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Abstract—Vascular tissue engineering of the middle layer of
natural arteries requires contractile smooth muscle cells
(SMC) which can be differentiated from adipose-derived
mesenchymal stem cells (ASC) by treatment with transform-
ing growth factor-f, sphingosylphosphorylcholine and bone
morphogenetic protein-4 (TSB). Since mechanical stimula-
tion may support or replace TSB-driven differentiation, we
investigated its effect plus TSB-treatment on SMC orienta-
tion and contractile protein expression. Tubular fibrin
scaffolds with incorporated ASC or pre-differentiated SMC
were exposed to pulsatile perfusion for 10 days with or
without TSB. Statically incubated scaffolds served as con-
trols. Pulsatile incubation resulted in collagen-I expression
and orientation of either cell type circumferentially around
the lumen as shown by alpha smooth muscle actin (xSMA),
calponin and smoothelin staining as early, intermediate and
late marker proteins. Semi-quantitative Westernblot analyses
revealed strongly increased «SMA and calponin expression
by either pulsatile (12.48-fold; p < 0.01 and 38.15-fold;
p = 0.07) or static incubation plus TSB pre-treatment (8.91-
fold; p < 0.05 and 37.69-fold; p < 0.05). In contrast,
contractility and smoothelin expression required both
mechanical and TSB stimulation since it was 2.57-fold
increased (p < 0.05) only by combining pulsatile perfusion
and TSB. Moreover, pre-differentiation of ASC prior to
pulsatile perfusion was not necessary since it could not
further increase the expression level of any marker.

Keywords—Bioreactor technique, Mechanical strain,
Contractile phenotype.
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INTRODUCTION

Tissue engineering of small caliber vascular grafts is
an ongoing issue to develop optimized replacement
strategies for damaged or lacking arteries and veins.
Although being used for decades, alloplastic materials
for vascular grafting exert severe limitations like the
risk for infections®' and thrombosis.?® The latter is not
only caused by the thrombogenicity of the material
itself but also by its limited elasticity resulting in a
compliance mismatch in particular in the anastomosis
regions which results in disturbed blood flow and
turbulences promoting to atherosclerotic lesions.®
Another deficit is the inability of the synthetic graft to
adapt to the blood pressure due to lacking vasocon-
strictive properties. The key players for this are smooth
muscle cells (SMC) that form the tunica media in nat-
ural arteries. We have recently shown that SMC can be
differentiated effectively from adipogenic stem cells
(ASC) which were obtained on an autologous basis
from the patient’s own adipose tissue.'? This differen-
tiation was induced biochemically by the combination
of three myogenic stimuli, namely transforming
growth factor (TGF) f1, sphingosylphosphorylcholine
(SPC) and bone morphogenetic protein (BMP) 4. This
combination (abbreviated TSB) led to a strong and
sustained expression of proteins of the contractile
apparatus such as alpha smooth muscle actin (¢SMA),
calponin and smoothelin. ®’SMA was considered as
early marker expressed in both the synthetic highly
proliferative phenotype and the contractile phenotype
with limited proliferation capacity.”* Smoothelin, in
contrast, marks the end stage of differentiation to-
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wards the contractile phenotype and calponin is an
intermediate marker molecule.>* Though the differen-
tiation was verified by a functional contractility assay,
the approach used recently displays certain limitations.
First, the usage of growths factors involves several
difficulties. Besides the fact that they are extremely cost
intensive, their (patho-) physiological background
warrants considerations. TGFf is strongly associated
with cardiovascular diseases like atherosclerosis®” and
intima hyperplasia,'® which displays a considerable
risk in the context of vascular replacement. Also BMP4
induces ectopic bone formation in vivo as may be
involved in vascular calcification.” Moreover, an
underestimated problem is the putative contamination
of growth factor solutions with endotoxins®® which can
only be prevented by elaborate cleaning processes.'’
Second, in our previous study, cells have been treated
with TSB on cell culture dishes as two-dimensional
(2D) cultures. However, it has been shown that the
scaffold 3D structure® and stiffness® strongly affects
the differentiation status of SMC. Finally, taking into
account the engineering of a tunica media, the orien-
tation of the cells in a tubular scaffold seems to be
pivotal for their physiological function. A natural ar-
tery underlies a permanent mechanical load due to the
pulsatile blood pressure that accounts for proper dif-
ferentiation and orientation of SMC. The latter has
been shown in an approach using mature SMC which
were exposed to cyclic mechanical load after incorpo-
ration into fibrin scaffolds.’ However, so far there is no
study investigating the clues mechanical stimulation
will provide for SMC differentiation from ASC.

In this study, we systematically investigated the ef-
fect of mechanical load applied by pulsatile perfusion
on ASC incorporated in tubular fibrin scaffolds with
respect to myogenic differentiation, contractility,
extracellular matrix (ECM) production and morphol-
ogy. Moreover, the combination of mechanical load
and biochemical stimulation using the myogenic fac-
tors TSB and the effect of a biochemical pre-differen-
tiation of ASC towards SMC were tested. We thereby
evaluated whether cyclic mechanical load is sufficient
to fully or partially replace the differentiation of ASC
towards SMC by myogenic factors and reflect the
consequences that our findings have for autologous
vascular tissue engineering.

