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Abstract

The lifespan of biological heart valve prostheses available in the market is limited due to structural alterations caused
by calcium phosphate deposits formed from blood plasma in contact with the tissues. The objective of this work is to
present a comparative methodology for the investigation of the formation of calcium phosphate deposits on bioprosthetic
and tissue-engineered scaffolds in vitro and the influence of mechanical forces on tissue mineralization. Based on earlier
investigations on biological mineralization at constant supersaturation, a circulatory loop simulating dynamic blood flow and
physiological pressure conditions was developed. The system was appropriately adapted to evaluate the calcification potential
of decellularized (DCV) and glutaraldehyde-fixed (GAV) porcine aortic valves. Results indicated that DCV calcified at higher,
statistically nonsignificant, rates in comparison with GAV. This difference was attributed to the tissue surface modifications
and cell debris leftovers from the decellularization process. Morphological analysis of the solids deposited after 20 h by
scanning electron microscopy in combination with chemical microanalysis electron-dispersive spectroscopy identified the
solid formed as octacalcium phosphate (Cag(PO4)sH>-5H,0, OCP). OCP crystallites were preferentially deposited in high
mechanical stress areas of the test tissues. Moreover, GAV tissues developed a significant transvalvular pressure gradient
increase past 36 h with a calcium deposition distribution similar to the one found in explanted prostheses. In conclusion, the
presented in vitro circulatory model serves as a valuable prescreening methodology for the investigation of the calcification
process of bioprosthetic and tissue-engineered valves under physiological mechanical load.

Keywords Reactors - Calcification - Constant composition reactor - Heart valve - In vitro - Mechanical load - Tissue
engineering

Introduction

Calcific aortic valve disease is a common disorder account-
ing for 45% of deaths from heart valve diseases in USA,
occurring in 2-4% of adults over 65 years old, with an
Laboratory of Biomechanics and Biomedical Engineering, increasing tendency for the elderly [1]. The only possible
Department of Mechanical Engineering and Aeronautics, treatment for end-stage valvular heart disease is a total valve
University of Patras, Patras, Greece . . . . .
replacement with either mechanical or bioprosthetic valves
[2, 3]. Differently to mechanical valves, biological implants
can adapt to changes in the surrounding tissues and provide
a physiological flow pattern that could reduce the risk of
thrombosis and plaque formation [4, 5]. However, to prevent
adverse immunological reactions and structural degradation
of biological valves, chemical fixation is necessary. This
process often involves glutaraldehyde, which enhances struc-
tural stability by cross-linking collagen fibers. However, this
treatment prevents the active natural remodeling of the tis-
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sue by contributing to the deposition of calcium phosphate on
the bioprosthetic valve tissue [6]. The formation of mineral
deposits, also known as calcification, progressively increases
heart valve stiffness and reduces leaflet flexibility, eventually
leading to the degenerative failure of the implant [7, 8]. As a
result of calcification, bioprosthetic valves have an average
lifespan of the implant from 15 to 20 years [6]. In recent
years, decellularized valves have shown encouraging results
in both short- and mid-term viability studies, as they have
the potential to grow and adapt to the surrounding tissue
while reducing the immunological response [9]. Because of
the novelty of these implants, there is a lack of comprehen-
sive post-implantation calcification studies. Therefore, the
calcification of heart valves needs complete understanding
to devise new strategies to monitor and prevent it timely.

