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Resumo

Neste estudo, nanofibras de policaprolactona (PCL) e de gelatina foram produzidas
pela técnica de eletrofiacdo, e a associagdo destes dois polimeros formando uma
estrutura casca-nucleo foi conseguida pela técnica de eletrofiacdo co-axial. Nanofibras
com esta estrutura sdo 6timas candidatas para uso na Engenharia de Tecidos, pois séo
capazes de mimetizar a estrutura da matriz extra-celular, e, neste caso, combinando a
bioatividade da gelatina (polimero natural) com a biodegradabilidade e melhores
propriedades mecénicas da policaprolactona (polimero sintético). A hidrofilia da
gelatina a torna solivel em meio aquoso, por isso, para utilizd-la como biomaterial,
uma reticulacdo das cadeias foi feita com glutaraldeido. Técnicas, como
Infravermelho porTtransformada de Fourier (FTIR) e microscopias de Transmissao e
Varredura revelaram a morfologia das fibras obtidas apds mudancas nos parametros
da solugdo e processamento durante a eletrofiacdo. Neste trabalho também foi
mostrado a mineralizacdo da superficie das nanofibras co-axiais apds imersdo em
SBF10 (uma solucdo de Oxidos para formar hidroxiapatita,) indicando que a presenca
da gelatina favorece a homogénea cobertura das nanofibras por fosfatos de célcio.
Resultados da Difracdo de Raios X revelaram que nesta composicdo mineral ha
Hidroxiapatita, principal constituinte da fase mineral dos o0ssos. Estudos in vitro
revelaram a biocompatibilidade destas nanofibras com grande proliferacdo de células-
tronco, assim como indicios de diferenciacdo destas em osteoblastos, tornando este

biomaterial uma potencial candidato para uso na Engenharia de tecido ésseo.
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Abstract

In this study, nanofibers containing polycaprolactone (PCL) and gelatin were produced
by electrospinning. The combination of these two polymers in a core-shell structure was
achieved by using a coaxial electrospinning technique. Nanofibers with this type of
structure are good candidates for Tissue Engineering, since they are able to mimetize
the structure of the extracellular matrix by combining the bioactivity of gelatin (natural
polymer) with the biodegradability and high mechanical properties of polycaprolactone
(synthetic polymer). Gelatin was submitted to a crosslinked reaction with
glutaraldehyde in order to reduce its solubility in aqueous solutions Techniques such as
FTIR, Transmission and Scanning Microscopies showed the morphology of the
nanofiber obtained after changes in solution and electrospinning parameters were
performed. In this work, it was also demonstrated the possibility of biomimetically
coating the surface of the nanofibers with calcium phosphates after the immersion of the
nanofibers in a SBF10 solution. The presence of gelatin as the shell material proved to
be useful in favoring the deposition of the calcium phosphate surface layer. X ray
diffraction results showed the presence of hydroxyapatite, one of the components of
bone, in the composition of the obtained coating. In vitro studies confirmed the
biocompatibility of the nanofibers. The mineralized nanofibers were able to favor both
stem cell proliferation and differentiation of them in osteoblasts.




1 Introducao

A Nanotecnologia esta crescendo rapidamente e nos afetard em alguma fase de nossas
vidas. Pesquisas extensas estdo sendo atualmente feitas nesta area para melhorar nossa
qualidade de vida, sendo um atraente caminho para abordagens na area biomédica como

regeneracdo tecidual, curativos e liberacao controlada de farmacos.

Com o aumento numeroso da populacdo idosa, a procura por enxertos 0sseos tem
gerado uma escassez na disponibilidade de tecidos doadores musculo-esqueletais [1].
Auto-enxertos apresentam muitas desvantagens para 0s pacientes, como 0 aumento no
tempo de cirurgia, limitada quantidade de osso e dor no local doador [2]. Isto tem

estimulado muito o interesse por materiais que possam ser substitutos de tecido désseo.

Na Engenharia de Tecidos propde-se a criacdo de um novo tecido para substituir em
parte ou mesmo totalmente o tecido lesado. Muitos destes 6rgdos séo estruturas fibrosas
em escala nanométrica ou mesmo milimétrica. Quanto mais a estrutura artificial

construida se assemelhar ao natural, melhores seréo as respostas organicas.

Nanofibras podem servir de substrato para crescimento de tecidos devido a grande area
superficial e poros interconectados em uma estrutura tridimensional. Elas podem
mimetizar a forma fibrilar da matriz extracelular (MEC), que é um complexo de
poliproteinas e polissacarideos numa estrutura nanométrica [3]. Uma matriz de

nanofibras deve também permitir a infiltragdo e proliferacdo celular [4].

A recuperacéo de tecidos requer uma funcdo reparativa celular que é sustentada em uma
rede tridimensional ao redor e dentro da matriz do biomaterial. Isto ocorre através de
atividades celulares como adesdo, migracéo, crescimento e diferenciacdo celular. Ja foi
demonstrado que a adesdo e a taxa de proliferacdo de células aumentam em matrizes
nanofibrosas quando comparado a filmes planos porosos de polimeros [5]. Origem

celular apropriada, 6timos sinais de reconhecimento pelas células e uma estrutura




biodegradavel que sirva como matriz extra-celular até a neoformacéo tecidual sdo trés
elementos basicos que se interagem para o sucesso da Engenharia de Tecidos em casos

de cirurgia dssea reconstrutiva [1].

A demanda por novas nanoestruturas em biomateriais tem gerado um grande
desenvolvimento técnico-cientifico nos ultimos anos. Na eletrofiacdo, nanofibras
poliméricas sdo produzidas como resultado de forcas elétricas repulsivas que superam a
tensdo superficial do liquido polimérico carregado. Basicamente, o sistema de
eletrofiagdo consiste em trés partes: um gerador de alta tenséo, uma seringa contendo a
solucdo polimérica e um coletor [6]. Quando a intensidade do campo elétrico é
aumentada, as cargas induzidas na superficie do liquido se repelem entre si criando uma
instabilidade de cargas. Estas forcas repulsivas agem em direcdo oposta a da tenséo
superficial, que resulta na extensdo da gota na ponta da agulha numa forma conica
(Cone de Taylor) [7]. Quando estas forcas repulsivas superam a tensdo superficial do
liquido, esta gota se alonga e se transforma em um jato estavel que vai em direcéo ao
coletor de carga oposta. Neste trajeto do jato, o solvente da solucdo evapora e fibras sdo

formadas no coletor.

Parametros da solucdo (viscosidade, condutividade, tensdo superficial, peso molecular
do polimero e constante dielétrica), do processamento (campo elétrico, distancia agulha-
coletor e taxa de infusdo) e do ambiente (humidade e temperatura) influenciam e

direcionam o processo de Eletrofiagdo [4].

O uso efetivo de matrizes nanofibrosas poliméricas para engenharia de tecidos ndo esta
baseado somente na construcao das fibras, mas também nas caracteristicas dos materiais
usados. Em particular, o processo de fabricacdo de nanofibras através de eletrofiacédo
usando polimeros biodegradaveis sintéticos e naturais torna possivel a construcdo de
estruturas que se assemelham a elementos da matriz extracelular, além de melhorar a
fungéo de regeneracéo tecidual in vitro. Estudos com culturas celulares mostraram que a
matriz € densamente povoada rapidamente por células que promovem uma infiltracdo
celular na estrutura fibrilar. Além disso, a técnica de eletrofiagdo proporciona uma

maneira barata e facil de produzir nanofibras utilizando varios tipos de polimeros [8].




Nanofibras biocompativeis e biodegradéaveis sdo produzidas rotineiramente pela técnica
de eletrofiacdo com uma enorme variedade de polimeros sintéticos e naturais, assim
como compaésitos contendo material inorganico [9]. Os polimeros sintéticos geralmente
criam a estrutura mecénica necessaria, como resisténcia mecénica e degradagdo

controlada. Ja os polimeros naturais sdo mais biocompativeis.

Dentre os polimeros sintéticos rotulados normalmente como biocompativeis e
biodegradaveis, a poli(caprolactona) (PCL) tem recebido uma atencdo consideravel. E
um polimero hidrofébico semi-cristalino com um grupo éster polar. Devido ao seu alto
grau de cristalinidade e hidrofobia, o PCL degrada lentamente, mas ndo possui a mesma

bioatividade de polimeros naturais [10].

Muito pertinente seria entdo criar estruturas nanométricas onde se combinem materiais
sintéticos e naturais. O uso de polimeros naturais € importante porque estes sdo
extremamente biocompativeis, carregando proteinas especificas com grupamentos como

RGD (arginina, glicina e &cido aspartico) com capacidade inerente de adesdo celular [6].

Dentre os biopolimeros naturais, o colageno, rico em RGD, que é um componente da
matriz dérmica com fibras na dimensdo de 50-500 nm, tem sido largamente usado como
poliproteina na engenharia de tecidos pela excelente biocompatibilidade e néo-
imunogenicidade, mas as propriedades mecénicas ainda ndo foram alcangadas como as

requeridas pela matriz extracelular [11].

A gelatina, biopolimero natural formado a partir da hidrélise controlada do colageno,
possui @ mesma sequéncia de proteinas (RGD), tem mais baixa antigenicidade do que o
colageno, além de ser de baixo custo. Ela pode ser retirada de tecido animal como pele,
musculo ou osso [11]. Entretanto a gelatina degrada rapidamente em contato com
fluidos corporais, necessitando de um tratamento de reticulacdo para ndo limitar sua

utilizacdo como matriz para regeneragéo tecidual [12].

Recentemente, um sistema de eletrofiagdo utilizando seringas com capilares coaxiais foi

criado para eletrofiar duas solucgdes poliméricas ao mesmo tempo, formando fibras em




estrutura casca-nucleo [13]. O emprego desta tecnologia avangada de eletrofiacéo
coaxial proporciona inumeros beneficios. Por exemplo, os materiais do nucleo podem
fornecer determinadas propriedades requeridas pelo tecido a ser reparado, ao passo que
0S materiais da casca podem ser projetados para incluir propriedades adicionais, tais
como biocompatibilidade ou propriedades hidrofilicas.

A principal vantagem da nanoestrutura nucleo-casca obtida pela técnica de eletrofiacéo
coaxial € o potencial para obter uma combinacdo de propriedades de diferentes tipos de
materiais. Esta técnica é interessante ndo s6 no desenvolvimento de nanofibras
multifuncionais, mas também matrizes com diferentes taxas de degradacdo em
diferentes periodos de uso no corpo humano. A performance mecénica de nanofibras,
com especificas concentracdes de polimeros no nucleo e na casca, produzidas por tal
processo, geralmente é melhor do que aquelas produzidas somente com um polimero
[14]. Esta técnica também ¢é estudada para a producdo de nanofibras com liberacao
controlada de farmacos, onde o polimero da casca impede a liberacdo inicial acelerada

do farmaco encapsulado no polimero do nucleo [15].

A incorporacdo de minerais, como fosfato de calcio nas nanofibras eletrofiadas € um
excelente caminho para a fabricacdo de matrizes para a Engenharia de Tecido 6sseo [9].
O o0sso € constituido de uma fase mineral com 60-70% de hidroxiapatita carbonatada
cristalina e de uma matriz organica rica em fibras de colageno [16]. Compdsitos
poliméricos contendo Hidroxiapatita podem aprimorar o crescimento de osteoblastos
[17]. Tendo em vista que a associacdo entre hidroxiapatita e colageno sdo os mais
promissores substitutos dos ossos [16] e que a presenca de gelatina facilita o
recobrimento homogéneo das nanofibras por fosfato de calcio, varias técnicas tém sido
desenvolvidas para incorporar minerais em matrizes poliméricas a fim de ajudar na

inducgdo de diferenciacdo Ossea [18].

Neste contexto, esta pesquisa pretende elucidar caracteristicas de nanofibras que
associam polimeros sintéticos e naturais, PCL e gelatina, respectivamente, processadas
através da técnica de eletrofiacdo coaxial em uma estrutura ndcleo-casca. Pretende-se

mostrar tambeém a interessante deposicéo de hidroxiapatita em tais nanofibras, que pode




beneficiar a reparacdo dssea. A construcdo destas nanoestruturas tridimensionais
citocompativeis in vitro e in vivo as tornaria perfeitamente capaz de funcionar como
matrizes para crescimento celular, além de serem capazes de se degradar conjuntamente

a reparacdo tecidual.

Os objetivos especificos e da tese em geral sdo apresentados no capitulo 2. Os
resultados desta Tese serdo descritos e discutidos nos capitulos 3, 4 e 5. No terceiro e
quarto capitulos serdo retratadas a producdo de nanofibras de Policaprolactona e
gelatina obtidas pela técnica de Eletrofiacdo e a producdo de nanofibras coaxiais destes
mesmos polimeros obtida pela técnica de Eletrofiacdo coaxial. Estas producbes foram
realizadas em conjunto com a Universidade de Strasbourg — Franca, no contexto do
projeto CAPES — Cofecub. Estudos preliminares in vitro de citotoxicidade destas
nanofibras coaxiais apds cobertura com fosfatos de célcio serdo mostrados no terceiro
capitulo, assim como indicios de osteogénese e angiogénese em ceélulas-tronco
cultivadas nestas nanofibras. Os estudos bioldgicos foram feitos em parceria com o
laboratério do Prof. Alfredo Gdes de Miranda (Instituto de Ciéncias Bioldgicas -
UFMG). Com excecéo dos capitulos de introducdo, objetivos e conclusdo (capitulo 6), o

contetido da Tese foi escrito em inglés, no formato de artigos, e dividido em capitulos.
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2 Objetivos

2.1 Objetivo geral:

Preparacdo e avaliacdo in vitro de nanofibras Gelatina/Policaprolactona com estrutura

casca-nucleo obtidas por eletrofiacdo co-axial para uso em Engenharia de Tecidos.

