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Abstract

Introduction

Fibrin sealants have long been used as carrier for osteogenic
cells in bone regeneration. However, it has not been
demonstrated whether fibrin’s role is limited to delivering
cells to the bone defect or whether fibrin enhances
osteogenesis. This study investigated fibrin’s influence on
the behaviour of human periosteum-derived cells (hPDCs)
when cultured in vitro under osteogenic conditions in twodimensional (fibrin substrate) and three-dimensional (fibrin
carrier) environments. Tranexamic acid (TEA) was used
to reduce fibrin degradation after investigating its effect
on hPDCs in monolayer culture on plastic. TEA did not
affect proliferation nor calcium deposition of hPDCs under
these conditions. Expression profiles of specific osteogenic
markers were also maintained within the presence of TEA,
apart from reduced alkaline phosphatase (ALP) expression
(day 14). Compared to plastic, proliferation was upregulated
on 2D fibrin substrates with a 220% higher DNA content
by day 21. Gene expression was also altered, with
significantly (p<0.05) decreased Runx2 (day 7) and ALP
(day 14) expression and increased collagen I expression
(day 14 and 21). In contrast to plastic, mineralisation was
absent on fibrin substrates. Inside fibrin carriers, hPDCs
were uniformly distributed. Moderate cell growth and
reduced osteogenic marker expression was observed inside
fibrin carriers. After 2 weeks, increased cell death was
present in the carrier’s centre. In conclusion, fibrin
negatively influences osteogenic differentiation, compared
to culture plastic, but enhanced proliferation (at least in 2D
cultures) for hPDCs cultured in osteogenic conditions. TEA
maintained the integrity of fibrin-based constructs, with
minor effects on the osteogenic differentiation of hPDCs.

Fibrin is a natural polymer that is formed during blood
clotting from its precursor protein fibrinogen. The
conversion of fibrinogen to fibrin is triggered by thrombin
(Blomback, 1996). In fibrin sealants, this coagulation
process has been engineered into an adhesive system that
is widely used in many surgical fields to promote
haemostasis, sealing and tissue bonding. Commercial
fibrin sealant kits contain highly purified and virally
inactivated human fibrinogen and human thrombin
(Jackson, 2001). Fibrin is a non-cytotoxic, fully
resorbable, bioactive matrix with multiple interaction sites
for cells and other proteins (Mosesson et al., 2001). As a
result, fibrin is a relevant biological matrix that has been
explored extensively in multiple preclinical and clinical
studies as a carrier material for osteogenic cells to form
osteogenic composites for bone and joint surgery.
However, not all studies obtained the same result. Some
studies attributed excellent osteogenic and osteoinductive
properties to fibrin (Kania et al., 1998; Tholpady et al.,
1999; Isogai et al., 2000; Perka et al., 2000; Abiraman et
al., 2002; Kalia et al., 2009), while others reported nonsignificant positive and negative results (Jarzem et al.,
1996; Brittberg et al., 1997; Carmagnola et al., 2000;
Cunin et al., 2000).
In vivo studies have investigated the association of
fibrin sealant with osteogenic cells as a bioactive coating
on orthopaedic implants or as a bone substitute for large
bone defects. Kalia et al. sprayed autologous bone
marrow-derived stromal cells in fibrin sealant onto the
surface of cementless acetabular components of total hip
prostheses to increase the integration of the coated implant
into the bone (Kalia et al., 2009). They found increased
bone area around the implants, improved bone-implant
contact, and reduced fibrous tissue thickness when
implants were treated with cells and fibrin as compared
to implants treated with fibrin alone. In a critical-sized
defect model in rats, Tholpady et al. investigated bone
healing in an engineered construct containing fibrin
sealant with or without osteoprogenitor cells (Tholpady
et al., 1999). Fibrin sealant alone significantly improved
bone healing when compared to control groups (no
implant). Bone healing was further improved when the
fibrin sealant was combined with osteoprogenitor cells.
Perka et al. also demonstrated a positive effect on bone
formation with constructs combining periosteal cells and
fibrin sealant in bone defects in a rabbit model (Perka et
al., 2000). However, no signs of efficient bone healing
were detected in the constructs composed of fibrin sealant
alone. In concordance, a study by Isogai et al. compared
fibrin sealant containing cultured periosteal cells with
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Fig. 1. Schematic representation of the different experimental set-ups used to study the influence of fibrin
and tranexamic acid on human periosteum derived cells during two- and three-dimensional culture.

