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Abstract

Currently-used mechanical and biological heart valve prostheses have a satisfactory
short-term performance, but may exhibit several major drawbacks on the long-term.
Mechanical prostheses, based on carbon, metallic and polymeric components, re-
quire permanent anticoagulation treatment, and their usage often leads to adverse
reactions, e.g. thromboembolic complications and endocarditis. In recent years, there
is a need for a heart valve prosthesis that can grow, repair and remodel. The concept
of tissue engineering offers good prospects into the development of such a device. An
ideal scaffold should mimic the structural and purposeful profile of materials found
in the natural extracellular matrix (ECM) architecture. The goal of this study was to
develop cellulose acetate scaffolds (CA) for valve tissue regeneration. After their
thorough physicochemical and biological characterization, a biofunctionalization
process was made to increase the cell proliferation. Especially, the surface of scaffolds
was amplified with functional molecules, such as RGD peptides (Arg-Gly-Asp) and
YIGSRG laminins (Tyrosine-Isoleucine-Glycine-Serine- Arginine-Glycine) which im-
mobilized through biotin-streptavidin bond, the strongest non-covalent bond in na-
ture. Last step was to successfully coat an aortic metallic valve with CA biofunction-
allized nanoscaffolds and cultivate cells in order to create an anatomical structure
comparable to the native valve. Promising results have been obtained with CA-based
nanoscaffolds. We found that cells grown successfully on the biofunctionalized valve
surface thereby scaffolds that resemble the native tissues, elaborated with bioactive
factors such as RGD peptides and laminins not only make the valve’s surface bio-
compatible but also they could promote endothyliazation of cardiac valves causing
an anti-coagulant effect.
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1. Introduction

Cardiovascular disease (CVD) represents a major worldwide health care issue. A con-
siderable amount of the disease is represented by heart valve failures. The number of
patients requiring heart valve replacement is estimated to triple from approximately
290,000 in 2003 to over 850,000 by 2050 [1] [2] [3]. The heart valve industry in the US
is vibrant and healthy, enjoying a growth in the market of 5% per year, selling roughly
300,000 valves worldwide [4]. As a result, the economic costs for the treatment and care
of patients are estimated at several billion dollars [5]. Thus scientists try hard to devel-
op a new type of heart valve that can potentially revolutionize the industry [6] and im-
prove patient’s lives. However, the current substitute heart valves have proven to be
clinically successful over the short-term, but show several poignant long-term disad-
vantages [7] [8]. In particular, the tissue valves including bioprosthetic valves [porcine
aortic valve or bovine pericardial xenograft], cadaveric allograft, or pulmonaryto-aortic
autograft valves [9], are effective for a specific period and require replacement again.
Additionally, xenogenous and allogenous biological heart valve prostheses evoke an
immune reaction of the patient’s organism, thrombosis and undergo degeneration, cal-
cification and structural deterioration [10] [11] [12]. On the other hand, although the
mechanical prostheses (mainly made of pyrolytic carbon combined with metallic and
polymeric components) [1] are durable and for whole lifetime of the patient, they carry
risks associated either with the valve itself, e.g. thrombus formation, thromboembolic
complications, endocarditis that occurs predominantly on the surface of foreign mate-
rials, or risks related to permanent and long-lasting anticoagulation therapy, e.g. bleed-
ing complications occurring at 1% patients per year [13]. Therefore, an alternative way
to improve the quality of heart valve prostheses is to combine the present knowledge
and construct bioartificial valves by tissue engineering. A tissue-engineered valve
promises to be a living implant with a potential to grow and lasts a lifetime, like most
native valves do [6]. Therefore, efforts are made to prepare bioartificial heart valves
with an autologous biological component by tissue engineering [1]. The ideal valve
prosthesis should be easily implantable, should develop a physiological hemodynamic
performance without structural deterioration, and should be non-thrombogenic, non-
imunogenic and silent in its performance [14]. For this purpose, scaffolds composed of
synthetic materials, such as poly (lactic acid), poly (caprolactone), poly (4-hydroxybu-
tyrate), hydrogels or natural polymers, e.g. collagen, elastin, fibrin or hyaluronic acid,
have been seeded with autologous differentiated, progenitor or stem cells [1]. In recent
years, a very promising natural polymer in the field of tissue engineering is cellulose

