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Abstract

Cardiovascular disease remains the leading causkeath. Damaged heart muscle is the
etiology of heart failure. Heart failure is the mé®quent cause of hospital and emergency
room admissions. As a differentiated organ, curtieatapeutics and techniques can not repair
or replace the damaged myocardial tissue. Myodatiiaue engineering is one of the
promising treatment modalities for repairing danthdeeart tissue in patients with heart
failure. In this work, random Polylactic acid (PLARolylactic acid/Polyethylene glycol
(PLA/PEG) and random and aligned Polylactic acitd/@bylene glycol/Collagen
(PLA/PEG/COL) nanofiber patches were successfullgdpced by the electrospinning
technique.In vitro cytotoxic test (MTT), morphological (SEM), moleaul interactions
between the components (FT-IR), thermal analysiSQP tensile strength and physical

analysis were carried out after production. Theltesy nanofiber patches exhibited beadless
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and smooth structure8Vhen the fiber diameters were examined, it was rolsethat the
collagen doped random nanofiber patches had thedofiber diameter value (755 nm).
Mechanical characterization results showed thagnell nanofiber patches had maximum
tensile strength (5.90 MPa) values compared to PBARA/PEG, and PLA/PEG/COL
(random).In vitro degradation test reported that aligned patch hadhtghest degradation
ratio. The produced patches displayed good alighmaetih tissue on cardiomyocyte cell
morphology studies. In conclusion, newly producedichbes have noticeable potential as a
tissue-like cardiac patch for regeneration effafter myocardial infarction.

Keywords. Collagen; Electrospinning; Myocardial tissue engmieg; Polylactic acid;
Polyethylene glycol.

1.Introduction

The heart is the vital organ for circulation andcsmposed of a complex interplay of
myocardial cells with scaffolding tissue and a retwof blood vessels. Arteries provide
oxygen-rich blood to the cells. Heart tissue andaoaydial cells require large amounts of
oxygen which are provided by coronary arteriesthé# coronary artery suddenly becomes
occluded, the blood flow to that part of the heartompletely interrupted resulting in tissue
necrosis. This condition is defined as a myocardifrction (MIl) and is the leading cause of
morbidity and mortality in the developed world. el other organs such as the skin or liver,
the cardiac muscle's ability to regenerate itselfdry limited* Therefore, any damage in the
heart tissue is permanent. The conversion of attheahyocardium into non-contractile
fibrous scar tissue after infarction reduces tHectiveness of cardiac contraction. Patients
who survive MI frequently develop heart failure, ieh is defined as the clinical state
resulting from the inadequacy of the heart to pusnpugh blood to the body's metabolic
requirements. In the United States, nearly 5 nmlipeople live with heart failure. There are

multiple approaches to cardiac regeneration inagdirand preclinical studies, including heart



transplant, stem cell therapy, hydrogels injectiang cardiac tissue engineering. The rapid
development of tissue engineering has provided nmesthods for the treatment of tissue
damage caused by an MI. The great achievement®mm sell technology make it possible
that unlimited numbers of stem cell-derived cardiatts could be provided for regeneration
purposes:® Another novel method is the production of scaffotgpbatches, which support cell
growth and formation of an integrated tissue oraargmicroenvironmerit® Several
parameters are considered crucial when using ttoh paethod. These are material selection,
mechanical properties, biocompatibility, surfacearelateristics, degradation rate, and cell
seeding conditions. Nanofiber patch can be prodiged variety of methods such as self-
assembly nanofibers, emulsion freeze-drying, gaaming, solvent casting/particulate
leaching, computer-aided design technology, thdymalduced phase separation, and
electrospinning.

Electrospinning is one of the good choices to dgwvesuccessful cardiovascular tissue
regeneration systems. This method is common in ldrgbal Tissue Engineering (MTE) and
has been suggested for various biomaterials. Blguitining is a simple, versatile fiber or
nanofiber production method which uses electricdoto draw charged threads of polymer
solutions. In order to fabricate composite fibethaglectrospinning, biomaterials like PLA,
PEG, and Collagen are effective materials. Eleptrogpatch made of synthetic and natural
polymers has been used for cardiac tissue engimpariseveral studi€s’® The biomaterials
to be used for the patch for myocardium regenaratieed to be compatible with the natural
tissue and cells, also need to support cell adheslifferentiation, and proliferation. Yet, the
product should not compromise the elasticity of tngan. The common natural polymers
used in cardiac tissue engineering include collafjbrinogen, chitosan, and gelatin. Natural
polymers such as collagen, fibrin, and polysacdesrhave shown their potential for leading

to efficient cell differentiation and enhanced migtion with cardiac ceII%.However, most



natural polymers have poor mechanical propertiesseBrchers have investigated the
combination of collagen and synthetic polymeric enials.

