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Abstract

In the present work a three dimensional composite
scaffolds for bone tissue engineering were created
by a carding and needle-punch processes. Highly
porous nonwoven fabrics were obtained from PCL and
PCL/n-HAp cut fibers without the use of any chemicals
during the manufacturing process. The properties of
nonwoven scaffolds were examined by SEM, FTIR,
DSC and TGA methods. The average pore diameter as
well as the pore size distribution of nonwoven fabrics
were measured by a capillary flow porometry. The
obtained results suggest that needle-punching method
can be used to produce highly porous microstructures
with an interconnected pore network.

Keywords: needle-punched nonwovens, scaffold,
hydroxyapatite, poly(e-caprolactone)

[Engineering of Biomaterials 121 (2013) 2-5]

Introduction

The design of the scaffold plays a significant role for bone
tissue engineering, since the matrix provides the cells with
a tissue-specific environment and architecture [1]. Ideal
scaffold for bone tissue engineering should possess the
following characteristics: (1) highly porous microstructure
with an interconnected pore network; (2) be biodegrad-
able with a controllable degradation time; (3) have suitable
surface chemistry; (4) adequate mechanical properties that
match those of the tissue at the site of implantation, and
(5) be easily processed to form a variety of shapes and
sizes [2]. Poly(e-caprolactone) (PCL) is a semi-crystalline
biodegradable polyester. It is well known that degradation
of semicrystalline polymers occurs in two stages. The first
stage consists of degradation of the amorphous phase, re-
sulting in an increase in crystallinity of polymer. The second
stage starts when majority of the amorphous regions are de-
graded; subsequently the crystalline phase is degraded [3].
The advantages of fibre based scaffold over other kinds of
structures is that they present remarkably increased surface
area for cell attachment and a significantly improved inter-
connected pore architecture that provides easier pathways
for diffusion of gases, transportation of nutrients and migra-
tion of cells [4]. Using electrospinning it is possible to achieve
the biomimetic nonwoven scaffolds that are composed of a
large network of interconnected fibres and pores, resembling
the topographic features of the natural extracellular matrix
(ECM) [5]. However electrospun scaffolds retain several
problems such as low stiffness and mechanical stability as
well as lack of control of pore diameter and distribution [6].

Needle-punched nonwoven fabrics made of resorbable
fibres can meet all criteria which are considered necessary
for designing the ideal scaffold structure. The type of needle,
number of punches per measured area, number of layers
and amount of fibre entanglement within the layers can be
designed to create a structure with the necessary proper-
ties to facilitate growth of tissue [7]. Moreover it is possible
to modify the surface of needle-punched nonwoven fabrics
with an electrospinning method. Hydroxyapatite (HAp) is
a calcium phosphate-based bioceramics which is frequently
used as a bone graft substitute. HAp is bioactive, osteo-
conductive, non-toxic, nonimmunogenic and its structure
is crystallographically similar to that of bone apatite [8].
Our earlier research indicated that it was possible to incor-
porate the nanohydroxyapatite (n-HAp) particles into poly(e-
caprolactone) matrix during melt spinning process. Presence
of HAp particles on the surface of PCL fibres after melt spin-
ning was confirmed by SEM and FTIR studies. The current
work was conducted as an extension of previous studies.
Our goal was to develop needle-punched nonwoven pro-
duced from biodegradable PCL and PCL/n-HAp fibres with-
out the use of chemicals during the manufacturing process.
The properties of both nonwoven scaffold after needle punch
process were compared and examined.

Materials and Methods

Scaffold production

For this study, polycaprolactone fibres (PCL) containing
nanohydroxyapatite (n-HAp), prepared at the Institute of
Textile Engineering and Polymer Materials, ATH-University
of Bielsko-Biala, were selected. Before the nonwovens were
formed, the polymer was extruded by melt-spinning and
subsequent stretching to fabricate filaments. Fibres were
extruded from the melt with a temperature of 170°C and were
spun with a take up velocity of 247 m/min. Nano-hydroxya-
patite (5 w/w %) was added to the polymer powder before
melting. The receiving of masterbatch of PCL/n-HAp, before
the principal process of forming fibres was applied. The other
parameters of the forming process were: rotation of the
extruder screw 9 rpm and rotation of the passer 10 rpm [9].
Nonwoven scaffolds were prepared from cut PCL and PCL/
n-HAp fibres. Initially combed fibres were used to produce
a fibrous web by mechanical processing using a laboratory
carding machine (FIG. 1a). Then PCL and PCL/n-HAp fibers
were bonded together using a needle bed to entangle them
(FIG. 1b). For both samples the same amount of needling
and needling depth was used. The stitch density (the number
of needle penetrations per cm?) was 180.