2.2 Objetivos especificos:

e Obtencdo de nanofibras de Policaprolactona pela técnica de eletrofiacao.

e Obtencdo de nanofibras de Gelatina pela técnica de eletrofiacéo.

e Obtencdo de nanofibras de Gelatina/Policaprolactona em estrutura casca-nucleo
pela técnica de eletrofiacdo co-axial.

e Caracterizacdo e analise das nanofibras ap6s mudancas nos pardmetros da
solucéo e de processamento.

e Analise da mineralizacdo da superficie das nanofibras com estrutura casca-
nacleo apds cobertura por hidroxiapatita.

e Avaliacdo preliminar de citotoxicidade destas nanofibras.

e Avaliacdo precoce de diferenciacdo angiogénica e osteogénica de células-tronco

cultivadas nas nanofibras.




3 Influence of solution and processing parameters in
electrospinning of single Poly(e-Caprolactone) (PCL)

nanofibers and co-axial PCL/Gelatin nanofibers

Abstract. In the electrospinning process, polymer nanofibers with submicron-scale
diameters are formed when a droplet of a viscoelastic polymer solution is subjected to a
high-voltage electrostatic field. In this paper, we report the experimental work on the
electrospinning process in which the influence of different process and solution
parameters were evaluated. The effect of the electrospinning solvent on poly(e-
caprolactone) (PCL) fiber morphology was evaluated. The replacement of 2, 2, 2-
trifluoroethanol (TFE) with a mixture of acetic acid and formic acid significantly
reduced the diameter of the fibers. Solutions of PCL and gelatin in acetic acid/formic
acid were electrospun in fibers by co-axial electrospinning. The ratio of the viscosities

neore/nshen Was found to be of critical importance to achieve stable core—shell nanofibers.

Keywords: Electrospinning; PCL; Gelatin; Solvent dielectric constants; Rheology
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3.1 Introduction

Electrospinning has been widely used for the fabrication of polymeric nanofibers [1].
The basic electrospinning setup includes a polymer solution or melt reservoir and a
grounded collector with a high-voltage between them. When the voltage is high enough
to overcome the surface tension of the polymer solution/melt, a charged jet is generated
towards the grounded collector and the solvent evaporates/melt solidifies along the jet
to form solid thin fibers [2].

Numerous studies have shown that the optimal electrospinning configuration and
operational conditions differ drastically from one polymer to another, with process
parameters (applied electric field, needle-to-collector distance, flow rate, type of
collector) and solution properties (viscosity, surface tension, conductivity) being the
main factors influencing the transition of a polymer solution into ultrafine fibers [3]. In
this paper, some of these parameters have been explored, particularly the effect of
replacing 2, 2, 2-trifluoroethanol (TFE) by a mixture 1:1 (v/v) of acetic acid and formic

acid in the solution for electrospinning.

Polycaprolactone (PCL) is a polyester with a semicrystalline linear structure and
excellent mechanical strength. It is non-toxic in nature and found to be cyto-compatible
with several body tissues, making it an ideal material for tissue engineering [4]. PCL
degrades, in the first instance, by random chain scission of the ester groups via
hydrolysis [5]. Polymers capable of undergoing hydrolytic degradation initially absorb
water, hydrating the molecular chains. The type of functional group presented along the
length of the polymer chain affects the rate of water absorption, its subsequent
hydrolysis and, ultimately, its rate of degradation. Thus, the hydrophobic nature of the
PCL backbone leads to a much slower degradation than most of the other biodegradable
synthetic polymers. To overcome this shortcoming, PCL-based co-axial nanofibers, in
which a polymer with faster degradation rate is used as either the core or shell of the

nanofiber, can be used [6].
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In this study, the effects of some parameters involved in the electrospinning of
polycaprolactone nanofibers, as well as of gelatin/polycaprolactone coaxial nanofibers,
on the morphology of the fibers were investigated. Gelatin, a protein derived from
partial hydrolysis of collagen, was chosen because of its biological origin,
biocompatibility, bioresorbability, non-immunogenicity, biodegradability and

commercial availability [7].
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3.2 Materials and Methods

3.2.1 Materials

The materials used for nanofiber fabrication were poly(e-caprolactone) (PCL) (Sigma-
Aldrich, St. Louis, MO, USA, Mn = 80,000 g/mol), gelatin powder (type A from
porcine skin, gel strength approx. 300 g Bloom) (Sigma-Aldrich, St. Louis, MO, USA),
2,2,2-trifluoroethanol (TFE) (99%) (Sigma-Aldrich, St. Louis, MO, USA), acetic acid
(98-100%) (Riedel de Haén) and formic acid (99.8%) (Sigma Aldrich). All the

chemicals were used without any further treatment.

3.2.2 Electrospinning of PCL nanofibers

To prepare spinnable solutions, the PCL was dissolved in TFE under stirring for 24 h.
Alternatively, PCL was dissolved in a 1:1 (v/v) mixture of acetic acid and formic acid.
The experimental setup used for electrospinning process consisted of an adjustable DC
power supply (Gamma High Voltage Research, USA), a syringe pump in which the
syringe was connected to a stainless steel needle (D=2 mm) and a static collector
wrapped with aluminum foil. During the electrospinning process, the solution was
ejected from the tip of the positively charged needle to generate ultrafine fibers on the
collector that was connected to the ground with a zero or a negative polarity. Different
PCL concentrations ranging from 10% to 17% w/w were prepared and electrospun at
different feed rates. Electrospinning parameters such as applied voltage and distance
from the tip of the needle to the collector were varied. All experiments were conducted
at room temperature and below 40% relative humidity. After the electrospinning
process, the nanofibrous cloth was carefully peeled off from the collector and stored in a

sealed desiccator for further investigations.

3.2.3 Co-axial electrospinning of PCL/gelatin nanofibers

The two polymer solutions were independently fed through concentrically configured
needles. The outer and inner diameters of the needles were 2.0 and 1.5 mm,
respectively. The solution concentrations of PCL and gelatin in acetic acid/formic acid
1:1 (v/v) were maintained at 15% w/w. Both PCL and gelatin solutions were delivered

with a programmable syringe pump. A collecting plate was placed on a grounded static
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collector wrapped with aluminum foil. Both polymer solutions were electrospun by
combining different feed rates. The needle was positively charged with voltages of 25 or
30 kV. The collector was connected to the ground with a zero polarity. The distance
from the tip of the needle to the collector was maintained at 15 cm. All experiments
were conducted at room temperature and below 40% relative humidity. After the
electrospinning process, the nanofibrous membrane was carefully peeled off from the

collector and put into a sealed desiccator to further investigations.

3.2.4 Characterization of electrospun mats

Morphology and diameter of the nanofibers were analyzed by scanning electron
microscopy (SEM) (JEOL JSM 5600, Japan) at an accelerating voltage of 15 kV.
Samples for SEM were mounted on metal stubs and coated with gold using a sputter
coater (JEOL JFC-1200 fine coater, Japan). Non-woven nanofiber mats were analyzed
with 50 individual measurements of nanofiber diameters taken from SEM micrographs
using image analysis software (Image J, National Institutes of Health, USA). This was
repeated for a single electrospun fiber mat fabricated under a single set of constant

conditions to calculate the average nanofiber diameter and standard deviation.

The nanofibrous mats were also characterized by attenuated total reflectance Fourier
transform infrared (ATR-FTIR), using a Golden Gate single reflection ATR in a Bruker
IFS-spectrometer at a resolution of 4 cm™' and 256 co-added scans. The spectra were
collected between 400 and 4,500 cm™.

A Physica MCR 301 Rheometer (Anton Paar, Austria) equipped with a cone and plate
(CP 50-1) was used for viscosity measurements. Shear measurements were performed

in a range of shear rates from 0.05 to 90 s .

Transmission electron microscopy (TEM) (TOPCON 002B) at 200 kV was used to
observe the core-shell structure of the fibers. The samples for the TEM observation
were prepared by directly depositing the as-spun fibers onto copper grids. The samples

were dried in a vacuum oven for 48 h at room temperature prior to TEM images.
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3.3 Results and Discussion

3.3.1 Nanofibers of PCL in TFE

Optimization of the electrospinning processing conditions for each particular

polymer/solvent is crucial to obtain electrospun fibers with characteristics that meet

specific application needs [1]. The effect of variations in many parameters, such as the

applied voltage, the solution flow rate and the needle-to-collector distance at different

concentrations on the fiber morphology were analyzed. Table 3.1 shows the various

parameters used and their effect on fiber diameter when TFE was used as solvent for

PCL.

Table 3.1: Electrospinning conditions for PCL solutions in TFE

Sample  C%(wt) U (kV) d (cm) FR D (nm) SD (nm)
PCL-12 10 18/0 12 0.8 170 94
PCL-13 10 20/0 12 0.8 140 33
PCL-14 10 22/0 12 0.8 200 94
PCL-15 10 25/0 12 0.8 160 69
PCL-16 10 18/0 15 0.8 300 301
PCL-17 10 20/0 15 0.8 180 147
PCL-18 10 22/0 15 0.8 140 57
PCL-19 10 25/0 15 0.8 160 90
PCL-20 12 18/0 12 0.8 460 36
PCL-21 12 20/0 12 0.8 590 29
PCL-22 12 22/0 12 0.8 610 43
PCL-23 12 25/0 12 0.8 950 350
PCL-24 12 18/0 15 0.8 340 319
PCL-25 12 20/0 15 0.8 200 141
PCL-26 12 22/0 15 0.8 230 156
PCL-27 12 25/0 15 0.8 400 326
PCL-28 14 18/0 12 0.8 690 372
PCL-29 14 20/0 12 0.8 720 436
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PCL-30
PCL-31
PCL-32
PCL-33
PCL-34
PCL-35
PCL-69
PCL-70
PCL-71
PCL-72
PCL-73
PCL-74
PCL-75
PCL-76
PCL-77
PCL-78
PCL-79
PCL-80
PCL-81
PCL-82
PCL-83
PCL-114

15
7

22/0
25/0
18/0
20/0
22/0
15/-15
10/-10
15/-15
20/-20
30/0
15/-20
10/-10
15/-15
20/-20
30/0
15/-20
10/-10
15/-15
20/-20
30/0
15/-20
30/0

12
12
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

0.8
0.8
0.8
0.8
0.8
0.8
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

780
1120
550
530
610
970
Failed
100
110
110
120
Failed
450
330
430
450
Failed
870
680
560
690
Failed

322
287
352
391
444
427

30
39
46
44

285
300
343
386

369
526
398
577

C% (wt): solution concentration of PCL

d (cm): distance from needle to collector

U (kV): Voltage

FR: PCL solution feed rate (mL/h)

D (nm): Average fiber diameter
SD (nm): Standard deviation
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ATR-FTIR analysis was conducted to characterize the PCL nanofibers. Figure 3.1
shows the FTIR spectra of PCL nanofibrous mats. This includes 2951 cm™ (asymmetric
CH, stretching), 2951 / 2865 cm™ (CH, stretching), 1722 cm™ (carbonyl stretching),
1293 cm™ (C-0 and C—C stretching), 1239 cm™ (asymmetric COC stretching) and 1176
cm™ (symmetric COC stretching) [8].
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Figure 3.1: FTIR spectrum of PCL nanofiber mats. Sample used: PCL-20.

The effect of voltage on electrospun fiber morphology was investigated at different PCL
solution concentrations (Figure 3.2). A crucial element in the electrospinning process is
the voltage applied to the solution. According to Bhardwaj et al. [1], fiber formation
occurs only after the threshold voltage is obtained. This induces the necessary charges
on the solution along with electric field and initiates the electrospinning process.

However, electric field instabilities are detected above the threshold voltage [9].
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Figure 3.2: Graph showing fiber diameter vs. applied voltage for 10, 12 and 14%
solutions of PCL in TFE. Samples used: PCL-12, PCL-13, PCL-14, PCL-15, PCL-20,
PCL-21, PCL-22, PCL-23, PCL-28, PCL-29, PCL-30 and PCL-31. Distance from
needle to collector of 12 cm and feed rate of 0.8 mL/hr. Error bars are + standard

deviation of sample population.

Studies have suggested that when higher voltages are applied, there is more polymer
ejection, which facilitates the formation of a larger diameter fiber [1]. This effect can be
observed in Figure 3.2, although most of the studies have found the opposite effect [1].
As can be seen in Figure 3.2, the effect of voltage on fiber diameter is more pronounced
at higher concentrations. Thus, the voltage influences the fiber diameter, but the
polymer solution concentration has a much more profound effect on it. Figure 3.3 (a-d)
shows SEM images of some nanofibers used in Figure 3.2, confirming the accentuated
effect of solution concentration on the fiber morphology. The strong dependence of
fiber diameter on material concentration has been reported by a number of studies for
other materials [10-12]. In the electrospinning process, for fiber formation to occur, a
minimum solution concentration is required. It has been found that solutions below 800
cP are too dilute to undergo chain entanglement and readily breakup into droplets [13].
In this case, a mixture of beads and fibers are obtained as observed in Figure 3.3 (a-b).
However, it is difficult for the applied charged potential to overcome the surface tension

of viscous solutions above 4000 cP [13]. In summary, the diameter of the electrospun
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fibers correlates directly with polymer concentration. The upper and lower limits for
solution concentration vary greatly and depend on the polymer type, its molecular

weight, temperature and the polymer-solvent interaction.
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Figure 3.3: MEV of the PCL nanofiber mats: (a) PCL-12; (b) PCL-15; (c) PCL-20; (d)
PCL-23; (e) PCL-28 and (f) PCL-31. (Magnification 10° X)
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Figure 3.4 shows the effects of voltage on electrospun fiber morphology when the
distance between the tip and the collector was raised to 15 cm at different PCL solution
concentrations. As can be observed in Figure 3.4, in general, the nanofibers
demonstrated the same previous behavior, i.e., larger fibers were formed when the
voltage increased. The SEM micrographs presented in Figure 3.5 present the fibers
when the distance between the tip and the collector was raised to 15 cm, and few
differences from the previous images (Figure 3.3), where the distance was set to 12 cm,

were observed.
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Figure 3.4: Graph showing fiber diameter vs. applied voltage for 10, 12 and 14%
solutions of PCL in TFE. Samples used: PCL-16, PCL-17, PCL-18, PCL-19, PCL-24,
PCL-25, PCL-26, PCL-27, PCL-32, PCL-33, PCL-34 and PCL-35. Distance from
needle to collector of 15 cm and feed rate of 0.8 mL/hr. Error bars are + standard

deviation of sample population.
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Figure 3.5: MEV of the PCL nanofibers mats: (a) PCL-16; (b) PCL-19; (c) PCL-24; (d)
PCL-27; (e) PCL-32; (f) PCL-35. (Magnification 10° X)