MATERIALS AND METHODS

Generation of Cellularized Fibrin Tubes

ASC were isolated from abdominal subcutaneous
adipose tissue of one out of 7 donors (53 + 14 years,
min/max = 31/70 years, 1 male/6 female) scheduled
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for visceral surgery after ethical approval by the
institutional review board (Ethikkommission der
Medizinischen Hochschule Hannover) and informed
consent. Biochemical pre-differentiation was per-
formed as recently described.'”'? Fibrin was isolated
from human plasma obtained from donors after in-
formed consent (Institute for Transfusion Medicine,
Hannover Medical School) by cryo-precipitation as
described previously.'" Per graft, 100 mg fibrinogen,
400 U aprotinin (Bayer, Leverkusen, Germany) and
400 pl 10 x M199 (Sigma Aldrich, Steinheim, Ger-
many) were replenished by blood serum to 2 mL and
pH was neutralized by 5 M NaOH. Per tube, 107 un-
treated ASC or pre-differentiated ASC (SMC) were
suspended in this solution and mixed with 2 mL of a
solution containing 10 U thrombin resolved in 40 mM
CaCl,, and 10 U factor XIII (both from CSL Behring,
Marburg, Germany). The mixture was filled into cus-
tom-made 10 cm-long tubular molds with a central
placeholder (Department of Medical Device Con-
struction, Hannover Medical School; Supplemental
Fig. S1-A) and was allowed to polymerize for 30 min.
Then the placeholder was removed and the fibrin
scaffold was centrifuged at 26 xg for 10 min, at 103xg
for 10 min and at 316xg for 15 min in a horizontal
custom-made rotation unit (Department of Medical
Device Construction; Supplemental Fig. S1-B). This
resulted in a compaction and significant stabilization
of the fibrin matrix confirmed by a 1.83-fold increased
burst pressure and a 3.86-fold higher tensile strength
(Supplemental Fig. S2).

Cell viability after the compaction process was
assessed in preliminary tests defining the optimal cell
numbers in fibrin tubes. For this, Live/Dead staining
was performed using a viability/cytotoxicity kit (Life-
technologies, Darmstadt, Germany) following manu-
facturer’s instructions staining live cells green (calcein)
and dead cells red (ethidium-homodimer). For the
staining, sections of the fibrin tubes seeded with 0.5, 1
and 1.5 x 107 cells/tube were incubated with calcein/
ethidium-homodimer solution 1, 5 and 8 days after
seeding and compaction and assessed qualitatively by
fluorescence microscopy. To quantify cell viability,
segments with 1 x 107 cells/tube (which were used for
the following experiments) were analyzed by counting
the number of live and dead cells per microscopic view-
field (10 x—magnification) of 4 sections. Viability was
calculated as the ratio of live cells to the total cell
number (live cells + dead cells).

Bioreactor Set Up

A custom made bioreactor-perfusion-system
(Department of Medical Device Construction) was
used for parallel pulsatile perfusion of four fibrin
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TABLE 1. Combination of cells incorporated in fibrin scaffolds and medium used for their incubation for 10 days under pulsatile
or static conditions.

Group Cells Media n
ASC ASC Perfusion medium 4,run 4
ASC + TSB ASC Perfusion medium + TFGp1, SPC and BMP4 5,run 2 and 3
SMC + TSB ASC pre-differentiated to SMC for 8 days Perfusion medium + TFGp1, SPC and BMP4 5,run1and 3

by TGF1, SPC and BMP4

ASC adipogenic stem cells, SMC smooth muscle cells, TGFf 1 transforming growth factor i1, SPC sphingosylphosphorylcholine, BMP4 bone
morphogenetic protein 4. The combination of all three is abbreviated TSB.

FIGURE 1. Schematic illustration of the pulsatile bioreactor
perfusion system. 4 fibrin segments were placed in parallel
aligned bioreactors (B1-B4) and pulsatile perfusion was
accomplished using a pulsatile peristaltic pump (P1) and a
compliance chamber (C). The pressure was adjusted with a
screwing clamp (S) and continuously monitored with a
pressure transducer (T). An open reservoir and an open
recirculation-system including a non-pulsatile pump (P2)
ensured gas exchange within the incubator.

tubes. The main components of this system (Fig. 1) are
an open reservoir (R), a non-occlusive pulsatile peri-
staltic pump (P1; modified heart-lung-machine-pump,
Stoeckert-Shiley, Munich, Germany), a compliance
chamber mimicking the “Windkessel”-effect of the
aorta (C), four parallel aligned bioreactors containing
the fibrin tubes (B1-B4), a pressure transducer (T)
connected to a monitor-system (“CardioCap®” Datex,
Helsinki, Finland) and a screwing clamp for flow- and
pressure-modification (S). Due to minimal diffusion of
culture medium from the luminal to the abluminal side
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FIGURE 2. Pressure monitoring of the bioreactor perfusion
system. Pressure profile was continuously measured using
the CardioCap® monitoring system and documented every
24 h in each run. (a) pressure—time-curve in a 4 s time interval
as displayed by the monitoring system. S systolic pressure, D
diastolic pressure, M mean pressure. (b) Pressure course over
the perfusion period of 10 days. Shown are mean = SD of
three independent experiments.

through the tube-walls (=~ 2.5mL tube ' h™'), an
open recirculation system was installed using a non-
pulsatile peristaltic pump (P2; “Ismatec MCP Stan-
dard”, Cole Parmer, Wertheim, Germany).