Methods

A microscopic observation of obtained nonwoven scaffold
was made using scanning electron microscopy (Jeol, JSM-
5500). Before the observation, the samples were coated with
gold using a sputter coater. A PMI capillary flow porometer
was applied to measure the pore size distribution of non-
woven fabrics. The FTIR spectra of the nonwoven scaffolds
were determined using the Nicolet spectrophotometer (64
scans, in the range of 500 — 3500 cm™', resolution of 4 cm™).
Mechanical properties of the nonwoven scaffolds were de-
termined on a Zwick-Roell Z 2.5. universal material testing
machine at a constant speed of 10 mm/min. The dimensions
of samples (width 15 mm, length 100 mm) were measured
using digital micrometer and the thickness was measured
by Thickness Tester. The samples were tested under ten-
sion until failure. DSC (5100 TA Instruments) and TGA
(TA Instruments Q 500 TGA) analyses were performed at the
following conditions: heating rate - 10°C/min, and nitrogen
gas flow - 40 ml/min.



FIG. 2. Microstructure of (a) PCL and (b) PCL/n-HAp nonwovens.

Result and Discussion

The SEM images of the fibrous scaffolds are shown in
FIG. 2. The PCL and PCL/n-HAp fibres in the nonwoven
scaffold appeared uniformly and randomly distributed
without preferential orientation. The microstructure images
of nonwoven PCL and PCL/n-HAp demonstrate that they
have large surface areas with a high porosity. The results
of porosity tests are shown in FIG. 3. The main fraction of
pores of unmodified PCL nonwoven fabric is in the range
of 160-280 ym. The main fraction of pores of modified
PCL/n-HAp nonwoven is centred at 180 um, however also
pores with bigger diameter in the range of 200-400 um
were observed. Fibre diameter distributions before carding
process and after carding and needle-punching processes
are shown in FIG. 4. The calculated average diameter for
polycaprolactone fibre before carding process was 41.8 ym
+ 18 ym, whereas after technological processes the aver-
age fibre diameter was slightly smaller 37.6 ym + 18 ym.
In the case of composite fibres, the PCL/n-HAp fibre diameter
before carding process was 44.4 ym + 20 ym and after nee-
dle punching process fibre diameter was 49.9 ym + 22 ym.
The carding is a process by which fibres are straightened.
The fibres diameter distribution presented in FIG. 4 showed
that carding process affected the fibres diameter, causing
thinning of fibres. The difference in fibre diameter distribu-
tion before and after carding process is more pronounced
in the case of pure PCL fibres, which are more elastic than
modified PCL/n-HAp fibres. FIG. 5 shows FTIR spectra for
pure PCL nonwoven fabric and PCL/n-HAp nonwoven fabric.

100

=
- 80
=]
2 PCL
= PCL/n-HAp
w
- 40
[H]
N
w20
o
[=]
o 0 = - -
0 100 200 300 400 500 600

Average diameter [pm]

FIG. 3. Pore size distribution of PCL and PCL/
n-HAp nonwovens.

The characteristic bands of PCL corresponding to the C=0
stretching vibration of the ester carbonyl groups are located
at 1727 cm™. The peaks at 1150-1500 cm™' are related to the
asymmetric stretching vibration of -COO- and the stretch-
ing vibration of -C—O bonding at the main polymer chain.
In the case of PCL/n-HAp nonwoven the FTIR analysis
confirmed that HAp particles remain on the surface of com-
posite fibres after carding and needle-punching processes,
which was evidenced by the presence of phosphate groups
peaks PO,* (associated to HAp) at 568 and 600 cm™ [10].
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(a) — Fibre diameter before carding process
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FIG. 4. Fibre diameter distribution: (a) before carding process; (b) after carding and needle-punching process.
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The results of thickness test are shown in FIG. 6 and the
typical force-elongation curves for both nonwoven fabric
are presented in FIG. 7. The highest tensile force among
the samples of 0.95 N and the largest elongation (about
70 mm) was observed in the case of pure polycaprolactone
nonwoven fabric. The higher tensile strength was observed
for pure PCL nonwovens (8.75 kPa). In the case of compos-
ite PCL/n-HAp fibres tensile strength was 5.04 kPa. FIG. 8
shows the TGA analyses of PCL and PCL/n-HAp nonwo-
vens. TGA curve of PCL nonwoven showed a two-step
degradation process (FIG. 8a) whereas for PCL/n-HAp non-
woven three stages of degradation were observed (FIG. 8b)