Calcific deposits on aortic valves form due to the contact
of the respective tissues with blood serum. From a thermo-
dynamic point of view, blood serum is supersaturated with
respect to a number of calcium phosphate mineral salts [10].
From all the calcium phosphate phases that could be formed
in vivo, octacalcium phosphate (CagH»(PO4)g-:5H20, OCP)
is the predominant mineral phase found in explanted valvular
prostheses. OCP is a transient (metastable) calcium phos-
phate phase, formed initially in highly supersaturated media.
OCP hydrolyzes eventually to the thermodynamically most
stable calcium phosphate phase, hydroxyapatite (Cajo(PO4)g
(OH),, HAP) accompanied by proton release [11]. Calcifi-
cation initiates with the formation of primary nuclei at the
interface between blood serum and the tissue. Once a critical
size is attained, nuclei may grow further, forming macro-
scopic crystallites. The first crystallites serve as the main
calcification sites, enhancing the growth of the calcium phos-
phate deposits [10]. In addition to thermodynamics, the onset
of mineralization depends on biological factors, as well as
mechanical and shear forces [12—-14].

Mechanical load plays a significant role in the calcification
of heart valves. The fatigue damage of fibers, resulting from
mechanical stress, may provide the necessary active sites for
the nucleation and subsequent growth of the calcium phos-
phate crystals [11]. In agreement with this hypothesis, heart
valve calcification has shown a preference for areas subject
to high mechanical deformations and flow stagnation [4, 8,
15]. During ventricular ejection, the annular joints and free
edges of the leaflets suffer the highest mechanical load. The
ejected blood mass produces the flexion of the leaflets, while
stagnation and recirculation of blood take place at the sinuses
of Valsalva.

In vitro models play a crucial role in further increas-
ing the understanding of heart valve calcification. These
models could serve as a prescreening platform to iden-
tify potential biomaterials before beginning in vivo studies.
Given the crucial role of mechanical and chemical factors
in the calcification process, in vitro models should repli-

cate, as closely as possible, in vivo chemical and mechanical
conditions. Dynamic in vitro circulatory models have been
developed to simulate, as accurately as possible, the mechan-
ical parameters affecting the function of heart valves in vivo.
Current literature dynamic calcification models acknowledge
the importance of maintaining the solution parameters, but
they fail to verify or maintain the constancy of conditions
as a function of time. Reported studies on dynamic models
were based on accelerated fatigue devices that exacerbate
the mechanical effects on the valve tissues, enhancing the
rates of calcification [16—-19]. At these conditions, the cal-
cifying solution may become unstable with respect to phase
separation. The calcification solution used in most literature
reports was not stable. Refreshment of the calcifying solu-
tion was done at intervals of days, affecting the constancy of
the solution composition, pH stability, and supersaturation
with respect to a mineral phase. Therefore, many calcification
investigations neglect the effect and interaction of chemical
speciation and buffer systems during crystallization of the
mineral deposits [16, 17, 19].

In the present work, an in vitro calcification system was
developed, in which pulsed flow, physiological pressure
conditions, and the stability of solution parameters were sim-
ulated. This system, capable of rapid screening of prospective
biomaterials for heart valve replacement, combines the use
of a dynamic circulatory circuit with a well-characterized
chemical environment, allowing for accurate real-time mon-
itoring of the calcification process. Calcium phosphate salts
may selectively form, on solid surfaces introduced in the fluid
medium, through heterogeneous nucleation [20]. The exper-
imental model developed in the present work is based on
the working principle of a constant supersaturation reactor
(CSR), modified to replicate the in vivo flow and mechani-
cal load [11]. Therefore, unlike literature models, the present
system enables accurate control of chemical speciation and
the mineralization driving force, i.e., supersaturation. This
novelty allows the system to be adapted to monitor the calci-
fication process on different substrates and fluid conditions,
thereby providing a unique tool for evaluating biomaterials
based on the measurement of kinetic parameters of calcium
phosphates formation. The model developed was used to
compare the calcification rates of decellularized (DCV) and
glutaraldehyde-fixed (GAV) porcine aortic roots. Addition-
ally, the location and the crystal identity of the deposits were
investigated with clinical X-ray mammography and scanning
electron microscopy equipped with an electron microanal-
ysis probe (SEM-EDS). Furthermore, the pressure gradient
changes during mineralization of GAV were investigated and
compared at fixed time intervals.
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Materials and methods

The core of the experimental setup was a tailored automated
circulatory loop simulating the in vivo systemic circulatory
system conditions experienced by aortic valves. Flow, pres-
sure, temperature, and pH transducers acquired real-time data
during experiments.