Pulsatile and Static Incubation

For pulsatile perfusion, fibrin scaffolds containing
ASC or pre-differentiated ASC (SMC) were cut to a
length of 5.5 cm, fixed on plastic hose nozzles using zip
ties and inserted into the bioreactors. The tubes were
stretched to a length of 6 cm to obtain a slight longi-
tudinal tension and to prevent kinking of the scaffold
during cyclic distention. The bioreactors and the
reservoir of the perfusion system were filled with
DMEM containing 1% FCS, 1% penicillin/strepto-
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FIGURE 3. Impact of pulsatile perfusion on cell morphology and alignment. Fibrin segments containing either adipose-derived
mesenchymal stem cells (ASC) or pre-differentiated smooth muscle cells (SMC) were statically incubated or exposed to pulsatile
perfusion for 10 days with or without the myogenic factors TGFf1, SPC and BMP4 (TSB). Shown are cross sections of the tube
walls after phalloidin staining of the cytoskeleton (red). The orientation of the cross section within the scaffolds is demonstrated in
picture A: The luminal surface is at the bottom, the abluminal surface (not shown in the static probes) at the top of each picture.
Representative cells presenting an elongated morphology are exemplarily marked with asterisks (*). Nuclei were stained blue by
DAPI. Scale bar=100m, TGFp1 = Transforming growth factor f1, BMP4 =Bone morphogenetic protein 4,
SPC = Sphingosylphosphorylcholine, DAPI = 4’,6-diamidino-2-phenylindole.

mycin, 1% amphotericin B, 1% gentamycin, 1% glu- Determination of Wall Strain of the Fibrin Scaffolds
taMAX, 7.5 U heparin sodium salt, 50 pug/mL ascorbic
acid (to allow fully hydroxylated collagen production)
and 100 U mL™' aprotinin (to prevent fibrin degra-
dation) complemented with or without TSB. In Ta-
ble 1 the combinations of cells and perfusion medium
used are given. The pulsatile incubation was performed
with a flow rate of 64 mL min~' at an impulse fre-
quency of 60 bpm (Fig. 2a) for 10 days in a cell culture
incubator at 37 °C and 5% CO,. Medium was changed
every 3—4 days. As static controls, 4.5 cm long fibrin
scaffolds were incubated in perfusion medium with or
without TSB in vented cell culture tubes (Techno
Plastic Products AG, Trasadingen, Switzerland) for
10 days at 37 °C and 5% CO,.

To determine the strain achieved by the pulsatile
perfusion conditions, a video clip of the scaffold under
pulsatile perfusion (n = 12) was taken and the outer
diameter of the tubes at systolic and diastolic pressure
was measured using the software “MB ruler”, version
5.3 (Windows Tools; Supplemental Fig. S3). The strain
was calculated as follows: Strain (%) = (Diameter
Systolic/Diameter Diastolic)*100-100. According to
the formula for the circumference C = 2*radius*n and
assuming a circular cross-section, the change in
diameter is directly proportional to the change in cir-
cumference.
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<FIGURE 4. Impact of pulsatile perfusion on myogenic
marker protein expression. Fibrin segments containing
either adipose-derived mesenchymal stem cells (ASC) or
pre-differentiated smooth muscle cells (SMC) were statically
incubated or exposed to pulsatile perfusion for 10 days with
or without the myogenic factors TGF$1, SPC and BMP4 (TSB).
Shown are cross sections of the tube walls stained for «
smooth muscle actin (a, green), calponin (b, red) and
smoothelin (c, red). For the orientation of the cross section
within the scaffold see Fig. 3a and the respective legend.
Nuclei were stained blue by DAPI. Scale bar =100 um,

Characterization of Cell Orientation and ECM
Production by Immunohistochemistry

After 10 days of pulsatile or static incubation, fibrin
scaffolds were taken out of the bioreactors and cryo
sections of 6 um thickness were stained for the myo-
specific marker proteins «SMA, calponin and
smoothelin as well as for collagen-I as marker for
ECM production. Moreover, o actin filaments were

TGFp1 = Transforming growth factor f1, BMP4 = Bone
morphogenetic protein 4, SPC = Sphingosylphosphoryicholine,
DAPI = 4’,6-diamidino-2-phenylindole.

stained by TRITC-labeled phalloidin. For this, sec-
tions were fixed with 4% paraformaldehyde, perme-
abilized using 0.1% Triton-X-100 and blocked with
PBS containing 10% FCS, 0.1% bovine serum albu-
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FIGURE 5. Semi quantitative assessment of myogenic marker proteins after pulsatile incubation. Fibrin segments, which
contained either adipose-derived mesenchymal stem cells (ASC) or pre-differentiated smooth muscle cells (SMC) were statically
incubated or exposed to pulsatile perfusion for 10 days with or without the myogenic factors TGFf1, SPC and BMP4 (TSB).
Extracts of the segments were submitted to Western blot analysis of « smooth muscle actin (*SMA), calponin and smoothelin. (a)
Typical specific bands for each marker protein. (b) Semi quantitative analysis of specific bands for each marker protein by
densitometry. Shown are mean = SEM of 5 (ASC + TSB and SMC + TSB) or 4 (ASC) independently-run segments. *p < 0.05;
**p < 0.01 and §p = 0.075 vs. ASC or as indicted by Two-way ANOVA and Sidak’s posttest. TGFf1 = Transforming growth factor f1,
BMP4 = Bone morphogenetic protein 4, SPC = Sphingosylphosphoryicholine.
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FIGURE 6. Qualitative contraction assay. 0.5 cm rings of each group where opened and placed in 12 well dishes floating freely in
the corresponding perfusion media. The form of the strips as indicated by white dotted lines was assessed qualitatively
immediately after placement and after 24 h in the cell culture incubator at 37 °C and 5% CO,,