probably related to the loss of physically adsorbed water and
gradual dehydroxylation of HAp powder. The degradation
(or decomposition) of PCL starts at approximately 300°C.
Temperatures of a maximum rate of weight loss proceed-
ing during thermal degradation of PCL/n-HAp nonwovens
(curve dTG on FIG. 7a-b) were higher than those of pure
PCL nonwovens. For both samples, the melting temperature
was 59°C, and the DSC curve shows one endothermic peak
of melting (FIG. 9), which means that the incorporation of
hydroxyapatite nanoparticles into PCL fibres had no influ-
ence on the mean size of PCL crystallites.
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FIG. 8. TGA curves of (a) PCL and (b) PCL/n-HAp nonwovens.

Conclusion

Tissue scaffold is a 3D structure that provides a site for
cell attachment, proliferation and differentiation; therefore
it must possess desired porosity with an interconnected
pore network and be easily processed to form a variety of
shapes and sizes. Needle punching is the oldest and best
established method of forming nonwoven textile materials.
The aim of the presented work was to develop needle-
punched nonwoven produced from PCL and PCL/n-HAp
fibres without the use of chemicals during the manufactur-
ing process. The obtained results suggest that needle-
punching method can be used to produce highly porous
polycaprolactone-hydroxyapatite nonwoven scaffolds.
Moreover microstructure of nonwoven scaffold obtained by
needle-punch process can be easily adjusted according to
application. Our future work will focus on production of hybrid
scaffold made of nonwoven micro-fabrics (in order to provide
sufficient mechanical parameters as well as 3D structure)
and of electrospun nanofibers (to ensure proper adhesion,
proliferation and growth of cells and tissue).
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Streszczenie

W wyniku procesu elektroformowania (ang. electro-
spinning, ES) otrzymywana jest wtéknista forma poli-
meru. W wyniku modyfikacji polimerowego prekursora
poprzez dodatek nanomodyfikatoréw mozliwe staje sie
uzyskanie wtdkien nanokompozytowych. Jednoczesne
elektroformowanie (ang. concurrent electrospinning,
co-ES), stanowigce modyfikacje standardowej techniki
ES, umozliwia wytworzenie nowej grupy materiatéw,
np. powtok zbudowanych z réznorodnych komponen-
tow, witdknistych struktur przestrzennych na rusztowa-
nia komérkowe, materiatow gradientowych o réznym
udziale sktadnika wtdknistego, wtdknistych zbrojen
w technologii nanokompozytéw i wielu innych.

Celem niniejszej pracy byto opracowanie warunkéw
formowania nanowtokien z PLA i GEL. Badania te
stanowig pierwszy etap pracy, ktorej celem jest opra-
cowanie warunkéw jednoczesnego elektroformowania
kompozytowej struktury PLA/GEL. W ramach omawia-
nej pracy otrzymano oddzielnie wtdokna polimerowe
z PLA lub zelatyny. W tym celu przeprowadzono
proces elektroformowania z wykorzystaniem ukfadu
do$wiadczalnego zaprojektowanego i skonstruowa-
nego w Katedrze Biomateriatow, AGH. Wtbkniste
osady w formie maty byly zbierane na uziemionym,
obracajgcym sie kolektorze pokrytym foliq aluminiowa.
Otrzymane materiaty byty badane przy uzyciu skanin-
gowego mikroskopu elektronowego (ang. scanning
electron microscope, SEM). Podczas badania uzyska-
nych wtdkien polimerowych wyznaczono ich Srednice
oraz analizowano ich morfologie. Srednice uzyskanych
witokien z PLA zawierajg sie w przedziale 0,8-2,0 um,
natomiast widkien Zelatynowychw przedziale 0,3-0,6 um.
Uzyskane wartosci charakteryzowaty sie niewielkim
zroznicowaniem i zalezaty od warunkéw eksperymen-
talnych procesu elektroformowania.

