FXIII B unit (data not shown). In the γ′fibrinogen fraction the FXIII activity was
significantly higher than those measured in
the γA fraction (34 U/mg and 1 U/mg,
respectively). The plasminogen activity in
the γA- and γ′-fibrinogen fractions was
similar (0.012 U/mg and 0.011 U/mg,
respectively). Purified γA- and γ′-fibrinogen
were shown to be >95% clottable. Confocal
microscopy on the fibrin matrices showed
thicker fibers in γA-fibrin without FXIII (0.37
± 0.08 µm) than in γ′-fibrin (0.29 ± 0.04
µm). However, the thickness of the γA
fibers (0.29 ± 0.04 µM) was similar to that
of γ′-fibrin, when equal amounts of FXIII
were supplemented as in γ′-fibrin (Figure
2). In addition to the fiber thickness, we
also observed that the distribution of the
fibers and the number of branch points
differed for γ′- and γA-fibrin. This is not yet
studied in more detail, but we included it in
the discussion and others have also seen

Figure 3. In vitro functional characteristics of HUVEC on
various fibrinogen coatings. (A) Adhesion of HUVEC to
gelatin (solid line), γA-fibrinogen (dashed line), γ′-fibrinogen
(dotted line) and 1% BSA (dashed-dotted line) coatings (n=3).
(B) The proliferation of HUVEC on gelatin, γA- and γ′fibrinogen coatings, measured by 3H-thymidine incorporation
(n=3). The values were corrected for cell adhesion and
expressed as percentage of HUVEC proliferation on gelatin
coatings. (C) The migration of HUVEC on gelatin, γA- and γ′fibrinogen coatings, after 16 hours the area of migration was
determined (n=6).

this.
In vitro endothelial cell behavior
The adhesion of HUVEC to γA- and γ′-fibrinogen coatings revealed no significant differences in
the number of adhering endothelial cells. However, the endothelial cells adhered slightly faster to
γA-fibrinogen coatings (P<0.05) after 0.5 and 1h. The adhesion of endothelial cells to gelatin
coatings was 2–fold better than to γA- and γ′-fibrinogen coatings, whereas BSA coatings showed
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hardly any cell adhesion (Figure 3A, n=3). The proliferation of HUVEC cultured on γA- and γ′fibrinogen coatings did not show significant differences in cell growth after adjustment for the cell
adhesion (84 ± 31% and 85 ± 35% respectively) (Figure 3B, n=3). Also the migration of HUVEC
cultured on γA- and γ′-fibrinogen coatings was similar (1.89 ± 0.57 A.U and 1.89 ± 0.50 A.U.
respectively) (Figure 3C, n=6), whereas on gelatin coatings the migration of endothelial cells was
slightly better (2.83 ± 0.30
A.U).
The

in

vitro

tube

formation of HMVEC in 3D γAfibrin matrices showed massive
and

uncontrolled

tube

formation, with many sprouting
cells and a high fibrinolytic
activity explaining the bright
structures (Figure 4A). In the
γ′-fibrin matrix the endothelial
cells formed stable tube-like
structures

with

a

normal

morphology. Quantification of
the in vitro tube formation
revealed 2.2x more ingrowth of
endothelial cells into γA-fibrin
(Figure

4B).

degradation

The

fibrin

products

in

conditioned media of the in
vitro tube formation assay was
significantly higher in γA-fibrin
when

compared

to

those

measured in γ′-fibrin (Figure
4C, p<0.05).

Figure 4. Fluorescent microscopy of in vitro tube formation by HMVEC.
HMVEC were seeded on three dimensional γA and γ′ fibrin matrices and
tube-like structure formation was stimulated. (A) Representative pictures of
the in vitro tube formation assay. The staining represents the F-actin
filaments of endothelial cells, the bright structures represent the tube-like
structures in the fibrin matrix. (B) Quantification of the amount of tube
formation in the various fibrin matrices (n=3). (C) Fibrin degradation products
that were present in conditioned medium of the in vitro tube formation assay,
as determined by ELISA (n=3).