acetate (CA). Cellulose acetate is derived from cellulose with chemical conversion
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[15], which is the most abundant, renewable, naturally occurring polysaccharide
formed out of glucose-based repeat units, connected by 1,4-beta-glucosidic linkages
[16]. It can be easily fabricated into nanofibrous structures by using the electrospinning
method [17]. Electrospinning is a versatile and well-established technique broadly ap-
plied for the fabrication of nanofibrous meshes as scaffolds for tissue engineering ap-
plications. With recent developments in electrospinning, both synthetic and natural
polymers can be produced as nanofibers with diameters ranging from tens to hundreds
of nanometers with controlled morphology and function. Electrospun scaffolds exhibit
a preferential and easy to modulate morphology due to their unique geometrical fea-
tures which replicate many in vivo structures. The potential of these electrospun nano-
fibers in human healthcare applications is promising, for example in tissue/organ repair
and regeneration, as vectors to deliver drugs and therapeutics, as biocompatible and
biodegradable medical implant devices, in medical diagnostics and instrumentation, as
protective fabrics against environmental and infectious agents in hospitals and general
surroundings, and in cosmetic and dental applications [18] [19] [20] [21]. Moreover,
electrospinning parameters such as, solvent composition, polymer concentration and
flow rate, impact the structure of CA scaffolds. Solvent selection along with flow rate
strongly influenced the cellulose acetate fiber size, size distribution, and fiber geometry
[22] [23]. Electrospun CA nanofibers have found miscellaneous applications such as in
immobilization of bioactive substances, cell culture, tissue engineering, and optical de-
vice/biosensor application [24]. Cellulose acetate scaffolds and regenerated cellulose
scaffolds promote cardiac cell growth; enhance cell connectivity and electrical functio-
nality. Also, biodegradability can be controlled by hydrolysis, de-acetylization of CA
and cytocompatibility enzyme action, with glucose as a final product [16]. Additionally,
the CA-based nanofibrous scaffolds improve their integrity by blending with other po-
lymers like PBA [poly(butyl acrylate)] [25]. In vitro growth of cardiac cells and tissue-
like cardiac constructs for physiomics type of research could benefit from the versatility
and accessibility of cellulose scaffolds; their use for tissue regeneration should also be
considered [16]. Polymeric and metallic materials are used extensively in permanently
implanted cardiovascular devices and devices that make temporary but often prolonged
contact with body fluids and tissues. A recent study examines the evolving plasma
treatment technology facilitating the biofunctionalization of polymeric and metallic
implantable cardiovascular materials [26]. Moreover, surface modification of RGD
peptides onto acellularized porcine aortic valve helps to promote cell adhesion [27].
Previous biomedical applications of cellulose-derived materials suggest their potential
use as general supporting and guiding structures for cell culture and possibly for repar-
ative tissue engineering [16]. The aim of the present study was to develop and charac-
terize CA-based scaffolds as coating in aortic heart valves. The ultimate goal was to
create a biomimetic nanofibrous environment which simulates the extracellular matrix
(ECM) of native cardiac tissues and thus promotes cell adhesion and proliferation in
order to avoid heart valve thrombosis. Producing nanofibrous scaffolds of biodegrada-

ble polymer CA was accomplished by the Electrospray Deposition method. Electrospun
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CA nanofibers were physiochemical, structural and morphological characterized. The
Atomic Force Microscopy (AFM) was applied to study the surface nanotopography of
the scaffolds and the Scanning Electron Microscopy (SEM) was used in order to study
the topography and morphology of the scaffolds. Concomitantly, we studied wettability
of the samples with contact angle measurements and degradation rates of the CA scaf-
folds in a 2 month period. In addition, MTT assay along with imaging techniques were
used to evaluate the cell viability. Specifically, both direct MTT assay at intervals of 24
hours, 3 days and 7 days and indirect MTT assay in a 24 hour period were taken place.
Moreover, the cells were stained with methylene Blue dye and observed by optical mi-
croscopy. Afterwards, RGD peptides and laminins were immobilized on the surface of
CA scaffolds in order to mimic the real exterior environment of the cells and promote
cell proliferation. Finally, the biofunctionalized CA scaffolds were deposited on the
surface of an aortic heart valve which was made of pyrolytic carbon for avoidance of

heart valve thrombosis.

2. Materials and Methods
2.1. Materials

Acetone (99.9%, Sigma-Aldrich), Dimethylacetamide (DMAc 99.9%, Sigma-Aldrich)
and vacuumed dried cellulose acetate (CA, Mn = 30,000, 39.8% acetyl groups, Sigma
Aldrich). All solutions were used without further purification and all solutions were

prepared by deionised water.

2.2. Methods

2.2.1. Scaffold Fabrication with Electrospray Deposition System

The nanofibrous CA scaffolds for cell growth were fabricated by electrospinning
through the electrostatic spray deposition (ESD) method, (Esprayer ES-2000S, Fuence,
Japan) onto aluminum foil and glass substrates. For fabrication of the polymeric solu-
tions, two solutions of cellulose acetate were prepared with a total concentration of 16
wt% and 20 wt% in a solvent mixture of Acetone: DMA (2:1). The number of syringes
were used for fabrication were 1 or 2. The solution was electrospun from a 5 mL syringe
(or two syringes) with 24 or 21 gauge needles and mass flow rate of 10 - 15 uL/min. A
high voltage (25 kV) was applied to the tip of the needle when the fluid jet was ejected.
The distance between the needle and the moving collector in the XY stage, was set at
200 mm. The glass substrates were cleaned prior to electrospinning with isopropanol
and methanol and blow-dried using N2 flow. Each fabricated film was left overnight to

allow the evaporation of any residual solvents.