Przedstawiono takze wyniki badan otrzymywania
witdknistej warstwowej kompozycji ztoZonej z nanowto-
kien. Podczas tego procesu na wtdkna polilaktydowe
zebrane na folii aluminiowej natoZzono warstwe widkien
zelatynowych. Uzyskane struktury byty badane przy
uzyciu skaningowego mikroskopu elektronowego.

Stowa kluczowe: elektroformowanie, inzynieria tkan-
kowa, nanowtokna, PLA, Zelatyna

[Inzynieria Biomateriatow 121 (2013) 6-12]
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Abstract

During the electrospinning (ES) process fibrous
form of the polymer is obtained. Due to specific modifi-
cation of a polymer precursor with nanoconstituents,
nanocomposite fibres can also be produced. The
concurrent electrospinning (co-ES) technique is a mo-
dification of the standard ES method in which multiple
polymeric jets are being generated. This technique
enables to develop new forms of structures — e.g.,
coatings, 3-D space architectures, gradient materials,
fibrous reinforcements in nanocomposites.

Our aim was to obtain the PLA and GEL nanofibres
as the first stage of the experiments leading to con-
current electrospinning of the composite polylactide/
gelatine material. In this work individual polymeric
fibres made of PLA or GEL were successfully pro-
duced. To do so the electrospinning setup designed
and constructed in our Department was used. Fibrous
deposits were collected on grounded rotating mandrel
covered with aluminium foil. The obtained materials
were analysed using scanning electron microscope
(SEM). During the examination of the fibres acquired
their diameters were measured. The general analysis
of their morphologies was performed as well. Diame-
ters of the PLA fibres obtained in this work ranged
between 0.8 and 2.0 um. GEL fibres were much
smaller and had diameters ranging from 0.3 to 0.6 um.
All these values were narrowly distributed and depen-
ded on the experimental conditions.

Composite polymeric material, get by layered
deposition technique, was also obtained. During
this process PLA fibres were firstly obtained on the
aluminium foil and then covered with GEL fibres. The
structure obtained was analysed in the same way as
individual, nanocomposite polymeric fibres.

Keywords: electrospinning, tissue engineering,
nanofibres, PLA, gelatine

[Engineering of Biomaterials 121 (2013) 6-12]



Wprowadzenie

Podczas procesu elektroformowania (ang. electro-
spinning, ES) otrzymywana jest wtoknista forma polimeru
z jego stopu lub roztworu [1]. Typowy uktad doswiadczalny
sktada sie ze zrddta polimeru (zazwyczaj jest nim strzykawka
wypetniona roztworem polimeru i zakonczona igtg), wysoko-
napigciowego zasilacza i kolektora. Ksztatt tego ostatniego
elementu moze byc¢ rézny, np. poziomo zorientowana tarcza,
obracajacy sie beben, ramka czy ostro zakonczony i usta-
wiony pionowo dysk. Liczne, udokumentowane do tej pory
przyktady zastosowania materiatow widknistych, uzyska-
nych w wyniku elektroformowania, wigczajac chemie anali-
tyczna, ochrone srodowiska, elektrochemie, przemyst, me-
dycyne i produkcje przedmiotéw codziennego uzytku [2-8],
czyni t¢ metode niezwykle wszechstronng i uzyteczna.

Poniewaz polilaktyd (PLA) jest biozgodnym i biodegra-
dowalnym polimerem stosowanym od lat w medycynie, sta-
nowi on bardzo dobry materiat na rusztowania komodrkowe
w inzynierii tkankowej i medycynie regeneracyjnej [9]. Wielu
autoréw zwracato uwage na fakt, ze struktury wykonane
z PLA wspomagaja tworzenie i regeneracje tkanek [10-12].

