INTERNATIONAL JOURNAL OF REGENERATIVE MEDICINE | ISSN 2613-5914

[ international
Urnal of

Available online at www.sciencerepository.org

Research Article

Calcium Phosphate Treatment Enhances Osteogenic Differentiation of Porcine
Adipose-Derived Stem Cells on Fibrin Scaffolds

Aaron J. Maki*®, R. A. Chanaka Rabel'? and Matthew B. Wheeler*234*

!Department of Animal Sciences, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA

2Carl R. Woese Institute for Genomic Biology, University of lllinois at Urbana-Champaign, Urbana, Illinois, USA

3Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA

“Department of Biomedical and Translational Sciences, Carle-Illinois College of Medicine, University of Illinois at Urbana-Champaign, Urbana, Illinois,

USA

ARTICLEINFO

Article history:
Received: 4 May, 2023
Accepted: 18 May, 2023
Published: 13 June, 2023

ABSTRACT

Keywords:

ASC

fibrin

calcium phosphate
porcine
osteogenesis

This study was designed to develop a fibrin scaffold for optimum in vitro osteogenic differentiation of
porcine ASCs. Fibrin scaffolds physically and chemically modified to be stiffer or have higher
concentrations of calcium and phosphate ions were hypothesized to enhance osteogenic differentiation
compared to control fibrin scaffolds. Treatments during coagulation resulted in six scaffold types for
comparison: whole blood controls, red blood cell lysis buffer, calcium chloride, calcium hydrogen
phosphate, vacuum, and mechanical compression. Based on the results, fibrin supplemented with granules
of calcium hydrogen phosphate (CaHPO,) was determined to be the most suitable formulation of those
examined. Using calcium phosphate resulted in a fibrin scaffold that coagulated faster (p = 0.022), had a
rougher surface, higher stiffness, and desirable properties for practical use during surgical operations and
scaffolds used in bone tissue engineering. Further, osteogenic differentiation was enhanced on scaffolds
treated with calcium phosphate. In addition, fibrin scaffolds treated with RBC lysis buffer were also stiffer
than untreated controls. These results are partly explained by ASC attachment and fibrin polymerization
during coagulation.

© 2023 Matthew B. Wheeler. Hosting by Science Repository.

Introduction

One factor less studied in the bone fracture healing process is the role of
the natural polymer, fibrin, which is a primary component of blood clots.
Blood contains constituents essential for wound healing, including
coagulation cascade enzymes and fibrinogen. In its native form, fibrin
exists as a soluble monomer, fibrinogen, which circulates through the
cardiovascular system. Upon activation through damage-induced
exposure to collagen or other mechanisms, fibrinogen converts to
insoluble fibrin under the control of a series of enzymatic steps of the
coagulation cascade [1]. These polymerizing fibers crosslink together to
form a stiff clot that limits blood loss and acts as a scaffold in the wound
repair process.

However, while fibrin provides the initial wound microenvironment for
bone fracture repair, some aspects of fibrin clots may present challenges
to the success of potential ASC therapies. Two possible limitations of
fibrin include its comparatively low stiffness and ion concentrations [2].
For example, trabecular bone is approximately four orders of magnitude
stiffer than fibrin [3]. Scaffold stiffness on the order of trabecular bone
and the presence of calcium and phosphate ions have both been shown
to increase osteoblast differentiation [4]. Therefore, modifications that
can stiffen fibrin and reasonably increase its local calcium and phosphate
ion concentrations may result in improved outcomes for ASC therapy
for bone defects.
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Potential methods to increase blood clot stiffness include reducing red
blood cells, porosity, and pH, and adding stiff granules to form a
composite. Reducing pH increases the protonation of residues, resulting
in more charged inter-helical interactions. Creating composites with
more rigid, insoluble materials such as calcium phosphates, could result
in more balanced properties, similar to the collagen-hydroxyapatite
composite of bone [5]. Highly-deformable red blood cells, designed to
move flexibly through capillaries, decrease the stiffness of blood clots
due to their low stiffness (order of 10 Pa) [6]. Therefore, reducing the
number and intactness of red blood cells in a blood clot may increase
stiffness. In addition, the crosslinking density of fibrin is below its
maximum [7]. Finally, reducing porous space between fibers
significantly increases stiffness [8]. Fibrin is a flexible hydrogel whose
polymerization conditions determine its structure and properties, which
may be modified for improved bone defect healing.