The effect of increasing the distance between the tip and the collector on the
morphology of PCL nanofibers is shown in detail in Figure 3.6. As can be observed in
Figure 3.6, there seems to be a trend of smaller fiber diameters when the distance
between the tip and the collector is raised from 12 cm to 15 cm. In view of this, it is

reasonable to think that thinner fibers are produced using a higher distance, where less
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solvent remains in the jet and more stretching occurs. However, Dougstani et al. [14] in
their PCL electrospinning experiments with different parameter combinations found that
the mean fiber diameter increased with the distance. According to them, by increasing
the spinning distance, the electric field strength will decrease (E = V/d), resulting in less
acceleration and, hence, less stretching of the jet, leading to thicker fiber formation. It is
likely that the sum of these two opposite effects has an influence on the diameter of the
fibers. However, due to the high sensitivity of the electrospinning process to small
variations, the fiber diameter may be more influenced by one or the other depending on

the experiment.
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Figure 3.6: Comparison of the fiber diameter using distance between the tip and the
collector of 12 cm (left) and 15 cm (right) for voltages of: (a) 18/0, (b) 20/0, (c) 22/0
and (d) 25/0 kV. Samples used: 18/0: PCL-12, PCL-20, PCL-28 (12 cm) and PCL-16,
PCL-24, PCL-32 (15 cm); 20/0: PCL-13, PCL-21, PCL-29 (12 cm) and PCL-17, PCL-
25, PCL-33 (15 cm); 22/0: PCL-14, PCL-22, PCL-30 (12 cm) and PCL-18, PCL-26,
PCL-34 (15 cm); 25/0: PCL-15, PCL-23, PCL-31 (12 cm) and PCL-19, PCL-27, PCL-
35 (15 cm).

In fact, it is very difficult to establish a reliable relation between the various
electrospinning parameters and fiber diameter. An exception is the polymer solution
concentration, which presents a direct response to the fiber diameter. Figure 3.7, for
example, examines the behavior of the fiber diameter with increasing solution
concentration for two different voltages. An opposite result to those of Figure 3.2 and
Figure 3.4 is present in Figure 3.7. With these sets of samples, the mean fiber diameter

decreased with an increase in voltage. As aforementioned, there are two factors
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governing the relation between fiber diameter and voltage [1]. In the case of Figure 3.7,
the predominant factor seems to be the increase of electric field strength and larger
electrostatic stretching forces due to the increasing applied voltage that caused the jet to

accelerate more in the electric field, thereby favoring thinner fiber formation.
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Figure 3.7: Graph showing average fiber diameter vs. solution concentration of PCL in
TFE. Samples used: (a) PCL-70, PCL-75 and PCL-80; (b) PCL-71, PCL-76 and PCL-
81; (c) PCL-35.

Figure 3.7 also shows that when the voltage is kept constant, the fiber diameter tends to
increase with increase in the flow rate. This result is in agreement with Zhou et al. [15],
who reported that the PCL single-fiber diameter increased from approximately 27 um at
0.03 mL h? to 80 pm at 0.18 mL h™. The authors attributed this result to the
deterioration of the stability of the jet due to solution dripping, which was noted at

higher flow rates.

3.3.2. Nanofibers of PCL in acetic acid/formic acid (1:1)

In this work, a 1:1 (v/v) combination of acetic acid and formic acid was used as an
alternative solvent to TFE. Among the solvents used for PCL electrospinning, acetic
acid and formic acid are the least toxic [16]. Table 3.2 shows the various parameters

used and their effect on the fiber diameter when this solvent system was used for PCL.
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The average fiber diameter plotted versus PCL solution concentration in this solvent

system can be seen in Figure 3.8.

Table 3.2: Electrospinning conditions for PCL solutions in acetic acid/formic acid 1:1
(VIv)

Sample  C%(wt) U (kV) d (cm) FR D (nm) SD (nm)
ACETIC ACID/FORMIC ACID 1:1 (v/v)

PCL-2 11.5 25/-1 14 0.4 120 67
PCL-3 11.5 25/0 14 0.4 120 55
PCL-4 13.1 25/-1 14 04 100 44
PCL-5 13.1 25/0 14 0.4 130 66
PCL-6 14.6 25/-1 14 0.4 130 62
PCL-7 14.6 25/0 14 0.4 110 52
PCL-8 14.6 25/-1 14 04 Failed

PCL-9 17 25/-1 14 04 160 93
PCL-10 17 25/0 14 0.4 150 70
PCL-11 15 20/-10 14 0.4 Failed

PCL-97 15 10/-10 15 0.4 Failed

PCL-98 15 15/-15 15 0.4 130 61
PCL-99 15 20/-20 15 0.4 140 29
PCL-100 15 30/0 15 0.4 120 39
PCL-101 15 15/-20 15 0.4 150 39

C% (wt): solution concentration of PCL
d (cm): distance from needle to collector
U (kV): Voltage

FR: PCL solution feed rate (mL/h)

D (nm): Average fiber diameter

SD (nm): Standard deviation
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Figure 3.8: Graph showing fiber diameter vs. solution concentration of PCL in acetic
acid/formic acid 1:1 (% v/v). Samples used: PCL-3, PCL-5, PCL-7, and PCL-10.
Applied voltage of 25/0 KV, distance from needle to collector of 14 cm and feed rate of

0.4 mL/hr. Error bars are + standard deviation of sample population.

As can be seen in Figure 3.8, with the exception of the point corresponding to the
concentration of 14.6%, a trend of increase in the diameter with increase in the
concentration of solution was maintained. Compared to TFE, the use of such acids as
solvent gave rise to smaller fiber diameters. According to Raghavan et al. [17], the
solution parameters have the most significant influence on the electrospinning process
and electrospun fiber morphology. The viscosity of the solution and its electrical
characteristics determine the extent of the elongation of the solution. This, in turn, has
an effect on the diameter of the electrospun fiber. Table 3.3 shows the values of

dielectric constant at 25 °C for some solvents [18].
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Table 3.3: Dielectric constant (25 °C) for some PCL electrospinning solvents

Solvent Dielectric constant (g)
Water 87.9
Acetic acid 6.15
Acetone 20.7
N,N-Dimethylformamide (DMF) 36.7
Formic acid 57.5
Methanol 32.7
Methylene chloride (MC) 9.1
Tetrahydrofuran (THF) 7.58
Toluene 2.4
2,2,2-Trifluoroethanol (TFE) 8.55

The behavior showed in Figure 3.8 coincides with the fact that the dielectric constant of
formic acid is much higher than that of TFE, as shown in Table 3.3. In poly(ethylene
oxide) electrospinning, for example, the higher is the dielectric constant of the solvent,
the lower is the fiber diameter [17]. Sawada et al. [19] reported that the average
diameter of the fibers electrospun from PVA aqueous solution was 580 + 38 nm, which
increased up to 1230 = 254 nm when using 10 wt% DMF. However, the productivity
defined as ([1 - (amount of polymer which did not come in contact with the collector) /
(amount of polymer ejected from the needle for 30 min)] x 100) of electrospun PVA
fibers increased from 15 to 92% by increasing the content of DMF from 0 to 10 wt%.

Lee et al. [20] have studied the effect of dielectric constant and electrical conductivity
of solution on PCL electrospinning. They found that methylene chloride (MC), which
has intermediate dielectric constant, was a good solvent for PCL but produced large
fiber diameter. Although N, N-dimethylformamide (DMF) is not a solvent for PCL, it
has a high dielectric constant and was used for improving electrospinning process.
According to them, for the MC/DMF solvent systems, as the DMF volume fraction
increased, solution electrical conductivity increased and the diameter of electrospun
PCL fibers decreased conspicuously. Toluene reported as a poor solvent for PCL and
with low dielectric constant did not impart the same effect. For MC/toluene systems,
solution conductivity did not change as toluene increased. The authors interpreted that

DMF has not only a high dielectric constant, but also polyelectrolyte behavior.
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When non-conductive polymers such as PCL are used for electrospinning, the charges
are solely accommodated for by the volatile solvent [12]. Therefore, a polymer solution
with higher electrical conductivity would carry more charge, leading to a greater tensile
force, which could lead to an increase in the stretching and splitting of the jet, resulting
in a thinner fiber and broader diameter distribution [21]. In view of this one could
suppose that the high dielectric constant of formic acid along with the polyelectrolyte
character of the acids is responsible for thinner diameter of the fibers when compared
with TFE.

Luong-Van et al. [22] found that the use of methanol, a poor solvent for PCL, improves
the conductance of the polymer solution, which in turn affects the fiber diameter.
According to them, the conductivity of the spinning solution can be altered by the
addition of filler molecules such as ionic salts and drugs. The addition of salts (e.g.,
NaCl and KH,PO,) to polymer solutions have been found to affect the fiber diameter,
with the presence of charged ions leading to fibers with substantially decreased diameter
and with ions of small atomic radii (such as Na') having the larger effect. This
observation was explained by the presence of the highly charged molecules in the
spinning solution, resulting in an increase in the charge density on the surface of the
ejected polymer jet. The increase in charge density imposes greater elongation and
thinning forces on the jet as it travels through the electric field, resulting in fibers of
smaller diameter.

Moghe et al. [23] describe a method to improve the electrospinnability of PCL to
produce uniform ultra-fine nanofibers with narrow fiber diameter distribution. As
reported by the authors, this was achieved by using a new solvent system that increases
the conductivity of the solution. For this purpose, they used a fugitive salt that
evaporates along with the solvent during electrospinning. Pyridine, an organic base
compound, was used as an additive to accomplish this goal. According to them, when
added to a solution of PCL in glacial acetic acid, pyridine is protonated and forms
pyridinium acetate that evaporates during the electrospinning process. This results in
pure polymeric nanofibers of smaller dimensions and superior uniformity than are

otherwise possible.
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3.3.3. Co-axial nanofibers of PCL/gelatin in acetic acid/formic acid (1:1)

Preliminary studies have shown that PCL/gelatin co-axial nanofibers provide a optimal
solution for overcoming the shortcomings of natural and synthetic polymers, resulting
in a new biomaterial with good biocompatibility and improved mechanical, physical
and chemical properties [8, 24, 25]. The purpose of this work is to obtain PCL/gelatin
co-axial nanofibers in the solvent system acetic acid/ formic acid 1:1 (v/v).

Because PCL and gelatin in solution have a threshold time for electrospinning before
degradation, the rheological behavior of PCL and gelatin solution in these acids was
initially studied. Rheograms for PCL and gelatin (15% wt) after different times are
shown in Figure 3.9 and Figure 3.10, respectively.

Shear stress as a function of shear rate for PCL dissolved after different times in acid

70

®1h
60 | +
mah
¥
50 +— aseh A
©
a X 24h
w 40 *
o L
2 * 48h A
£ 30 -
72h
£ $
7} 4
20 -+ *144h *
10 =
o g
0 20 40 60 80 100 120

Shear rate (s?)

Figure 3.9: Rheograms for PCL solution (15% wt) after different times.
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Shear stress as a function of shear rate for gelatine dissolved after different times in acid
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Figure 3.10: Rheograms for gelatin solution (15% wt) after different times.

Both polymer solutions presented rheological behavior close to Newtonian fluids, a
slight shear-thinning was observed suggesting pseudoplastic behavior. Marcotte et al.
[26] have shown that aqueous gelatin (2%) is Newtonian at most temperatures.
According to them, just above the setting point, the viscosity becomes markedly time
dependent, owing to the degree of aggregation taking place, which is accentuated by
higher concentrations and high molecular weights.

The reduction in apparent viscosity with increasing shear rate is an alternative way to
depict pseudoplastic behavior of the polymer solutions as shown in Figures 3.11, 3.12
and 3.13.
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Figure 3.12: Viscosity/shear rate relationship for PCL solution (15% wt) after different

times.
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Viscosity as a function of shear rate for gelatine dissolved after different times in acid
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Figure 3.13: Viscosity/shear rate relationship for gelatin solution (15% wt) after
different times.

The behavior of viscosity (1) with time is presented for both gelatin and PCL solution in
Figure 3.14. As can be seen in Figure 3.14, for gelatin solution, a slight viscosity
thinning with time occurred, whereas for PCL solution, the viscosity was maintained
constant over time, except after 144 h, when an accentuated increase in viscosity was
noted. This was probably due to solvent evaporation. The results in Figure 3.14 proved
that minor degradation of the polymers in solution occurred at least for the first 48 hours

after polymer dissolution.
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Figure 3.14: Viscosity versus time for gelatin and PCL solution (15% wit).

According to Tiwari et al [27], in the case of core-shell electrospinning, the ratio
Neore/Mshen 1S OF critical importance to obtain stable core-shell electrospinning, in addition
to the individual viscosity requirements of core and shell solutions for electrospinning.
For the shell solutions consisting of PLGA 80/20 (in 80:20 chloroform and DMF) and
PVA solutions (in water) used in the core, the workable range is Mcore/Mshet = 0.55. This
range may vary for different polymer pairs, solvent types and interactions between core
and shell solutions. Figure 3.15 shows the graph of the present system (PCL/gelatin
15% wt in acetic acid/formic acid 1:1), in which ncore/Mshen Values were plotted against
the time that polymer and solvent remained in contact before electrospinning. Adapting
the Tiwari et al theory to the time of contact between the polymer and solvent to
produce the solution for electrospinning, we can conclude that there should be a
threshold time of polymer/solvent contact that, once exceeded, would result in
unspinnable solutions. As can be seen in Figure 3.15, after 48 hours of contact between
polymer and solvents, the conditions of spinnability were probably no longer suitable

due tO the hlgh ncore/nshe".
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shell solutions.