Widkniste formy materialowe wytworzone metoda elek-
troformowania przypominajg swojg budowg macierz poza-
komorkowa, a dzigki mozliwosci ich wytwarzania w szerokim
zakresie Srednic witdkien (od dziesigtkow nanometrow do
kilku mikrometréw [1]) stanowig potencjalnie obiecujgce bio-
materiaty na rusztowania komorkowe do regeneraciji tkanki
kostnej, chrzgstnej, potaczen szkieletowych pomiedzy nimi,
czy tkanki nerwowej [13-16]. Z tych wzgledow, przestrzenne
struktury zbudowane z nanowidkien polilaktydowych formo-
wanych metodg elektrospinningu, mogg by¢ zastosowane
rowniez do regeneracji niewielkich ubytkow tkanki kostne;j.
Co wiecej, kompozytowy ukfad widkien z PLA i zelatyny
zwieksza biozgodnos¢ samego polilaktydu i utatwia jego
wchfanianie w zywym organizmie [17]. W poréwnaniu do
powszechnie stosowanego w inzynierii tkankowej kolagenu
[18,19], zelatyna wykazuje zblizone wtasciwosci biologicz-
ne, natomiast jej cena jest znacznie nizsza [20]. Wtdknisty
kompozyt PLA/Zelatyna stanowi takze potencjalny materiat
wspomagajacy regeneracje tkanki chrzestnej. Struktury
gradientowe o tym sktadzie mogq znalez¢ zastosowanie
jako rusztowania odbudowujace potaczenia szkieletowe.
W wyniku odpowiedniej modyfikacji prekursora polimero-
wego niewielkimi ilosciami nanododatkow, mozna otrzymac
nanokompozytowe materiaty widkniste.

Proces réwnolegtego elektroformowania (ang. concurrent
electrospinning, co-ES) stanowi modyfikacje standardowej
techniki ES, w ktorej mozliwe jest jednoczesne uzyskanie
wiecej niz jednej wiazki, z wielu zrédet roztworu polimeru
[21-23]. Metoda ta umozliwia tworzenie nowych rodzajow
struktur, np. pokry¢ materiatdw zbudowanych z innych
materiatow, tréjwymiarowych struktur przestrzennych
(na rusztowania komorkowe dostosowane do konkretnego
typu tkanki), materiatéw ze zr6znicowanym udziatem (gra-
dientem) sktadnika widknistego, witdknistych wzmocnien
w nanokompozytach i wielu innych.

Niniejsza praca stanowi pierwszy etap badan doty-
czacych otrzymywania indywidualnych nanowtdkien z
poli(kwasu mlekowego) (PLA) i zelatyny, a w dalszej fazie,
badania bedg miaty na celu wytworzenia kompozytowe-
go uktadu polilaktyd/zelatyna, w wyniku jednoczesnego
elektro-formowania z dwdéch réznych roztwordéw polimeru.
Otrzymane w pracy materiaty wtokniste byty badane przy
uzyciu skaningowego mikroskopu elektronowego.

Introduction

During the electrospinning (ES) process fibrous structure
of the polymer is obtained from its melt or solution [1]. A typi-
cal experimental setup consists of polymer source (usually
a syringe ended with a needle), high voltage supply and
collector. The shape of the latter may vary including flat hori-
zontal disc, rotating mandrel, frame or edged perpendicular
disk. Numerous already documented applications of fibrous
structures obtained via electrospinning including analyti-
cal chemistry, environmental protection, electrochemistry,
industry, medicine or everyday life products [2-8], make this
technique both versatile and exceptionally interesting.

Since polylactide (PLA) is biocompatible and biode-
gradable material used in medicine for years, it constitutes
a very good material for scaffolds for tissue engineering and
regenerative medicine [9]. Numerous authors have already
proven the beneficial role of PLA structures in enhancing
tissue formation and regeneration [10-12].

The microstructure of fibrous forms of a material obtained
via ES technique is similar to the extracellular matrix, and
due to the possibility of preparing a wide range of fibres’
diameters (from tens of nm to several microns [1]), the
structures obtained by this technique provide promising
biomaterials for tissue engineering scaffolds, especially in
order to regenerate bone and cartilage tissues, skeletal joints
between them or neural tissue [13-16]. For these reasons
the PLA-based electrospun fibrous structures may also be
considered as scaffolds to regenerate small size bone de-
fects. Moreover, polylactide and gelatine fibres-based hybrid
structure has already been proven to enhance PLA compat-
ibility and facilitates its degradation [17]. When compared
to collagen, commonly used material in tissue engineering
[18,19], gelatine manifests similar properties, whereas its
price is much lower [20]. PLA/gelatine fibrous compositions
may be considered for application in guided cartilage regen-
eration as well. Gradient structures of such composition can
be applied in skeletal junctions scaffolds. Due to specific
modification of a polymer precursor with nanoconstituents,
nanocomposite fibres can also be produced.