ASC+TSB SMC+TSB

ASC

FIGURE 7. Assessment of extracellular matrix production by collagen-l staining. Fibrin segments containing either
adipose-derived mesenchymal stem cells (ASC) or pre-differentiated smooth muscle cells (SMC) were statically incubated or
exposed to pulsatile perfusion for 10 days with or without the myogenic factors TGF$1, SPC and BMP4. Shown are cross sections
of the tube walls after collagen-l staining (red). For the orientation of the cross section within the scaffold see Fig. 3a and the
respective legend. Nuclei were stained blue by DAPI. Scale bar = 100 um, TGF$1 = Transforming growth factor 1, BMP4 = Bone
morphogenetic protein 4, SPC = Sphingosylphosphorylcholine, DAPI = 4’,6-diamidino-2-phenylindole.

static

pulsatile

min and 0.05% Tween-20 (all from Sigma-Aldrich). ab46794; Abcam), rabbit smoothelin (1:100; sc-28562;

Immunostaining was performed using the following Santa Cruz Biotechnology, Heidelberg, Germany) and
antibodies: Mouse aSMA; 1:100; DMO001, Acris Anti- rabbit collagen-I (Thermo Scientific, Bremen, Ger-
bodies, Herford, Germany); rabbit calponin (1:100; many). As secondary antibodies Alexa Fluor 555-

BIOMEDICAL
ENGINEERING
SOCIETY



920 HELMS et al.

coupled anti-rabbit IgG and Alexa Fluor 488-coupled
anti-mouse IgG (Thermo Fisher Scientific, Bremen,
Germany) were used. TRITC-labeled phalloidin (Sig-
ma Aldrich) was diluted to 250 ug/mL and used par-
allel to the first antibodies. After incubation cells were
washed with PBS and mounted with medium con-
taining 4’6-diamidino-2-phenylindole (Roth, Karl-
sruhe, Germany) to counterstain cell nuclei. Staining
was assessed by fluorescence microscopy (Nikon
Eclipse TE300, Diisseldorf, Germany).

To test for ectopic calcification as a result of BMP4
treatment, cryo sections of each group were stained
with Alizarin Red (Honeywell Fluka, Munich, Ger-
many) according to histological standard procedures.

To quantify the wall strength of the scaffolds after
pulsatile and static incubation, the thickness of 10
cross sections per condition was measured using light
microscopy images and the software Image J (NIH,
Bethesda, USA).

Quantitative Western Blot Analysis of SMC Markers

10 mm rings of fibrin scaffolds after pulsatile or
static incubation were minced, washed in PBS and
incubated in 100 L. 2x sodium dodecylsulfate (SDS)
sample buffer containing 4% SDS (Roth), 10% f-
mercaptoethanol (Sigma-Aldrich) and 1% dithiothre-
itol (Sigma-Aldrich) on ice for 5 min prior to cen-
trifugation. Supernatants were heated to 95 °C and
separated by SDS-PAGE, blotted onto PVDF mem-
branes and stained by the following antibodies: xSMA
(1:20,000; DMOO01, Acris Antibodies), calponin
(1:20,000; ab46794, Abcam), smoothelin (1:500;
ab8969; Abcam or 1:500; sc-28562; Santa Cruz
Biotechnology) and GAPDH (1:10,000; 2118 s; Cell
Signaling) and appropriate HRP-linked secondary
antibodies (Anti-Mouse IgG, A9044 or Anti-Rabbit
IgG, A9169; both Sigma Aldrich). SMC-specific bands
were visualized using the ECL system (GE Healthcare,
Chalfont St Giles, UK) and quantified densitometri-
cally using the Quantity One software (Bio-Rad
GmbH, Munich, Germany) prior to normalization to
GAPDH expression of each cell lysate.

Contraction Assay

After 10 days of pulsatile or static incubation, fibrin
scaffolds were taken out of the bioreactors and 5 mm
rings of the scaffolds were cut open with a scalpel
resulting in rectangular fibrin strips of approximately
15 mm length. The strips were incubated in 12-well-
plates freely floating in perfusion media for 24 h at
37 °C and 5% CO,. Bending of the free-floating strips
was assessed qualitatively by photo documentation
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after 0 and 24 h as an indicator for spontaneous con-
traction of functional SMC.

Statistics

Statistical analyses were performed using Graphpad
Prism 6.04 (Graphpad Software, San Diego, Califor-
nia). Normal distribution of the data was tested using
the d’Agostino & Pearson omnibus normality test.
Results are presented as mean &= SD or SEM as indi-
cated in the figure legends. Multiple comparisons
between groups were performed by Two Way ANOVA
followed by Sidak’s posttest. Differences were consid-
ered significant at p < 0.05. Significance levels were
given as follows: *p < 0.05; **p < 0.01 or as indi-
cated.