fibrin sealant alone in heterotopic sites in nude mice (Isogai
et al., 2000). After 12 weeks, newly formed bone structures
were present in all cell-fibrin constructs, but no bone
formation was identified within fibrin alone. Additionally,
fibrin’s potential as a component of bone substitutes has
also been investigated by combining ceramic biomaterials
(without cells) with fibrin sealant (reviewed by Le
Guehennec et al., 2004). For example, Abiraman et al.
and Kania et al. reported that the addition of fibrin to
ceramic biomaterials promoted new bone formation as
compared to the ceramics alone (Kania et al., 1998;
Abiraman et al., 2002). Conversely, Carmagnola et al. and
Cunin et al. showed that the presence of fibrin impaired
bone healing (Carmagnola et al., 2000; Cunin et al., 2000).
Because of the various outcomes of in vivo studies, it
still remains unclear whether fibrin’s role in bone
regeneration is limited to the delivery of progenitor cells
to the defect site or whether fibrin has osteoconductive or
even osteoinductive properties that enhance new bone
formation. Some signs indicative of the latter can be found
in the in vitro studies by Bensaid et al. and Catelas et al.
(Bensaid et al., 2003; Catelas et al., 2006). They reported
respectively that mesenchymal stem cells (MSCs) were
able to express alkaline phosphatase (a bone marker) and
to differentiate into an osteogenic lineage when cultured
three-dimensionally (3D) inside fibrin sealants (Tisseel).
However, until now the ability of MSCs to undergo full
osteogenic differentiation when combined with a fibrin
sealant has not yet been demonstrated in vitro.
For the in vitro culture of fibrin-based constructs, care
must be taken that the gradual degradation of the fibrin is
controlled to prevent excessive loss of shape and
biomechanical properties. Different strategies have been
described that aim at guiding the in vitro degradation of
fibrin. Eyrich et al. developed fibrin hydrogels for cartilage
engineering that remained stable for 5 weeks in vitro by
modifying the pH and the concentrations of fibrinogen
and calcium ions (Eyrich et al., 2007). Fibrinolytic
inhibition has also been tested as a means of stabilising
fibrin. This can be achieved with different antifibrinolytic
agents such as aprotinin (Meinhart et al., 1999; Lee et al.,
2005; Huang et al., 2007), -aminocaproic acid (Huang et
al., 2007; Kupcsik et al., 2009) or tranexamic acid (TEA)
(Meinhart et al., 1999; Cholewinski et al., 2009). Meinhart
et al. indicated that tranexamic acid inhibited the
fibrinolytic activity of chondrocytes effectively without
influencing the viability of the cells or their ability to
produce specific matrix components (Meinhart et al.,

1999). Recently, Cholewinski et al. came to a similar
conclusion using tranexamic acid to stabilise fibrin-based
constructs for cardiovascular tissue engineering
(Cholewinski et al., 2009).
For bone regeneration, the main cell sources for MSCs
are bone marrow (Friedenstein et al., 1966), periosteum
(Nakahara et al., 1990) and adipose tissue (Zuk et al.,
2001). Cells isolated from the periosteum form a clinically
relevant cell population for skeletal engineering because
of the critical role of the periosteum in postnatal bone
healing. In addition, human periosteum-derived cells
(hPDCs) have shown, both in vitro and in vivo, to possess
a subpopulation of osteoprogenitor cells (De Bari et al.,
2006; Eyckmans and Luyten, 2006). Their potential for
regenerating bone appears to be at least comparable with
that of bone marrow–derived MSCs and superior to that
of adipose-derived progenitor cells (Ng et al., 2005;
Arnsdorf et al., 2009).
The main goal of this study is to investigate the in vitro
viability, proliferation and differentiation of hPDCs when
associated with a fibrin sealant and cultured under
osteogenic conditions. Cell-fibrin combinations can be
applied either as a bioactive coating for orthopaedic
implants or as an engineered bone substitute for nonhealing bone defects. In the case of the former, cells will
perceive their environment as more two-dimensional (2D),
while in the case of an engineered bone construct, the fibrin
carrier will form a real 3D environment to the cells. As a
result, the dimensionality of the hPDC-seeded fibrin
constructs should be considered when evaluating the
influence of fibrin on the behaviour of the hPDCs.
Therefore, this study first investigated the cell-material
interaction in a 2D-like environment by studying the
behaviour of hPDCs cultured on fibrin substrates
(denominated 2D+) and comparing it to culture plastic
(2D). Secondly, cells were encapsulated in fibrin and 3D
cultured to evaluate fibrin as a carrier for hPDCs (Fig. 1).
Finally, tranexamic acid (TEA) was investigated as a
potential medium supplement to help maintain the integrity
of fibrin-based constructs in vitro without being cytotoxic
and hindering proliferation and osteogenic differentiation
of hPDCs. However, TEA’s influence on cell behaviour in
a 3D culture environment is always coupled to the effect
degradation may have on encapsulated cells. Therefore,
this question was subdivided into two parts, where the
effect of TEA on proliferation and differentiation was
studied by means of 2D culture experiments, and its effect
on fibrin degradation by means of 3D experiments.
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Materials and Methods