Table 3.4 shows the various parameters used and their effect on fiber diameter when
acid acetic/acid formic (1:1) was used as the solvent system for producing PCL/gelatin
co-axial nanofibers. As can be seen in Table 3.4, the ratio of flow rates between the core
and shell solutions profoundly affected the co-axial electrospinning. Nguyen et al. [28]
focused on fabrication and characterization of porous core/shell structured composite
nanofibers with a core of blended salicylic acid (SA) and poly(ethylene glycol) (PEG)
and a shell of poly(lactic acid) (PLA). According to them, the stable core/shell structure
of composite nanofibers is determined by the stability of the compound jet of two
liquids, which in turn is strongly affected by the feed rates and applied voltage, among
others parameters. Nanofibers obtained at core feed rates of 0.1-0.2 mL/h formed the
core/shell structure, but when the core feed rate was increased to 0.4 mL/h, the PLA
solution was insufficient for encapsulating core solutions. Chakraborty et al [13] stated
that in this case, the resulting core/shell solutions form pendant drops at the needle,

projecting only droplets under electrical gradient.
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Table 3.2: Electrospinning conditions for co-axial fibers PCL/gelatin

Sample U (kV) FR; FR; D (nm) SD (nm)
S:=S,= ACETIC ACID/FORMIC ACID 1:1 (v/v)

PCL/G-116 30/0 0.3 0.13 190 60
PCL/G-117 30/0 0.2 0.2 400 144
PCL/G-118 30/0 0.2 0.3 350 72
PCL/G-119 25/0 0.3 0.13 270 117
PCL/G-120 25/0 0.2 0.2 Failed
PCL/G-121 25/0 0.2 0.3 180 54
PCL/G-132 30/0 0.6 0.6 Failed
PCL/G-133 30/0 0.3 0.3 Failed
PCL/G-134 30/0 0.8 0.8 510 66
PCL/G-135 30/0 0.9 0.9 510 117
PCL/G-136 30/0 0.7 0.8 360 85
PCL/G-137 30/0 0.7 0.7 325 84

Solution concentration of PCL and gelatin: 15% (w/w)
Distance from needle to collector of 15 cm

U (kV): Voltage

FR1: PCL solution feed rate

FR,: Gelatin solution feed rate

D (nm): Average fiber diameter

SD (nm): Standard deviation

Figures 3.16 and 3.17 show SEM and TEM micrographs of co-axial PCL/gelatin
nanofiber obtained in acetic acid/formic acid (1:1).
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Figure 3.16: MEV of co-axial PCL/gelatin nanofibers in acetic acid/formic acid (1:1
v/v): The arrow highlights the PCL core of co-axial fiber. Sample used PCL/G-134.
(Magnifications: (a) 10° X and (b) 5.10% X)
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Figure 3.17: MET of co-axial PCL/gelatin nanofibers in acetic acid/formic acid (1:1
v/v): The arrow highlights the PCL core of co-axial fiber. Sample used PCL/G-134.

As can be seen from Figures 3.16 and 3.17, the co-axial morphology is well

characterized.
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3.4 Conclusions

It was shown through the electrospinning of PCL solution that such a process is
governed by various parameters. Replacement of the solvent 2, 2, 2-trifluoroethanol
(TFE) with a mixture 1:1 (v/v) of acetic acid and formic acid led to fibers with reduced
diameter. PCL and gelatin solutions with a mixture 1:1 (v/v) of acetic acid and formic
acid as solvent were also co-electrospun. In the case of core-shell electrospinning, the
ratio Mcore/Mshen 1S OF critical importance in enabling stable core-shell electrospinning.
PCL and gelatin in acid solution are to achieve a required threshold time for

electrospinning before degradation.
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4 Elaboration and characterization of co-axial electrospun
Poly(e-Caprolactone)/Gelatin nanofibers for biomedical

applications

Abstract. Mats based on PCL/gelatin nanofibers are promising biomaterials for tissue
engineering scaffolds because they exhibit morphological characteristics similar to the
extracellular matrix for bone regeneration. For this purpose, novative coaxial poly(e-
caprolactone) (PCL)/gelatin  nanofibers were successfully fabricated by
electrospinning, using 2,2,2-trifluoroethanol (TFE) as a solvent. In such a multiphase
system, the mechanical properties of the fibers are brought by the PCL core, a
biocompatible polyester, and the bioactivity is linked to the gelatin skin. The
morphology of the PCL/gelatin coaxial fibers was evaluated using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and differential scanning
calorimetry (DSC) experiments. The influences of PCL concentration, applied voltage
and feed rate on the characteristics of the PCL core were analyzed in correlation with
the fibers structure. The relation between the thickness of the gelatin shell and the
diameter of the coaxial fibers was studied to demonstrate that this relationship is

defined by the ratio between the gelatin and PCL feed rates.

Keywords: Co-axial nanofibers; Electrospinning; PCL; Gelatin.
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4.1 Introduction

Nonwoven fibrous mats obtained by electrospinning polymer solutions are
characterized by an interconnected structure with small distance between the fibers and
a large surface area per unit volume. These mats therefore resemble the natural
extracellular matrix. These characteristics have made electrospun mats attractive mainly

for biomedical applications [1].

Nanofibers can be generated from an electrostatically driven jet of polymer solution [2].
An electric field in the kilovolt range is usually generated by a high voltage power
source between a capillary tip and a collector. As the electrostatic forces overcome the
surface tension of the liquid, a Taylor cone is formed and a thin jet of the liquid is
rapidly accelerated to a grounded or an oppositely charged collecting target. Solid

nanofibers are formed due to solvent evaporation (Figure 4.1).

| = -
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altage Supply

o I | |
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Figure 4.1: Scheme of the electrospinning setup.

Many electrospun polymers are biopolymers, such as zein [3], chitosan [4], collagen [5]
and fibrinogen [6], because these polymers normally exhibit higher biocompatibility

and lower toxicity than conventional polymers.

The present work includes a study on the electrospinning conditions of pure gelatin.

Parameters, such as the voltage, polymer solution concentration and capillary-to-
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collector distance, were varied to control the nanofiber size and morphology. Gelatin is
a biopolymer that is derived from the controlled hydrolysis of native collagens and was
selected due to its well-known suitability for promoting cell adhesion and proliferation
[7]. Moreover, due to the large number of functional side groups in gelatin, it readily
undergoes chemical cross-linking, which is very important for its use as a biomaterial.

The ability of gelatin to be electrospun was also determined [8].

For many applications, such as tissue engineering, the nanofibers need to have sufficient
strength and stiffness to withstand stresses in the host tissue environment [7]. This

requirement cannot be met using pure gelatin.

Polycaprolactone (PCL) is one of the most commonly used synthetic polymer in the
medical field because of good biocompatibility and slow biodegradability [9]. Some
authors have combined the advantages of polycaprolactone (PCL) and gelatin (i.e., the
mechanical strength of PCL and the bioactivity of the gelatin) using a coaxial

electrospinning system [10-12].

Via coaxial electrospinning, two different polymer solutions can be simultaneously
electrospun by using inner and outer coaxial capillaries and by applying the same
voltage to both capillaries. As a result, fibers with cores of one polymer and with shells

of the other are formed.

In this paper, obtained gelatin (shell)/PCL (core) coaxial nanofibers were extensively
characterized. The relation between the feed rates of the polymer solutions and the
morphology of the fibers was investigated. These findings will be useful for designing

other complex multicomponent materials using electrospinning.
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4.2 Materials and Methods

4.2.1 Materials

The chemicals and polymers used for nanofiber elaboration were as follows: Poly(e-
caprolactone) (PCL) (Sigma-Aldrich, St. Louis, MO, USA, Mn = 80,000 g/mol), gelatin
powder (type A from porcine skin, gel strength of approximately 300 g Bloom) (Sigma-
Aldrich, St. Louis, MO, USA), 2,2,2-trifluoroethanol (TFE) (99%, Sigma-Aldrich, St.
Louis, MO, USA) and Glutaraldehyde (GTA) (50% solution, Merck Schuchardt OHG-
Hoenbrunn, Germany). All of the chemicals were used as received without any further

treatment.

4.2.2 Electrospinning Setup

The experimental setup used for the electrospinning process consisted of a syringe (2
mL and 7 mm in diameter) connected to a stainless steel needle (2 mm in diameter),
with a polarity reversible high voltage power supply (Gamma High Voltage Research,
USA) with one electrode directly clamped onto the metal needle and the other electrode
clamped onto a static collector that was wrapped in aluminum foil. During the
electrospinning process, the solution was ejected from the tip of the positively charged
needle to form fibrous mats on the collector, which was connected to ground with a zero
or negative polarity. The distance between the needle tip and the aluminum foil was 10,
12 or 15 cm. A syringe pump was connected to the syringe via a Teflon® tube and was
used to push the syringe to deliver a constant and stabilized mass flow of the polymer
solution. All of the experiments were conducted at 25°C and at less than 40% relative

humidity.

4.2.3 Electrospinning of neat gelatin nanofibers

Preliminary tests have shown that to prepare spinnable solutions, the gelatin powder
should be dissolved in TFE under stirring for 24 h at 40 °C. Different gelatin
concentrations of 9%, 7%, 5% and 4% w/w were prepared to investigate the effect of
the spinnability parameters on the nanofiber and mat morphology. A steel needle, 2 mm
in diameter, is used. The electric potential was controlled between 15 and 40 kV. The
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infusion rate was in the range of 0.2-0.5 mL/hr. Gelatin fiber mats that did not undergo

crosslinking treatment were maintained in a sealed desiccator for further investigations.

4.2.4 Coaxial electrospinning of PCL/gelatin nanofibers

The two polymer solutions were independently fed through concentrically configured
needles. The outer and inner diameters of the needles were 2 and 1.5 mm, respectively.
The solution concentration of PCL in TFE was either 12% or 7% w/w. The
concentration of gelatin in TFE was maintained at 5% w/w. Both PCL and the gelatin
solutions were delivered using a programmable syringe pump. A collecting plate was
placed on the grounded static collector that was wrapped in aluminum foil. The feed
rates of both polymer solutions were varied by combining the feed rates over the range
of 0.13-0.8 mL/hr. The needle was positively charged at 25 or 30 kV. The collector was
connected to ground with zero polarity. Coaxial PCL/gelatin fiber mats that did no
undergo crosslinking treatment were maintained in a sealed desiccator for further

investigations.

4.2.5 Crosslinking of gelatin and coaxial PCL/gelatin fiber mats

The crosslinking process was conducted by placing the nanofibrous mats into a sealed
desiccator containing a glutaraldehyde solution (50% w/v) in a Petri dish. The
nanofibrous membranes were placed onto a holed ceramic plate in the desiccator and

were crosslinked with glutaraldehyde vapor at room temperature for 1 h.

4.2.6 Washing procedure
A washing procedure was performed on the coaxial nanofibers. The samples crosslinked
with glutaraldehyde and the uncrosslinked samples were washed with deionized water

for 1 hour at room temperature to remove the gelatin shell.

4.2.7 Extraction of PCL
The extraction of the PCL cores in the crosslinked coaxial fibers was performed using

dichloromethane by immersing the mats into this medium for 2 min.
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4.2.8 Characterization of electrospun mats

The morphology of the gelatin and coaxial nanofibers were analyzed by scanning
electron microscopy (SEM) (JEOL JSM 5600, Japan) at an accelerating voltage of 15
kV. The SEM samples were mounted onto metal stubs and coated with gold using a
sputter coater (JEOL JFC-1200 fine coater, Japan). To determine the nanofiber average
diameter and the corresponding standard deviation, the nonwoven mats were analyzed
using 50 individual measurements, which were measured from the SEM micrographs by
image analysis software (Image J, National Institutes of Health, USA). This analysis
was repeated for a single electrospun fiber mat that was fabricated under a single set of

constant conditions.

The nanofiber mats were also characterized using attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) with a Golden Gate single reflection ATR
accessory (containing a diamond crystal) in a Bruker IFS-spectrometer with a resolution
of 4 cm™" and with 256 co-added scans. The spectra were collected between 400 and
4,500 cm™.

A TA Instruments DSCQ200 (USA) was used for differential scanning calorimetry
(DSC). For the tests with the uncrosslinked gelatin fibers, the sample was first heated
from room temperature to 120°C at a rate of 10°C/min in a nitrogen atmosphere (50
mL/min) and held at this temperature for 2 min. Then, the sample was cooled to -80 °C
at a rate of 10 °C/min in air (50 mL/min) and held at this temperature for 2 min. Finally,
the sample was heated to 120°C at a rate of 10°C/min in air (50 mL/min) (second scan).
The procedure for the crosslinked gelatin fibers, uncrosslinked coaxial fibers and
crosslinked coaxial fibers was the same as described except the upper temperature was
200°C instead of 120 °C.

Transmission electron microscopy (TEM) (TOPCON 002B - Japan) performed at 200
kV was used to observe the core-shell structure of the fibers. The TEM samples were
prepared by directly depositing the as-spun fibers onto copper grids. The samples were

then dried in a vacuum oven for 48 h at room temperature prior to TEM imaging.
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4.3 Results and Discussion

4.3.1 Neat gelatin nanofibers

The electrospinning process is controlled by many parameters, including the solution
parameters, the processing parameters and the ambient parameters [13]. In this study,
the effect of different processing parameters, such as the voltage applied, the tip-to-
collector distance and the solution concentration, on the final fiber diameter were
investigated. Three different voltages were applied with a fixed tip-to-collector distance
of 15 cm for the 5 and 4% (w/w) solutions. Three tip-to-collector distances were
examined with a fixed voltage for the 5% (w/w) solution: 10, 12 and 15 cm,
respectively. The details of the parameters used to produce the gelatin nanofiber
samples in this study are given in Table 4.1.