Kinetics measurements and calcification rates

In the present work, the mineralization process was con-
sidered to proceed through the formation of the relatively
unstable OCP phase. OCP was previously identified in miner-
alized tissues, including heart valves [7, 21]. The calcification
process was driven by the calcium phosphate supersaturation,
measured by the respective ratio (£2), which quantified the
deviation of the solution from equilibrium. The supersatu-
ration ratio, with respect to OCP, was defined as the ratio
of ion activity product over the respective thermodynamic
solubility product, as shown in (1).

(O{Ca2+)8 (“P03‘>6((XH*)2

0
KS,OCP

ey

Qocp =

Parentheses denote activities of the respective ions, while
exponents denote the stoichiometry of the solution, and K 2
denotes the thermodynamic solubility product of the OCP
mineral phase.

The formation of the mineral phase is determined by the
change in Gibbs free energy and depends on the supersatu-
ration ratio, as seen in (2)

RT
AGocp = BT In Qocp (2)

R is the gas constant, and T the absolute temperature.

During the formation of calcium phosphate crystals, pro-
tons are released through the formation of OCP, according
to reaction (3). The release of protons was monitored with
a pH electrode and was proportional to the rate of calcifica-
tion [18]. According to Eq. (3), the rate of OCP precipitation
is proportional to the proton release rate. Neutralization of
the released protons, through titration with sodium hydroxide
solution (NaOH) of known concentration, could then be used
to estimate the precipitation rates. pH drop as low as 0.005
units triggered the infusion of NaOH to compensate for the
pH change. The rate of NaOH addition was used to calculate
the extent of the calcification process in vitro, allowing the
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comparison of different implant cohorts in the same system
[10].

Ca** (aq) + xH3POy4 (aq) + yH,PO}~ (aq)
+zHPO; ™ (aq) +uPO;~ (aq)
—> Cay (PO4); H - 2.5H,0 (OCP, 5) + wH" (aq)
where w =3x +2y+z 3)

Experimental conditions

In order to demonstrate that the test substrates were the sole
reason for nucleation and growth of OCP, it was necessary
to prove that the test supersaturated solutions were stable
over time (i.e., no nucleation phenomena took place in these
solutions past relatively long periods). The stability of the
supersaturated calcification fluid (2pcp >1) was verified
experimentally to attain the highest possible supersaturation
of the test solution. The stability of the solution confirmed
a lack of uncontrollable nucleation effects that could take
place due to turbulent or higher flow rates, which have been
reported to induce spontaneous precipitation [22, 23].

Calcium chloride (CaCl,), sodium hydrogen phosphate
(NapHPOQOy4), and sodium chloride (NaCl) were used to
prepare the supersaturated calcification solutions. All solu-
tions were prepared from their respective crystalline solids
(Merck, USA, or Applichem, GmbH) using ultrapure-grade
water and filtered through membrane filters (0.22 pwm, Milli-
pore). CaCl, concentration was maintained at 1.4 mM, while
phosphate levels were calculated based on a Ca®*:PO43~
ratio of 1.33, corresponding to the stoichiometry of OCP
mineral phase.

The necessary free ions activities were calculated, tak-
ing into consideration all appropriate equilibria, charge, and
mass balances, using PHREEQC software [24]. The super-
saturation values of the solutions in the present work with
respect to OCP were equal to 0.08.