Synthetic biocompatible polymers such as PLA isockutoon when higher mechanical
properties are required. Both materials would dbuate to the patch with equal importance.
The synthetic polymer would provide suitable meatansupport, whereas the natural
collagen polymer would confer to the cells a marevivo-like environment. The elastic
properties of successful patch materials shouldit@ar to those of the natural heart. The
effect of these fibers that can withstand this iemsluring cardiac contraction and relaxation
movement occurs during each heartbeat and alsasabells to attach to the structdfe?
One of the preferred elastic polymers in tissuarexeging is polyethylene glycol (PEG). The
majority of the extracellular matrix (ECM) is cafjean, which has to turn into an appropriate
choice of material in cardiac tissue engineering thuits advantages such as it can provide
mechanical support for the ischemic heart; imprstean cell attachment and engraftment;
develop the delivery of bioactive agents for mydérrepair?

In this study, the combination of biomaterials sashCollagen, PEG and PLA were used to
produce nanofiber patch with therapeutic strategsiag electrospinning technique which
allows the production of aligned and random nareyBlboy changing the rotating speed of the
collector and working distance. It is known thae thligned nanofibers had enhanced
mechanical properties and superior cell orientatiorigration, and differentiatioff. To
provide a particular direction; mechanical, el@etki and magnetic forces have been utilized
in applications. In this presented study, the eledltfield was used for aligning the nanofiber
patches to observe the cardiomyocyte cell direaitect on the regeneration of Ml.

2. Material and Methods

2.1 Materials



Polylactic acid (PLA) 2003D was purchased from NMatWorks LLC, Minnetonka, MN.
Polyethylene glycol 4000 (PEG 4000) Mw=3500-4500m/and Collagen type | (Col) were
purchased from Sigma-Aldrich. Other chemicals Aceitid (CHCOOH), Chloroform and
Tween 80 (viscous liquid) were obtained from Sigitdrich.

2.2 Preparation and characterization of electrospinning solutions

Different solutions were prepared at various cotre¢gions and shown in Table 1. PLA
granules were dissolved in 20 ml chloroform at nedignstirring (Wise Stir®, MSH-20 A,
Germany) for about 2 hrs to obtain a solution cstesi of 8 wt. % at room temperature. After
mixing, 3wt. % Tween 80 was added into the PLA g8otuand the solution was stirred for a
further 15 min. Following that, different concertibas of PEG as 1, 3, and 5 wt.% added to
the 8wt.% PLA solution and this mixture were stirfer 10 min. To prepare the collagen
type | solution, 4 ml distilled water, 1 ml ace#icid, and 1 mg collagen were mixed for a half
hour. This solution was added into the 8wt.%PLA/YWREG to obtain
8wt.%PLA/1wt.%PEG/1wt.%COL solution.

Density, electrical conductivity, surface tensiand viscosity values were measured to
determine the physical characterization of the areg electrospinning solutions. Density was
measured by using a standard 10 ml bottle. Therelalcconductivity was measured using
the Cond 3110 SET 1, WTW, Germany. The surfaceideanwas measured using a force
tensiometer Sigma 703D, Attention, Germany. Theosgy was determined using a DV-E,
Brookfield AMETEK, USA instrument. All the experimes were carried out at the ambient
condition (23°C).

2.3 Fabrication of the patches by electrospinning method

The experimental setup composes a syringe pump3ME-New Era Pump Systems, Inc.,
USA), a single brass needle (diameter of 1.63 nimg)y voltage power supply connected to

the needle and a laboratory-scale electrospinnimig(NS24, Inovenso Co., Turkey) (Figure



1). Polymer solutions were filled into 10 ml plassiyringes. The collector and the tip of the
needle were connected to a high-voltage power gupar electrospinning, the solutions
were delivered with a constant flow rate of 3 mi&ing a syringe pump. The voltage was
subjected to about 26 kV. The working distance ketwthe needle tip and the oily paper
coated circular collector was set to 170 mm. Al #xperiments were performed at ambient
conditions (23C). To obtain the aligned electrospun patch, Tritetice (Origin Machine,
Turkey) was used, which is available for the prdituncof the different solutions at the same
time. In this study, electrospun patches were predwat 18 kV, 12 cm distance between the
collector and needle, and 4 mi/hr flow rate. Cdbecrotating speed was adjusted 100
revolutions per minute.

2.4 Characterization of Electrospun Patches

2.4.1 Fourier transform infrared spectroscopy (FT-IR)

Fourier-transformed infrared spectroscopy (FTIRAlgsis was performed with a Jasco FT /
IR-4700 model machine in order to determine thetional groups of the electrospun patches
and to examine the bond structures. The measurememe carried out at room temperature
(23°C) in the transmission mode over the range 4000400 and averaged over 32 scans
with 4 cm™* resolution. Know-it-all software was used to amalgpectrums.

2.4.2 Scanning electron microscopy (SEM)

The morphological characterization of electrospattipes was investigated using a Scanning
Electron Microscope (SEM, EVO LS 10, ZEISS). Befamaging, samples were sputter-
coated with gold-palladium for 120 s using a Quor8@7620 Mini Sputter Coater. The
applied accelerating voltage was 10 kV. The aveffdgg diameter and their distribution
were measured by using image software (Olympusy&i&l USA).