Table 4.1: Electrospinning parameters for different gelatin nanofiber samples

Sample  C(%w/w) U (kV) d (cm) D (nm) SD (nm)
GEL-41 9 30/0 15 - -
GEL-48 7 30/0 15 - -
GEL-43 5 30/0 12 192 52
GEL-62 5 15/-15 15 190 63
GEL-64 5 15/-20 15 180 74
GEL-65 5 20/-20 15 150 51
GEL-50 5 20/-10 15 160 34
GEL-51 5 20/-10 12 160 49
GEL-52 5 20/-10 10 160 54
GEL-44 5 30/0 10 195 57
GEL-67 4 30/0 15 110 29
GEL-58 4 20/-15 15 100 29
GEL-61 4 20/-20 15 100 37

C (%wi/w): concentration of the gelatin solution

d (cm): distance between the needle tip and the collector
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D (nm): average fiber diameter

SD (nm): standard deviation

Flow rate of the gelatin solution: 0,2 mL/h
Average humidity (%): 40

Average temperature (°C): 20°C

To evaluate the effect of solution concentration on the morphology of the gelatin fibers,

various concentrations in the range of 4 to 9% (w/w) gelatin solution were electrospun.

The solution viscosity is strongly related to the solution concentration. According to
Bhardwaj et al. [13], there should be an optimum solution concentration for the
electrospinning process because beads are formed at low concentrations instead of
fibers. Continuous fibers cannot be formed at high concentrations due to the inability of
the solution to keep flowing at the tip of the needle, resulting in the formation of larger
fibers. Huang et al. [14] have shown that the electrospinning of gelatin was achieved by
using gelatin solutions in the range of 5-12.5% (w/w) with 2,2,2-trifluoroethanol. These

authors reported that lower or higher concentrations were difficult to process.

Gelatin solutions at 4-9% (w/w) were successfully electrospun into nanofibers. Figure

4.2 shows SEM micrographs of the electrospun gelatin fibers.
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Figure 4.2: Scanning electron microscope photographs of electrospun gelatin
nanofibers for various concentrations (magnification of 10%): (a) 9%, (b) 7%, (c) 5% and
(d) 4%. The applied solution voltage and the tip-to-collector distance were 30 kV and
10 cm, respectively. Samples used: GEL-41, GEL-48, GEL-43 and GEL-58.

As shown in Figure 4.2, at a low concentration (4% (w/w)), many beads were formed
(Figure 4.2 d). Ki et al. [15] found a similar result for the 7% (w/w) concentration. They
electrospun gelatin nanofibers in formic acid solutions at 7-12% (w/w). According to
these authors, the formation of beads at low concentrations is due to the low viscosity of
the solution and to a relatively high surface tension. Therefore, the solution jet, which
should form a nanofiber, could not maintain its shape at the end of tip and then formed
small drops. Conversely, the fibers obtained from 9 to 7% (w/w) solutions (Figure 4.2 a
and b) exhibit specific fibers morphology as flat belts. Flattened fibers are obtained
because a fraction of the solvent was trapped inside the fiber, after electrospinning step.

When the solvent evaporated, the fiber collapsed, resulting in flat fiber belts [16].
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Among the conditions that were evaluated in Figure 4.2, 5% (w/w) was shown to be the

optimum solution concentration for the electrospinning process of gelatin nanofibers.

According to the review of Bhardwaj et al. [13], some researchers suggested that there
is more polymer ejected when higher voltages are applied, which would facilitate the
formation of a larger diameter fiber. Other authors have reported that an increase in the
applied voltage (i.e., an increase in the electric field strength) increases the electrostatic
repulsive force on the fluid jet, which favors the narrowing of the fiber diameter. In
Figure 4.3, the average diameters of gelatin fibers obtained using the 4 and 5% (w/w)
solutions were plotted as a function of the applied voltage.
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Figure 4.3: Fiber diameter vs. applied voltage for the 4 and 5% solutions of gelatin in
TFE. Samples used: GEL-58, GEL-61, GEL-62, GEL-64, GEL-65 and GEL-67.

According to Figure 4.3, under the conditions used in this study, the average fiber
diameter decreases with increasing voltage, and smaller diameters are achieved with
more dilute solutions. This result does not agree with the one obtained by Ki et al. [15];
they found that the electric field did not significantly affect the size of the nanofiber.
Moreover, the authors achieved gelatin nanofibers with mean diameters of
approximately 80 nm using an 8% (w/w) concentration with an electric field of 1.0 kV

and a spinning distance of 10 cm, which corresponds to smaller fibers than the ones
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produced in the present work. The values of the diameters determined in this work are
closer to those found by Ratanavaraporn et al. [17], who reported that the
electrospinning of a type A gelatin solution in formic acid at various concentrations
(2.5-60% w/v) produced fibers with diameters that ranged from 190-300 nm. However,
the results of these authors is partially in good agreement with the previous ones of Ki
et al. [15] since they observed that gelatin fibers prepared at 25% wi/v with a 10 to 25

kV, resulted in smooth fibers without any beads.

The distance between the tip and the collector has been also analyzed for controlling the
fiber diameters and morphology, as reported by Bhardwaj et al. [13]. According to these
authors, a minimum distance is required to give the fibers sufficient time to dry before

reaching the collector.
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Figure 4.4: Fiber diameter vs. needle-to-collector distance at a fixed voltage for the 5%
solution of gelatin in TFE. Samples used: GEL-50, GEL-51 and GEL-52. The error bars

are the + standard deviations of the sample population.

As shown in Figure 4.4, for our process conditions the effect of the tip-to-collector
distance on the fiber morphology was not as significant as the other studied parameters.
Other parameters, such as the type of solvent and the solution feed rate, affect

significantly the fiber morphology. It is worth noting that Ki et al. [15] worked with
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formic acid to obtain thin fibers, as did Ratanavaraporn et al. [17], who used higher
solution concentrations. As stated by Wang et al. [18], a gelatin solution with formic
acid has a large conductivity due to the high dielectric constant of formic acid, which

favors the formation of thinner fibers.

An example of the influence of the solution feed rate on the fiber morphology was given
by Montero et al. [19]. They reported nanofibers from gelatin in 1,1,1,3,3,3 hexafluoro-
2-propanol. These authors obtained electrospun nanofibers using an applied voltage and
a tip-to-collector distance of 20 kV and 15 cm, respectively. Under these conditions, for
a 5% (w/w) precursor solution and a feed rate of 1 mL/hr, they found an average
diameter of 240 £ 60 nm. When the authors increased the feed rate to 8 mL/hr, they

found an average diameter of 390 £ 26 nm.

With close conditions, using gelatin in 2,2,2-trifluoroethanol and a feed rate of 0.2
mL/h, we found an average diameter of 160 + 34 nm. From this observation, we can
infer that the fiber diameter tends to increase with increasing feed rate. The same
observation was reported by Bhardwaj et al. [13] in the case of polystyrene fibers.
According to the authors, the fiber diameter and the pore diameter increase with an
increase in the polymer flow rate. Additionally, a lower feed rate is more desirable

because the solvent will have enough time to evaporate.

In summary, approaches in this work, such as decreasing the polymer concentration and
increasing the net charge density of the solution, were utilized to reduce the diameter of
the electrospun gelatin nanofibers. Although the objective of reducing the fiber diameter
down to less than 100 nm was not achieved, nanoscale gelatin fibers were conveniently

obtained.

Figure 4.5 shows the wide scan FTIR spectra for the electrospun gelatin nanofibers
(sample GEL-44). In Figure 4.5, the characteristic absorption bands of gelatin can be
observed i.e., the amide | band (antisymmetric stretching vibration of the carboxyl
group or C=0 vibration) at 1642 cm™' [20] and the amide Il band (N-H bending
vibration) at 1530 cm™' [20]. The spectrum also exhibited the characteristic absorption
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band at 3290 cm ™ that is associated with the N—H stretching vibration in gelatin [8].
According to Choi et al. [8], a free N—H stretching vibration occurs in the range 3400-
3440 cm %, and, when the N—H group of the peptides is involved in hydrogen bonding,
the position of this band is shifted to lower frequencies, usually to approximately 3300

cm L,
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Figure 4.5: FTIR spectrum of gelatin nanofibers. Sample used: GEL-44.

It is well known that gelatin is water soluble and mechanically weak [21]. For scaffold
applications, electrospun gelatin nanofibers must be crosslinked to stabilize the
nanofibers structure, to maintain their morphology even after exposure to an aqueous

solution. Otherwise, it is impossible to culture cells in an aqueous environment.

Glutaraldehyde (GTA) is by far the chemical most widely used as a crosslinking agent
due to its high efficiency in stabilizing collagenous materials. The GTA-based
crosslinking of collagenous materials significantly reduces their biodegradation rates,
making the materials biocompatible and nonthrombogenic while preserving their
biological integrity, strength and flexibility [21]. Although other crosslinking agents
have been reported to reduce cytotoxicity [22], they usually cannot match GTA in

collagen stabilization [21].
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4.3.2. PCL/Gelatin coaxial nanofibers

Although gelatin has been successfully electrospun into nanofibers, pure gelatin mats
did not produce completely satisfactory results for use in tissue engineering. According
to Almeida et al. [8], amongst the other requirements, an ideal scaffold must have
sufficient strength and stiffness to withstand the stresses in the host tissue environment.
Based on these requirements, gelatin and PCL were co-electrospun to produce
PCL/gelatin core-shell nanofibers. PCL was used to form the core structure of the fibers
while gelatin was used as the shell, thus forming PCL fibers coated with gelatin, which

are able to meet the requirements for use in tissue engineering.
The electrospinning conditions, such as the different concentrations of the core and shell
solutions, the voltage and the feed rates of both polymer solutions, are listed in Table

4.2.

Table 4.2: Electrospinning parameters for coaxial PCL/gelatin nanofibers

Sample Cl C2 FR1 FR2 U (kV)
PCL/G-85 12 5 0.2 0.3 25/0
PCL/G-86 12 5 0.2 0.2 25/0
PCL/G-87 12 5 0.3 0.13 25/0
PCL/G-88 12 5 0.2 0.3 30/0
PCL/G-89 12 5 0.2 0.2 30/0
PCL/G-90 12 5 0.13 0.3 30/0
PCL/G-91 12 5 0.3 0.13 30/0
PCL/G-92 7 5 0.2 0.3 30/0
PCL/G-93 7 5 0.2 0.2 30/0
PCL/G-94 7 5 0.13 0.3 30/0
PCL/G-95 7 5 0.3 0.13 30/0
PCL/G-122 7 5 05 05 30/0
PCL/G-123 7 5 0.4 0.4 30/0
PCL/G-124 7 5 0.8 0.8 30/0
PCL/G-125 7 5 05 0.8 30/0
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PCL/G-126 7 5 0.4 0.7 30/0
PCL/G-127 7 5 0.4 0.6 30/0
PCL/G-128 7 5 0.4 0.5 30/0
PCL/G-129 7 5 0.3 0.6 30/0
PCL/G-130 7 5 0.2 0.5 30/0

C1 (%w/w): concentration of the core solution (PCL)
C2 (%w/w): concentration of the shell solution (Gelatin)
FR1: flow rate (mL/hr) of the core solution (PCL)

FR2: flow rate (mL/hr) of the shell solution (Gelatin)
Distance between the needle tip and the collector: 15 cm
Average relative humidity: 26%

Average temperature: 19.3 °C

Based on the previously obtained electrospun gelatin fibers, a 5% w/w gelatin/TFE
solution was selected and used for all of the coaxial experiments. The effect of varying
the concentration of the PCL/TFE solution is illustrated in the SEM micrographs in
Figure 4.6. The diameters of the coaxial fibers increase from 744 + 237 nm (figure 4.6b)
to 893 + 286 nm (figure 4.6a) with increasing core solution concentration. Schueren et
al. [23] reported that this behavior was due to the increase in viscosity with the increase
in PCL, which they determined during their study for an alternative solvent system for
use in steady-state PCL electrospinning. According to the authors, the higher amount of
entanglements discourages the bending stability of the jet at long distances from the
needle, thus causing thicker fibers. The same trend in coaxial PCL/gelatin fibers was

previously observed by other authors [24].
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Figure 4.6: Scanning electron microscope photographs of electrospun coaxial
PCL/gelatin nanofibers for PCL solution concentrations of: (a) 12% (w/w) and (b) 7%
(w/w). The gelatin solution concentrations of 5% (w/w) with a feed rate of 0.2 mL/hr
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for both solutions and a voltage of 30 kV were used. Samples used: (a) PCL/G-89 and
(b) PCL/G-93. (Magnification of 5.10°).

Figure 4.7 shows the transmission electron microscopy (TEM) image of the electrospun
coaxial nanofiber structure for the 7% (w/w) and 5% (w/w) solution core and shell

concentration, respectively. A distinct boundary between PCL and gelatin can be

observed, indicating a clear core-shell structure.