2.2.2. Physicochemical Characterization

1) Scanning electron microscopy (SEM)

The cells were fixed in 500 pl of 2.5% glutaraldehyde solution in PBS for 20 min at
room temperature and dehydrated with a series of increasing concentration ethanol
solutions (70%, 90% and 100% ethanol, 30 min in each). After ethanol dehydration, the
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morphological analysis of the PCL scaffolds was carried out by using SEM (NEON40,
Carl Zeiss).

2) Atomic force microscopy (AFM)

Atomic force microscopy, AFM (AFM Solver, NT-MDT) was used to determine sur-
face nanotopography and roughness of the cellulose acetate scaffolds. AFM is a very
high-resolution type of scanning probe microscope, with demonstrated resolution of
fractions of a nanometer, ideal for the imaging of biological samples due to its non-
destructive performance. It can also provide size characterization in all three spatial
dimensions, because it provides direct information about the height as well as lateral
dimensions of the samples.

3) Contact angle measurements

Static contact angle measurements using water (Contact angle-surface tensionmeter
CAM200, KSV Instruments Ltd) for the electrospun CA scaffolds were performed to
study and compare the effect of the different CA fibers (CA concentration, needle size
and number of syringes) on the surface hydrophilicity. At least six different measure-
ments on the nanofibrous surfaces were obtained and the average values for contact
angles were calculated. The maximum error in the contact angle measurement did not
exceed +3%.

4) Biodegradation study

We studied the degradation of cellulose acetate fibers in a period of 2 months (the
time periods used are 3, 7, 14, 30, 45 and 60 days). The substrate of the samples was
aluminium foil and they were cut into dimensions 10x10cm. Samples were weighed on
a balance precision before and after degradation, and the results were recorded. Also
samples were imaged with SEM and then treated with the /mage / program in order to
calculate the length of the fiber diameter. In each picture (magnification x4000) were
counted 25 different fibers.

2.2.3. Biological Characterization

1) Direct MTT assay

MTT assay (Sigma-Aldrich, Germany) was used to evaluate the cell viability. The
cells used in this study were mouse fibroblasts 1929 and were kindly offered from the
Department of Biochemistry of the Aristotle University of Thessaloniki. The cell line
was cultured in Medium 199 (Gibco, Life Technologies, Carlsbad, CA), containing 5%
fetal bovine serum, ascorbic acid, and gentamicin at 37°C, in a humidified atmosphere
of 5% CO, in air. In a similar manner as described in [28], the cell growth was stopped
after 1 day, 3 days and 1 week. After each time point, the cells were incubated with a
tenth of the medium of the bromide in 5% CO, (37°C, 2 h) to allow the formation of
water-insoluble formazan crystals. The optical densities (O.D.) of the solutions were
read with a spectrophotometer, at the wavelength of 570 nm with respect to the refer-
ence wavelength of 690 nm. Data (1 = 3) were presented as means of O.D. values as
well as normalized according to the control and presented as% cell viability.

2) Indirect MTT assay

Additionally, an indirect MTT assay was taken place, on which the extracts of cellu-
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lose acetate nanoscaffolds hydrolyzed from the experiment of degradation (they were
isolated from six time periods 3, 7, 14, 30, 45 and 60 days), deposited onto L929s cells
and the toxicity was calculated based on optical density (O.D.) just described in direct
MTT assay.

2.2.4. Cell Imaging

Once fibroblasts were seeded onto either unmodified or surface-modified nanofibrous
scaffolds, cellular morphology and cell attachment were observed after 1, 3 and 7 days.
Cells were fixed, after the predetermined time periods, in 4% formaldehyde/PBS, at rt
for 20 min, permeabilized with PBS and incubated with methylene blue (blue fluores-
cence) at rt for 30 min. The cell surface was observed with an optical microscope (Carl

Zeiss, Germany).