Several recent studies have examined the use of fibrin or modified fibrin
in bone regeneration [9-15]. However, only one study examined the use
of autologous fibrin as a scaffold for bone regeneration [10]. That study
used the human fibrin scaffolds and viral transduced human muscle-
derived stem cells (hMDSC) in a rat calvarial model to examine bone
regeneration. Furthermore, these recent studies did not examine methods
or treatments to increase the stiffness of the autologous fibrin scaffolds
before culture and differentiation of the stem cells. This study was
designed to develop a fibrin scaffold for optimum in vitro osteogenic
differentiation of porcine ASCs as a model system for human bone
regeneration.

Materials And Methods
I Blood Collection and Fibrin Modification

Whole blood was collected in sterile 1-liter containers from 6 pigs and
allowed to clot with different treatments, which included solutions (2.4
and 7.2 mM) of calcium chloride (CaCl,, Sigma C7902), or calcium
hydrogen phosphate (CaHPO,, Mallinckrodt #4272), a precursor to bone
mineral (hydroxyapatite, Cas(PO4);OH). Highly flexible red blood cells
(RBCs) were removed osmotically with red blood cell lysis buffer (25%
or 50% to blood, 8.3 g/L ammonium chloride, Sigma R7757). Fibrin
scaffolds were mechanically compressed under pressure (200 MPa) to
reduce porosity in a syringe using free weights or placed under vacuum
(130 kPa) during coagulation and stored at -20°C [16].

11 Coagulation Time

During whole blood collection, samples from 4 pigs were timed to
determine the coagulation rate under various treatments. Blood was
collected in 50 mL centrifuge tubes and agitated manually. Timing began
upon collection in an individual centrifuge tube and ended upon
cessation of motion during tube rocking [17]. Coagulation time was
normalized to untreated whole blood for each pig.

111 In Vitro Degradation

Fibrin scaffolds were cut into approximately 2-gram sections and
pressed flat onto 10 cm? tissue culture plates with 5 mL of Dulbecco’s
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Modified Eagle’s Medium (DMEM) with varying concentrations (0, 1,
5, 10%) of fetal bovine serum (FBS) [18]. At weekly intervals, samples
were digitally scanned to observe degradation. The surface area of each
scaffold was calculated using an image analysis programme (ImageJ,
National Institutes of Health, Bethesda, MA). The area was normalized
by its original value (day 0) to calculate the percent change in the area.
Samples were fixed in 10% formalin.

Microstructural changes were compared using scanning electron
microscopy (SEM). Samples were dehydrated in an increasing ethanol
series and stored in a desiccation chamber overnight. Samples were then
critical point dried using liquid carbon dioxide. After applying a 50 mbar
vacuum and inducing eccentric rotation, samples were sputter coated
with gold-palladium (Au-Pd) for 45 seconds [19]. Samples were imaged
using a Phillips XL30 (FEI Company) SEM. The beam voltage was 10
kV with a spot size of 5. Images were recorded at 500x magnification.

1V Mechanical Testing

Test specimens were prepared as right circular cylinders 25 mm in
diameter and 30 mm in height for mechanical testing (Instron Model
5567) [20]. A compression test at constant velocity (1 mm/min) was
performed on hydrated samples (n = 5). Original dimensions were used
to calculate stress and strain, and resulting curves were used to determine
elastic modulus. Analysis was limited to the initial linear region of 10%
strain [21]. Cylindrical samples of 1 cm diameter and 1 cm height were
prepared in centrifuge tube caps for nanoindentation (n = 4). A T1950
hysitron tribometer, using a 90° conical PMMA tip, was used to indent
samples 10 um in depth to determine relative sample stiffness. Stiffness
was calculated as the slope of the tip removal curve between 40-90%
displacement [22].