Figure 4.7: TEM of the core-shell morphology of the PCL/gelatin nanofibers obtained
by electrospinning the 7% (w/w) PCL/TFE solution (core) and the 5% (w/w)
gelatin/TFE solution (shell). The feed rates of the core solution and shell solution were
0.2 mL/hr and the applied voltage was 30 kV. Sample used: PCL/G-93

After washing the coaxial fibers with dionized water, we observed that the diameters of
the coaxial fibers of the PCL/G-93 reduced from 744 + 237 nm to 619 + 182 nm, and
the corresponding mat was examined using FTIR spectroscopy. The gelatin
uncrosslinked nanofiber spectrum was used to control as a reference (Figure 4.8).
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Figure 4.8: FTIR spectra of uncrosslinked coaxial PCL/gelatin nanofibers (a) before
washing and (b) after washing and (c) of single gelatin nanofibers (control). Samples
used: PCL/G-93 and PCL/G-44

The spectrum of the control exhibited the characteristic absorption band at 3306 cm™
that is associated with the N-H stretching vibration in gelatin. According to a previous
report, a free N-H stretching vibration occurs in the range from 3400-3440 cm™, and,
when the N-H group of the peptides is involved in hydrogen bonding, this band is
shifted to lower frequencies, approximately 3300 cm™ [8]. This band is not observed in
the spectra of the washed mat. Besides common protein bands appeared at
approximately 1639 cm™ (amide 1) and 1529 cm™ (amide I1), corresponding to the
stretching vibration of C=0 bond and to coupling of the bending of N-H bond with the
stretching vibration of C-N bond, respectively [8, 15]. These bands were also not
observed for the washed nanofibers. Conversely, the characteristic band at 1735 cm™,
which is related to the stretching vibration of the carbonyl groups associated with the
ester bonds in PCL [25], was observed in the spectrum of the washed coaxial fibers, as
was the band corresponding to CH, absorption (2938 cm™). All these data indicate the
disappearance of gelatin and the appearance of PCL after mat washing step.
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Because gelatin is hydrolytically unstable, for future applications of the core-shell mats
as scaffolds in tissue engineering, it is essential to stabilize the gelatin shell by
crosslinking. We used glutaraldehyde for this purpose. The crosslinking process was
studied using FTIR. Figure 4.9 shows the FTIR spectra of the crosslinked coaxial fibers
before and after water washing and the Figure 4.10 show the SEM micrographs of the

crosslinked coaxial fibers.
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Figure 4.9: FTIR spectra of coaxial PCL/gelatin nanofibers crosslinked with GTA: (a)
before washing and (b) after washing. Sample used: PCL/G-93
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Figure 4.10: Scanning electron microscope photographs of coaxial PCL/gelatin
nanofibers crosslinked with GTA. Sample used: PCL/G-93 (Magnification of 5.10°).

After treatment with GTA vapor for one hour, the gelatin main bands were maintained
in the spectrum after washing the coaxial fibers, in contrast to what was observed in the
figure 4.8. This result proves that one hour was enough time to crosslink the gelatin
shell and does not agree with the results of Lu et al. [26]. The authors found that coaxial
PCL/gelatin membranes were crosslinked after being exposed to GTA vapor for 2 h and

that serious fiber damage occurred when the exposure time was 8 h.

Figure 4.11 shows the DSC of the crosslinked coaxial fibers. The melting and
crystallization peaks of PCL in the core/shell nanofibers are not shifted compared to
those of pure PCL nanofibers [27]. This result indicates weak interactions between the
shell and the core in the coaxial nanofibers.
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Figure 4.11: DSC curves (cooling and 2" scan heating) of: (a) GTA crosslinked
PCL/gelatin coaxial nanofibers and (b) GTA crosslinked gelatin nanofibers (control).
Samples used: PCL/G-129 and PCL/G-44

The selective extraction of the PCL core using dichloromethane was performed for the
crosslinked coaxial fibers, producing the hollow structure shown in Figure 4.12. This
test verified again the core-shell morphology of the fibers obtained by coaxial

electrospinning.
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Figure 4.12: TEM of coaxial nanofibers: (a) before extraction (control) and (b) after
extraction of the PCL core using dichloromethane. Sample used: PCL/G-129

Figure 4.13 shows the SEM micrographs of the coaxial nanofibers for different applied

voltages.
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Figure 4.13: Scanning electron microscope photographs of electrospun coaxial
PCL/gelatin nanofibers at voltages of: (a) 25/0 and (b) 30/0. The PCL solution
concentration of 12% (w/w) and a feed rate of 0.2 mL/hr were used for the PCL solution
and 0.3 mL/hr for the Gelatin solution. Samples used: (a) PCL/G-85 and (b) PCL/G-88
(Magnification of 5.10%).

According to the micrographs shown in Figure 4.13, the effect of varying the voltage on
the coaxial fiber morphology and on the average diameters is not as noticeable as in the
case of the pure gelatin fibers. Nevertheless, we can observe a trend toward more
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uniform fibers with higher applied voltages. Zhang et al. [11] reported that increasing
the feed rate of the PCL core solution required a corresponding increase in the applied
voltage to achieve stable jets. Drexler et al. [24] found that the coaxial electrospinning
parameters significantly affected the core diameter of the PCL/gelatin fibers but had

little effect on the as-spun total fiber diameter.

Possible changes in the morphology of the coaxial fibers were also investigated by
varying the feed rate of the PCL core solution. According to the micrographs shown in
Figure 4.14, no significant difference in the fiber diameters was found with the
reduction in the core feed rate from 0.4 to 0.3 mL/hr, respectively. This observation is in
agreement with Drexler et al. [24]. As reported by these authors, reducing the core feed
rate from 2 to 1 mL/hr produced a 23.4% reduction in the core diameter, but the

variation of the total fiber diameter didn’t exhibit explicit trend.
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Figure 4.14: Scanning electron microscope photographs of electrospun coaxial
PCL/gelatin nanofibers for different feed rates of the PCL solution: (a) 0.4 mL/hr (b)
0.3 mL/hr. The PCL solution concentration of 7% (w/w), a gelatin solution feed rate of
0.6 mL/hr and a voltage of 30 kV were used. Samples used: (a) PCL/G-127 and (b)
PCL/G-129. (Magnification of 5.10°).
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4.4 Conclusions

Core/shell nanofibers, in which the core is formed by PCL and the shell is formed by
glutaraldehyde-crosslinked  gelatin, were successfully fabricated via coaxial
electrospinning using TFE as a solvent. TEM revealed the coaxial morphology of the
obtained fibers. The results from experiments, such as FTIR of washed and unwashed
fibers and extraction of the PCL core using dichloromethane, confirmed the coaxial
morphology. The morphology of the coaxial fibers was affected by changes in the PCL
solution concentration. However, changes in the applied voltage and in the core feed
rate do not appear to significantly affect the morphology of the fibers. The fabricated
core/shell nanofibers are good candidates for use in biomedical fields because they
combine the bioactivity of gelatin with the mechanical strength and biodegradability of
PCL.
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5 In vitro biocompatibility and osteogenesis of mineralized
electrospun co-axial Poly(e-caprolactone) (PCL)/Gelatin

nanofibers

Abstract. Mineralized poly(e-caprolactone) (PCL)/gelatin core—shell nanofibers were
prepared via co-axial electrospinning and subsequent incubation in biomimetic
simulated body fluid containing 10 times the calcium and phosphate ion concentrations
found in human blood plasma (SBF10). The deposition of calcium phosphate on the
nanofiber surfaces was investigated through scanning electronic microscopy (SEM) and
X-ray diffraction (XRD). Energy dispersive spectroscopy (EDS) results indicated that
calcium-deficient hydroxyapatite (HA) had grown on the fibers. Fourier transform
infrared spectroscopy (FTIR) analysis suggested the presence of hydroxyl-carbonate-
apatite. The results of a viability assay (MTT) and alkaline phosphatase activity (ALP)
analysis suggested that these mineralized matrices promote osteogenic differentiation of
human adipose-derived stem cells (hASCs) when cultured in an osteogenic medium and
have the potential to be used as a scaffold in bone tissue engineering. hASCs cultured in
the presence of nanofibers in endothelial differentiation medium showed lower rates of
proliferation than cells cultured without the nanofibers. However, endothelial cell
markers were detected in cells cultured in the presence of nanofibers in endothelial

differentiation medium.

Keywords: Coaxial nanofibers; PCL; Gelatin; Mineralization; In vitro tests
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5.1 Introduction

Bone tissue is composed of a heterogeneous mixture of cell types as osteoid and
endothelial lineages, embedded within a mineralized extracellular matrix (ECM), which
serves to maintain its structural integrity [1]. An important strategy in tissue engineering
is the fabrication of scaffolds that can mimetize the ECM. The function of such
scaffolds is to stimulate and support the growth of new tissues until the cells produce
their own ECM. Culture of adult mesenchymal stem cells (MSCs) on such scaffolds and
subsequent differentiation of these cells into osteogenic lineages is an approach that is
considered to be of great importance in bone tissue engineering, as this strategy can
circumvent drawbacks such shortages of donors cells, tissues, and organs, which are the
major problems in transplantation medicine [1].

Human adipose tissue, obtained via liposuction, contains multipotent cells that may
represent an alternative to bone marrow-derived MSCs as a stem cell source [2]. MSCs
derived from human adipose tissue (hASCs) have been successfully differentiated into
bone cells [3, 4]. This type of cell source has the advantage of being a discard product,
mainly from liposuction surgeries with an aesthetic purpose. Furthermore, the creation
of an endothelial network from MSCs has been reported to improve the vascularization
of engineered bone tissue and, hence, could favor the growth and proliferation of bone
cells [5].

An ideal scaffold must satisfy certain biological and mechanical requirements [6]. In
addition, geometric factors are of great importance for the adhesion and proliferation of
cells. To meet these requirements, scaffolds produced with polymer nanofibers obtained
via electrospinning have been generated and reported to show clear benefits [7]. Among
the polymers that can be electrospun, poly(e-caprolactone) (PCL) has been found to be
cyto-compatible when in contact with several types of body tissues, which makes it an

ideal material for tissue engineering [8].

In the case of bone tissue engineering, recent studies have focused on the importance of

incorporating an inorganic phase to better mimic the native bone tissue [9]. Among the
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strategies for such incorporation, direct deposition of minerals on the nanofiber surface
has been reported to provide a favorable substrate for cell proliferation and osteogenic
conduction [9]. However, the attachment of an inorganic phase to polymeric fibers

produced with a hydrophobic polymer such as PCL requires surface treatment.

To be used as a scaffold for tissue engineering applications, PCL has been surface
modified with aqueous NaOH to introduce carboxylate groups, which facilitate the
binding of a bonelike apatite layer to its surface [10]. The purpose of surface
modification is to improve the adhesion of minerals (inorganic phase) to fibers (organic
phase). These modifications can be either chemical or physical and can alter the
compounds or molecules on the existing surface, or they may be achieved via coating
the existing surface with a different material [10]. In this context, the use of a core-shell
structure with two different polymers may represent a functional strategy for surface

modification.

Gelatin, a hydrophilic biopolymer, is derived from the partial hydrolysis of collagen and
is known for its wealth of benefits, such as its biological origin, biocompatibility,
bioresorbability, non-immunogenicity, biodegradability and commercial availability
[11]. Several researchers have produced PCL/gelatin nanofibers via the co-axial
electrospinning method, mostly with the purpose of improving the mechanical, physical
and chemical properties of gelatin, or with the aim of circumventing the poor
hydrophilicity of PCL [12-14]. Recently, Gautam et al. [15] reported that there are
interactions, such as hydrogen bonds, between the ester groups of PCL and the amine

groups of gelatin molecules, which are beneficial for cell attachment and proliferation.

In the present study, the ability of a gelatin shell to promote the adhesion of an apatite-
related mineral to the surface of co-axial fibers was examined. A simulated body fluid
(SBF) solution was used to induce the deposition of calcium phosphate, generating the
desired mineral coating on a nonwoven mat [16]. To this end, Tas et al. [17] used an
SBF containing 10 times the calcium and phosphate ion concentrations found in human
blood plasma (SBF10). According to these authors, the use of SBF10 leads to linear and
rapid coating kinetics. In the present study, the process developed by Tas et al. [17] was
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chosen to induce the adhesion of an apatite-related material to the surface of electrospun

mats.

In summary, the main aim of the present study was to produce and characterize
mineralized electrospun co-axial PCL/gelatin nanofibers. An additional aim of this
study was to evaluate the potential of such nanofiber mats to be used as a scaffold for

hASC growth and differentiation into osteogenic cells through in vitro tests.
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5.2 Materials and Methods

5.2.1 Materials

The following materials were used for nanofiber fabrication: poly(e-caprolactone)
(PCL) (Sigma-Aldrich, St. Louis, MO, USA, Mn = 80,000), gelatin powder (type A
from porcine skin, gel strength approx. 300 g Bloom) (Sigma-Aldrich, St. Louis, MO,
USA), 2,2,2-trifluoroethanol (TFE) (99%) (Sigma-Aldrich, St. Louis, MO, USA),
glutaraldehyde (GTA) (50% solution, Merck Schuchardt OHG - Hohenbrunn,

Germany). All chemicals were used without any further treatment.

5.2.2 Co-axial electrospinning of PCL/gelatin nanofibers

The two polymer solutions were independently fed through concentrically configured
needles. The outer and inner diameters of the needles were 2.0 and 1.5 mm,
respectively. The concentrations of the PCL and gelatin solutions in 2, 2, 2-
trifluoroethanol (TFE) were maintained at 7% w/w and 5% wi/w, respectively. For each
solution, 10 mL was fed into a glass syringe, where the feed rates were controlled by a
syringe pump at 0.3 mL/h for PCL and 0.6 mL/h for gelatin. The needle was positively
charged with a voltage of 30 kV. The static collector was connected to the ground with
a zero polarity. The distance from the tip of the needle to the collector was maintained
at 15 cm. The electrospinning process was carried out at 21.5°C under 37.5% relative
humidity. After the electrospinning process was complete, the nanofibrous membrane
was carefully collected in a Petri dish, wrapped with aluminum foil and placed in a
sealed desiccator to be further treated with glutaraldehyde and subjected to

mineralization.

5.2.3 Crosslinking of co-axial PCL/gelatin fiber mats

The crosslinking process was carried out by placing a Petri dish containing the
nanofibrous mats on a holed ceramic plate in a sealed desiccator containing a
glutaraldehyde solution (50% wi/v). The nanofibrous membranes were crosslinked in the

glutaraldehyde vapor at room temperature for 1 h.
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5.2.4 Preparation of a 10x concentrated SBF (SBF10) solution

Concentrated simulated body fluid (SBF10) was prepared according to Tas et al. [17].
Briefly, for a total agueous volume of 2 L a stock solution containing in grams NaCl
(116.8860), KCI (0.7456), CaCl,-2H,0 (7.3508), MgCl,-6H,0 (2.0330) and Na;HPO,
(2.3996) was prepared in advance (pH of 4.35-4.40). An appropriate amount of
NaHCO3; powder was added just prior to the coating procedure to raise the pH to 6.5.
Reagent-grade chemicals and deionized water (Millipore, USA) were used to prepare

this solution. The final solution was filtered to eliminate impurities.