CaCl, solutions were standardized by atomic absorp-
tion spectroscopy (AAS; Perkin Elmer, AAnalyst 300) and
EDTA titrations. NapHPOy4 solutions were standardized
spectrophotometrically (Perkin Elmer Lambda 35) and by
potentiometric titrations. The ionic strength was adjusted to
0.15 M by NaCl addition equal to blood plasma values [25].
The pH of the mineralization solution was adjusted to 7.4
by the slow addition of standard hydrochloric acid (HCl) or
NaOH (Merck, Titrisol) as required. Mineralization solutions
were prepared in the reactor, and water vapor-saturated Nj
was bubbled through for at least one hour before the start of
the experiment, precluding CO; intrusion during the calci-
fication process. The solutions pH was monitored using an
epoxy body pH electrode (Cole Parmer, USA) standardized
before and after each experiment with NBS standard buffer
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solutions pH 4.008, 7.413, and 9.180 (Honeywell, Fluka).
The entire system was enclosed in an air convection cham-
ber, maintaining the temperature conditions of the circulating
aqueous supersaturated solution at 37 °C.

A total of 1750 ml of solution was prepared and intro-
duced into the reactor. The calcium—phosphorus ratio was
maintained according to the stoichiometry of OCP, by mixing
CaClp, NapHPO4, and NaCl at the appropriate concen-
trations. During the experiments, pH was maintained at
7.400 £ 0.005 by the addition of NaOH using a pH feedback-
controlled syringe pump (New Era, USA). Ultrasonic flow
rate measurements were done throughout the experiment
(emTec, Germany) along with pressure, pH, NaOH volume
added, and temperature measurements. The pressure was
monitored using a multichannel interface (AD Instruments,
UK), while the rest of the parameters were acquired with a
data acquisition unit (U6; LabJack, USA). The obtained data
were processed in real time, using the appropriate software
explicitly designed for the system in C# language (Visual
Studio; Microsoft, USA). Experiments were limited to 20 h
of continuous, pulsed flow with physiological pressure lev-
els and moderate flow. Flow rates were set to 2 L/min at 60
BPM (beats per minute) and pressure to 80/120 mmHg for
diastolic and systolic values. Cardiac frequency and pressure
were selected, assuming resting hemodynamic conditions.
The flow rate was restricted compared to normal hemo-
dynamic conditions (5 L/min) to prevent undesirable and
uncontrolled nucleation that could affect the solution speci-
ficity and stability [22, 23]. Samples were withdrawn at
suitable time intervals in each experiment to ensure constant
levels of calcium and phosphate in the solution. Calcium
concentration in the withdrawn samples was measured by
AAS, while phosphorus concentration was measured by
UV-Visible spectrophotometry. Identification and charac-
terization of the deposits on the tissues were made by
SEM-EDS.

Design and development of the circulatory loop

The developed system was based on a springless camshaft
mechanism. The shape of the cam dictated the linear move-
ment of a cylindrical metallic bellow connected to a hydraulic
distributor. The bellow had an effective surface area of 97.65
cm? and compressed 60 mm to produce the ventricular ejec-
tion. The total stroke volume was adjusted by the addition
or subtraction of air from the hydraulic distributor. The car-
diac frequency was controlled by regulating the speed of the
motor with a pulse width modulation DC motor controller
(Dart Controls, USA). A schematic diagram of the system
layout is shown in Fig. 1.

The volume displacement inside the hydraulic distributor
(not shown in Fig. 1) was driven through the station host-
ing the aortic valve roots (Fig. 2). The ventricle hosted a

total volume of 645 ml, channeled through the aortic root
holder orifice of 25 mm. The overall height of the station was
346 mm, while the total ventricle height and major diameter
were 138.5 mm and 90 mm, respectively. The hydraulic dis-
tributor was isolated from the circulating working solution in
the station by a silicon flange. The characteristic impedance
was simulated using an adjustable clamp on the silicone tub-
ing connecting the station to the compliance chamber, while
the arterial resistance was located between the compliance
chamber and the atrial reservoir. The reservoir hosted the pH
electrode used to monitor proton release in the supersaturated
solutions and a line ensuring the supply of water-saturated
N> vapor. A mechanical On-X, Cryolife valve simulated the
mitral valve in the system.