In vivo skin wound healing
The closure rate of the dorsal full-thickness wounds of the rats was similar for controls and
unfractionated-, γA- and γ′-fibrin treated wounds (Table 1 and Figure 5). All wounds were closed
21 days after surgery. The wound closure rate on day 7 and day 10 tended to be slightly higher in
the γA-fibrin treated group, when compared to the γ′-fibrin treated group (Table 1). In addition, the
Laser Doppler perfusion measurements showed that the γA-fibrin treated wounds had a slightly,
but not significantly, higher vasodilator response in the skin at day 21 than γ′-fibrin treated
wounds (53.0 ± 10.0% versus 41.3 ± 6.5%). Also the breaking strength ratio was slightly, but not
significantly, higher in the γA-fibrin treated group, when compared to the γ′-fibrin treated group
(0.15 ± 0.03 versus 0.11 ± 0.02).
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The vessel density and vessel size in the wounds were determined from paraffin embedded
sections after CD34 staining of endothelial cells. No significant differences in vessel density and
vessel size were observed in control and fibrin treated animals. The vessel density showed a
higher vessel number in the γA-fibrin treated group than the γ′-fibrin treated group (127 ± 47
versus 67 ± 13 vessels/mm2). Moreover, the vessel size was slightly, but not significantly, smaller
in the γA-fibrin treated group, when compared to the γ′-fibrin treated group (196 ± 25 versus 232 ±
16 µm2/vessel).

Table 1. In vivo wound healing in the rat model. The data are given as mean ± SEM. Laser Doppler perfusion is
expressed relative to baseline measurements at 33°C (% increase). The breaking strength is expressed as ratio relative
to the breaking strength of normal skin. * P<0.01 γA-fibrin versus control treated wounds.

Unfractionated

γA

γ′

Control

fibrinogen

fibrinogen

fibrinogen

day 3

0.3 ± 2.6

-0.1 ± 4.1

0.9 ± 2.6

-2.1 ± 3.7

day 7

43.7 ± 3.4

37.7 ± 4.9

48.5 ± 3.5

45.9 ± 4.6

day 10

82.0 ± 1.8

81.6 ± 2.1

85.0 ± 2.8

81.2 ± 2.8

day 14

97.1 ± 0.5

95.4 ± 0.7

96.2 ± 0.7

97.1 ± 0.7

day 21

100 ± <0.1

100 ± <0.1

99.8 ± 0.2

100 ± <0.1

day 14

27.3 ± 6.7

34.5 ± 6.0

20.4 ± 5.5

28.6 ± 6.4

day 21

26.2 ± 3.6

37.4 ± 4.2

53.0 ± 10.0 *

41.3 ± 6.5

0.112 ± 0.021

0.104 ± 0.013

0.151 ± 0.028

0.107 ± 0.017

59 ± 7

44 ± 8

127 ± 47

67 ± 13

Vessel size (µm )

245 ± 14

302 ± 60

196 ± 25

232 ± 16

Vessel area (%)

1.43 ± 0.13

1.31 ± 0.29

2.04 ± 0.44

1.49 ± 0.23

Wound closure rate (%)

Laser Doppler perfusion (%)