5.2.5 Coating process for mineralization

Co-axial PCL/gelatin mats were immersed in SBF10 and held at room temperature for 2
hours. When the coating process was complete, the samples were collected, extensively
washed with deionized water and placed in a sealed desiccator for further

characterization.

5.2.6 Characterization of non-coated and coated electrospun co-axial PCL/gelatin
nanofibers

5.2.6.1 Scanning electronic microscopy (SEM) and transmission electron microscopy
(TEM)

The morphology of the non-coated and coated PCL/gelatin co-axial nanofibers was
analyzed via scanning electron microscopy (SEM) (JEOL JSM 5600, Japan) at an
accelerating voltage of 15 kV. Samples for SEM were coated with gold using a sputter
coater. Transmission electron microscopy (TEM) (TOPCON 002B) at 200 kV was
performed to observe the core-shell structure of the non-coated PCL/gelatin co-axial
nanofibers. Samples for TEM observation were prepared by directly depositing the as-
spun fibers onto copper grids. The samples were dried in a vacuum oven for 48 h at

room temperature prior to TEM imaging.

5.2.6.2 Energy dispersive spectroscopy (EDS)
To evaluate the composition of the coating on the nanofibers, EDS of coated fibers was
performed using an energy dispersive X-ray microanalyzer (Voyager, Noran) connected

to an SEM. During collection of the spectra, the accelerating voltage was set to 10 kV.
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5.2.6.3 X-ray diffraction (XRD)
The crystallographic structure of the coated nanofibers was verified using a Philips
PW3710 with Cu K-radiation (A=1.54 A). The scanning range was from 26=10 to 90°,

with a step size of 0.06°.

5.2.6.4 Fourier transform infrared spectroscopy (FTIR)

The coated PCL/gelatin co-axial nanofibers were also characterized via attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using a Golden gate
single-reflection ATR in a Nicolet model 6700 spectrometer at a resolution of 4 cm™

with 256 co-added scans. The spectra were collected from 400 — 4,500 cm™.

5.2.7 In vitro tests

5.2.7.2 Basal medium

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) was supplemented
with 5 mM sodium bicarbonate (Cinética Quimica Ltda), 10% serum: FBS (Cripion
Biotecnologia Ltda), penicillin (100 U/mL), streptomycin (0.1 mg/mL), amphotericin B
(0.25 pg/mL) (Sigma-Aldrich) and gentamicin (60mg/L; Schering-Plough). The pH was
adjusted to 7.2, and the medium was then filtered through a 0.22 um polyvinylidene

difluoride membrane (Milipore).

5.2.7.3 Osteogenic differentiation medium (OM)

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) was supplemented
with 50 pg/mL ascorbate-2-phosphate (Ecibra), 10mM B-glycerophosphate (Sigma-
Aldrich), and 0.1 uM dexamethasone (Ache”). The pH was then adjusted to 7.2, and the
medium was filtered through a 0.22 pm polyvinylidene difluoride membrane
(Milipore).

5.2.7.4 Endothelial differentiation medium

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich - St. Louis, MO) was
supplemented with 5 mM sodium bicarbonate (Cinética Quimica Ltda), 2% serum: FBS
(Cripion Biotecnologia Ltda), 50 ng/mL Vascular Endothelial Growth Factor (VEGF)
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(Invitrogen), Basic Fibroblast Growth Factor (bFGF) (Invitrogen), penicillin (100
U/mL), streptomycin (100 U/mL), amphotericin B (0.25 pg/mL) (PSA, Gibco). The pH
was adjusted to 7.2, and the medium was then filtered through a 0.22 pm polyvinylidene

difluoride membrane (Millipore).

5.2.7.5 Sterilization method
Prior to the in vitro tests, the mineralized PCL/gelatin mats were sterilized with

ultraviolet radiation for 60 minutes.

5.2.7.6 Isolation of human adipose-derived stem cells (hASCs)

Adipose tissue obtained from liposuction was used as the source of the stem cells
(approved by the Ethics Committee for Research (COEP) of the UFMG, no. ETIC
0023.0.203.000-11). The isolation and culture of human adipose-derived stem cells
(hASCs) were performed based on the procedure described by Zuk et al. [2]. Briefly,
human adipose tissue was obtained from elective liposuction procedures performed on
healthy patients aged between 20 and 30 years. The raw lipoaspirate was conditioned in
sterile syringes and subsequently transferred to polyethylene tubes (50 cc) to be washed
extensively with equal volumes of phosphate-buffered saline (PBS) (0.15 M, pH 7.2),
followed by centrifugation at 1400 x g for 6 min at 20°C. A biphasic solution was
formed in which the bottom layer consisted of PBS with blood cells, and the upper layer
consisted of adipose tissue. The upper layer was transferred to polyethylene tubes (50
cc) to be enzymatically digested with 0.10% collagenase type | (Life Technologies) in
0.15 M PBS (pH 7.4) (1:1) at 37°C under 5% CO, in a humidified atmosphere. During
this period, the tubes were shaken vigorously every 15 minutes. To isolate the stromal
vascular fraction (SVF), after 2 h of incubation, the tubes were centrifuged at 1400 x g
for 10 min at 20 °C. The pellet was resuspended in basal medium and plated in cell
culture flasks (T-75-Sarstedt). The flasks were incubated at 37°C under 5% CO; in a
humidified atmosphere. After 48 h of culture, the contents of the flasks were transferred
to polyethylene tubes (50 cc) and centrifuged as detailed above. The supernatant was
discarded, and the pellet was resuspended in basal medium, followed by plating in new
cell culture flasks (T-75-Sarstedt). Every 2 days, the cells were washed extensively with

PBS to remove residual nonadherent red blood cells, and any plastic adherent cells that
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remained, i.e., the hASCs, were maintained in new basal medium. When the cells
reached 70-80% confluence, the basal medium was removed, and the cells were washed
with PBS and treated with 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA)
(Invitrogen) for 5 min, followed by inactivation of trypsin with basal medium. The
resulting suspension was replated in new cell culture flasks. The cells were expanded

this way until passage 4 before they were used in assays.

5.2.7.7 Viability assay and cells proliferation analysis

A viability assay was performed, and cell proliferation was examined during osteogenic
and endothelial differentiation using an MTT-based colorimetric assay (3-(4, 5-
dimethylthiazol-2-yl) 2, 5-diphenyl tetrazolium bromide) (Invitrogen). This method is
based on the fact that the mitochondrial enzyme succinate-dehydrogenase within viable
cells is able to cleave the tetrazolium salt MTT into a blue-colored product (formazan).
The formazan derivatives are then excreted into the culture medium, and the optical
density can be measured. The amount of formazan produced is correlated with the
number of living cells in a sample [18]. Briefly, hASCs at a density of 5x10” cells/well,
both with and without nanofibers, were seed in 24-well plates (Thermo Scientific Nunc)
in the different media described above (osteogenic, endothelial and basal) and incubated
at 37°C under 5% CO; in a humidified atmosphere for 2, 7, 14, or 21 days. After these
various incubation times, the culture media were replaced with fresh media (210
pL/well), and MTT (5 mg/mL) was added to each well. After two hours of incubation at
37 °C under 5% CO; in a humidified atmosphere, the cell morphology and formazan
salt production were visualized using an optical microscope (OLYMPUS 1X70). The
formazan salts were solubilized in 210 pL/well of 10% sodium dodecyl sulfate - 0.01 M
hydrochloric acid (SDS-HCI) and maintained for 18 h at 37 °C under 5% CO; in a
humidified atmosphere. Then, 100 pL of the solution in each well was transferred in
duplicate to a 96-well plate (flat bottom), and metabolic activity was determined based
on the optical density at 595 nm using a spectrophotometer (EIX800, Bio-Tek,
Instruments Inc.). Cell viability was determined by comparison of the optical densities
of the cultures with a standard curve of 10° to 10° cells per well. The data were analyzed
via two-way analysis of variance (ANOVA), followed by Bonferroni’s post-hoc test

(GraphPad, San Diego, CA). The results are presented with the mean + standard
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deviation of duplicates assays, and significance was determined at p<0.05. hASCs
cultivated in the presence of nanofibers in the basal medium (i.e., without any factor to

induce differentiation) were used as a control.

5.2.7.8 Alkaline phosphatase (ALP) activity

Alkaline phosphatase activity was examined to evaluate cell differentiation in
osteogenic cells. The alkaline phosphatase production by the cells in culture was
assayed using an alkaline phosphatase assay kit (BCIP-NBT) (Gibco). This assay is
based on a chromogenic reaction initiated by the cleavage of the phosphate group of
BCIP (5-bromo-4-chloro-3’-indolyphosphate p-toluidine) dihydrogen phosphate by the
alkaline phosphatase present in the cells. This reaction produces a proton, which reduces
NBT (nitro-blue tetrazolium chloride), yielding an intense, insoluble black-purple
precipitate. Briefly, the same procedure described above was employed here, but instead
of adding MTT, 210 pL/well of a BCIP-NBT solution (prepared according to the
manufacturer’s instructions) was added. After two hours of incubation at 37°C under
5% CO; in a humidified atmosphere, the black-purple precipitate was observed using an
optical microscope (OLYMPUS 1X70). The black-purple precipitate was then
solubilized in 210 pL/well of 10% sodium dodecyl sulfate - 0.01 M hydrochloric acid
(SDS-HCI) and maintained for 18 h at 37 °C under 5% CO, in a humidified atmosphere.
Subsequently, 100 pL of the solution in each well was transferred in duplicate to a 96-
well plate (flat bottom). The optical density of the solution was measured at 595 nm
using automatic reading equipment (EIx800, Bio-Tek, Instruments Inc.). Electrospun
mineralized nanofibers containing hASCs cultured in basal medium were used as a
control. To prevent interference of the electrospun nanofibers with the colorimetry
process, the mean value obtained for electrospun nanofibers without hASCs was
subtracted from the optical density values obtained at different times for nanofibers with
hASCs. The obtained data were analyzed using two-way analysis of variance
(ANOVA), followed by Bonferroni’s post-hoc test (GraphPad, San Diego, CA). The
results are presented as the mean * standard deviation of duplicate assays, and

significance was determined at p<0.05.
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5.2.7.9 Endothelial cell marker expression (immunofluorescence assay)

To analyze the differentiation of the cells towards an endothelial phenotype, an
immunofluorescence assay was performed to examine the expression of endothelial
markers. Briefly, hASCs seeded onto the electrospun fiber mesh and cultured in
endothelial differentiation medium for different incubation periods were fixed in 4%
paraformaldehyde in 100 mM sodium phosphate buffer (pH 7.0) for 15 min. at room
temperature. The cells were then washed three times in PBS, followed by
permeabilization of the plasmatic membrane with PBS containing 0.1% Triton X-100
for 10 minutes. The cells were washed again three times for 5 minutes each and then
blocked for 1 h at room temperature in 1% bovine serum albumin (BSA)/PBS and 5%
goat serum. The cells were subsequently incubated overnight with a mouse monoclonal
antibody against von Willebrand Factor (VW92-3, primary antibody-vWF, Abcam), an
endothelial marker expressed in hASCs, at a dilution of 1:100 in 1% PBS/BSA. After
incubation, the cells were washed again three times and incubated for 1 h with Alexa
Fluor® 488 Goat Anti-Mouse IgG (secondary antibody-Cat. A11001; Invitrogen)
diluted 1:500 in 1% PBS/BSA. Negative controls were performed using only the
secondary antibody. To stain nuclei, the cells were incubated for 20 minutes with 0.2
pg/mL Hoeschst 33258 pentahydrate, (Cat. H3569; Invitrogen). After washing with
PBS (three times/10 min), the slides were mounted with Hydramount Aqueous medium
(Cat. HS-106; National diagnostics) and analyzed with a Zeiss LSM 510 Meta confocal

microscope.
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5.3 Results and Discussion

5.3.1 Mineralization of co-axial PCL/Gelatin nanofibers

The extracellular matrix (ECM) is a complex fibrous network that provides structure
and support for cells and tissues. Structures designed to mimic and replace the native
ECM in damaged or diseased tissues are a key factor in tissue engineering. It is widely
accepted that electrospinning technique generates structures that resemble native ECM
[19].

In spite of all of the advantages reported for PCL [10], the development of scaffolds
using a core-shell structure with two different polymers is more likely to be successful.
In the case of tissue engineering, the main drawback of PCL nanofibrous scaffolds is
their hydrophobicity, which hinders adhesion and cell proliferation. In addition, due to
this lack of hydrophilicity, for scaffolds to be applied in bone tissue engineering, surface
treatments are required to improve the stage of mineralization [20, 21, 9].