2.4.3 Mechanical properties



Before the tests, each different sample was sesdionto five rectangular-shaped samples
which are 5 cm in length and 1 cm in width. Thekhiess of each tensile test specimen was
measured using a high-accuracy digital micromé¢itu¢oyo, USA). The tensile strength and
strain of electrospun patches were performed uairtgnsile tester (Shimadzu, Japan) by
means of running special software. All samples veaitgected to test the speed of 5 mm/min
until the breaking point at room temperature €3

2.4.4 Differential scanning calorimetry analysis (DSC)

The thermal properties such as melting temperat{irgs and glass transition temperatures
(Tg) of the electrospun patches were examined by uaiddferential scanning calorimeter
(DSC) (Shimadzu, Japan). Temperature ranges wéusted from 25°C to 100°C for all
patches and the heating rate was selected ¥/d0n.

2.4.5In vitro degradation test
Since the 8%PLA/1%PEG, 8%PLA/1%PEG/1%COL randomd, 8PLA/1%PEG/1%COL

aligned patches had high viability values in cellture test, the degradation behaviour of
these patches were tested to examine the masseck#iegt in cell viability valuedn vitro
degradation behavior was evaluated in a phosphdferbd salline (PBS, pH=7.4) for a week
and measurements were taken every day. Duringepeadation test, PBS was changed every
measurement to provide fresh PBS to the patchesateng 2.4.5.1 was used to calculate the
weight loss (W) of the patches in PBS. In this equatiog i/the initial weight and Wis the

dried weight of the patchés.

w=2""4 100 (2.Ap

Wo
246 MTT Cytotoxicity Assay
HOC2 cell is a human cardiomyocyte cell line pusdthfrom the American Type Culture
Collection (from ATCC). Cells were cultured in colef@ Dulbecco's Modified Eagle

Medium (DMEM) supplemented with 10% fetal bovine ruse (FBS), 1%



Penicillin/Streptomycin and incubated at 37 ° C &3d CQ. To examine cell viability on
both non-degradable and degraded patches; matesaés cut and put to 24 well plates and
sterilized with UV. They were incubated at 37 °1@&% CQ in 1 ml of 10% fetal bovine
serum (FBS), 1% Penicillin/Streptomycin supplemdmiéth DMEM at 20x16 cells per
well. The medium was added daily (500 pL). MTT paul: Cell viability was measured
using MTT reagent (Sigma) dissolved in PBS (5 myp/rh00 pL is taken from this parent
stock and seeded on cells and materials in DMEMpleapented with 10% FBS, 1%
Penicillin/Streptomycin and incubated for 3 houts3& ° C and 5% C® DMEM was
withdrawn from the cell-medium and formazan crystakere dissolved in 500 uL DMSO
solution, followed by 4 replicates in 96 well-plateneasured by light absorbance at 570 nm.
HIC2 cell was cultured at 20x%16ells/cnf on the nanofiber patches in the 24 well plate for
the F-actin staining. Firstly, HOC2 proliferation the nanofiber patch was performed for a
period of 4 days, after that the F-actin stainingAbcam, CytoPainter F-actin Labeling Kit)
was carried out to examine the cell phenotype auegrto manufacturer standard. Initially,
the cells were fixed with 4% formaldehyde (Sigmba)yaom temperature for 15 min. Then,
they were washed and incubated with 0.1 % TritohOR-(Merck) to enhance permeability
for 10 minutes. The cells and green fluorescentlgldan conjugates were incubated together
for 1 h at room temperature. Then, the cell-naresfipatches were washed with PBS and
incubated with DAPI (Invitrogen) (1:5000) for 10mto stain the nuclei. Before mounting on
a glass slide, patches were washed with PBS arydwhbee visualized under laser scanning
confocal microscopy (LSM 700, Zeiss).

3. Resultsand Discussions

3.1 Physical characterization of the polymer solutions

The physical properties of electrospinning solugisach as density, surface tension, electrical

conductivity, and viscosity are one of the most am@nt parameters affecting the spinning



process’ These parameters have been observed to affectrosipen polymer fiber
homogeneity and nanofiber formatithEor example, electrical conductivity and viscositg
the parameters that affect fiber diameters mosct&tal conductivity is very important for
the structure of the fibers producEdSince solutions with high electrical conductiviye
known to have a reducing effect on fiber diamet&t& Physical properties of solutions used
in electrospinning are shown in Table 2. By theitiall of different amounts of PEG into the
PLA, it was observed that PEG affects the viscasitsameters reversety?* Although small
amounts of Collagen | were added to 8%PLA/1%PEGrpshincreases in electrical
conductivity were observed.As a result, the presence of the collagen posjtiaffected the
electrical conductivity of the nanofiber patchescéuse collagen had good electrical
conductivity. In addition to this result, it hasdmereported in previous studies that Tween-80,
an amphiphilic, nonionic, non-toxic surfactant, noyes the spinnability and high
homogeneity of fibers by adding to spinning solnsit*?*