Cell isolation and culture
Cells were isolated from periosteal biopsies of human
donors as previously described (Eyckmans et al., 2010).
Briefly, periosteal biopsies (10 x 5 mm²) were harvested
during distraction osteogenesis surgery or within 12 h post
mortem. A periosteal lifter was used to strip the periosteum
of the tibia. The biopsies were transported in growth
medium (GM, high-glucose Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen, Merelbeke, Belgium)
containing 10% foetal bovine serum (FBS, Gibco,
Invitrogen) and antibiotic-antimycotic solution
(Invitrogen)). The periosteal specimens were finely minced
and digested overnight at 37°C in 0.2% type IV collagenase
(Invitrogen) in growth medium. Subsequently, periosteal
cells were collected by centrifugation and plated in a T25
culture flask in growth medium. After 5 days, non-adherent
cells were removed by changing the medium.
Cells from five donors of various ages (3, 7, 23, 29,
and 34 years) and sexes (2 male and 3 female donors) were
pooled to focus on the average rather than donor-specific
interactions (by reducing the genetic variability) of this
cell source with the biomaterial. Pooled cells were
expanded in T175 culture flasks (Greiner, Wemmel,
Belgium) in growth medium. Upon confluence, hPDCs
were released with a tryspin-like enzyme treatment
(TrypLE Express, Invitrogen) and replated at a seeding
density of 6000 cells/cm². For cryopreservation, hPDCs
were suspended in DMEM with 20% FBS and 10%
dimethylsulfoxide (DMSO, Sigma, Bornem, Belgium) and
stored in liquid nitrogen. All experiments were performed
with expanded cell populations of passage 7 or 8.
Osteogenic medium was used to induce the
differentiation of hPDCs into the osteogenic lineage. This
osteogenic medium (OM) consisted of StemPro MSC
serum-free medium (Invitrogen) supplemented with 100
nM dexamethasone, 10 mM -glycerophosphate and 0.05
mM L-ascorbic acid (all from Sigma). When indicated,
0.5 mg/mL tranexamic acid (Exacyl, Eumedica, Belgium)
was added to the medium to delay fibrin degradation
(OM+TEA).
2D culture
The influence of TEA on the osteogenic differentiation of
hPDCs was investigated using monolayer cultures with or
without TEA being present in the OM. Therefore hPDCs
were plated at a density of 3000 cells/cm² in 12-well plates
(NUNC, Langenselbold, Germany). The following day,
medium was replaced with inductive medium (with or
without TEA) to start the treatment. This time point was
denoted as day 0. During the 3 weeks of in vitro culture,
the medium was replaced twice a week.
2D+ culture
Fibrin sealant (Tisseel VH S/D, supplied by Baxter
Innovations GmbH, Austria) was used to prepare substrates
to culture the hPDCs on. The fibrinogen and thrombin
components of the fibrin sealant were diluted using the

dilution buffers provided by Baxter. These buffers are
formulated such that only the active ingredients are diluted,
while the concentration of all other are kept constant. Equal
amounts of both components were mixed by vortexing,
resulting in a final concentration of 33 mg/mL of fibrinogen
and 1 U/mL of thrombin. Of this mixture, 250 L was
transferred into a polypropylene ring (inner diameter of
15 mm), which was placed in the well of a 12-well plate
(Greiner) as a mould for preparing the fibrin substrate.
The 12-well plates had a hydrophobic surface to prevent
cell attachment to the plastic (as used for suspension
cultures). After 1 h of polymerisation at 37°C, cells
suspended in 0.5 mL of OM+TEA were seeded on the
substrate at 3000 cells/cm², which is the same seeding
density as in 2D. 5 h later, the plastic ring was removed
and an additional 1 mL of OM+TEA was added carefully
to make sure that no cells were washed away from the
substrate’s surface. This was also confirmed by visual
inspection using an inverted microscope. During 2D+
culture only medium supplemented with TEA was used to
avoid cell attachment to plastic after the fibrin had
degraded. Cell-seeded substrates were cultured for 3 weeks
and medium was replaced twice a week.
3D culture
Cells were encapsulated in fibrin sealant (Tisseel VH S/
D) to create cell-seeded carriers for 3D culture. Cylindrical
hydrogels ( 8 mm x 4 mm) were prepared by
resuspending the hPDCs in the thrombin component. The
cell-thrombin solution was added to an equal volume of
fibrinogen component, vortexed briefly and pipetted into
a custom made stainless steel mould. Subsequently the
mould was placed at 37°C for 1 h. After removing the
hydrogels from the mould, they were rinsed with 2 mL
phosphate buffered saline (PBS, Lonza, Verviers, Belgium)
and placed in 12-well plates in 2 mL medium. Wells were
coated with agarose to prevent cell attachment. The
hydrogels had a final composition of 33 mg/mL fibrinogen
and 1 U/mL thrombin with a cell density of 1 million cells/
mL. The hydrogel constructs were cultured in OM or
OM+TEA for 3 weeks. The medium was changed twice a
week.
Histology
Samples of 2D+ and 3D culture were analysed
histologically at day 0, 14 and 21. Each sample was washed
with 2 mL of PBS, fixed overnight in 4% formaldehyde
and paraffin embedded. Serial cross-sections of 6 m thick
were prepared and stained with haematoxylin and eosin
(H&E).
Calcium deposition
The presence of calcium deposits was assayed by alizarin
red S staining (McGee-Russell, 1958). In 2D cultures, the
medium was removed first. Then, the samples were rinsed
with 2 mL of PBS and fixed in 4% formaldehyde.
Subsequently, the well surface was covered with an
aqueous solution of 2% alizarin red S (Sigma) of which
the pH was adjusted to 4.2 with ammonium hydroxide.
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After 3 min, cultures were washed thoroughly with distilled
water. The amount of deposited calcium was quantified
by releasing the calcium-bound alizarin red S into solution
with 10% cetylpyridinium chloride for 90 min at room
temperature. The absorbance of the solubilised alizarin red
S was measured at 570 nm and normalised to the total
DNA content. The calcium deposition in monolayer
cultures with OM and OM+TEA were compared to 2
negative controls: cells cultured in growth medium (GM)
and in StemPro MSC serum-free medium without
osteogenic supplements (SFM).
In 2D+ and 3D cultures, histological sections were
deparaffinised and covered with the alizarin red S staining
solution for 3 min. The stained samples were washed with
distilled water, air dried and then visualised under a
microscope (Leica Microsystems, Groot Bijgaarden,
Belgium).
Cell viability and morphology
Cell viability analysis was performed by staining viable
cells with 2 M calcein AM and dead cells with 4 M
ethidium homodimer using the LIVE/DEAD Viability/
Cytotoxicity Kit (Invitrogen). On day 0, 7, 14 and 21,
samples were analysed. After rinsing with 2 mL of PBS,
2D+ samples were covered immediately with the LIVE/
DEAD dye solution, while 3D samples were first cut in
half and then stained. After placing the samples at 37°C
for 20 min in the dark, the dye solution was discarded and
residual stain was washed away with 2 mL of PBS. Cells
were observed under a fluorescence microscope (Leica
Microsystems) and a fluorescence stereomicroscope (Carl
Zeiss, Zaventem, Belgium) equipped with digital imaging
acquisition systems (SPOT digital camera, Diagnostic
Instruments, Sterling Heights, MI, USA). Digital
micrographs of cell viability, morphology and distribution
were taken of the upper surface for the 2D+ samples and
of a cross-section for the 3D samples. Image processing
of the micrographs was performed in Adobe Photoshop
CS4 (Adobe Systems, Diegem, Belgium).
Cell number
To quantify the change in cell number during culture, the
total amount of DNA per well, substrate or hydrogel was
measured at day 0, 7, 14, and 21. For 2D culture, the cells
were lysed in 300 L PBS containing 0.05% Triton X 100
(Sigma) and frozen at -80°C until all the samples were
collected for further processing. Then the samples were
thawed and sonicated on ice to release all DNA from the
nucleus. For 2D+ and 3D cultures, the samples were first
frozen at -80°C and subsequently DNA was extracted with
the DNeasy Blood & Tissue Kit (Qiagen, Venlo, The
Netherlands). Each fibrin carrier was divided over four
columns not to overload the membrane. The DNA content
was measured with the Quant-iT High-Sensitivity DNA
Assay Kit (Invitrogen) according to the manufacturer’s
protocol. To compare cell number between the different
culture systems, the DNA content was normalised to the
DNA content at the start of the experiment (day 0) for
each condition. Additionally, a control experiment with
known cell numbers ensured that the efficiencies of both
isolation techniques were the same.