RESULTS

Establishment of a Pulsatile Bioreactor Perfusion
System

In this study we applied cyclic mechanical strain and
pressure on fibrin scaffolds by a custom-made pulsatile
perfusion system (Fig. 1). The system allowed the
cyclic perfusion of 4 fibrin scaffolds in parallel under a
maximal pressure of 19 & 1 mmHg (‘systolic’) over
6 = 1 mmHg (‘diastolic’; Fig. 2a) which was constant
for 10 days (Fig. 2b). The pulsatile perfusion resulted
in a wall strain of 6.85 &+ 1.21% (n = 12; Supple-
mental Fig. S3), which did not differ significantly
between the scaffolds perfused neither in parallel nor
between the different runs.

Impact of Pulsatile Perfusion on Cell Morphology

To evaluate the effect of biomechanical forces on
ASC or SMC, cells were embedded into the fibrin
scaffolds prior to polymerization and fibrin com-
paction by centrifugation. In preliminary experiments
a suitable cell number was evaluated by live-dead
staining of the cells after the compaction process
indicating a high cell survival (Supplemental Fig. S4).
In particular the scaffolds seeded with 107 cells per
scaffold showed a sufficient viability, which thus were
used for all further experiments. Quantification of cell
viability in these scaffolds on day 1 was calculated to
be 95.78% 4 1.07%. We thus concluded that the
compaction process did not impair cell viability.

The impact of pulsatile perfusion on cell morphol-
ogy and the spatial arrangement of the cells within the
scaffold were shown by phalloidin staining of cryo-
sections obtained from scaffolds cultivated under pul-
satile and static conditions (Fig. 3). In all groups,
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pulsatile perfusion reduced the thickness of the scaf-
fold wall remarkably by 35.71% 4+ 11.2% (n = 10,
p < 0.0001 by Student’s ¢ test) as determined by light
microscopy of cross sections of the tube wall. The cells
under these conditions showed the same alignment
parallel to the scaffold lumen as observed in natural
arteries whereas under static conditions the cells
showed a random distribution throughout the scaffold.
Under pulsatile flow the majority of cells appeared to
adapt an outstretched shape reminiscent of the spindle-
like morphology of contractile SMC which seemed to
be increasingly pronounced in ASC + TSB and
SMC + TSB (see asterisks in Fig. 3). In contrast, the
static controls showed round cells without any orien-
tation.

To test whether the treatment with myogenic factors
including BMP4 induced the formation of ectopic
calcium deposition, we stained cryo sections of each
group with Alizarin Red. A specific staining indicating
a starting calcification could not be observed (Sup-
plemental Fig. S5).

Impact of Pulsatile Perfusion and Myogenic Factor
Treatment on Myogenic Marker Protein Expression

In the next set of experiments, the embedded cells
were stained for specific myogenic marker molecules.
As we had shown previously,'? treatment of ASC with
TSB resulted in strong and sustained expression of
oSMA, calponin and smoothelin (Supplemental
Fig. S6). We here stained cryo sections of fibrin scaf-
folds containing ASC or pre-differentiated ASC
(SMCQ) incubated under static or pulsatile conditions
for these molecules. As supposed, sections with
embedded SMC in the presence of TSB showed a
strong staining for the early marker *SMA under static
and under pulsatile conditions, again confirming the
spatial pattern observed before. In contrast, ASC,
regardless of the treatment with the myogenic factors
TSB, showed only a faint expression under static
incubation whereas under pulsatile incubation the
expression was comparable to that of SMC + TSB
(Fig. 4a).

The expression of the intermediate marker calponin
followed virtually the same pattern. SMC + TSB un-
der static incubation showed a clear expression of
calponin which was even stronger under pulsatile
incubation. Again, both ASC groups showed only a
faint calponin expression under static conditions
whereas pulsatile incubation induced its expression to
the same extent than in SMC + TSB (Fig. 4b).

The late marker smoothelin, in contrast, was only
weakly expressed under static incubation in either
group. Cells under pulsatile incubation however,

showed a clearly increased expression which was more
pronounced in the presence of myogenic factors as
shown for both, SMC + TSB and ASC + TSB
(Fig. 4c).

Semi Quantitative Assessment of the Effect of Pulsatile
Perfusion and Myogenic Factor Treatment on Myogenic
Marker Protein Expression

To further investigate the impact of pulsatile per-
fusion and myogenic factor treatment on a semi
quantitative basis, Western blot experiments were
performed. In Fig. 5a specific bands at 42 kDa for
aSMA, 34 kDa for calponin and at 110 kDa for
smoothelin are shown. GAPDH was stained on each
blot as internal loading control. Densitometric anal-
ysis of Western blots of at least 4 fibrin scaffolds for
each marker protein confirmed the first impression
the immunostaining gave (Fig. 5b). «SMA expression
was rather low in ASC incubated under static con-
ditions even in the presence of myogenic factors
(ASC + TSB). Pre-differentiated SMC + TSB ex-
pressed significantly 7.23-fold (p < 0.05) more aSMA
under the same conditions. Pulsatile incubation
increased the expression of aSMA only significantly
in ASC without treatment with myogenic factors
(12.47-fold, p < 0.01). In the presence of myogenic
factors, in ASC + TSB still a tendency towards
increased aSMA expression (3.43-fold) was observed,
whereas in SMC + TSB a slight tendency towards
reduced aSMA levels were found. Again, as for the
immunostaining, the calponin expression followed the
same tendency among the groups. A strong though
only marginally significant expression of calponin in
ASC under pulsatile perfusion was found which was
38.3-fold higher than under static incubation
(p = 0.075). In contrast to «SMA, this increase was
also observed in the presence of myogenic factors, as
the moderate expression in ASC + TSB under static
incubation was 5.87-fold increased (p < 0.05) when
the scaffolds were under pulsatile perfusion. Pre-dif-
ferentiated SMC + TSB expressed high calponin le-
vels also wunder static incubation which were
unchanged by the pulsatile perfusion. Finally, the
smoothelin expression was equally low in all three
groups under static conditions, but was increased
2.70-fold (ASC + TSB) and 2.75-fold (SMC + TSB,
both p < 0.05) by pulsatile perfusion only in those
groups which had a parallel myogenic factor treat-
ment. SMC + TSB did not express higher levels of
smoothelin, thus indicating that a pre-differentiation
is not advantageous for this tissue engineering appli-
cation, but biomechanical stimulation and myogenic
factor treatment both are necessary.