3.2 Fourier transform infrared spectroscopy (FT-IR)

FTIR analysis was carried out to investigate thecfional groups of electrospun nanofiber
patches (Figure 2). PLA related infrared spectraewsbserved in the curve of PLA, PLA-
PEG and PLA-PEG-Collagen nanofiber patches. Figufa), collagen characteristic amide
peaks: Amide | observed~at627 cm™ due to they(C=0) vibrations,~1336-1450 crit are
due to thed(CHs), 6(CHy) stretching and(C- N), 6(N- H) absorption bands of amide Ili
(~1235 cm™).?® Figure 2 (b), PEG characteristic infrared bandsewebserved CH
stretching at 2890 crhand the CIO (ether) stretching at 1125 chi® Figure 2 (c), PLA the
main absorption peaks were observed C=0 vibrateak @t 1749 cid, CH; asymmetrical
scissoring at 1453 ¢y C-O, C-O-C stretching at 1080 ¢mC—CH stretching at
1042cm™ and C—COO stretching peak at 867 tiff Since the amount of PLA was high, the

added materials caused very little shifts.



3.3 Morphological characterization of patches

Scanning Electron Microscopy (SEM) was used to tstdad the morphology of the
nanofiber patches produced. The diameters of eatiple were measured. SEM images and
diameters of the prepared nanofiber patches amngiv Figure 3, which demonstrated the
morphology of the random and aligned nanofiber Ipegcand their corresponding diameter
distribution. Highly uniform and smooth nanofibeen formed without the occurrence of
bead defects for all the random and aligned naapfiatches. It was observed that nanofiber
patches' diameters increased when PEG was additkeirent ratios. The results found in this
study have been presented in previous stffli®&sThe mean nanofiber diameters were
14724534 nm, 1569+253 nm, 1665+267 nm and 1881##@ilcorresponding to the PLA,
PLA/PEG ratio of 8/0, 8/1, 8/3 and 8/5 respectively

The nanofiber diameter decreased sharply with gddih1lwt. % Collagen into the 8%
PLA/1%PEG. A possible explanation is that thisaitn might be due to the high electrical
conductivity of collage’ Furthermore, the random and aligned nanofiberheathad the
mean fiber diameters, which were 752+142 nm, 108642m, respectively. Compared with
the random and aligned nanofiber patches, theadigranofibers possessed a larger diameter
due to the voltage and working distance differermetsveen them which were 18kV, 12 cm
for aligned and 26kV, 17 cm for random nanofibeicpas.

3.4 Mechanical examination of the patchesby Tensile Testing

The tensile properties of all nanofiber patchesewiawvestigated at room temperature, as
shown in Table 3 with values of tensile strengttl alongation at break (%). Such results are
crucial in determining the elasticity of the protluthe neat PLA had the lowest strain value
compared to the other nanofiber patches. Thist®tuavas the typical result for PLA which
has a rigid and brittle structure. Its tensile st was high, but with limited and low

elongation at break. By the addition of the PEG into the 8%PLA, straialues were
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increased however tensile strength values wereedsed except for 8%PLA/1%PEG
nanofiber patch which had the minimum PEG contert This result revealed that with the
increase of the strain at break, and the brittlerné$’LA decreased indicated that elongation
and brittleness are inversely proportional to eaitter.** Another important result was that
the tensile strength values of the aligned nanofitetch were higher than the random
nanofiber patch. This result showed that alignedofiners had a constitutional tensile
strength in the direction of alignment.The reason for low tensile strength and strabreak
values of random nanofiber patch compared to thvasges of aligned nanofiber patch that
random nanofiber had a highly porous structure Wwhiould be a negative effect on
mechanical propertied?

3.5 Differential Scanning Calorimetry (DSC)

Thermal transition temperatures affect the physiteracteristics of PLA, such as density,
heat capacity, and rheological measurements. Dapgd the thermal properties, PLA can
be amorphous or semi-crystalline in the solid st&#ass transition temperature is an
important parameter for determining the upper wsmperature of PLA for commercial
applications” In Figure 4, it was observed only the single glaassition temperature peak
for all patches. This might be due to the effectiveractions and distributions between the
polymers, there no phase separation observed. @assition temperatures for 8%PLA,
8%PLA/1%PEG, 8%PLA/3%PEG, 8%PLA/S%PEG, 8%PLA/1%PER&COL, patches were
56, 59, 57, 57, and 53 °C, respectively. The gldsansition temperature of
8%PLA/1%PEG/1%COL was lower compared to 8%PLA anitheio patches. The
8%PLA/1%PEG patch had a maximum glass transitiorpgzature value. By the addition of
more PEG into 8%PLA, glass transition temperatalee shifted to higher temperaturés.