2.2.5. Biofunctionalization Study

1) Biofunctionalization process

The surface treatment was used in cellulose acetate samples in order to bind mole-
cules on their surface, such as RGD (Arg-Gly-Asp) peptides and YIGSRG laminins
[Tyrosine-Isoleucine-Glycine-Serine-Arginine-Glycine. The creation of free amino
groups presupposes the existence or creation of free hydroxyl groups (-OH). Surface
preparation and immobilization of RGD peptides and YIGSRG laminins: Carbon sur-
faces with sp2 bonds are subject to short exposure to UV. Epistaxis 350 - 400 ml
PEI/Na,CO;, pH = 8.2 and stay overnight in the dark (cover with foil and place in a
closed room). This step ensures the interaction between the surface and the solution in
the dark, overnight. In this reaction, amino groups are introduced onto the surface to
be studied. After about 12 hours spent in the darkroom surfaces washed with excess
deionized water. This is achieved by successive dips into new wells containing 1ml H,O
so as to remove excess PEI solution/Na,CO,, pH = 8.2. Next, performed preparation of
a mixture of 50 mg/ml of polyethylene glycol (PolyEthyleneGlycol, PEG) (mPEG-SPA,
MW 5.000) and 5 ng/ml biotinylated PEG (biotin-PEG-NHS, MW 3.400), in 50 mM
Na,CO; (1:107). PEG, in which a very small percentage are biotinylated, as illustrated
above, and coupled to the N-hydroxyester of succinimide (N-HydroxySuccinimidyl es-
ter, NHS-ester). This ester is reacted with amino groups to form a covalent bond. The
above solution of biotinylated PEG (b-PEG, biotin-PEG-NHS), and non-biotinylated
PEG (mPEG-SPA) at 1: 107 were dropped on the surface and allowed to react with the
amino groups of 3 - 5 hours dark at room temperature. The process followed by wash-
ing the surface by successive immersions-in the same manner as previously; in deio-
nized water to remove excess b-PEG-PEG solution. Then, washing followed by drying
of the surfaces for 1 hr at 37°C. At this stage the modified surfaces can be stored in glass
plates at 4°C. Add of streptavidin 2 mg/ml in 50 mM Na,CO,. Streptavidin has four
binding sites for biotin. So binds to biotin surface but still has free binding sites for
other biotin molecules 7in vivo conjugated with biotinylated peptides proteins. In these
positions could be captured, very special and with the same orientation, biotinylated

proteins to a specific location. The streptavidin solution remains in contact with the

134

K
0:52: Scientific Research Publishing



E. Chainoglou et al.

surface for about 20 minutes. Here are 20 washes the surface with 50 mM Na,CO, and
10 washes with the buffer dialysis [20 Mm Hepes-KOH, pH = 7.6, 6 Mm (CH,COO) 2
Mg, 30 Mm CH,COONH, and 4 Mm beta merkaptoaithamolis, Tico buffer]. Then epis-
tazontai 40 nM GFP in Tico buffer were dropped on the surface and kept for 15 - 20
minutes. Subsequently, took place the binding of biotinylated RGD peptides and bioti-
nylated laminin in the cellulose acetate scaffold surface [29].

2) CA scaffolds deposition on aortic metallic heart valve

The CA scaffold was deposited on the surface of aortic valve from pyrolytic carbon
by ESD. Then, the samples were biofunctionalized by adding RGD peptide and lami-
nins as described previously and then L929s cells were cultured on the surface of the

valve for periods of 1 and 3 days. Lastly, the nanofiber based valve was imaged by SEM.

3. Results

3.1. Surface Nanotopography and Structural Properties of
CA-Based Scaffolds

The CA nanofibrous scaffolds were prepared by electrospinning, using different system
parameters such as the CA concentration 16% w/v and 20% w/v, the needle size 21
gauge or 24 gauge and the number of the syringes one or two. Samples showed well
formed fibers and the acetone/DMAc solvent system was found suitable to produce fi-
bers. A morphological and surface characterization of the CA scaffolds was performed
in order to find the optimum synthetic conditions for their use in heart valve tissue en-
gineering and the SEM images of the scaffolds are depicted in Figures 1(a)-(f). Con-
comitantly, SEM images were processed with the image J software, so as to estimate the
length of the diameter of the fiber. In each sample was counted 25 CA fibers. Compar-
ing the results of the six samples we observed that samples with 24 g needle create fibers
with smaller diameter than those with 21 g needle while samples which were created
with 2 syringes have almost double amount of fibers than those with 1 syringe. Addi-
tionally, samples with 20% w/v concentration of CA produces higher fiber’s diameter
range than those with 16% w/v CA concentration (Table 1). AFM has been a widely
used technique for the observation of biomaterials at the atomic scale. Thus, it was used
in order to determine the topographical features and roughness of the engineered scaf-
folds. The surface roughness parameters of the electrospun CA scaffolds are summa-

rized in Table 2, while the obtained topographies of the samples are presented in Fig-
ures 1(g)-(1).

3.2. Wettability

Contact angle analysis provides information on the hydrophobicity or hydrophilicity of
materials. Table 2 shows the values of water contact angle measurements of the CA
surfaces. It was found that the sample 16% w/v produced by 1 syringe with 21G needle
shows the maximum hydrophobicity and the sample 20% w/v produced by 1 syringe
with 24G needle shows the maximum hydrophilicity. We also observed that the sam-
ples with 21G needle exhibit a higher hydrophobicity compared with corresponding
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Table 1. Parameters of electrospinning that effect fibers formation.