The concurrent electrospinning (co-ES) technique is
a modification of the standard ES method in which more
than one jet can simultaneously be generated from mul-
tiple polymer sources [21-23]. This technique enables to
develop new material forms, e.g. coatings consisting of
various components, 3-D space architectures (for scaffolds
matched to the type of tissues), gradient materials differing
in amount of fibrous component, fibrous reinforcements for
nanocomposite technology, etc.

This work focuses on the obtaining of the individual
poly(lactic acid) (PLA) and gelatine nanofibres as the first
stage of the experiments aiming at development of concur-
rent electrospinning of the composite polylactide/gelatine
material. The structures manufactured were analysed using
scanning electron microscopy (SEM).

Materials and Methods

In order to obtain polymeric nanofibers by ES the PLA
(Ingeo™ Biopolymer 3251D) and gelatine (GEL) (POCH,
analytical grade) were used. As solvents dichloromethane
(DCM) (POCH, analytical grade), N,N-dimethylformamide
(DMF) (POCH, analytical grade) and concentrated (99.5-
99.9%) acetic acid (CH;COOH) (POCH, analytical grade)
were used. The PLA solution with a concentration of 15%
(wt/v) was prepared in mixed solvents DCM, DMF 3:1 (wt:wt)
[24]. A series of GEL solutions (concentrations 10, 15, 20
and 25% (wt/v)) with concentrated acetic acid was prepared
according to the procedure describing in literature [17].
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Materialy i metody

Do otrzymania nanowtdkien polimerowych z wykorzy-
staniem techniki elektroformowania zastosowano polilaktyd
(PLA) (Ingeo™ Biopolymer 3251D) i zelatyne (GEL) (POCH,
CZDA). Jako rozpuszczalnikéw uzyto dichlorometanu (DCM)
(POCH, CZDA), N,N-dimetyloformamidu (DMF) (POCH,
CZDA) oraz stezonego (99,5-99,9%) kwasu octowego
(CH,COOH) (POCH, CZDA). Roztwér PLA o stezeniu 15%
(wag./obj.) zostat sporzadzony w mieszaninie DCM, DMF
3:1 (stos. wag.) [24]. Serie roztworéw zelatyny (stezenia 10,
15, 20 25% (wag./obj.)) przygotowano w stezonym kwasie
octowym wedtug procedury opisanej w pracy [17].

Proces elektroformowania prowadzano na urzadzeniu
zaprojektowanym i skonstruowanym w Katedrze Bioma-
teriatéw, AGH (RYS. 1). Strzykawke o pojemnosci 10 ml
zakonczonag igtg wypetniano roztworem polimeru. Pomiedzy
igte a kolektor (obracajgcy sie beben) przykladano napigcie
12 kV. Odlegtos¢ pomiedzy igtg a kolektorem wynosita 3 cm.
Opisane warunki prowadzenia procesu elektroformowania
zostaty okreslone we wczesniejszych badaniach [24].

Uzyskane materiaty byly nastepnie napylane ztotem i ba-
dane za pomoca SEM (Nova NanoSEM, FEI z wbudowanym
analizatorem EDS). Srednice uzyskanych wiékien zostaty
okreslone na podstawie analizy zdje¢ SEM z wykorzysta-
niem programu ImagedJ 1.48g stuzacego do przetwarzania
obrazu.

Wyniki i dyskusja

Wykorzystujac urzadzenie przedstawione schematycz-
nie na RYS. 1 otrzymywano oddzielnie nanowtdkna PLA
i zelatyny. Przykladowe zdjecia SEM uzyskanych mate-
riatbw z PLA przedstawiono na RYS. 2. Otrzymane osady
widkniste w formie maty byty jednorodne pod wzgledem
ksztaltu, nie stwierdzono wystepowania zadnych defek-
téw powierzchniowych. Dla wszystkich stosowanych igiet
$rednice uzyskanych widkien byty rézne (TABELA 1).
Ta niejednorodno$¢ moze wynikac¢ z niemoznosci kontrolo-
wania wszystkich parametréow procesu elektroformowania.
Z uwagi na brak pompy wymuszajacej staty przeptyw roztwo-
ru polimeru przez igte, jedynym czynnikiem oddziatujgcym
na ukiad jest sita grawitacji. Co wiecej, ograniczenia kon-
strukcyjne urzadzenia uniemozliwiaty prowadzenie procesu
przy odlegtosci igty od kolektora wiekszej niz 3 cm. Przy-
ktadowy rozkfad srednic witdkien zostat przedstawiony na
RYS. 3. Na jego podstawie mozna stwierdzi¢, ze wielkosci
srednic witdkien polilaktydowych wahajg sie w granicach
od 0,8 do 2,0 um.