3.6 In vitro degradation behaviours of the nanofiber patches

In vitro degradation study was carried out to determineb#teaviour of the patches in the

agueous environment. In Figure 5, all nanofibeclpad showed swelling behaviour after 24 h
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incubation. 8%PLA/1%PEG/1%COL aligned patch had highest swelling ratio (602%)
between them. The lowest swelling ratio (313%) wasserved for the sample of
8%PLA/1%PEG. On the second day, the swelling rati8%PLA/1%PEG/1%COL random
patch continued to increase. On the third day, atéagion ratios of all the nanofiber patches
decreased and this behavior continued for othes dayto seventh days of incubation time.
When the one-week incubation was evaluated, itseas that initially the patches absorbed
the PBS and then mass loss was started for alhgstdaximum degradation ratio was seen
for 8%PLA/1%PEG/1%COL aligned patch and 8%PLA/1%PPB&tch had the least
degradation ratio. Since the swelling ratio of 86PLA/1%PEG/1%COL aligned patch was
high, its degradation ratio was also fast to decusap/

3.7 Cdll viability results of the patches

The cell viability of nanofiber patches was examdirfer 1, and 3 days after seeding and
results were shown in Figure 6a. Cell viabilitywed of patches after 1-day incubation were
lower than the control group (H9C2 cell). Maximumhility observed for the aligned patch
for 1-day incubation. On"3day, it was found a significant increase in thebility values of
the patches containing collagen. Especially, thgnatl patch had a maximum cell viability
value (143%), this gave a 43% difference compaoethé¢ control group (%100). Another
result of the cell viability test was that cell bisty was very low by adding more PEG into
the 8%PLA. In Liu et al. was found that at high centrations, PEG-1000, PEG-4000, and
mPEGMA-950 exhibited moderate cytotoxicit§.

The cell viability of degraded nanofiber patche®%B.A/1%PEG, 8%PLA/1%PEG/1%COL
random, 8%PLA/1%PEG/1%COL aligned), was also peréat to examine the mass change
effect on the viability for 1, and 3 days incubatidn Figure 6b, it was observed 38%
decrease in cell viability for 8%PLA/1%PEG nanofilpatch after 1 day incubation and 15%

decrease after 3 days incubation period. Howevevas seen that the patches which have
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collagen protein displayed an increasing behaviourcell viability for 1 and 3 days
incubation time. On day 1, the difference betwelea viability values before and after
degradation was 229% for the 8%PLA/1%PEG/1%COL eandanofiber patch. On day 3, it
was found that the difference was 77%. On the olfagrd, no significant increase in cell
viability values of 8%PLA/1%PEG/1%COL aligned pastbefore and after degradation was
observed. The differences were 28% and 1.8% fandL3adays incubation, respectively for
aligned patchWhen the viability values of the non-degradable a®djraded nanofiber
patches were compared, it was concluded that crllp18A/1%PEG nanofiber patch showed
a decrease in cell viability. Other patches hadtalrle increase in the viability values during
the incubation period. The reason for this behavoan be explained as both
8%PLA/1%PEG/1%COL random and 8%PLA/1%PEG/1%COL nady patches had high
degradation ratios which can improve the survifahe cells*

To observe the distribution of cells on the nanafipatches, the confocal microscope was
used. Figure 7 showed the confocal images of th@l3%1%PEG/1%COL random and
aligned patches with their scale bars. After 4 dagubation, nuclei were seen with
phenotypes for two patches. In Figure 7a, it carsdid that cells on the patches also had
random distribution. However, for aligned patchedg-igure 7b, it can be said that cells had
nearly aligned arrays throughout the aligned pattis alignment can be more obvious after
7 days culture period and cell morphology can benged.*° However, this confocal image
showed the difference between the random and aligaeofiber patches. It can be deduced
from is that aligned patch has the capacity toyattna cells.

3.7 Céll adhesion and growth on patches

The produced patch materials should be suitabledbrattachment and proliferation in order
to get a functional cell network. The morphologyH#C?2 cells on patches was investigated

by SEM for 8%PLA/AI%PEG and 8%PLA/1%PEG/1%COL randomand
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8%PLA/1%PEG/1%COL aligned patches. The aim wagfterdntiate the characteristics of
cell attachment and growth between the random &gdea patches. As shown in Figure 8,
cells spread on scaffolds effectively after 3 dafysncubation. As Figure 8 (a, b) indicate,
cells on 8%PLA/1%PEG were attached to each othwet,farmed large clumps instead of
spreading on the patch&sin Figure 8 (c, d), 8%PLA/1%PEG/1%COL random patdth
homogeneous, broad cell attachment showed spreadege/* Figure 8 (e, f) showed the
SEM images of 8%PLA/1%PEG/1%COL aligned patch w#h attachment. It was seen that
HOC2 cells on the aligned patches were spread dlmganofiber direction. The cells were
oriented as desired on the aligned structured naegrsfand connect with each other along an
aligned line®® It can be deduced from those aligned patches kéerbcell guidance than
random patches. However, it should be noted tHapatches improved cell growth and
attachment efficaciously. In particular, the céfhahment results showed that collagen is both
responsible for the strength and alignment of cangocytes and also responsible for the
myocardial hardnes$!