Solvent Concentration Voltage  Flow r‘ate ‘ Throw Needle ID Syringe Pattern Rele?rant Range of
system (2:1) (% wi/v) (kV) (ul/min) distance (cm) (Gauge) findings fiber’s (um)
Acetone/DMAc 16% 25 10 200 21G 1 Biospiral Fibers 0.39£2.6
Acetone/DMAc 16% 25 10 200 24G 1 Biospiral Fibers 02+0.9
Acetone/DMAc 16% 25 10 200 21G 2 Biospiral Fibers 0795
Acetone/DMAc 16% 25 10 200 24G 2 Biospiral Fibers 0.28 +3.79
Acetone/DMAc 20% 25 10 200 21G 1 Biospiral Fibers 0.44 + 4.65
Acetone/DMAc 20% 25 10 200 24G 1 Biospiral Fibers 0.3+1.74
(a) 16%_1S_21G (b) 16%_1S_24G

-

.
ZDK\, X4,000 5um 0119 10 60 SEI 20kV X4,000 _ Spm 0121 10 60 SEI

(c) 16%_2S_21G (d) 16%_2S_24G

20kV  X4,000 S5um 0335 0960 SEI 20kV  X4,000 S5um 0337 0960 SEI

(€) 20%_1S_21G (f) 20%_1S_24G
(% Y

20kv._ X4,000 5um 0331 0960 SEI " 20kV  X4,000 S5um 0333 0960 SEI
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Figure 1. (a)-(f): Images by Scanning Electron Microscopy (SEM) from cellulose acetate scaffold. Solvents:Acetone/
DMACc 2:1, Substrate: al. foil. Zoom: x4.000 mm. (g)-(1): AFM images. Height pictures (a) (g): 16%_1S_21G, (b) (h):
16%_1S_24G, (c) (i): 16%_25_21G, (d) (j): 16%_2S_24G, (e) (k): 20%_1S_21G and (f) (1): 20%_1S_24G. (% w/v): CA
concentration, G: needle size, S: number of syringes.
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Table 2. Surface characteristics from AFM analysis and water contact angle measurements for
the CA nanofibrous scaffolds.

CA-based scaffolds Peaak-to-peak, Root mean square, Contact angle
S, (nm) S, (nm) (degrees)
16%_1S_21G 1109.52 194.27 128.87
16%_1S_24G 1196.17 229.14 91.16
16%_2S_21G 877.975 174.88 106.45
16%_2S_24G 2310.28 414.26 81.92
20%_1S_21G 2178.15 337.68 87.42
20%_1S_24G 1698.42 258.03 79.06

samples (CA concentration and number of syringes) with 24G needle.

3.3. Biodegradability

CA-based scaffolds not only should have ideal morphological, structural and mechani-
cal properties but also must present good rate of biodegradability in order to be suitable
for a tissue engineering process. Scaffolds degradation comprises the hydrolysis and
de-acetylization of the polymer. CA scaffolds were placed in cell’s medium solution for
2 months. The experiment was divided into six periods (3, 7, 14, 30, 45 and 60 days)
during which the scaffolds had been checked for their degradability. It was found that
the samples with the largest cellulose acetate concentration, 20% w/v are heavier than
the ones with 16% w/v, as you can observe in Figure 2. When the 21G needle was used
in electrospinning, in 14 days the samples the samples 16% w/v and 20% w/v had the
highest weight and then during the rest of the study reduced weight due to their degra-
dation. At 45 days observed for both concentrations, a slight increase in weight of the
samples which then decreases (Figure 2(a)). The sample 16% w/v produced by 2 sy-
ringes had less weight compared to the sample with the same concentration, but pro-
duced by one needle. On the other hand, in the case of the samples produced by 24G
needle, it was observed that at 7 days the sample 16% w/v showed the highest weight
and then during the rest of the study reduced weight due to their degradation. At 14
days the 20% w/v sample showed higher weight and then until the end of the study, it
reduced weight due to degradation as well (Figure 2(b)). The sample 16% w/v pro-
duced by 2 syringes, was found to have less weight compared to the sample with the
same concentration, but produced by one needle. Also, the sample developed with 24G
needle exhibited smaller diameter fibers compared to samples with 21G as presented in
Figure 2(c). In this case where the concentration is the same, we observe that samples
with 24G needle size are heavier compared to the samples with 21G. Also, in each pe-
riod of degradation study samples were studied by SEM, so as to examine their topo-
graphy during degradation. From the images of CA scaffolds it was observed alteration
in the structure of the fibers in all samples as the days of degradation went on. Addi-
tionally, the fibers in 60 days of degradation were presented thinner (Ze., smaller di-

ameter) as compared to 0 days of degradation (Figure 3).
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Figure 3. Images by Scanning Electron Microscopy (SEM) of cellulose acetate scaffold samples. Degradation of fibers
in a range of time from 3 days to 60 days.

Furthermore, we studied the reduction of the diameter of the fibers in the six periods
of the degradation study. More precisely, we calculated the diameter of 25 different fi-
bers in ach SEM image, using image ] software. The results are shown in Table 3 and
Figure 4. It was found that in all samples, as the days went on, the diameter of the CA

fibers decreases during the time.