V Adipose-Derived Stem Cell Co-Culture and Osteogenic
Differentiation

Fibrin scaffolds were thawed and sectioned (1 mm thickness). Sections
were sterilized using ethylene oxide gas exposure overnight before
washing them with phosphate-buffered saline (PBS). Scaffolds were
placed in tissue culture plates and cultured overnight under standard
conditions before the addition of passage 2-3 ASCs (1 x 10° cells per
cm?), which were previously isolated from a pig transgenic for green
fluorescent protein (GFP) [23]. ASCswere cultured in DMEM with 10%
FBS incubated with 5% carbon dioxide at 39°C. Cell attachment to fibrin
was observed with a fluorescent microscope.

At 80% confluence, media was supplemented with 10 mM f-
glycerophosphate, 50 pM ascorbic acid, and 1 uM dexamethasone to
induce osteogenic differentiation [24]. Cells were cultured for 0, 14, and
28 days before fixation in 10% formalin. Osteogenic differentiation of
ASC resulted in the formation of circular nodules. The nodules were
imaged using a fluorescent microscope (Nikon Diaphot-TMD) and
digital camera. After fluorescent imaging, the average area per nodule (n
= 30) was quantified using ImageJ (National Institutes of Health,
Bethesda, MA). The average nodule radius was calculated assuming a
circular nodule, using the equation [24]:
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Radius = sqrt(Area / )
VI Statistical Analysis

Quantitative data are presented as mean + standard error. One-way
analysis of variance (ANOVA) was performed using SAS statistical
analysis software (SAS Institute, Cary, NC). Fisher’s exact test was used
for pairwise mean comparisons. A total of 3 scaffolds per treatment per
timepoint (n = 3) were analysed for a total of 18 scaffolds (n = 18) and
30 nodules per treatment per timepoint (n = 30). Significance was
evaluated using an alpha level of 0.05.

Results
I Coagulation Time

The average coagulation time of untreated whole blood was 121 seconds.
Treatment with calcium phosphate reduced coagulation time by 25% but
was not different from that of whole blood. Treatment with red blood
cell lysis buffer significantly increased clotting time by 80% over
calcium phosphate treatment (p<0.05) and by 35% over whole blood
(p<0.1). Following normalization, differences between all three
treatments were statistically significant (p<0.05; Figure 1). Coagulation
times of calcium chloride treatments could not be assessed due to low
stiffness, as samples remained in motion during manual agitation even
after coagulation was complete.
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Figure 1: Coagulation time of blood normalized relative to untreated whole blood for each pig. ** Treatments with different superscripts differ (p<0.05).

11 In Vitro Degradation

Evidence of bulk degradation was present in most treatments (Figure 2).
In addition, increasing fetal bovine serum concentration generally
resulted in a higher amount of degradation. Control blood clots had 98%
remaining after 28 days in culture with serum-free DMEM (0% FBS)
and 80% remaining after culture in DMEM with 10% FBS. Clots treated
with calcium chloride were more resistant to degradation (92%

0% FBS

Whole
Blood

Calcium
Chloride

remaining, p = 0.097) compared to whole blood, while clots treated with
red blood cell lysis buffer were less resistant (74% remaining, p = 0.14)
compared to whole blood after 28 days in culture with 10% FBS (Figure
3). Degradation percentages between whole blood, vacuum-treated and
calcium phosphate-treated blood were not significantly different.
However, degradation percentage of calcium chloride-treated blood was
significantly less (p<0.05) than that of RBC lysis buffer-treated blood,
but neither one of these were different from the other 3 treatments.

1% FBS 5% FBS 10% FBS

Figure 2: Representative 2-D cross-sections of fibrin scaffolds after 28 days in culture. The presence of FBS increased the rate of degradation, which varied

depending on scaffold treatment.

Int J Regenr Med doi: 10.31487/j.RGM.2023.02.01

Volume 6(2): 3-10



Calcium Phosphate Treatment Enhances Osteogenic Differentiation of Porcine Adipose-Derived Stem Cells on Fibrin Scaffolds 4

100

§

©

g =o— Whole Blood

< =~ RBC Lysis

§° ~#= Vacuum

_g == Calcium Chloride
70 == Calcium Phosphate
65
60 T T T ,

0 5 10 15 20 25 30

Time in Culture (days)
Figure 3: Relative change in the cross-sectional area during culture in 10% fetal bovine serum. Scaffold treatment affected the degradation rate, but
treatments remained relatively stable over the timeframe of osteogenic differentiation (28 days). & Treatments with different superscripts differ (p<0.05).