All materials used to manufacture the circulatory loop in
contact with the supersaturated solution were tested for cal-
cification and proved inert to calcium phosphate formation.

Glutaraldehyde fixation, decellularization,
and sample preparation

The heart valves used in this study were obtained from a
local slaughterhouse. Valves were cleaned and fixed at the
laboratory within 3 h past excision using 0.625% glutaralde-
hyde (Serva, Germany). Next, tissues were immersed in the
fixing agent solution for 90 min under constant shaking and
stored until use at 4 °C [26]. The second batch of aortic valves
was decellularized following previously published protocols
[27, 28]. Before decellularization, valves were disinfected
as described in literature reports [29] using a solution con-
taining polymyxin B (0.2 mg/ml, Sigma, USA), vancomycin
(0.05 mg/ml, Sigma, USA) and gentamicin (0.5 mg/ml, Roth,
Germany) in PBS for 1 hat 37 °C. Valves were decellularized
using 0.5% Triton X-100 and 0.5% SDS (Roth, Germany)
for 24 h each, replacing the solutions every 12 h. Wash-
ing was done in 12 h cycles, twice with distilled water and
ten times with PBS. All steps were performed under agita-
tion (18545 rpm) in an orbital shaking incubator at room
temperature. The valves were stored in PBS containing 1%
penicillin/streptomycin (Lonza Bioscience, USA) at 4 °C
until use.

Aortic pressure gradient and flow studies

The pressure gradient was measured using two pressure sen-
sors located before and after the aortic valve holder. The
pressures at each point were acquired at a sampling rate of
1 kHz for 36 h. Measurements were done every 12 h to mon-
itor the progress of the valvular stenosis. A total of four GAV
specimens were used for this study. Flow measurements were
done upstream of the aortic valve by an ultrasonic flow clamp
(BioProTT BCT 3/4 x 3/16” A, emTec, Germany), shown in
Fig. 1. The ultrasonic flow clamp was placed on the tubing
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Fig. 1 Schematic diagram of the
experimental dynamic
calcification model.
1—computer, 2—nitrogen
cylinder, 3—water saturator,
4—pressure signal conditioner,
S—peristaltic pump, 6—syringe
pump, 7—blood pressure
sensor, 8—bioreactor station,
9—pH probe, 10—resistance,
11—compliance chamber,
12—ultrasonic sensor, 13—pH
signal conditioner, 14—heater

Fig.2 Design of the dynamic
model station

and provided readings up to a frequency of 40 Hz. The inner
diameter of the silicone tubing corresponded to the orifice
area of the aortic valve holder.

Flow conditions in the presented system were charac-
terized by the calculation of the Reynolds and Womersley
numbers. The Womersley number represents the relationship
between inertial and viscous forces in a pulsatile environ-
ment, defined by (4) [30].

_d [
“=3 “

The fluid density is denoted by p, u is the viscosity, w is
the heart rate and d is the diameter.
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X-ray images

The acquisition of X-ray images was accomplished using a
clinical mammographic unit (Hologic, Selenia Dimensions,
USA) at the University Hospital of Patras. The X-ray tube
consisted of a tungsten anode with Rhodium filter (0.05 mm
thickness), and the focal spot size was set at the small
(0.1 mm) mode. The distance between the X-ray tube and
the flat-panel detector was constant at 70 cm.

SEM-EDS microscopic analysis

Specimens taken from the fibrosa and ventricularis sides
of the leaflets from both GAV and DCV were dried and
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examined by SEM-EDS microscopy (Zeiss, LEO VP-35
equipped with a Bruker AXS microanalysis unit) to identify
the deposited calcium phosphate solids.