3.4. Cytotoxicity

The MTT results which derived from the cytotoxicity levels of all the samples in direct
contact with the 1.929s are given in Figure 5. According to the findings, all the fabri-
cated scaffolds were found to be cytocompatible after a period of seven days and exhi-
bited cell viability levels similar to those of the control group. Also, the sample with
20% w/v CA concentration, produced by the 24G needle and 1 syringe has shown the
best cell viability levels. This effect is reinforced by the SEM images as well in Figure 6.
Additionally, it was found that samples with 2 syringes do not show strong cell prolife-
ration in comparison with the sample produced by 1 syringe. Cells, particularly at 3 and
7 days were exhibited protrusions begging from the cell body (lamellipodia) and ex-
tending to filopodia. These findings are indicative of cell migration, sensing and inte-

raction with the biomaterial.
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Table 3. Estimation of averange of fiber’s diameter in the range of 2 months of degradation.

Average of fiber’s diameter (um)

CA-based
scaffolds 0 days 3 days 7 days 14 days 30 days 45 days 60 days
16%_1s_21G  0.906 0.643 0.560 0.74 0.488 0.478 0.768
16%_1s_24G  0.764 0.874 0.565 0.596 0.680 0.5 0.837
20%_1s 21G  2.089 0.952 0.906 0.673 0.86 0.752 0.695
20%_ls_24G 0.9 1.062 1.304 0.887 0.779 0.228 0.513
16%_2s_21G 1.43 0.663 0.549 0.5 0.547 0.543 0.478
16%_2s_24G 1.07 0.528 0.590 1.072 0.615 0.68 0.492
25
€
= 2
2
(0]
E —16%_1S_21G
E 1.5 ——16%_1S_24G
IS 20% 1S 21G
Ko}
= 1 ——20%_1S_24G
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Figure 4. Average of fiber’s diameter in the range of 2 months of degradation measured in all

samples.

700+

[e2]
o
o

a
o
o

Cell Viability (%)
w N
o o
o o

2001

100

0 4
Only_Cells

16% 21G

16% 24G  20%_21G

20%_24G 16% 21G_x216% _24G_x2

Figure 5. Diagram of optical density OD at 570 nm (cell viability%) after direct MTT assay, using
L929s cell line onto foil substrate for three times (24 h, 3 days and 7 days). Solvents:Acetone/

DMA, 2:1.
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Figure 6. Images with Scanning Electron Microscopy (SEM) after cultivation of the L929s cell line onto cellu-
lose acetate scaffolds at intervals 24 h, 3 days and 1 week. Solvents:Acetone/DMAc 2:1, Substrate: al. foil. Zoom:
x500 mm.
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According to findings from Indirect MTT assay (Figure 7). The higher cell viability
presenting all the samples from 3 and 7 days extracts while the smaller cell viability,
presenting all the samples of 45 and 60 days extracts. The samples with 20% w/v con-
centration in both two groups of needles, indicate the expected behavior of the viability
of fibroblasts, where in the largest duration extract seems to have less viability, but al-
ways comparable to the control. The 14 days extracts in all samples show a decrease in
the viability of fibroblasts. In samples with 2 syringes, the unevenness of the scaffolds is

visible because of the results in the diagram.

3.5. Biofunctionalization

In biofunctionalization, the sample which was selected 20% w/v CA concentration,
produced by the 24G needle with 1 syringe, substrate: al. foil, as the sample was found
to exhibit good physicochemical, morphological and non-cytotoxic properties for heart
valve application. Also the sample 16% w/v CA concentration, produced by the 24G
needle with 2 syringes was chosen as control sample, because it does not show proper-
ties which make it preferable for cell growth. On the surface of the CA fibers, molecules
operatively linked such as RGD (Arg-Gly-Asp) peptide and YIGSRG laminins. These
molecules are recognized by molecules of ECM and thus the scaffold becomes more
compatible for the cells so as to bind and develop onto fibers. It was found that the im-
ages from SEM and Methylene blue dye/Optical microscope that biofunctionalized
CA-based scaffolds (Figure 8) exhibit higher in comparison with the unfunctionalized
ones. The MTT test (Figure 9) confirm that the selected samples (20%_1s_24G) showed

maximum cell proliferation.

3.6. Aortic Valve Surface Coated with Biofunctionalized CA Scaffold

CA-based nanofibrous biofunctionalized scaffolds were deposited on the surface of the
aortic heart valve leaflets made of pyrolytic carbon. From the SEM images it was found

that cells were grown successfully on the valve surface (Figure 10). Cells in 24 hours

Degradation

Extracts
120 s3days

s7days

100 s14days
& =30days
2 801 *45days
% 60days
S 60

8

401

20+

0_
Only Cells 16% 21G 16% 24G 20% 21G 20% 24G 16%_21G_x2 16%_24G_x2

Figure 7. Diagram of (OD) Optical density at 570 nm (cell viability%) after indirect MTT assay,
using L929s cell line for at 24 h. Solvents:Acetone/DMALC, 2:1.
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20%_1s_24G biofunctionalized sample
20%_1s_24G w/o biofunctionalization RGD peptide/Laminin

.