Fibrin for osteogenic differentiation of hPDCs?
Real-time quantitative PCR
hPDCs are multipotent cells with the ability to differentiate
both into the osteogenic and chondrogenic lineages (De
Bari et al., 2006). Therefore, real-time quantitative PCR
was performed to assess gene expression of osteogenic
(alkaline phosphatase (ALP), collagen I (COL1), runtrelated transcription factor 2 (Runx2), and osteocalcin
(OCN)) and chondrogenic markers (SRY-related HMGbox gene 9 (Sox9), aggrecan (ACAN), and collagen II
(COL2)). RNA isolation was performed using the
NucleoSpin RNAII Kit (Macherey-Nagel, Düren,
Germany). After removing the medium, all samples were
washed with 2 mL of PBS. The lysis buffer of the kit was
added directly to the wells of the 2D cultures, while the
fibrin hydrogels were first finely minced with a surgical
knife before adding them to the lysis buffer. From there,
RNA extraction was performed identically for all samples
according to the manufacturer’s protocol. Complementary
DNA (cDNA) was obtained by reverse transcription of
around 0.5 g of total RNA using the RevertAid H Minus
First Strand cDNA Synthesis Kit (Fermentas, St.Leon-Rot,
Germany). For quantitative analysis, real-time PCR was
performed in duplicate on a Rotor-Gene 6000 system
(Corbett, Westburg, Leusden, The Netherlands). Gene
expression of ALP, COL1, Runx2, and Sox9 were
measured using the Taqman Gene Expression Assays
(Applied Biosystems, Lennik, Belgium). cDNA was
amplified using the PerfeCTa qPCR FastMix UNG (Quanta
Biosciences, Gaithersburg, MD, USA) under the following
conditions: cDNA was first incubated for 2 min at 45°C
and denatured for 30 s at 95°C, followed by 40 cycles of 3
s at 95°C and 20 s at 60°C. For the genes of interest, fold
induction and expression levels were calculated using the
comparative Ct method formula (2-Ct, where Ct is the
difference between Ct target and Ct reference) after
normalisation to GAPDH. Gene expression of OCN was
measured relatively to the expression of -actin by
amplifying cDNA with the Fast SYBR Green Master Mix
(Applied Biosystems). cDNA was denatured for 3 min at
95°C, followed by 40 cycles of 3 s at 95°C and 60 s at
60°C. (Taqman assay numbers: hGAPDH:
Hs99999905_m1, ALP: Hs00758162_m1, COL1:
Hs00164004_m1, Runx2: Hs00231692_m1, Sox9:
Hs00165814_m1, ACAN: Hs00153936_m1, COL2:
Hs01064869_m1. SYBR Green primer sequences: -actin:
forward 5’- CCCAGATCATGTTTGAGACCT -3' reverse
5’- CCTCGTAGATGGGCACAGT-3’, OCN: forward 5’GTGCAGCCTTTGTGTCCAA-3’
reverse
5’GCTCACACACCTCCCTCCT-3’).
Statistical analysis
Results are represented as mean ± SEM of at least four
different samples. Comparative studies were performed
using a nonparametric two-sided Wilcoxon rank sum test.
Results were declared significant if the p-value was less
than 0.05. Calculations were performed using Matlab (The
Mathworks, Eindhoven, The Netherlands).
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Fig. 2. (a) Alizarin red staining of calcium deposition by human periosteum derived cells (hPDCs) after 3 weeks of
culture in 12-well plates in growth medium (GM), serum-free medium (SFM), osteogenic medium (OM), and
osteogenic medium with tranexamic acid (OM+TEA). (b) Quantification of calcium deposition at day 21 by absorbance
measurement of solubilised alizarin red S relative to the total DNA content. Results represent the mean ± SEM of 4
samples. Statistically significant differences (p<0.05) are denoted with an asterisk.