Conclusions

Myocardial regeneration is an attractive targettfssue engineering. In the present study,
random and aligned nanofiber patches by using &digl acid (PLA) Polyethylene glycol
(PEG) and Collagen were fabricated through elepinosng. It was observed that viscosity
decreases as PEG are added to PLA in differerdstafi significant increase in electrical
conductivity was observed after adding even a sarathunt of collagen to %8 PLA%1 PEG
(wt). With the addition of collagen, fiber diameteas reduced in both random and aligned
nanofiber patches. The lowest fiber diameter (768 was observed in the random sample
containing collagen. With PEG addition into the Pisth various amounts, it was reported
that PEG increased the glass transition temperaifithhe neat PLA. However, collagen

addition decreased the glass transition temperdtyrabout 3°C. Another important result
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was that the tensile strength of aligned nanofipaiches had the maximum value. The

8%PLA/1%PEG, 8%PLA/1%PEG random, and 8%PLA/1%PEGal patches were tested

in PBS for 7 days incubation time and cell studiesformed again for these patches to
observe the mass change effect on the viabilitywesl Cell viability before and after
degradation test and proliferation studies disglayemising findings. Random and aligned
patches show the therapeutic potential of myochmdjpair and tissue engineering. Most
importantly, aligned patches had a maximum cebnity rate. Cardiomyocyte cells grow on
the aligned patches homogeneously. The newly dediggnd developed patch shows
promising characteristias vitro models.

Acknowledgements

This study supported financially by FEN-C-YLP-10860539 project.

References

1 R. Zak,Amer.Heart Ass.Monogr., 1974, 35, 17-26.

2 P. Bianco and P. G. Robdyature., 2001,414, 118.

3 A. Jaklenec, A. Stamp, E. Deweerd, A. Sherwin BndLanger,Tissue Eng. - Part B
Rev., 2012,18, 155-166.

4 L. G. Griffith and G. Naughtorgcience, 2002,295, 1009.

5 S. F. Badylak, D. J. Weiss, A. Caplan and P. Maafihi, Lancet, 2012,379, 943-952.

6 A. Tmayol, M. Akbari, N. Annabi, A. Paul, A. Khathhosseini and D. Juncker,

Biotechnol. Adv., 2013,31, 669-687.

7 S. Mukherjee, C. Gualandi, M. L. Focarete, R.iB@andran, J. R. Venugopal, M.
Raghunath and S. RamakrishdaViater. Sci. Mater. Med., , DOI:10.1007/s10856-
011-4351-2.

8 P. H. Kimand J. Y. Ch@&MB Rep., 2016,49, 26-36.

9 M. Kitsara, O. Agbulut, D. Kontziampasis, Y. Chemd P. Menaschécta Biomater .,

15



10

11

12

13

14

15

16

17

18

19

20

21

22

2017,48, 20-40.

T. C. McDeuvitt, K. A. Woodhouse, S. D. Hausch&aE. Murry and P. S. Staytah,
Biomed. Mater. Res. - Part A, 2002, 586-595.

R. K. lyer, L. L. Y. Chiu and M. Radisid, Biomed. Mater. Res. - Part A, 2006,40,
877.

W. Wu, S. Peng, Z. Song, S. Librug Delivery and Translational Research, 2019, 9,

920-934.

. N. Mohan and M. S. Detamore,Nlanotechnology Applications for Tissue Engineering,

2015, 57-75.
FH. Zulkifli, F. S. J. Hussain, M. S. B.A. Rasl M. Yusoff, Polymer Degradation

and Sability, 2014, 110, 473-481.

. H. W. Kwak, M. Shin, J. Y. Lee, H. Yun, D. Wor®), Y. Yang, B. S. Shin, Y. H. Park

and K. H. Lee|nt. J. Biol. Macromol., 2017,102, 1092-1103.

S. Tan, R. Inai, M. Kotaki and S. RamakrishHPaymer. 2005,46, 6128—6134.

C. Mit-Uppatham, M. Nithitanakul and P. SupapMecromol. Chem. Phys., 2004,
205, 2327-2338.

T. Jarusuwannapoom, W. Hongrojjanawiwat, Saidtem, L. Wannatong, M.
Nithitanakul, C. Pattamaprom, P. Koombhongse, RigRapan and P. Supaph&lr.
Polym. J., 2005,41, 409.

R. Konwarh, N. Karak and M. MisrBiotechnol. Adv., 2013,31, 421.

M. Bijarimi, S. Ahmad, R. Rasid, M. A. Khushaamd M. Zakir, inAIP Conference
Proceedings, 2016.D0I:10.1063/1.4945957

E. Hendrick and M. Frey, Eng. Fiber. Fabr., 2014,9, 153-164.

M. O. Aydogdu, J. Chou, E. Altun, N. Ekren, Sk@ak, M. Eroglu, A. A. Osman, O.

Kutlu, E. T. Oner, G. Avsar, F. N. Oktar, I. Yilmand O. Gunduzant. J. Polym.

16



23

24

25

26

27

28

29

30

31

32.

33.