Breaking strength ratio
day 21
Immunohistochemistry
Vessels density (n/mm2)
2
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Figure 5. Overview of the perfusion, breaking strength and vessel properties of the in vivo wound healing assay.
Cntr, Unfr, γA and γ′ represent control (Tris-HCl), unfractionated-fibrinogen, γA-fibrinogen and γ′-fibrinogen treated
wounds. (A) The perfusion was measured with Laser Doppler and results are expressed as percentage change from
baseline measurement in the same wound. (B) The breaking strength ratio of wounded and normal skin is given. The
vessel density (C) and the vessel size (D) were determined with immunohistochemistry after staining CD34 on
endothelial cells. Means are indicated in the graphs.
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Discussion
In this study we showed that γA- and γ′-fibrin matrices have different effects on the in vitro tube
formation, wherein the γA-fibrin matrix shows the highest angiogenic potential. No clear
differences in functional endothelial cell characteristics on γA- and γ′-fibrinogen coatings were
seen in the in vitro endothelial cell adhesion, proliferation and migration assays. In the fullthickness wound healing model with these fibrinogen forms, the data suggest that γA-fibrin has a
slightly better wound-healing promoting property. Although only minor effects were found on the
wound closure rate, the vascularization at day 21 and restoration of biomechanical strength.
Furthermore, we observed different structures for γA- and γ′-fibrin matrices, which could be partly
explained by FXIII that was co-purified in the γ′-fraction. Supplementing FXIII in the γA-fraction
abolished the difference in fibrin diameter.
In vitro endothelial cell adhesion, proliferation and migration showed no significant
differences between γA- and γ′-fibrinogen coatings. Coating of fibrinogen to culture plastic has
previously been shown by Filova et al.27. Furthermore, we showed an altered migration and
proliferation on HMW- and LMW-fibrinogen coatings22, which was consistent with the in vitro
endothelial cell tube formation28. Unlike the tube formation in γA- and γ′-fibrin, no significant
differences in adhesion, migration and proliferation responses of HUVEC on γA- or γ′-fibrinogen
coatings were found. Endothelial cells are known to interact with various sites on the C-terminus
of the Aα-chain (such as α95-97 and α572-574)29, but the interactions with the C-terminus of γAor γ′-fibrinogen were not shown to play a significant role in endothelial cell adhesion30.
In vitro tube formation showed more tube-like structures and higher fibrinolysis of HMVEC
in γA-fibrin, than that of γ′-fibrin. γ′-fibrin facilitated controlled tube-like structure formation,
whereas γA-fibrin showed massive fibrinolysis and sprout formation. The increased fibrinolysis
rate was confirmed with higher levels of fibrin degradation products in the conditioned media of
γA-fibrin matrices and is in concordance with previous studies31,32. Differences in fiber thickness
did not explain the effects on angiogenesis and fibrinolysis, since the results of confocal
microscopy showed that the fiber thickness was similar in γA and γ′-fibrin matrices with equal
FXIII levels. We did observe that γA-fibrin matrices were more opaque than γ′-fibrin matrices, and
since this can not be explained by the different fiber thickness, this may be the result of different
clot structure that we observed for γ′-fibrin. A similar observation on clot structure was reported by
Gersh et al, who also reported a higher number of branch points and free fiber ends in γA-fibrin
matrices13.
We observed thinner fibrin fibers in γ′- than in γA-fibrin matrices, this has also been
previously reported11,12. Our data suggest that the difference in fiber thickness may be the result
of differences in FXIII concentration. We showed that γA-fibrinogen contains very little FXIII, while
γ′-fibrinogen contains a considerable amount of FXIII. Therefore, we supplemented γA-fibrinogen
with FXIII to obtain similar FXIII concentrations during our in vitro experiments. We then observed
that γA-fibrin matrices have similar fiber thickness as γ′-fibrin matrices. In line with Collet et al. no
significant differences were observed when FXIII was supplemented to γA-fibrin32.
The in vivo experiments using the full-thickness wound healing model showed no clear
differences between γA- and γ′-fibrin matrices on day 21 after surgery. Several methodological
reasons may be underlying this discrepancy; the vascularization parameters were determined on
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day 14 (LDPM) or day 21 (LDPM, immunohistochemistry), this may not be the optimal time point.
Much of the vascularization may already taken place and earlier time points may show better
distinctions. On the other hand, the breaking strength increases during the process and continues
for months, hereof later time points should be used. Furthermore, we used healthy rats that
showed a very rapid wound healing. Fibrinogen did not show benefits over controls in these
wounds, an explanation might be that the wound healing process is already optimal in healthy
rats and improvement cannot be made with fibrin matrices. Choosing a model in which wound
healing is disturbed, such as the diabetic db/db mouse33, may show an improvement for
application of fibrinogen and its specific forms.
In conclusion, this study shows that matrices of γA- and γ′-fibrin have different structural
and functional characteristics, and alter the in vitro tube formation and fibrinolysis of endothelial
cells. In addition, the in vivo experiments suggest that γA-fibrin matrices may be beneficial, but
more data are needed before any firm conclusion can be drawn.
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