Results
Effect of tranexamic acid on calcium deposition in
2D
hPDCs cultured in OM for 3 weeks formed large nodules,
as determined by alizarin red staining (Fig. 2a). Calcium
deposits were not detected in growth medium and were
discretely present in serum-free medium without
osteogenic supplements. Absorbance levels of solubilised
alizarin red S (relative to total DNA content) were
significantly higher for OM (with or without TEA) than
for medium without osteogenic supplements (GM and
SFM) (Fig. 2b). The relative absorbance levels were 25
times higher in OM (with or without TEA) compared to
GM. The presence of TEA in the OM did not change the
amount of calcium deposition/mineralisation, neither
qualitatively (Fig. 2a) nor quantitatively (Fig. 2b).
Histology
Histological images of 2D+ samples showed that cells
covered the upper surface of the hydrogel and formed a
confluent cell sheet (Fig. 3a). Cells seeded on the top
surface, tended not to migrate into the substrate as they
were all found within less than 40 m from the surface
(Fig. 3b). After 3 weeks, no alizarin red S positive staining
was observed in neither the 2D+ nor the 3D samples (data
not shown).
In the absence of TEA, 3D samples degraded
noticeably. After 3 weeks the cylindrical hydrogels were
reduced to small beads with a diameter of approximately
1 mm (Fig. 3c). Towards the centre of these constructs
cells appeared to be pyknotic, which is indicative for cell
death (Fig. 3d). The addition of TEA to the medium
successfully stabilised the shape and volume of the
hydrogels (Fig. 3e). On the carrier surface a thick cell sheet

formed that consisted of multiple cell layers and that
reached a thickness of more than 100 m at some places
(Fig. 3f).
Cell viability and morphology
Fluorescence microscopy analysis showed that cells were
able to attach to the fibrin substrate (Fig. 4a). Their
elongated shape in 2D+ was similar to the morphology
observed in 2D. After 3 weeks of culture, the number of
cells increased noticeably which resulted in a dense cell
sheet covering the surface of the fibrin substrate. This cell
layer was composed of almost only viable cells (Fig. 4b).
At day 0 of 3D culture, predominantly viable cells were
found homogeneously distributed throughout the fibrin
hydrogel (Fig. 5). In contrast to the elongated morphology
observed in 2D+, cells tended to remain mostly round in
3D. After 7 days of 3D culture, cell viability remained
high and homogeneous within the fibrin carriers (Fig. 6a
and 6b). However, a central region with higher numbers
of dead cells was visible at day 14 in both OM and
OM+TEA treated samples (Fig. 6c and 6d, respectively).
Due to the significant reduction in size, the LIVE/DEAD
assay could not be repeated at day 21 for the OM treated
samples. In OM+TEA treated samples, the central region
with higher number of dead cells had become larger by
day 21 (Fig. 6e). These findings were different from
preliminary experiments with fibrin carriers cultured in
growth medium, for which hPDCs were found to be viable
throughout the entire carrier up to 4 weeks of in vitro
culture (Fig. 7).
Cell number
Comparison of relative increase in cell number showed
that cell growth in 2D was unaffected by the presence of
TEA (Fig. 8). Furthermore, in 2D+ hPDCs grew faster
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Fig. 3. H&E staining on sections of fibrin hydrogels after 3 weeks of culture. Human periosteum derived cells
(hPDCs) were seeded on the top surface of fibrin substrates (2D+) or encapsulated in fibrin carriers (3D) and cultured
in osteogenic medium with or without tranexamic acid (OM+TEA and OM, respectively). (a-b) 2D+ OM+TEA, (cd) 3D OM, and (e-f) 3D OM+TEA. In the right column (b, d, f) a detail (bar = 100 m) of the corresponding image
(a, c, e) in the left column (bar = 1 mm) can be found. The cell sheet that covered the surface of the 2D+ samples (ab), came loose from the fibrin substrate during histological preparation. Black arrows indicate apparent pycnotic
cells.
and to a higher relative number compared to 2D: by day
21 the amount of DNA had increased 123 times in 2D+
while only 56 times in 2D (both in the presence of
OM+TEA). On the other hand, cell growth in 3D was
limited with only a 3.5 and 5.5-fold increase in cell number
after 21 days in OM and OM+TEA, respectively.
Cell differentiation
For the 2D culture group there was no evidence for
upregulation for any of the osteogenic genes investigated,
relative to day 0 when cultured in GM. On the other hand,
in the presence of OM, ALP gene expression increased
until it reached a maximal value around day 14 (Fig. 9a).
Runx2 expression peaked at day 7 and remained nearly

constant afterwards (Fig. 9b). COL1 expression increased
steadily (Fig. 9c), while there was no clear upregulation
of OCN expression (Fig. 9d). Sox9 was maximally
expressed around day 7, but decreased to its initial
expression level afterwards (Fig. 9e). Some small
differences were seen in the expression levels of the
osteogenic markers for hPDCs cultured in OM versus
OM+TEA, but only the ALP expression level at day 14
was significantly lower in the presence of TEA.
Nevertheless, the rise in ALP gene expression during the
first 2 weeks was clearly preserved.
The relative gene expression levels and profiles
(temporal evolution) for specific markers were altered
when changing the substrate from culture plastic to fibrin.
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Fig. 4. LIVE/DEAD image of human periosteum derived cells (hPDCs) seeded on the top surface of a fibrin substrate
in OM+TEA at day 0 (a) and day 21 (b). Bar = 300 m, bar of insert in (a) = 100 m.