Mater. Polym. Biomater., 2019,68, 243-255.
R. RoSic, P. Kocbek, S. Baumgartner and J. IKdisDrug Deliv. Si. Technol., 2019,
21, 229-236
S. Q. Wang, J. H. He and L. Xeglym. Int., 2008, 57, 1079-1082.
C. Mahapatra, G. Z. Jin and H. W. Kimssue Eng. Regen. Med., 2016,13, 538-546.
R. Patel and M. Patéel, Dispers. Sci. Technol., 2008, 29, 193-204.
S. Cesur, F. N. Oktar, N. Ekren, O. Kilic, D.ABkaya, S. A. Seyhan, Z. R. Ege, C.-C.
Lin, S. E. Kuruca, G. Erdemir and O. GunddizAust. Ceram. Soc., 2019, 1-11.
M. Spasova, O. Stoilova, N. Manolova, |. Rash&ng G. Altankov,). Bioact.
Compat. Polym., 2007,22, 62-76
S. J. Reinholt, A. Sonnenfeldt, A. Naik, M. We¥and A. J. Baeumnefnal.
Bioanal. Chem., 2014,406, 3297-3304.
N. C. Nepomuceno, M. A. Barbosa, R. F. Bonak, Dliveira, F. C. Sampaio and E.
S. Medeiros,). Appl. Polym. Sci., 2018,135, 9
B. W. Chieng, N. A. Ibrahim, W. M. Z. Wan Yunasd M. Z. Hussein, in Advanced
Materials Research, 2014, 6, 93-104.
A. K. Mohapatra, S. Mohanty and S. K. Nayaélym. Compos., 2014, 35, 283-293.

H. Y. Lin, W. C. Tsai and S. H. Chang, JorBater. Sci. Polym. Ed., 2017, 28, 664-678.

34. A. Doustgani, E. Vasheghani-Farahani, M. $ad&ii and S. Hashemi-Najafabadi, Int. J.

Nanosci. Nanotechnol., 2011, 7, 127-132.

35. L. T. Sin, A. R. Rahmat and W. A. W. A. Rahmiantiandbook of Biopolymers and

Biodegradable Plastics: Properties, €&sing and Applications, 2012, 55-69.

36. J. Ren, H. Hong, T. Ren and X. TeRgact. Funct. Polym., 2006,66, 944—951.

37

D. Wang, D. J.T. Hill, H. Peng, A. Symons, Srafasi, A. K. Whittaker, F. Rasoul,

Macromol. Symp., 2010, 296, 233-237.

17



38. G. Liu, Y. Li, L. Yang, Y. Wei, X. Wang, Z. Wgrand L. TaoRSC Adv., 2017, 7, 18252-
18259.

39. J.Yi, F. Xiong, B. Li, H. Chen, Y. Yin, H. D&b. Li, Regen Biomater., 2016, 3.

40. M. Khan, Y. Xu, S. Hua, J. Johnson, A. Belevyyeaul M, L. Janssen, S. Gyorke, J.
Guan, M. G. Angelos, PLOS ONE, 2015.

41.Y. Ganiji, Q. Li, E. S. Quabius, M. Bottner, &lhuber-Unkel and M. Kasriater. Sci.
Eng. C, 2016,59, 10-18.

42  B. Celebi Saltik and M. O. OteyaKayrkish J. Biol., 2016, 40, 510-518.

43 D. Kai, M. P. Prabhakaran, G. Jin and S. Rarshkd,J. Biomed. Mater. Res. - Part
B Appl. Biomater., 2011,98, 379-386.

44  B. W. Chieng, N. A. Ibrahim, W. M. Z. Wan Yunasd M. Z. Hussein, iddvanced

Materials Research, 2014,6, 93-104.

18



Table 1. Content table of solution samples.

Nanofiber PLA content PEG content COL content Tween 30
Patches (Wt %) (Wt %) (Wt %) (Wt %)

SPLA 8 0 0 3
SPLA/IPEG 8 1 0 3
SPLASSPEG 8 3 0 3
EPLA/SPEG 8 5 0 3
EPLATPEG/1COL 8 1 1 3
(Random)

EPLAMTPEG/1COL 8 1 1 3

(Aligned)

19



Table 2. Physical characterization of solutions used betiloeeelectrospinning process.

Concentration of Density (g/cm?) Electrical Surface Tension Viscosity
Solutions Conductivity )
(nS/cm) (mN/m) (mPa.s)
8 wt. % PLA 1.400 12 2854 56
8 wt. % PLA 1488 08 29.01 732
1 wt.% PEG
8 wt. % PLA 1.478 09 29 45 644
3 wt % PEG
8 wt. % PLA 1.470 1.0 29 67 625
5wt % PEG
8 wt. % PLA 1.409 64.1 2946 580
1 wt. % PEG
1 wt.% COL

20



Table 3. Tensile test measurement results of nanofiber patch

Nanofiber Tensile strength Strain at break
Patches (MPa) (%)
Swt %PLA 024006 6117 =0.74
wt.%PLA/]1 wt.%PEG 025+0,03 14248171
8 wt.%PLA/3 wt.%PEG 0.11+0.008 187.859 =402
8 wt.%PLA/S wt.% wt.%PEG 0.10+ 002 19256 = 8.47
Ewt.%PLA/ 1wt %PEG/1 wt.%COL 011001 72,13 =246
(Random)
Ewt.%PLA/ 1wt %PEG/1 wt.%COL 590+400 8408=x1176