Results

The dynamic model could successfully simulate the physio-
logical human pressure waveforms, as shown in Fig. 3 [31].
The resistance of the circuit modified the upper and lower
pressure limits, while the compliance affected the smooth-
ness of the signal and attenuation of the dicrotic notch.
Results obtained by ultrasonic flow measurements reported
an average volumetric displacement of 1.8 £0.5 L/min. The
calculated average Reynolds number at the aortic position
was 2,303, while the maximum computed value during the
systolic phase was 20,992. Moreover, the Womersley num-
ber at the aortic location was 3.75. Observations of the leaflet
motion confirmed the correct coaptation and closing of the
prosthetic valve.

The histological assessment of DCV after hema-
toxylin/eosin staining is shown in Fig. 4. No cells were
present in arterial walls and leaflets after decellularization.
Collagenous fiber damage was not noticed, as seen in the
histological sections, shown in Fig. 5.

In the experimental studies involving DCV and GAV spec-
imens, the solution’s temperature, pH, and composition were
kept constant. As seen in Fig. 6, the average pH drop of DCV
(n = 6) specimens was higher after 18 h in comparison with
GAV specimens (n = 5). The value of GAV pH drop tended
to decrease over time, while DCV specimens exhibited pH
drop tendency throughout the entire experiment. NaOH addi-
tion was almost identical during the first 8 h of the study
with an increased addition for DCV (1.21 x 10~* £0.69 x
10~* mol) in comparison with GAV (8.56 x 107> £4.01 x
1073 mol) after 18 h. In Fig. 6, the profiles of the volume of
standard NaOH solution additions to maintain solution pH
as a function of time, corresponding to the mineralization
progress of the tissue, are shown. pH changes as small as
0.005 pH units (ca. 0.1 mV) triggered the addition of NaOH
solution. The model developed gave the possibility to per-
form tests even at very low supersaturations, in which bulk
concentrations of calcium and phosphorus do not change to
measurable extents (i.e., to within 1%), yet the formation and
growth of the minerals proceed.

Figure 7 shows the pressure gradient measurements for
GAV valves during a total time of 36 h. The increase in the
transvalvular pressure, measured directly before and after
the GAY, indicated that the calcification solution affects the
motility and pliability of the valve over time. The increased
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Fig. 4 H&E staining of fresh (a,
b) and DCV (c, d). Artery wall
(a, ¢), leaflet (b, d). Scale bars
indicate 200 pm

Fig.5 DAPI staining of fresh (a,
b) and DCV (¢, d). Artery wall
(a, ¢), leaflet (b, d). Scale bars
indicate 200 pm

stenotic behavior was observable in less than 36 h, in agree-
ment with the accelerated calcification kinetics.

The assessment of the location and extent of calcifica-
tion was done by X-ray digital mammographic examination
in three GAV specimens and compared with an untreated
valve. As observed in Fig. 8, calcific deposits were selec-
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tively formed on the commissures and coaptation areas of
the GAV leaflets. Additionally, SEM-EDS studies on GAV
leaflets showed the presence of plate-like crystallites with
sizes between 2 and 5 pm (Fig. 9), characteristic of OCP crys-
tallites. EDS analysis showed that the crystallites consisted
of calcium and phosphorous. Crystallites were not found in
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the form of suspended particles in the test fluid, which was
filtered and carefully examined at the end of each experi-
ment. The absence of crystals in the mineralization solution
suggested that they adhered firmly to the substrate on which
they formed selectively through the nucleation and crystal
growth steps.

Discussion

In vitro calcification studies are fundamental sources of infor-
mation and add to a better understanding of the mechanisms
underlying tissue calcification. In vitro tests can be used as
prescreening tools for the design and fabrication of novel

%

12 36
Time [h] 1 Mean Pressure Gradient

biomaterials. Earlier studies considered mechanical factors
with respect to their respective role in tissue calcification [16,
18, 19]. Other investigations focused on the physicochemical
factors of the calcification process [26, 32]. However, none
of the mentioned works investigated the calcification process
under mechanical loading at fluid conditions of constant solu-
tion composition, in which the driving force, supersaturation,
is maintained. Mechanical stress, in combination with full
control of the solutions speciation, is a significant improve-
ment in the simulation of physiological conditions in which
tissue mineralization takes place.