Analysis of scaffolds using SEM (Figure 4) displayed little structural granular surface with notable roughness whereas vacuum and
differences for whole blood, calcium chloride, and red blood cell lysis compression-treated scaffolds appeared smoother.
buffer treatments. Calcium phosphate treatment resulted in a more
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Figure 4: Representative SEM images of fibrin scaffolds. While whole blood, calcium chloride, and red blood cell lysis buffer scaffolds displayed little
differences in structure, calcium phosphate treatment resulted in a more granular surface with notable roughness. Vacuum and compression-treated scaffolds

appeared smoother.
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111 Mechanical Testing

Measured by compression testing, the average elastic modulus of fibrin
scaffolds (Figure 5) derived from whole blood was 1.9 kPa. Scaffolds

0.092). In addition, scaffolds treated with CaHPO, had a similar higher
stiffness (p = 0.089). Scaffolds coagulated under vacuum or mechanical
compression showed no change in stiffness compared to whole blood.
Treatment with CaCl, significantly reduced stiffness by 37% (p = 0.025,
Figure 6) compared to whole blood.

treated with RBC lysis buffer were higher in stiffness by 25% (p =

Figure 5: Experimental setups for compression testing (left) included preparing right circular cylinders 25 mm in diameter and 30 mm in height and
compressing samples using an instron model 5567. Calculated stresses and strains were used to determine elastic modulus. Nanoindentation (right) used
samples 1 cm in diameter and 1 cm in height. Samples were indented using a 90° conical PMMA tip, indenting 10 pum depth. Stiffness was calculated as the
slope of the tip removal curve between 40-90% strain.
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Figure 6: Compression testing results displayed higher stiffness in scaffolds treated with RBC lysis buffer and calcium hydrogen phosphate. Scaffolds
coagulated under vacuum or mechanical compression showed little difference, and scaffolds treated with calcium chloride had lower stiffness. ° Treatments
with different superscripts differ (p < 0.025).

Nanoindentation (Figure 7) stiffness measurements were significantly

higher for scaffolds treated with calcium phosphate (average 94 kPa, p

= 0.00024) compared to that of whole blood (47 kPa). Stiffness

measurements of scaffolds treated with red blood cell lysis buffer were

also higher than that of whole blood (p = 0.095). Normalization by
100 -

individual pig (Figure 8) resulted in stiffness nearly two times higher for
calcium phosphate (p =0.0053) and a trend higher for red blood cell lysis
buffer (p = 0.064). Scaffolds from other treatments could not be
accurately measured due to low stiffness.
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Figure 7: Nanoindentation results were significantly higher in stiffness for scaffolds treated with calcium phosphate. Scaffolds treated with red blood cell
lysis buffer trended higher (p<0.1) compared to whole blood. * ® Treatments with different superscripts differ (p<0.05).
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Figure 8: Stiffness normalized by individual pig were significantly higher in stiffness for scaffolds treated with calcium phosphate. Scaffolds treated with

red blood cell lysis buffer trended higher (p<0.1) compared to whole blood.

ab Treatments with different superscripts differ (p<0.05).
1V Osteogenic Differentiation

GFP-ASCs attached to fibrin within two days and differentiated into an
osteogenic phenotype when cultured in media supplemented with
dexamethasone, B-glycerophosphate, and ascorbic acid (Figure 9). Over
time, bone-like nodules formed, which were observed using fluorescent
microscopy. Osteogenic nodules were observed by seven days and

increased in density until 14 days. Nodules increased in size through 21
days, then appeared to grow at a slower pace until 28 days. The average
area (Figure 10) and average radius (Figure 11) per nodule were lower
on fibrin scaffolds derived from whole blood compared to control
polystyrene (tissue culture plastic, p = 0.029). However, nodules on
fibrin scaffolds treated with calcium phosphate were larger than control
whole blood (p = 0.042).

Figure 9: Paired phase contrast and fluorescent images of ASCs (white arrows) expressing green fluorescent protein attaching to (a, b and ¢, d) and
differentiating (e, f) on fibrin scaffolds. Scale a and b - 25 um. Scale ¢ and d - 50 pm. Scale e and f - 100 um.