20kv X500 50pm 0414 08 60 SEI X500 Sﬁ1 0188 07 60 SEI

Figure 8. Top: Photos from Electron Microscopy (SEM) after cultivation L929s cell line onto cellulose acetate scaffolds
in time 7 days. Substrate: al. foil. Below: Pictures from optical microscope after staining with methylene blue cultured
cell L929s series onto cellulose acetate scaffolds. Substrate: glass. Sample: 20%_1s_24G in Acetone/DMAc 2:1. Zoom
SEM: x500 mm, magnification optical microscope: 200 mm.

180 -

160 - ® 24hours
= 3days
140 m 7days

120
100

80

Cell Viability (%)

60

40

20

Only_Cells 20%_1S_24G biof 20%_1S_24G wio biof 16%_2S_24G biof 16%_2S_24G w/o biof

Figure 9. Diagram of Optical density (OD) at 560 nm after MTT assay L929s cells at time intervals 24 h, 3 days and 7
days. Sample: 20%_1s_24G and 16%_2s_24G biofunctionalizated and 20%_1s_24G and 16%_2s_24G without (w/o)
biofunctionalization. Solvents: Acetone/DMAc 2:1, substrate: al. foil.
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24 hours

Biofunctionalized valve
Substrate: pyrolytic carbon
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<

20kV X500 50pm 0809 10.50.SEIl 20kV X500 50um 0801 1050 SEI

W/O biofunctionalization (control)

Substrate: al. foil

Figure 10. Electronic Microscopy (SEM) Images after cultivation, using L929s cell line onto biofunctionalized
acetate scaffolds at 24 h and 3 days intervals. Sample: 20%_1s_24G in Acetone/DMAc 2:1, substrate: pyrolytic
carbon (aortic valve), and al. foil. Zoom: X500 mm.

start the multiplication and then 3 days increased sharply. Also, the growth of cells in
biofunctionalized surface valve was higher as compared to the biofunctionalized sample
with al. foil substrate both 24 h and in 3 days.

4. Discussion

In this study, we demonstrated that CA-based nanoscaffolds, which are deposited onto
aortic heart valve leaflets promote cell growth. This was achieved through the study of
the factors that affect cell adhesion onto cellulose acetate scaffolds surface, such as phy-
sicochemical and morphological properties of the polymer as well as testing their bio-
degradability behavior. It is known that the CA-bas scaffolds improve their integrity by
blending with other polymers like PBA [poly (buty acrylate)] [25]. Additionally, an op-
timized scaffold which are used in tissue regeneration should consist of a dense net-
work of interlocking fibers with uniform size distribution and minimal or no presence
at all of beads. So, it is known [22] [30] that solvent selection along with flow rate and
CA concentration strongly influenced the cellulose acetate fiber size, size distribution,
and fiber geometry. As regards the acetone/DMAc system, residual DMAc was retained
within the electrospun mat. This retention helped to create physical crosslinks between

fibers for the electrospun mats allowing the preservation of structure after the regenera-
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tion process. In this study we demonstrated how additional parameters such as, needle
size, number of syringes and CA concentration can influence the CA fiber size, size dis-
tribution, and fiber geometry and therefore topography, roughness, wettability and
biodegradability. We observed that (Table 1) scaffolds with 24 g needle size, 1 syringe
and 16% w/v concentration create fibers with smaller diameter than those with 21 g
needle size, 2 syringes and 20% w/v concentration, respectively. The fibers of CA-based
scaffolds were well-formed without any beads formation. By measuring the roughness
of CA samples, it was found that the scaffolds which were prepared with two syringes
exhibited the higher had roughness values while all other samples were ranged in in-
termediate values. Moreover, the wetting angle measurements showed that as the
roughness of the CA scaffolds increases, their hydrophilicity increases as well. Specifi-
cally, the three samples that showed the higher roughness values are hydrophilic while
the three samples which showed the lower roughness values are hydrophobic. Also,
samples engineered with 24G needles exhibit smaller contact angle value in relation to
the samples made by 21G needles. Hydrophobic samples tend to degrade more difficult
as they show greater upheavals in their weight, and take longer to achieve a complete
degradation (Figure 2). In contrast, the hydrophilic samples showed lower rate of de-
gradation. Also from the samples with 20% w/v CA, which are both hydrophilic, the
scaffold with 24G degrades faster over 2 months in relation to the scaffold with 21G, as
it exhibits a higher hydrophilicity (Figure 2(c)). So far, in other studies, degradation of
cellulose acetate fibers have achieved by using either the cellulase (cytocompatible en-
zyme) [16] or by using KOH/ethanol [31] for hydrolysis of fibers. The CA degradation
produces acetyl groups and OH". In this study, the deacetylation of CA fibers was car-
ried out with the cell’s medium. A reduce in fiber’s diameter was observed as the days
went on. In MTT direct assay, the time intervals 24 hours, 3 days and 7 days were se-
lected as the most appropriate to study the behavior of cells on the surface of the scaf-
folds. More precisely, the 24 h provide information on the initial adhesion of cells, 3
days for the possibility of proliferation of cells and 7 days for the proliferation, organi-
zation and behavior of cells. We found that the cellulose acetate scaffolds are not toxic
to cells. All samples showed cell growth but the sample 20%_1s_24G showed the max-
imum cell proliferation and therefore the maximum biocompatibility. On the other
hand, samples with 2 syringes showed less cell growth irrespective of the size of the
needle and the concentration of CA, which is likely due to the complex structure of the
fibers and hence the higher roughness values. The cells seem not to prefer such surfac-
es. Hydrophilic samples show intense cell growth but not the sample with 2 syringes,
this probably occurs due to the high roughness value. Hydrophobic samples do not
show so intense cell proliferation compared to the hydrophilic. Additional data we got
from indirect MTT assay. It was found that increasing the concentration of CA causes a
decrease in cell viability. This result represents a further confirmation that the cellulose
acetate fibers are degraded. The sample 20%_1s_24G was found to have roughness
compared with the other samples as well as it is hydrophilic, biodegradable and shows