Podczas elektroformowania z roztworéw zelatyny
zastosowano takie same warunki doswiadczalne jak w
przypadku wtdkien polilaktydowych. Przeprowadzono serie
doswiadczen majacych na celu okreslenie optymalnego
stezenia polimeru pozwalajgcego na otrzymanie wtdkien
zelatynowych. Jak to mozna zauwazy¢ na podstawie zdje¢
SEM uzyskanych struktur (RYS. 4), dla nizszych stezen GEL
(10 15 %, odpowiednio RYS. 4a i b) widkna powstawaty w
ograniczonym stopniu, a wzdtuz ich osi wystepowaty liczne
zgrubienia. Z drugiej strony, w przypadku stezenia polimeru
réwnego 25% (RYS. 4d), proces elektroformowania prak-
tycznie nie zachodzit. W poréwnaniu do materiatow z PLA,
dobrze wyksztatcone, jednorodne wtdkna o mniejszych
$rednicach, uzyskano z 20% (wag./obj.) roztworu zelatyny
(RYS. 5). Usrednione wartosci srednic uzyskanych wiokien
zestawiono w TABELI 1. Przyktadowy rozktad wartosci sred-
nic dla wtokien zelatynowych (RYS. 3) pokazuje, ze wartosci
te zawarte sg w przedziale od 0,3 ym do 0,6 um.

Roztwér
polimeru Strzylfawka
Polymer Syringe
solution
Igta
Needle
Zasilacz A Odleglosé
High Vv igta-kolektor
voltag:e Tip-to-collector
supply distance
A4
[ Obracajacy sie
kolektor
\‘ Rotating
collector

/Silikazel Silicagel /
[

RYS. 1. Schemat obrazujacy uktad doswiadczalny
stuzacy do przeprowadzania procesu elektro-
formowania zaprojektowany i skonstruowany
w Katedrze Biomateriatbw Akademii Gérniczo-
Hutniczej w Krakowie.

FIG. 1. The scheme depicting the electrospinning
setup designed and constructed at the Depart-
ment of Biomaterials, AGH University of Science
and Technology.

The electrospinning process experiments were con-
ducted using a device constructed at the Department of
Biomaterials, AGH University of Science and Technology
(FIG. 1). A 10 ml syringe, ended with a needle, was loaded
with the polymer solution. The voltage of 12 kV was applied
between the needle tip and the collector — moving grounded
roller covered with an aluminium foil. The tip-to-collector dis-
tance was 3 cm. The electrospinning processing conditions
were determined in previous experiments [24].

The samples obtained were coated with gold and
analysed using scanning electron microscope, SEM (Nova
NanoSEM, FEI with EDS analyser). Fibres diameters
were calculated via SEM microphotographs analysis using
ImagedJ 1.48g public domain image processing program.

Results and Discussions

Individual poly(lactic acid) (PLA) and gelatine nanofibres
have separately been obtained using the electrospinning
experimental setup schematically presented in FIG. 1.
Typical SEM micrographs of the obtained PLA fibres are
shown in FIG. 2. The fibrous samples were uniform in shape,
none surface defects were detected. However, for all the
needle diameters used, the diameters of the fibres were dif-
ferent. (TABLE 1). The reason for such a heterogeneity may
be the inability of controlling all the experimental conditions
of the ES process. Because of the lack of syringe pomp,
the polymer does not flow constantly during the process
but leaks out of the syringe drop by drop due to gravitation
force. What is more, structural limitations of the device do
not allow to increase the tip-to-collector distance to more
than 3 cm. Representative fibre diameters distribution can
be seen in FIG. 3. It can be seen that the majority of PLA
fibres has diameters ranging from 0.8 to 2.0 ym.
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RYS. 2. Zdjecia SEM witékien z PLA otrzymanych w wyniku elektroformowania z roztworu polimeru o stezeniu
15% (wag./obj.) sporzadzonego w DCM, DMF 3:1 (stos. wag.). Skala: a) 100 pm, b) 20 pm, c¢) 10 pm.