(Aligned)
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Figure 1. Schematic images of the nanofiber patches prodogéke electrospinning

method.
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23



Mean=1472,51
12,51 =] Std. Dev.=534,567
MN=100

10,05

7.5

|
_L___,f""'

Frequency (%)

0.0 v L] T
1000 2000 3000 4000

Diameter {nm)

20| Mean = 1569,41
Std. Dev, = 253,016 I
N=100 A -
15 /’"
sl
= IS
(%]
s
3 107 / \
=4
£
m ———
3 \
=1 (N
0= | 1
800 41000 1200 1400 1600 1800 2000
Diameter (nm)
257 Mean = 1665,72
Std. Dev. = 267,888 =
N=100 o
20
S /]
> 15
=
@
3
o
10 \
(e
5-—.
0= I |

500 1000 1500 2000 2500
Diameter (nm)

24



] e idou
A N..ml\‘.
— 8 B
* / \
=
(4]
§ 7] / X‘
=
o
2
L 4 —
z—c
0

| I I
1000 1500 2000 2500 3000
Diameter (nm)

307 Mean = 752,97
i Std. Dev. = 142,00
N =100
> 20 T
E
g 2
fra / = =
10 — N\
_x:r// \\‘
0 1
400 600 800 1000
Fiber Diameter (nm)
207 Mean = 100633
Std. Dev. = 281,498
M =100
157 1
> o \
[+
: -
g .
o 10 = \
o
u 7& \
51 ' Z T
// |

1 I I
500 750 41000 1250 1500 1750

Fiber Diameter (nm)

Figure 3. Scanning electron microscopy images and fiber dtandistribution of nanofiber
patches: 8 %PLA (a), 8%PLA/1%PEG (b), 8%PLA/3%PE;§%PLA/S%PEG (d), random

8%PLA/1%PEG/1%COL (e), aligned 8%PLA/1%PEG/1%COL (f

25



mw

e 8% PLA
s 8%PLA/1%PEG
8% PLA/3%PEG
i s 8%PLA/5%PEG
1.00- s 8%PLA f1%PEG /1% COL

000 ~—3 g
i H . .;f' -

-1.00-

20.00 40.00 60.00 80.00 100.00
Temp [C]

Figure4.DSC thermographs of the nanofiber patches withr thbels.

26



700 -
600 - I 8%PLA/1%PEG
] 2 - 8%PLA/1%PEG/1%COL (random)
< 500 - -3¢+ 8%PLA/1%PEG/1%COL (aligned)
§ 1 ; ............. AELEIE TP ;
= _ :
® 400 - R
.g i i'.:: ...... I .....
® 300 | I 3 B 2
- i L . - ; .............
E { - - . e 000 oo wreeslleeag ;.. .... i’
[T : g... ¥
O 1 . . "...
Q 200 - B e v
100 -
0 - — T T
1 2 3 4 5 3 7
Time (days)
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Table 1.

Nanofiber PL A content PEG content COL content Tween 80
Patches (Wt %) (Wt %) (Wt %) (Wt %)
8PLA 8 0 0 3
8PLA/1PEG 8 1 0 3
8PLA/3PEG 8 3 0 3
8PLA/5PEG 8 5 0 3
8PLA/1PEG/1COL 8 1 1 3
(Random)

8PLA/1PEG/1COL 8 1 1 3

(Aligned)




Table 2.

Concentration of Density (g/cm®) Electrical Surface Tension Viscosity
Solutions Conductivity

(nS/cm) (mN/m) (mPa.s)
8wt. % PLA 1.400 1.2 28.54 56
8wt. % PLA 1.488 0.8 29.01 732
1 wt.% PEG
8wt. % PLA 1.478 0.9 29.45 644
3 wt.% PEG
8wt. % PLA 1.470 1.0 29.67 625
5wt.% PEG
8wt. % PLA 1.409 64.1 29.46 580
1 wt. % PEG

1 wt.% COL




Table 3.

Nanofiber Tensile strength Strain at break
Patches (MPa) (%)
8wt.%PLA 0.24 £ 0.06 61.17 £0.74
8wt.%PLA/1 wt.%PEG 0.25+0,03 14248 +17.1
8 wt.%PLA/3 wt.%PEG 0.11 + 0.008 187.89 +4.02
8 wWt.%PLA/5 wt.% wt.%PEG 0.10 +£0.02 192.56 + 8.47
8wt.%PLA/IWt.%PEG/1 wt.%COL 0,11+0.01 72,13 £ 2.46
(Random)
8wt.%PLA/1wt.%PEG/1 wt.%COL 5.90 £ 4.00 84.08 +11.76

(Aligned)




Highlights

1.

w

The PLA/PEG/Collagen nanofiber patches were produced successfully by using the
el ectrospinning method both random and aligned orientation.

The high speed of the collector affected the nanofiber orientation by changing from
random to aligned structures.

The high amount of PEG had atoxic effect on the cardiomyocyte cell line (H9C2).
Aligned nanofiber patches showed superior tensile strength value compared to the
random nanofiber.

The effect of aligned structure on cardiomyocyte cell behavior observed efficiently.
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