BIOMEDICAL
ENGINEERING
SOCIETY



922 HELMS et al.

Cell Contraction Capacity

To assess whether the expression of contractile
marker proteins was also reflected by a changed con-
tractility, a modified contraction assay was performed
where spontaneous circular bending of the free-floating
fibrin strips indicated a sustained contraction of the
cells in the luminal part of the scaffold. Both ASC +
TSB and SMC + TSB were positive for a contraction
of the respective cells as indicated by bending of the
strips after 24 h which was clearly stronger after pul-
satile perfusion (Fig. 6). In the ASC-group, a slight
bending was only observed in the pulsatile perfused
probes, while the static controls did not show any cell
contraction. Thus, again the combination of pulsatile
flow and TSB was mostly supportive for an effective
spontaneous contraction.

Collagen Deposition in Fibrin Scaffolds

Finally, to test for beginning remodeling processes,
the deposition of the extracellular matrix molecule
collagen-I was stained on cryo sections obtained from
fibrin scaffolds incubated under static and pulsatile
conditions. Under static conditions, none of the cell
types expressed significant amounts of collagen-I
(Fig. 7). In contrast, pulsatile perfusion strongly in-
duced the collagen-I expression in ASC, which seemed
to be even more pronounced when myogenic factors
were present confirming again the combination of
mechanical and biochemical stimulation. There was no
difference between ASC + TSB and SMC + TSB,
indicating, that also for the expression of collagen-I a
pre-treatment with myogenic factors was not neces-
sary. However, throughout all groups, collagen-I
expression was restricted to the cellular bodies and not
released into the extracellular space.

DISCUSSION

ASC have been utilized for vascular tissue engi-
neering purposes due to their capacity to differentiate
towards the myogenic lineage for several years. A
number of studies suggest that besides chemical agents
also mechanical stimulation can promote their myo-
genic differentiation.® In this study, we evaluated the
impact of mechanical cues applied by a pulsatile per-
fusion system alone or in combination with myogenic
factor stimulation on myogenic characteristics of ASC
or SMC incorporated into small diameter fibrin-based
vascular grafts. The major findings are: (i) that tubular
small diameter fibrin grafts are a suitable 3D matrix to
culture ASC or SMC under pulsatile conditions
in vitro, (i) that pulsatile perfusion results in a cir-
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cumferential alignment and increased collagen-I pro-
duction independently of the use of TSB; (iii) either
biochemical or mechanical stimulation alone leads to
an increased expression of early- and intermediate-
stage SMC-markers, but (iv) only the combination of
both induces the expression of smoothelin as a marker
of the late contractile SMC phenotype, whereby bio-
chemical pre-differentiation does not further improve
myogenic differentiation.

Fibrin Scaffolds and Bioreactor Technology

In this study fibrin was used as a novel biomaterial
that comprises several benefits. Fibrin can be isolated
very easily and efficiently from the patient’s own
plasma by cryo precipitation which is applicable even
in cachectic and pediatric patients and completely
prevents graft rejections or inflammatory responses.
The biocompatibility of fibrin is well known since
fibrin glue is used successfully for adjuvant hemostasis
in cardiovascular surgery for many years.”> Moreover,
it contains multiple cell adhesion sites (see below) en-
abling its proper reseeding and remodeling. However,
weak biomechanical properties so far have prevented
its use as vascular graft. To manufacture tubular
scaffolds suitable for a pulsatile perfusion, the fibrin
matrices were manufactured by a rotation technique'
that results in effective fibrin compaction and thereby
in significantly improved mechanical strength of the
matrices.