Fig. 5. LIVE/DEAD image of human periosteum derived cells (hPDCs) encapsulated in fibrin carriers at day 0. Bar
= 1 mm, bar of insert = 100 m.

In 2D+, only a small increase in ALP expression was
observed (Fig. 9a). Runx2 expression at day 7 was
significantly lower, but from day 14 onwards a nearly
constant expression was shown at a similar level as OM
treated samples in 2D (Fig. 9b). In contrast, COL1 was
expressed at significantly higher levels in 2D+ (Fig. 9c).
Sox9 and ACAN were expressed at higher levels at the
start of the experiment, but its expression dropped quickly
afterwards (Fig. 9e and 9f, respectively). Expression levels
of the chondrogenic marker COL2 were below the
detection limit for all conditions in 2D, 2D+ and 3D. hPDCs
that were cultured in 3D had a drastically lower relative
expression of osteogenic markers compared to cells
cultured in 2D or 2D+ when cultured in OM (+TEA).
Actually, the expressions levels were more comparable to
the levels that were found for the negative control in which
a non-inductive medium was used (2D-GM). Compared

to this negative control, only moderately higher expression
of Runx2 at day 7 and 21 and COL1 at day 7 were observed
in 3D (Fig. 9b and 9c, respectively). Similar to 2D+, the
expression of Sox9 and ACAN were higher at the start of
the experiment (day 0) as compared to 2D. For ACAN,
these differences were not statically significant (p>0.05).
Discussion
In this study, the interaction of a clinically relevant cell
source (human periosteum-derived cells) with a clinically
relevant carrier biomaterial (fibrin sealant) was
investigated under osteogenic conditions. This in vitro
approach was chosen to understand the influence of fibrin
on the osteogenic behaviour of cells that are associated
with a fibrin sealant and that are applied in vivo to promote
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Fig. 6. LIVE/DEAD images of human periosteum
derived cells (hPDCs) encapsulated in fibrin carriers
at day 7 (a-b), day 14 (c-d) and day 21 (e) that were
culture in osteogenic medium (a, c) and osteogenic
medium with tranexamic acid (b, d, e). Bar = 1 mm.

Fig. 7. LIVE/DEAD image of human periosteum derived cells (hPDCs) encapsulated in fibrin carriers that were
cultured in growth medium with 250 KIU/mL aprotinin for 4 weeks. Bar = 1 mm.
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Fig. 8. Relative increase in cell number by measuring the total amount of DNA per sample weekly and normalising
it to the DNA content at the start of the experiment (day 0) for each condition. Human periosteum derived cells
(hPDCs) were seeded in 12-well plates (2D), on the top surface of fibrin substrates (2D+) or encapsulated in fibrin
carriers (3D) and cultured in osteogenic medium with or without tranexamic acid (OM+TEA and OM, respectively).
Results represent the mean ± SEM of at least 4 samples. Statistically significant differences (p<0.05) are denoted
with an asterisk.

bone regeneration. First, hPDCs were seeded on fibrin
substrates of at least 1 mm thick to allow them to both
interact with the protein network and experience the matrix
elasticity, similar to the situation when cells and fibrin are
applied together as a coating on orthopaedic implants. Our
results demonstrated that hPDCs adhered and spread on
fibrin substrates. Comparison between the relative cell
growth on fibrin substrates and on culture plastic indicated
that cells grew faster and to higher densities on fibrin
substrates.
The accelerated cell growth might have resulted from
the interaction of the hPDCs with components of the fibrin
sealant or from differences in substrate stiffness. The major
components of fibrin, fibrinogen and thrombin, have both
been found to stimulate proliferation of fibroblasts and
osteoblasts when added to the culture medium or when
bound to the cell culture substrate (Dawes et al., 1993;
Gray et al., 1993; Gorodetsky et al., 1998; Frost et al.,
1999). Besides fibrinogen and thrombin, fibrin sealants
can also contain active growth factors including TGF-1
and bFGF (Cox et al., 2004). Although their precise
concentrations are unknown and are likely to vary between
manufacturers and even between batches, growth factors
are known to enhance MSC proliferation, especially bFGF
alone (Martin et al., 1997; Tsutsumi et al., 2001; Solchaga
et al., 2005) or in combination with TGF-1 (Jung et al.,
2010). In addition, the rigidity difference between culture
plastic (Young’s modulus of polystyrene is around 3000
MPa) and fibrin substrates (Young’s modulus around 19
kPa (Noailly et al., 2008)) might have altered cell growth,