In the present work, the solution chemistry role and
the valvular mechanical load on the mineralization of tis-
sues were investigated. The investigation was carried out

@ Springer



Bio-Design and Manufacturing (2021) 4:10-21

Fig.8 X-ray studies indicated that the GAV (b-d) suffered from cal-
cification compared to an untreated valve root (a). The deposits
concentrated on the edges of the valvular leaflets. External dense white
areas correspond to the silicone tubing used as a scaffold during the
imaging process

at constant fluid chemical composition, simulating relevant
in vivo conditions. The stability of the solution and the con-
trolled chemical environment are the main characteristics
that ensured crystal phase specificity, as observed in vivo.
It should be noted that the supersaturated solutions used in
the current work included inorganic species exclusively. This

Fig.9 SEM images showing
crystal formations onto the
leaflets of the GAVs (a, b) and
DCVs (¢, d). The left image
corresponds to the fibrosa side,
while the right one corresponds
to the ventricularis side of the
leaflets. The composition of the
crystals was assessed through
EDS

EHT=IS00KY M= 539X WD= §
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choice, which simplified the model system, is in full cor-
respondence with the in vivo mineralizing medium (blood
serum). The concentration of free calcium ions in blood
plasma is rather low because of the sequestration of calcium
ions by ionized proteins or amino acid molecules [33], result-
ing, respectively, low effective supersaturations with respect
to calcium phosphate phases, which barely exceed values
corresponding to HAP [11]. Nucleation on the studied spec-
imens followed a controlled heterogeneous process, which
was apparent from the composition and study of the test fluid
samples. No visual crystallites were observed that could indi-
cate uncontrolled spontaneous or secondary nucleation.
Characterization of the flow in the system is a relevant
aspect of the crystallization study, as the type of flow regime
in crystallizers has been shown to affect the microstructure of
crystals [22]. The Reynolds and Womersley numbers calcu-
lation considered the viscosity of the aqueous media present
in the system, which differed significantly from the blood (or
other similar fluids) used to evaluate the fluid dynamics of
artificial heart valves. Calculations were based on experimen-
tal data obtained during the validation of the system using a
mechanical valve in the aortic position. Results obtained for
the Reynolds number indicated that during systole, the flow
could be characterized as turbulent. However, as seen in vivo,
turbulent flow in the arteries is rare, given the reduced sys-
tolic ejection time and the unsteady nature of the flow [30].
Therefore, the calculation of the Reynolds number alone is
not sufficient to characterize a pulsed flow system. Con-
sequently, the Womersley number has been introduced to

J
(

I

EHT=1500kY Mag= 378KX WD= Smm  SignlA= InLems
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characterize pulsatile flow patterns, having a similar signifi-
cance as the Reynolds number for unsteady flow conditions.
The result obtained suggested that the inertial forces are pre-
dominant over the viscous forces present in the system. A
more detailed study of the simulated flow characteristics is
beyond the scope of the present work.

Structural alterations induced by calcification affect the
biomechanical properties (elastic and collagen modulus) of
the valves, resulting in a higher transvalvular pressure due
to their stenotic behavior [34]. Decellularization of valvular
scaffolds consists of the removal of the cellular compo-
nents to enhance biocompatibility. Past decellularization, the
treated valvular tissue is prone to cellular adhesion and pro-
liferation, in an attempt to refunctionalize the cellular matrix
in vivo or in vitro [35, 36]. Literature data showed that only
a few treatments delivered promising results in the short
and medium term [9]. Ineffective removal of cell debris and
disruption of the extracellular matrix are among the main
reasons why DCYV are still under investigation. The presence
of residual cells and cell debris following decellularization
might explain the increase in the calcification rates shown
by the DCV found by our system [8, 37, 38]. The increased
exposure of collagen fibers following decellularization might
also support these findings, as collagen fibers could serve as
potential growth sites for calcium phosphate crystals [39, 40].
Stabilization and cross-linking of collagen fibers are possibly
crucial for the calcification of the respective implants. Results
shown by GAV studies suggested that the calcification of the
respective specimens was possibly due to the presence of free
aldehyde groups, in agreement with earlier reports [6].