The imitation of physiologic mechanical stress na-
tive blood vessels are exposed to in the human body is
crucial for successful bioreactor-guided myogenic dif-
ferentiation in vascular tissue engineering. With a
mean strain of 6.85% £ 1.21% at 60 bpm, the
mechanical stress generated by the system is accurately
within the physiological range of 5-10% strain at 0.5—
2 Hz in adults,” although the mean pressure was dis-
tinctively lower compared to the physiologic blood
pressure of the systemic circulation. This is most likely
due to the relatively higher compliance of the fibrin
matrices since fibrin in general displays a biomaterial
with a high flexibility and instability although the
compaction technique significantly increased burst
pressure and tensile strength of the scaffolds. The se-
cant modulus of scaffolds produced by the same
rotation  technique by Aper et al. was
0.29 + 0.003 kPa/mm." Slight variations in the stiff-
ness of the scaffolds and the mechanical forces acting
on the scaffolds in the different runs cannot be ruled
out. However, since the fibrin matrices in both the
statically and the pulsatile incubated groups were
fabricated and centrifuged identically, the mechanical
stiffness should be comparable in all groups. More-
over, the longitudinal distension in the dynamic groups
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also is supposed to be identical since all scaffolds were
stretched similarly during the implementation into the
bioreactor. In this study, the effect of the pulsatile
perfusion (pressure, wall strain) was quantified and
controlled; nevertheless, the mechanic effects on the
scaffolds are more complex since they include not only
pressure and cyclic distention but also longitudinal
distension and axial tension. The latter two could not
be quantified in this study and thus were not included
in our investigations systematically what can be con-
sidered as a certain limitation. Pulsatile perfusion
resulted in direct exposure of the fibrin tubes to
intraluminal pressure, which is suggested to play a role
in the maintenance of the contractile SMC-phenotype
in vitro.> In contrast, in studies using fibrin scaffolds
with lower stability, either extremely long culture times
prior to mechanical stimulation were required® or the
grafts were wrapped around silicon tubes to allow
mechanical stimulation,>?’ which resulted merely in
plain stretching of the tube wall without any intralu-
minal pressure and most likely biased the mechanical
conditioning. Considering all these studies, we con-
clude that (i) obtaining physiologic stretch amplitudes
(5-10%) is more important for SMC differentiation
than generating physiologic intraluminal pressure and
that (ii) direct exposure of the scaffolds to intraluminal
pressure marks a step towards a more physiologic
conditioning in vitro. Since we cannot rule out that the
low intraluminal pressure interferes with SMC differ-
entiation, further experiments are necessary to improve
the mechanical strength of the fibrin matrices and to
enable direct perfusion under physiologic pressure
values of 120 over 80 mmHg.

Cell Alignment, Morphology and Extracellular Matrix
Production

Previous studies using uniaxial or equiaxial stretch
in 2D models showed that mesenchymal stem cells and
SMC align perpendicular to the direction of
stretch.'*?! However, when exposed to circular
dilatation by pulsatile stretch in a 3D scaffold as per-
formed in this study, SMC in the small-diameter fibrin
tubes align circumferentially around the lumen as
shown by cytoskeleton staining with phalloidin. This
finding confirms the observation by Gui ef al.,> where
circular stretching of fibrin scaffolds seeded with ma-
ture SMC likewise resulted in circumferential align-
ment of the cells. As mentioned above, in that set-up
the scaffolds were stretched on silicon tubes without
intraluminal pressure, indicating that predominantly
the circular mechanical load and not the intraluminal
pressure induced the spatial arrangement of the cells.
The achieved circumferential alignment of the cells
resembles the arrangement of SMC in the tunica media

of native blood vessels, thereby enabling the modula-
tion of the vascular resistance by contraction or
relaxation. The divergence between 2D and 3D cul-
tures implies that the pulsatile stretch in tubular per-
fusion systems and in native vessels is more complex
than a simple variation of the vessel diameter. It may
also include a longitudinal stretch since the fibrin
matrices were stretched during fixation in the biore-
actor to avoid kinking and also natural vessels underlie
a permanent longitudinal tension. These considera-
tions underline the importance of 3D culture systems
in vascular tissue engineering to achieve a physiologi-
cal orientation of vascular SMC, which is critical for
blood vessel function.

Both ASC and SMC in the mechanically stimulated
segments had an outstretched spindle-like morphology
with a length of approximately 100 ym, which is
characteristic for the contractile phenotype of smooth
muscle cells*>** and which was not displayed by the
cells in the static controls. Moreover, collagen-I pro-
duction as indicator for proper extracellular matrix
production which is characteristic for mature SMC,
was significantly induced by mechanical stimulation.
However, myogenic factors seemed to slightly increase
this expression. Under any condition, a deposition into
the extracellular space was not observed. This limita-
tion is most likely due to the relative short culture time
of only 10 days since a pronounced collagen produc-
tion culture has been described after 30 days® and up
to 2 months®® under comparable conditions. Although
longer stimulation times are supposed to result in
proper extracellular matrix localization and in further
increased stability, we here prefer not to incubate the
scaffolds longer than 10 days since our approach was
guided by our overarching goal of clinical translation
for what culture times of up to 2 months are practi-
cally not suitable. Fibrin matrices seeded with the pa-
tient’s own ASC present a potential autologous
method for vessel replacement (e.g. as coronary bypass
graft or dialysis shunt) and thus should be generated
by an efficient and highly reliable protocol which
would be compromised by extended culture times. We
suppose that after implantation the natural regenera-
tion process also includes a proper ECM deposition.
This, however, has to be confirmed in animal experi-
ments which will be faced soon. In summary, biome-
chanical stimulation alone induced a properly aligned,
outstretched and ECM-secreting SMC phenotype.