Int J Regenr Med doi: 10.31487/j.RGM.2023.02.01
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Figure 10: Average nodule area during osteogenic differentiation on scaffolds of various treatments. *° Treatments with different superscripts significantly
differ (p < 0.05).
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Figure 11: Average nodule radius during osteogenic differentiation on scaffolds of various treatments. #°¢ Treatments with different superscripts
significantly differ (p<0.05).

Discussion supplemented with granules of calcium hydrogen phosphate (CaHPO,)

was determined to be the most suitable formulation of those examined.
The primary objective of these experiments was to develop an optimal Using calcium phosphate resulted in a fibrin scaffold that coagulated
preparation of whole blood-derived fibrin scaffold, which was practical, faster (p = 0.022), had a rougher surface, and higher stiffness, desirable
biocompatible, and osteoconductive. Based on the results, fibrin properties for practical use during surgical operations and scaffolds used
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in bone tissue engineering. Further, CaHPO, treatment enhanced
osteogenic differentiation on fibrin scaffolds compared to untreated
control whole blood.

Calcium phosphates and calcium chlorides act as natural pro-coagulants
due to increased concentrations of soluble calcium ions, an essential
element for activating both factor X and thrombin in the coagulation
cascade [1]. However, these ionic compounds are on different extremes
of the solubility scale, with CaCl, being highly soluble in water while
CaHPO, being minimally soluble in water. Differences in solubility
affect the bioavailability of calcium ions and thus modify their effect
during fibrin polymerization. From calcium chloride, the increased
soluble calcium ion concentration likely allows for more simultaneous
initiation sites of fibrin polymerization, resulting in a scaffold that gels
more rapidly with lower average chain length which likely explains the
poor stiffness displayed by the CaCl, treated fibrin scaffolds [25].

For calcium phosphate, this effect is mitigated by fewer available
calcium ions, while providing relatively insoluble nucleation sites for
initiating and stabilizing fibrin polymerization. Initial contact activation
is the most prolonged phase of the coagulation process [17]. Adding
calcium phosphate granules significantly increases the available surface
area for contact activation and is likely to account for the observed
reduction in coagulation time with calcium phosphate. In addition, the
concentration of fibrinogen also has an essential effect on coagulation,
with lower concentrations resulting in fibrin gels that polymerize slower.
Dilution of fibrinogen and other coagulation factors by red blood cell
lysis buffer likely explains its slower coagulation time.

For both invitro and in vivo environments, fibrinolysis proceeds through
two related mechanisms, bulk and enzymatic degradation [26]. Bulk
degradation results from water infiltration and hydrolysis, reducing
chain lengths and network connectivity [27]. Enzymatic degradation
proceeds primarily through the enzyme plasmin, which circulates in an
inactive form in the blood and is present in fetal bovine serum [26].
Adding FBS to culture media increased fibrinolysis regardless of
treatment, indicating the significant role of enzymatic degradation, while
bulk degradation was slower in comparison.

Fibrin scaffolds treated with calcium chloride or coagulated under
vacuum showed notable degradation reductions (higher area remaining)
compared to fibrin scaffolds derived from whole blood. Though multiple
mechanisms may determine this result, the chemical property of a shorter
average chain length is likely to be a dominant factor for calcium
chloride treatment [28]. However, for vacuum coagulation, the physical
property of reduced porosity aids in reducing water infiltration and
surface exposure to plasmin, slowing both bulk and enzymatic
degradation [29]. In contrast, scaffolds treated with red blood cell lysis
buffer likely had increased water infiltration and plasmin exposure due
to the osmotic dissolution of red blood cells, resulting in higher (p =
0.097) degradation (lower area remaining) compared to controls.