Pressure gradient studies focused on GAV for a period
of 36 h. As seen in Fig. 7, the pressure gradient tended to
increase during measurements. According to the European
Society of Cardiology guidelines, mild aortic sclerosis cor-
responds to an aortic valve with a pressure gradient below
30 mmHg compared to moderate 30—50 mmHg and severe
sclerosis>50 mmHg [41]. Results suggested that the refer-
ence for measurements of GAVs is a mild sclerotic situation.
The higher initial pressure values may be explained by the
testing methodology used, where a rigid polymeric holder
was used to fix the aortic roots in the system. Further increase
with time should be attributed to the stiffening of the valvu-
lar tissue by the deposition of calcium deposits. Due to the
lack of a sterile controlled environment in the experimental
model, more extended test periods, as well as other types of
valvular scaffolds (DCV), were not included in the present
study.

Surface anisotropy and inhomogeneity result in differ-
ences between the crystallization rates measured under the
same conditions on different valve specimens. The speci-
mens were standardized to a predetermined size to study the
effect of surface anisotropy. Moreover, the standardization of
samples ensured the preservation of the sinuses of Valsalva at

the aortic root, necessary for the correct flow dynamics dur-
ing the test procedure. Despite sample standardization, the
natural variability of the tissue affected the target flow rates,
mainly because of the diverted flow through the coronary
openings.

SEM-EDS investigations of the surfaces of the valvular
tissue of both GAV and DCYV, shown in Fig. 9, confirmed the
formation of calcium phosphate deposits, specifically OCP,
in agreement with earlier studies [42]. X-ray digital mam-
mographic studies shown in Fig. 8 further corroborated the
presence of calcific deposits on the valvular leaflets. The loca-
tion of these deposits was in agreement with earlier reports
[16, 19], while the topography of the sites of selective depo-
sition of calcium phosphate crystallites is also in agreement
with reported physiological observations [43]. Nevertheless,
microscopical observations showed an increased presence of
deposits on the fibrosa side rather than the ventricular side
of the leaflets, in agreement with results obtained from the
investigation of explanted calcified valves because of severe
calcification [44]. These results are in agreement with earlier
reports concerned with bovine pericardium mineralization
[11].

The presented work provides a rapid and reliable pre-
screening platform for evaluating the calcification potential
of different bioprosthetic valvular replacements. Results
from the present work support the wide use of in vitro calcifi-
cation models for the development of new tissue-engineered
materials. In vitro systems, as the one presented, may directly
impact the development costs of medical implants and the
reduction of in vivo studies during the development stage.
Nevertheless, because of the limitations of the in vitro mod-
els, in vivo studies remain the gold standard for the validation
of medical devices.

The method presented in this work has not so far been
used for comparisons with clinical findings.

Conclusions

The calcification process was modeled in vitro, focusing on
the chemical environment and the mechanical load of the
calcifying surfaces of heart valves. Results confirmed that
the location and characteristics of the deposits achieved by
our model occurred in a similar way as in vivo. The absence
of biological factors, such as the immunological response,
did not significantly affect the location of the deposits,
predominately at areas of high stress, as confirmed by
roentgenographic and SEM analytical investigations. Future
studies related to this work shall focus on the evaluation of
different test solutions emulating the physical properties of
the blood serum and the impact on the mechanical load under
different flow and pressure conditions. New synthetic bioma-
terial scaffolds are currently under preparation in our research
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group, which shall be assessed with respect to their calcifi-
cation potential.
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