Myogenic Differentiation of ASC

We here showed by qualitative (immunohisto-
chemistry) and semi-quantitative approaches (Western
blot) that for the expression of the early- and inter-
mediate-stage SMC markers «SMA and Calponin in
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ASC two treatment options were sufficient: Either a
pre-differentiation followed by static incubation with
myogenic factors or mechanical stimulation alone. The
latter is consistent with observations of Nieponice
et al., where bone marrow-derived mesenchymal stem
cells were seeded on planar fibrin matrices and exposed
to static or cyclic 10% longitudinal stretch at a fre-
quency of 1 Hz for 6 days. aSMA and calponin
expression was induced without treatment with myo-
genic factors by both static and cyclic stretch but not in
non-stretched samples as assessed qualitatively by
immunohistochemistry.'”” In contrast, in our study
smoothelin expression indicating specifically the late
contractile SMC phenotype was not induced suffi-
ciently solely by mechanical stimulation but required
the combination with myogenic factors. There is one
study determining late marker proteins under compa-
rable conditions. Lin et al. perfused polyurethane-
based scaffolds seeded with mouse embryonic multi-
potent mesenchymal stem cells at 1 Hz at 40 or
8 mL min~' and found a significant expression not
only of «SMA but also of the late myogenic marker
protein myosin heavy chain (MHC) although a clear
circumferential alignment of the cells was not
observed.'> Myosin heavy chain and smoothelin both
have been considered as appropriate markers for the
contractile phenotype®® and thus should indicate a
comparable differentiation status. There are many
possible explanations for this discrepancy. First,
embryonic mouse cells may be more susceptible to
biomechanical cues than adult ASC. Second, the strain
applied was probably within a different order of
magnitude. Third, MHC -although characterized as
late myogenic marker- may be induced differently by
biomechanical stimulation and thus cannot be com-
pared directly with smoothelin. Finally and most
important, the scaffold material may influence also the
expression level of myogenic molecules.

Effect of Fibrin on the Differentiation Status of SMC

As shown previously, treatment with TSB strongly
induced the expression of «SMA, calponin, MHC and
smoothelin in ASC cultured statically on tissue culture
plastic.'® In the current study, ASC incorporated in
fibrin scaffolds, however, expressed only low levels of
aSMA, calponin and smoothelin indicating an in-
hibitory effect of the scaffold itself. Indeed, this phe-
nomenon has been described previously by
O’Cearbhaill et al. who observed a significantly lower
expression of aSMA and calponin in mesenchymal
stem cells embedded in fibrin compared to tissue cul-
ture plastic-cultivated cells.”” The molecular basis for
this effect may involve insufficient cellular binding sites
on the fibrin scaffold. Fibrin contains binding sites for
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thrombocytes via integrin o2f3, for macrophages via
«Mp5 and for fibroblasts via «V3'® that is also pre-
sent in SMC, though it is only expressed in the pro-
liferative phenotype.* Thus, matrix-cell interactions
that are in general involved in myogenic differentia-
tion’* are strongly reduced in fibrin scaffolds, partic-
ularly in SMC of the contractile phenotype. On the
other hand, it was shown that the stiffness of a scaffold
positively influences the differentiation status of SMC
in response to TGFp.>* Taking into account that
compaction of the fibrin scaffolds increases the stiff-
ness of the matrix as we published previously,' it could
be assumed that the embedded cells underlie stimuli
promoting myogenic differentiation as well.

Thus, myogenic differentiation of ASC in scaffolds
is influenced by multiple factors and further studies are
needed to unravel the underlying mechanisms for this
phenomenon.

Contractility of Differentiated SMC

The results of the contraction assay follow virtually
the same pattern as observed for the myogenic marker
expression: The combination of biochemical and
biomechanical stimulation induced SMC-functionality
most effectively while both conditions alone were still
sufficient to generate functioning SMC, though in a
less effective manner. Taking into account the capacity
of contraction as an indicator for the desired con-
tractile SMC phenotype plus the ability of extracellular
matrix secretion, these results again underline the
importance of combined biochemical and biomechan-
ical stimulation for complete myogenic differentiation
of ASC.

Finally, the addition of mechanical stress on bio-
chemically pre-differentiated SMC did not further im-
prove the expression of either marker protein or
contractile properties indicating that a pre-differentia-
tion prior to ongoing chemical and additional
mechanical stimuli is not beneficial. In the light of the
enormous cost of myogenic factor treatment and -as
indicated above- the risks that walk along with the
usage of TGFf and BMP4, our findings suggest that
pre-differentiation of ASC towards SMC as also per-
formed in Ref. 30 can be abandoned consequently.

CONCLUSION

We here showed that for fibrin- and ASC-based
autologous tissue engineering of the tunica media it is
indispensable to apply a combination of mechanical
and biochemical cues to achieve SMC of the desired
contractile phenotype aligned circumferentially around
the vessel lumen and producing extracellular matrix
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while a myogenic pre-differentiation is not necessary.
Thus, mechanical stimulation alone cannot completely
replace TSB-guided differentiation. On the other hand,
by abandoning growth factor driven pre-differentia-
tion definitively the costs and most probably the risks
related to long-term TSB treatment can be minimized
considerably. To our knowledge, this is the first study
comparing directly the effects exerted by either treat-
ment showing that a proper cell morphology, align-
ment and extracellular matrix deposition can be
achieved by biomechanical stimulation alone whereas
co-treatment with myogenic factors was necessary to
induce the switch from early/intermediate-staged SMC
towards late-staged SMC. Though 10 days of perfu-
sion were not enough for extracellular collagen-I
deposition we anticipate that under in vivo conditions a
remodeling process will cure most probably this deficit.
In the light of the overarching goal of clinical trans-
lation short and effective process times are highly
desirable. For this, in vivo-tests in appropriate animal
models will be faced in the near future which will also
reveal whether the unavoidable use of growth factors
will trigger the risk of vascular calcification.
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