since substrate stiffness has been shown to modulate MSC
proliferation (Chen et al., 2010). Chen et al. reported that
MSC proliferation was maximised on fibronectin-coated
polyacrylamide substrates with a Young’s modulus
between 10 kPa and 20 kPa. When the substrate’s modulus
was increased (values up to 144.5 kPa were investigated),
MSC proliferation was found to reduce drastically.
Although fibronectin is present in fibrin sealants, direct
translation of these results to fibrin is difficult since MSC
mechanoresponsiveness was dependent on the ECM
protein used to coat the polyacrylamide substrates (Chen
et al., 2010). Furthermore, it is likely that a reduced contact
inhibition and more multilayered cell growth have
contributed to the higher cell density found on fibrin
substrates after 3 weeks of in vitro culture. In 2D culture
cell growth is arrested between day 7 and 14, while a similar
plateau in cell growth is not present in 2D+ cultures.
Histological examination showed cells clearly growing on
top of each other in 2D+ cultures. This observation suggests
that the multilayered cell growth, which is common in OM
(Jaiswal et al., 1997), was enhanced on the degradable
fibrin substrate as compared to culture plastic.
The osteogenic potential of the hPDCs was confirmed
by means of the calcium deposition and gene expression
results for 2D culture. However, the absence of a clear
increase of OCN expression suggested that the cells did
not reach full osteogenic differentiation after 3 weeks.
When cultured on fibrin substrates, hPDCs altered their
gene expression. During 2D+ culture, COL1 expression
was increased compared to plastic. However, the reduced
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Fig. 9. Real-time quantitative PCR analysis of the gene expression of osteogenic markers (a to d) alkaline phosphatase
(ALP), runt-related transcription factor 2 (Runx2), collagen I (COL1), and osteocalcin (OCN) and chondrogenic
markers (e to f) Sox9 and aggrecan (ACAN). The results are shown for hPDCs that were seeded in 12-well plates
(2D), on the top surface of fibrin substrates (2D+) or encapsulated in fibrin carriers (3D) and cultured in osteogenic
medium with or without tranexamic acid (OM+TEA and OM, respectively). Results represent the mean ± SEM of at
least 4 samples. Statistically significant differences (p<0.05) are denoted with an asterisk.
expression of the more specific osteogenic markers Runx2
and ALP suggests that the fibrin substrates stimulated
hPDC proliferation at the expense of a reduction or delay
in osteogenic differentiation.
Encapsulating hPDCs in fibrin resulted in a
homogeneous cell distribution in the 3D carrier. The
rounded cell morphology indicates that cells failed to