the maximum cell growth. Subsequently this sample was applied in heart valve surface,
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as it adequately seems to perform the physicochemical and morphological properties.

It is well known that the activity of cell-adhesive proteins can be markedly affected by
the surface chemistry [32] [33] [34] [35]. The surface of CA-based scaffolds was rein-
forced with RGD (Arg-Gly-Asp) peptides and YIGSRG laminins in order to mimic
better the ECM and as an aftereffect to increase biocompatibility. Indeed toxicity results
which came from direct MTT assay in line the observation studies of cells by SEM im-
ages and Methylene blue staining confirmed this embodiment as they showed increased
cell proliferation in biofunctionalized scaffolds compared with those who had no active
molecules on their surface. On the one hand, the biofunctionalized surfaces have re-
placed their free hydroxy groups with amino groups and then with RGD peptides and
laminins, which easily allows the contact with the cell’s integrins. This happens not only
because the negative charge has been replaced but also because there are already RGD
peptides and laminins which are easily accessible to connect with integrins of the cells.
RGD functionalized biomaterials stimulate different cell responses not only by different
average surface concentrations of ligands but also by presenting the ligands in a way
that allow or even trigger integrin aggregation [36] [37]. Additionally, it is known that
the changes in the activity of cell-adhesive proteins are often attributed to different
protein conformation induced by different surface wettability. More extended confor-
mation and enhanced activities of cell-adhesive proteins are observed on hydrophilic
surfaces than on hydrophobic surfaces. In our experiment we use two hydrophilic sam-
ples, which are differentiated in CA concentration and number of syringes there were
used. So, as it is known the fact that the factors which greatly affect the absorption of
fibronectin (FN) are the surface chemistry and functional groups, wetting, roughness
and topography, we conclude that because the samples are both hydrophilic but differ
strongly in the values of roughness as the scaffold with 20% concentration-1 syringe has
less roughness compared to sample with 16% concentration-2 syringes, therefore hy-
drophilic CA surfaces with a mean value of roughness and small diameter of fibers, is
preferable from the cells. In the last step of experiments, CA-based biofunctionalized
scaffolds were deposited on the surface of the aortic heart valve leaflets made of pyro-
lytic carbon by electrospinning. From the SEM images it was found that cells grown on
the surface of the valve successfully. The growth of cells on the biofunctionalized CA
valve surface is stronger than the one bare on both 24 h and in 3 days. The results are
promising as the cells successfully grown on the nanofibrous CA-based surface of the
aortic valve and enhance the prospect of creating an artificial valve which simulates the
characteristics of a natural valve. In this way tissue regenerated heart valves will per-
fectly simulate the external environment of the cell while avoiding adverse side effects

of surgery and a lifetime pharmaceutical anticoagulation.

5. Conclusion

In summary, we have successfully performed the development and characterization of
the physicochemical and morphological properties of cellulose-acetate-based nano-

scaffolds and the subsequent use of them as coverings onto aortic heart valve surface in
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order to attempt creation of an artificial valve that simulates the properties of a native
valve. Bioactive factors, such as RGD peptides and laminins not only make the valve’s
surface more biocompatible but also could provide controlled endothyliazation and
therefore a reduction in valve thrombosis. In this way, if we manage to combine the
advantages of artificial valves with those of biological ones, it is almost sure that in the
future we will have more efficient valves, which will not generate thrombosis after ad-
mission the patient’s body and so the patient would not need anticoagulation for a life-
time. Although modest progress has been made toward the goal of a clinically useful
tissue engineered heart valve, further success and ultimate human benefit will be de-
pendent upon advances in biodegradable scaffolds, cellular manipulation and biofunc-

tionalization strategies for rebuilding the native cardiac tissues.
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