FIG. 2. SEM images of PLA fibres electrospun from the 15% (wt/v) polymer solution in DCM, DMF 3:1 (wt:wt).
Scale bars: a) 100 pm, b) 20 pm, c) 10 pm.

Electrospinning processing conditions applied for the

TABLE 1. Srednie wartosci srednic widkien wraz gelatine fibre formation were the same as the ones for the
z odchyleniami standardowymi wyznaczone dla PLA fibres. A series of experiments was performed in or-
osadéw widknistych otrzymanych w wyniku pro- der to optimise the polymer concentration allowing for the
cesu elektroformowania. formation of fibrous forms. As it can be concluded from the
TABELA 1. Average fibre diameter and standard SEM microphotographs of nanofibres manufactured (FIG. 4)
deviation values calculated for fibrous maths at lower gelatine concentrations (10 and 15%, FIG. 4a and b,
obtained via electrospinning process. respectively) the fibres formation was limited, and beads in
the form of mats were formed along the structures obtained.
Materiat Igta Srednia warto$¢  Odchylenie On the other hand, for 25% polymer solution (FIG. 4d) the
Material =~ Needle Srednicy widkien standardowe electrospinning process did not occur. Well-formed, defect-
(mm) g‘_‘verage fibre Standard free and smaller in diameter fibres (with respect to PLA
iameter (um) deviation (um) .
structures) were electrospun from 20% (wt/v) GEL solution
PLA 0.6x50.0 2.027 0.228 (FIG. 5). The average fibre diameters are listed in TABLE 1.
0.7 x30.0 0.808 0.067 Sampled fibre diameters distribution (FIG. 3) shows that
0.8x40.0 1.193 0.139 GEL fibres diameters range from 0.3 to 0.6 pm.
0.9 x40.0 1.278 0.070 Layered deposits consisting of the PLA fibres (lower
1.1 x40.0 1.304 0.085 layer) and gelatine fibres (upper layer) were formed as
12x400 1558 0.116 well. The scheme of the process is presented in FIG. 6.
GEL 0.6 x 30.0 0.375 0.026 The migroscopic images of _the material_s performed in
FIG. 7 display a well-formed fibrous material composed of
0.7 x 30.0 0.323 0.014 . . ; e .
two kinds of fibres creating a form of mat differing in their
0.8 x 40.0 0.464 0.058 diameter sizes (FIG. 3). The microphotographs shown in
0.9 x40.0 0.389 0.021 FIG. 2 and 5 indicate that thicker fibres were formed from
1.1x40.0 0.575 0.072 PLA (1.0 pm +/-0.2 pm) in comparison to gelatine fibres
1.2 x40.0 0.420 0.020 (0.6 ym +/-0.03 ym).
PLA/GEL | 0.9 x40.0 | 0.558/1.025 [ 0.029/0.150

RYS. 3. Rozktad wiel-
kosci srednic widkien
z PLA, GEL oraz war-

) stwowego kompozytu
s PLA/GEL (dla igty 0,9
g x 40,0 mm).
= FIG. 3. Diameters
g . distribution of PLA “N
w PLA fibres, GEL fibres @ |
® #GEL and layered PLA/GEL <
3 composite (needle 0.9
p O —
= #PLA/GEL X 40.0 pm).
ad
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RYS. 4. Zdjecia SEM wiokien z zelatyny otrzymanych w wyniku elektroformowania z roztworu polimeru
o stezeniu: a) 10, b) 15, c) 20 i d) 25% (wag./obj.) sporzadzonego w stezonym CH,COOH. Skala: 20 ym.
FIG. 4. SEM images of gelatine fibres electrospun from the: a) 10, b) 15, c) 20 and d) 25% (wt/v) polymer solution

in concentrated CH,COOH. Scale bars: 20 pm.

—— 100 g ———

RYS. 5. Zdjecia SEM witdkien z zelatyny otrzymanych w wyniku