spread in this carrier. In contrast to 2D+ cultures, cell
growth was reduced significantly in 3D cultures compared
to 2D cultures. This corresponds with previous
observations with bone marrow MSCs (Bensaid et al.,
2003; Catelas et al., 2006). However in contrast to Catelas
et al., who reported that bone marrow MSCs started to
differentiate into the osteogenic lineage in fibrin hydrogels
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containing a high (34 mg/mL) fibrinogen concentration
(Catelas et al., 2006), none of the osteogenic markers was
upregulated in hPDCs during 3D culture in this study. With
regard to the osteogenic genes, hPDCs displayed an
undifferentiated phenotype in 3D culture similar to hPDCs
in 2D culture with growth medium (negative control). As
compared to 2D, higher relative expression levels for all
investigated genes (especially Sox9) were measured at the
start of 2D+ and 3D cultures. Differences in the preparation
of the samples, which led to slight differences in terms of
the definition of the ‘day 0’ condition (i.e. start of treatment
with serum-free osteogenic medium), might also have
contributed to the differences in gene expression at day 0.
2D samples were prepared by seeding cells in serumcontaining growth medium (10% FBS), in order to promote
cell attachment to plastic. Cells were allowed to attach
overnight before the treatment with serum-free osteogenic
medium was started. As a result, the start of the treatment
(‘day 0’) in 2D was one day after seeding the cells. In
2D+ and 3D, treatment with serum-free osteogenic medium
was started on the same day of cell seeding/encapsulation.
Switching from serum-containing to serum-free medium
was not done within the presence of fibrin gel, in order to
avoid diffusion of serum components into the gel. This
would have led to a poorly defined (uncontrolled) ‘day 0’
condition, as replacing serum-containing with serum-free
medium and washing the gels are not sufficient to guarantee
the removal of all serum components from the gel. From
day 14, increased cell death was observed in the fibrin
carriers. Hence, the 3D culture environment was
insufficient to ensure cell viability for longer in vitro
culture. Interestingly, the occurrence of increased cell death
was found to depend on the medium used during 3D
culture. When growth medium was used instead of
osteogenic medium, cell viability was maintained
throughout the entire fibrin hydrogels after 4 weeks of in
vitro culture. Since regions with increased cell death were
always located in the centre of OM and OM+TEA treated
carriers, it is likely that nutrient transfer to this region was
inadequate. Possibly, cellular metabolic activity and
nutrient requirements may have varied between growth
medium and osteogenic medium. Hydrogel carriers that
rely only on diffusion for their nutrient supply have been
reported to give rise to regions with increased cell number
near the surface and reduced viability in the centre
(Volkmer et al., 2008). These inhomogeneous cell
distributions have been associated with oxygen gradients
that may arise due to high metabolic activity of cells and
limited diffusion within the hydrogel (Radisic et al., 2006).
Shorter diffusion distances and active perfusion of the
medium might overcome these limitations (Eniwumide et
al., 2009).
Degradability is an important requirement of a
biological implant. However, fibrin-based constructs often
disintegrate too fast to maintain their shape and mechanical
properties during in vitro culture of multiple weeks. Certain
control over the degradation rate of fibrin-based constructs
is required to perform in vitro experiments or to
precondition cell-seeded implants in vitro prior to in vivo
implantation. Antifibrinolytic agents can be added to these
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products to slow down the degradation of the constructs.
Aprotinin and TEA are the most commonly used
antifibrinolytic agents in fibrin sealants (Busuttil, 2003),
the former being present in the fibrinogen solution of
Tisseel. Aprotinin is a natural proteinase inhibitor that is
derived from bovine lung (Hardy and Desroches, 1992),
while TEA is a synthetic derivative of the amino acid lysine
(Dunn and Goa, 1999). TEA exerts its antifibrinolytic effect
by blocking lysine binding sites on plasmin(ogen)
molecules and thereby inhibiting the binding of plasmin
to fibrin. TEA is 6 to 10 times more potent in terms of
binding to plasmin(ogen) than -aminocaproic acid,
another synthetic antifibrinolytic agent (Dunn and Goa,
1999). As the integrity of the Tisseel fibrin sealant was
found to be insufficient for prolonged in vitro culture, an
additional antifibrinolytic agent was supplemented to the
medium. TEA was selected instead of aprotinin, because
of the recent withdrawal of aprotinin for clinical use for
safety reasons (Murkin, 2009). We observed that 0.5 mg/
mL of TEA successfully stabilised the fibrin hydrogels.
The influence of TEA on the proliferation and osteogenic
differentiation of hPDCs on culture plastic was tested in
2D culture. While proliferation and mineralisation were
not affected by TEA, expression levels of ALP, Runx2,
COL1 and OCN were slightly reduced. These differences
between OM and OM+TEA were however not statistically
significant, except for a reduction in ALP expression at
day 14. Nevertheless, for all investigated genes, TEA did
not affect the gene expression profiles (same temporal
evolution).
As to the role of fibrin in enhancing in vivo bone
regeneration, the results of this study may suggest that
fibrin serves primarily as a cell delivery vehicle that allows
for a homogeneous distribution and confinement of
sufficient amounts of osteoprogenitor cells into the defect
site. The reduction (for 2D+: reduced ALP and Runx2
expression and no mineralisation in comparison to 2D)
and absence (for 3D: similar gene expression levels as in
negative control) of osteogenic differentiation when
hPDCs are associated with fibrin, demonstrates that in vitro
osteogenic differentiation of hPDCs is at least partially
impaired by fibrin or other factors contained in the fibrin
sealant as compared to culture plastic. As a result, the
previously reported positive in vivo outcomes on the use
of fibrin sealant as a cell carrier for bone formation or
repair (Tholpady et al., 1999; Isogai et al., 2000; Perka et
al., 2000; Kalia et al., 2009), may be more related to the
delivery and containment of sufficient amounts of cells,
in combination with signals that are present in the local in
vivo environment.
Conclusions
This study investigated the in vitro viability, proliferation
and differentiation of hPDCs when cultured on or in fibrin
sealant under osteogenic conditions. In this way, the impact
of the dimensionality of hPDC-fibrin constructs was
considered when evaluating fibrin’s influence on hPDC
behaviour. On fibrin substrates, hPDC proliferation was
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enhanced as compared to culture plastic. At the same time,
no mineralisation was observed and gene expression levels
of the osteogenic markers ALP and Runx2 were
significantly reduced. In fibrin carriers, viable hPDCs were
homogeneously distributed up to 1 week of culture.
However, both the proliferation rate and relative expression
of osteogenic markers were reduced in 3D culture,
compared to 2D and 2D+, even after 1 week when cell
viability was still maintained. These results may suggest
that fibrin sealant impairs osteogenesis when applied in
combination with hPDCs, as compared to culture plastic,
irrespective of the dimensionality of the hPDC-fibrin
construct. TEA at a concentration of 0.5 mg/mL was found
to be a suitable medium supplement to maintain fibrin
integrity and size during in vitro culture, without affecting
cell proliferation and calcium deposition and with minor
effects on the osteogenic differentiation of hPDCs.
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Discussion with Reviewer
Reviewer II: One of the main conclusions of the paper
seems to be the fibrin is not permissive for the osteogenic
differentiation of hPDCs. As previous work has indicated
human bone marrow derived MSCs are osteogenic in
fibrin, could the authors speculate on the difference?
Authors: In vivo, bone marrow and periosteum are both
involved in skeletal development, remodelling, and repair.
In vitro, cell preparations derived from these two tissues
have been shown to contain osteogenic and chondrogenic
potential. Despite these in vivo and in vitro similarities,
both cell populations are intrinsically different. Colnot
(2009) assessed the cellular contributions of bone marrow
and periosteum to bone healing in vivo. Based on the
distinct contribution of cells from the periosteum and bone
marrow during bone repair, they concluded that the
populations of progenitor cells within both tissues varied.
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The same conclusion was drawn by Solchaga et al. (1998),
who reported that bone marrow derived MSCs and
periosteum-derived cells responded differently to
osteoinductive agents in vitro. Due to these intrinsic
differences between human bone marrow derived MSCs
and hPDCs, fibrin sealant might influence the osteogenic
differentiation of both cell populations differently. This
again indicates that great caution should be taken when
translating findings between osteogenic cell populations.
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