A rough surface is generally preferable to a smooth surface for
attachment-dependent cell types such as adipose-derived stem cells [30].
Surface roughness provides more opportunities for multidirectional cell
attachments, more similar to that experienced by cells in vivo, and

Int J Regenr Med doi: 10.31487/j.RGM.2023.02.01

increased surface area for attachment and material transport. For fibrin
scaffolds, roughness is primarily due to red blood cells (7 um average
diameter). Red blood cells likely account for the surface roughness
viewable by scanning electron microscopy for untreated whole blood
scaffolds and calcium chloride-treated scaffolds. In contrast, the osmotic
destruction of red blood cells by red blood cell lysis buffer may explain
the slight increase in surface roughness. However, ASCs generally do
not directly attach to red blood cells. In contrast, attachment-dependent
cell types can be attached to calcium phosphate granules, which have
granule sizes on a similar scale [31]. The addition of granules appears to
provide increased surface roughness to fibrin scaffolds. Using vacuum
or mechanical compression may flatten red blood cells, causing fibrin to
appear smoother.

In addition, adipose-derived stem cells, among other fibroblast-like cell
types, are not known to maintain receptors for direct attachment to fibrin.
Therefore, cell attachment is likely to proceed through intermediates
such as fibronectin, which circulates in blood along with fibrinogen and
becomes entrapped within the developing blood clot during coagulation
[32, 33]. Reduced direct attachment to fibrin may help explain, in part,
the limited success of using fibrin-only glues for tissue regeneration.
ASCs appeared to attach and differentiate on whole blood-derived fibrin
scaffolds. Fibrin scaffolds derived from whole blood maintain several
advantages over those prepared from only fibrinogen and thrombin.
These include the simple and inexpensive collection and retaining of
essential blood constituents in the wound healing process, such as
fibronectin and platelet aggregates [34]. However, the use of whole
blood-derived fibrin comes at the cost of reduced operative control of
fibrin polymerization and reduced clot stiffness due to the presence of
red blood cells.

As measured by compression testing, the bulk stiffness of fibrin
scaffolds did not appreciably increase from a practical standpoint
regardless of treatment and remained several orders of magnitude lower
than trabecular bone [3]. However, microscale stiffness, as measured by
nanoindentation, significantly increased with calcium phosphate
treatment compared to controls. The effect of calcium phosphate may be
related to its inherently high stiffness as a ceramic as well as the potential
of its granules to act as anchors for the fibrin network. The mechanical
properties of fibrin-calcium phosphate composites can be approximated
as a weighted average of the two substances [35]. Increased stiffness at
the microscale has been demonstrated to favour osteogenic
differentiation of adipose-derived stem cells, whereas softer surfaces
favour other cell types such as neurons and myocytes [36]. The
mechanisms for this phenomenon are under investigation but are related
to the interdependent relationship between mechanical forces on the
extracellular matrix and gene expression.

A difference in measured stiffness values of approximately one order of
magnitude was observed between the methods of compression testing
and nanoindentation. These results are likely explained by the hydrated,
physiological testing conditions and the role of water in fibrin
viscoelasticity [37]. Surface tension is a much more dominant force in
nanoindentation measurements. Water can flow more freely under a bulk
compression testing regimen, which may reduce observed elastic
(storage) modulus. Applying sinusoidal stress, used in methods such as
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dynamic mechanical analysis, could rectify this difference in observed
values and better account for the viscoelastic behaviour of fibrin
scaffolds, which are similar to hydrogel polymers [38].

Regarding osteoconductivity, one notable result is the tendency of ASCs
to form larger nodules on tissue culture plastic (irradiated polystyrene)
compared to whole blood-derived fibrin. This result is likely partly
explained by methods used in ASC isolation, including the expansion of
cells that adhere onto tissue culture plastic [24]. While starting as a
heterogeneous cell population, the cells which attach and divide most
rapidly dominate in number [39]. Therefore, ASC isolation methods
introduce a strong selection for attachment to polystyrene.

Conclusion

The ability of ASCs to attach and migrate towards each other is essential
for the formation of osteogenic nodules over a timescale of weeks. The
potential factors of improved cell attachment, presence of calcium and
phosphate ions, surface roughness, and increased stiffness on the
microscale may each play a role in the increase in osteoconductivity of
ASCs for fibrin treatments of red blood cell lysis buffer, calcium
chloride, and calcium phosphate, as measured by histomorphometry.
Treatment of fibrin scaffolds with calcium phosphate appears to improve
each of these characteristics in vitro. Therefore, in vivo experiments are
warranted in the future to test if CaHPO,-treated fibrin scaffolds will
demonstrate similar characteristics in live animals.
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