Type 1 collagen is a major organic component of the mineralized ECM of bone tissue,
comprising 90-95% of its organic material, and serves as a template upon which
minerals are deposited [7]. Sionkowska [22] described the structure of collagen and the
numerous intra- and intermolecular forces that stabilize it in detail. Briefly, the autors
described how collagen, like most proteins, loses all of its structure during heating. The
triple helix unwinds, and the chains separate. Then, when this denatured mass of tangled
chains cools down, it absorbs all of the surrounding water like a sponge, forming
gelatin. Therefore, gelatin itself is a mixture of water-soluble proteins derived primarily
from collagen [23]. Thus, nanofibrous scaffolds of gelatin have been reported to mimic
not only the topography, but also the chemical composition of the ECM [24]. In the
present work, we first produced co-axial PCL/gelatin nanofibers, and mineralization
was subsequently carried out. Figure 5.1 shows SEM micrographs of the generated

PCL/gelatin mats before mineralization.
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Figure 5.1: Co-axial PCL/gelatin nanofibers crosslinked with glutaraldehyde prior to
mineralization. (a) SEM and (b) TEM. PCL in TFE (7%w/w; core), flow rate of 0.3
mL/hr; and gelatin in TFE solution (5%w/w; shell), flow rate of 0.6 mL/hr. Voltage:
30/0 kV; distance between the needle tip and the collector: 15 cm; relative humidity:

37.5%; temperature: 21.5 °C.
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Various approaches for surface mineralization have been reported. Fu et al. [25]
produced electrospun poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)
(PCL-PEG-PCL, PCEC) containing 30 wt.% of nano-hydroxyapatite (n-HA). They
incorporated n-HA powder into the PCEC solution with the aid of an ultrasonic vibrator
to disrupt agglomerated HA particles as much as possible. Choi et al. [26] mixed gelatin
dissolved in TFE with 0.3 M CaCl, and 0.3 M Na,HPO, (1:1 ratio) prior to the
electrospinning process. The formation of bone-like apatite on the surface of composite
membranes immersed in SBF with ionic concentrations nearly equal to those of human
blood plasma was examined. Cai et al. [27] used poly(L-lactic acid) (PLLA)/gelatin
electrospun nanofibers as a template to produce biomimetic hexagonal HA. For this
purpose, they soaked the nanofibers in SBF five times to induce apatite deposition,
followed by calcination to remove the organic fibers. Jaiswal et al. [28] reported a
technique, referred to as the alternate soaking method, that forms apatite via incubation
of the substrate alternately in Ca*? and PO, solutions for a certain number of cycles.
Yang et al. [21] adopted the method reported by Tas et al. [17], in which a new SBF
solution containing 10 times the calcium and phosphate ion concentrations found in
human blood plasma was used. This last method is the same method adopted in the
present study to mineralizate the PCL/gelatin nanofibers. Figure 5.2 presents SEM
micrographs of the fibers coated by immersing them for 2 h in SBF10 without any
previous treatment. Compared with SEM images of non-coated fibers, the SEM image
shown in Figure 5.2 suggests that mineralization of the fibers took place.
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Figure 5.2: SEM micrographs showing the surface of the co-axial PCL/gelatin
nanofibers after coating with SBF10 for 2h: (a) 5000X magnification; (b) 10000X

magnification.
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5.3.2 Characterization of mineralized co-axial-PCL/Gelatin nanofibers

To evaluate the composition of the coating observed under SEM (Figure 5.2), the coated
fibers were first analyzed via energy-dispersive X-ray spectroscopy (EDS). This
analysis, whose spectrum is shown in Figure 5.3, detected the presence of Ca and P,

among other elements.
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Figure 5.3: EDS spectrum for coated co-axial PCL/gelatin nanofibers after

mineralization.

As the formula of hydroxyapatite is Cas(PO4)3(OH) and the fibers were washed
extensively with water before being analyzed, this result was considered to indicate the
presence of hydroxyapatite on the fiber surface. According to the above formula, the
theoretical mass percentages of Ca and P were 39.84% and 18.52%, respectively. A
quantitative composition microanalysis conducted on the measured X-ray intensities
using ZAF software indicated percentages of 39.29% and 20.74% for Ca and P,

respectively. Such values are close to those of hydroxyapatite.
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On the other hand, the Ca/P atomic ratio of stoichiometric hydroxyapatite is 1.67 [29],
and the value of the Ca/P atomic ratio determined here using EDS data was 1.46, which
falls within the range of 1.31-1.48 reported for amorphous calcium phosphates produced

in aqueous media [29].

Raynaud et al. [30] synthesized single-phase calcium phosphate apatites with variable
Ca/P atomic ratios within the range of 1.50-1.667 by changing the synthesis conditions.
According to these authors, a Ca/P = 1.5, corresponding to pure apatitic tricalcium
phosphate (TCP), was not obtained, instead, they generated biphasic mixtures composed
of a calcium apatite and CaHPO, at Ca/P < 1.50 or Ca(OH), at Ca/P>1.667. In light of
this finding, we can infer that the co-axial PCL/gelatin nanofibers produced in the

present work were coated with a biphasic mixture of HA and more soluble phosphates.

XRD analysis of the coated fibers was performed in an attempt to better characterize the
coating on the fibers. The most remarkable peaks in the X-ray diffraction pattern were

found in the 20 angle range between 20 and 45° and are indicated in Figure 5.4.
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Figure 5.4: XRD pattern obtained for SBF10-coated co-axial PCL/gelatin nanofibers.
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In the case of the PCL, it is also known that its crystalline phase diffracts at 21.3° (110)
and at 23.8° (200) [31]. Both peaks were found and as gelatin is amorphous, the peaks

found at 31.7 and 45.5° may be attributed to the mineral coated onto the fibers.

Strong peaks in the region of 30 and 35° are characteristic of bone apatite [32]. Ribeiro
Neto et al. [31] found peaks at 25.8 (002), 31.8 (211), 32.9 (112) and 40.0° (130)
corresponding to diffraction planes of the nano-hydroxyapatite. Correa et al. [33] stated
that calcium phosphate with hydroxyapatite structure has its main diffraction peaks in
the 20 angle range between 20 and 60°. The XRD pattern depicted in Figure 5.4 clearly
shows the peak at 31.7° but is not conclusive regarding other peaks.

Liao et al. [34] compared the mineralization processes onto collagen nanofibers with
that onto poly (lactic-co-glycolic acid) (PLGA) nanofibers. Their study revealed that the
mineral coating composition is dependent on the material coated. For instance, they
observed the formation of nanosize carbonated hydroxyapatite during collagen
mineralization, whilst nanosize hydroxyapatite was observed during PLGA

mineralization.

From the obtained XRD patterns, the crystallite size of HA, i.e., the thickness of the

mineralized layer, can be estimated using Scherrer’s equation [33]:

D=k
Pros® 1)
where k is a constant (the value generally = 0.9); A is the X-ray wavelength (nm); B is
the width of the XRD peak (in radian unit), measured as the full width at half
maximum; and 0 is the XRD peak position. Using this approach, the estimated size of
the crystallites based on the peak at 31.8° (211) was found to be 19.53 nm (Figure 5.5).
By using the same procedure based on the peak at 45.5° the estimated size of the

crystallites was found to be 21.07 nm (Figure not shown).
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Figure 5.5: Peak at 31.7° expanded from the XRD pattern and used in the Scherrer

equation.

Using the Scherrer equation, other authors have estimated the size of HA crystals.
Correa et al. [33] reported a value of approximately 75 nm for calcium phosphate with a
hydroxyapatite structure synthesized via the continuous precipitation method (20 =
25.99). Liao et al. [34] estimated the average crystal size with respect to the (002) peak
fitting of HA grown on different electrospun nanofibers. These authors observed values
of 11.5 nm for HA on collagen nanofibers and 12.5 nm or 15.7 nm for HA on PLGA
nanofibers. They associated this size variation with the different kinetics of mineral

formation on each material.

The FTIR spectrum of the mineralized fibers is shown in Figure 5.6. The following
bands were described as being characteristic of PCL by Gautam et al [15]: 2949 cm™
(asymmetric CH, stretching), 2865 cm™ (symmetric CH, stretching), 1727 cm™
(carbonyl stretching), 1293 cm™ (C-O and C-C stretching), 1240 cm™ (asymmetric C-O-
C stretching) and 1170 cm™ (symmetric C-O-C stretching). The following bands for
gelatin were described by the same authors: 3443 cm™ due to N-H stretching of amide
bonds, C-O stretching at 1640 cm™, N-H bending at 1543 cm™, and N-H out-of-plane
wagging at 670 cm™. According to these authors, all the characteristic bands for PCL
and gelatin are observed in PCL/gelatin nanofibers, but the bands are shifted towards
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lower wavenumbers due to interactions between PCL and gelatin. Other bands
attributed to PCL described by others authors [31] were found at 1360, 1290 and 1240
cm’, corresponding to CHs group folds, and at 1190-1170 cm™, corresponding to C-O-

C stretching vibrations.
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Figure 5.6: FTIR spectrum of mineralized co-axial PCL/gelatin nanofibers.

Among the bands described for PCL and gelatin, other accentuated absorptions that can
be observed in Figure 5.6 were attributed to the mineral coating, which are located at (1)
1463 cm™, (2) 1420 cm™, (3) 1110 cm™ (4) 1048 cm™, (5) 961 cm™, (6) 874 cm™, and
(7) 731 cm™. Regarding the hydroxyapatite FTIR spectra that have been reported in the
literature, the main findings are described hereafter. The band at 720 cm™ has been
attributed to a P,O;* group [35]. The bands at 962.6 and 1040 cm™ were assigned by
Correa et al. [33] to the fundamental frequencies of the PO,* group, and the same

authors described a low intensity band at 957 cm™ as a P-OH group.

Absorption bands in the range of 1411 cm™-1450 cm™ have been assigned to B-type
COs [35]. Franco et al. [36] observed bands at 1462 and 870 cm™, suggesting the
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presence of carbonate hydroxyapatite. According to Rehman et al. [37], a hydroxyl
stretch is observed at 3569 cm™ within the spectrum of carbonated apatite and shows a
lower intensity compared to that from hydroxyapatite. However, in our spectrum, the

peaks located in this region overlapped due to the absorption of gelatin.

On the other hand, Yang et al. [21] confirmed the presence of HPO, based on P-OH
stretching at 874 cm™ and suggested that dicalcium phosphate dihydrate
(CaHPO,4.2H,0) (DCPD) had formed. According to these authors, an obvious feature of
DCPD is the occurrence of two intense doublets in the O-H stretching region: one with
components at 3541 and 3488 cm™ and the other with components at 3286 and 3162
cm™. As mentioned above, this absorption region is not clear in the spectrum presented

in Figure 5.6.

The EDS results showed that the Ca/P ratio of the coating was approximately 1.46
(calcium-deficient HA), which is above the Ca/P molar ratio of DCPD (1.0) [21]. This
may be due to the contribution from apatite, whose stoichiometric Ca/P molar ratio is
1.67, indicating the formation of HA along with DCPD.

Based on the above discussion, it may be suggested that the coating of the co-axial
PCL/gelatin nanofibers consisted of a mixture hydroxyapatite, carbonate hydroxyapatite
and dicalcium phosphate dehydrate. Brushite (CaHPO,4.2H,O) is known to be a
precursor to HA [38]. It is likely that if the nanofibers remained immersed in SBF10 for

a longer period, more pure hydroxyapatite would be formed on the mats.

5.3.3 Cell viability

Heng et al. [1] pointed out that in vitro tests based directly on human-derived cells and
tissues are much more clinically relevant, timely, and accurate as well as more cost-
effective in comparison with laboratory testing performed in animal cell/tissue cultures
or live animals. Among the various tissue types from which adult stem cells can be
obtained, adipogenic tissue was chosen as the source of these cells (hASCs) in the

present study. The results of MTT assays, shown in Figure 5.7, demonstrated that
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hASCs seeded in basal medium (control) and on mineralized PCL/gelatin mats were

able to metabolize MTT into formazan crystals.
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Figure 5.7: MTT proliferation assays performed 7, 14 and 21 days after hASCs were
seeded and cultured in three specific media: basal medium, osteogenic medium and
endothelial differentiation medium. The results are expressed as the mean + SD; (*)
indicates a significant difference at p<0.05 for basal x osteogenic medium; (®) indicates
a significant difference at p<0.05 for basal + PCL/gelatin x osteogenic + PCL/gelatin,
(A) p<0.05 basal + PCL/gelatin x endothelial + PCL/gelatin.

As can be seen in Figure 5.7, when seeded in basal medium, the hASCs exhibited
reduced proliferation in the presence of mineralized PCL/gelatin mats when compared
to the control. Some reduction of cell proliferation rates is not unexpected when cells
are placed in contact with implant material. This type of behavior does not mean that the
material is incompatible, as it can be observed that the hASCs continued to proliferate

over time.

Initially, the hASCs cultivated in osteogenic medium displayed less proliferation than

those seeded in basal medium. However, at 21 days, the same level of cell growth was
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observed in both types of media. During the osteogenic induction of hASCs, there was
no significant difference observed in the results regarding the optical density (OD) due
to the presence of mineralized PCL/gelatin mats in basal medium. PCL/gelatin mats did
not affect the proliferative capacity of these cells, in which superior cell proliferation
was observed after 21 days. This suggests that the PCL/gelatin mats promote cell
proliferation and are able to create a favorable environment for the cells. This effect
may be partly attributed to the hydroxyapatite layer on the fiber surface, which helped

to mimetize the native environment of osteogenic cells.

The importance of blood vessels in the formation of the bone tissue has been described
by various authors. For example, Zonari et al. [5] highlighted the role played by the
vascularization of cell-seeded implants in cell survival. According to these authors, the
efficient supply of nutrients to the cells and metabolite diffusion allow bone tissue
engineering products to be used in clinical practice. Jang et al. [7] stated that scaffolds
that are capable of releasing an active angiogenic factor will promote early

vascularization and attract osteogenic precursor cells.

With respect to the present study, Figure 5.7 shows that there was no significant
difference observed when the hASCs were cultured in a basal culture medium versus an
endothelial differentiation medium. The results indicated that the hASCs proliferated in
both types of medium. However, the hASCs cultured on PCL/gelatin mats showed less
proliferation in endothelial differentiation medium compare to the hASCs cultured on
PCL/gelatin mats in basal medium and the hASCs cultured without fiber mesh in
endothelial differentiation medium. A similar result was found by Zonari et al. [5] in a
study addressing hASC endothelial differentiation in the presence of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHB/PHB-HV) mats. These authors reported
that the capacity to self-renew is unique to stem cells, and as the stages of differentiation
progress, the proliferative potential diminishes. According to these investigators, mature
cells are unable to proliferate; however, the majority of lineages exhibit a precursor or
committed progenitor stage in which proliferation and differentiation are balanced.
They suggested that PHB/PHB-HV was contributing to compromising the
differentiation of the cells into an endothelial lineage.
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Our research demonstrated a clear interference of the PCL/gelatin mats with hASC
proliferation in the endothelial differentiation medium. The observed reduction in the
proliferation rate of cells cultured in endothelial differentiation medium when in contact
with nanofibers may also be associated with reduction of the proliferative ability of
stem cells during differentiation. This result is dissimilar to that obtained using
osteogenic medium. It is reasonable to assume that the presence of hydroxyapatite
deposited over a large surface area formed by a group of nanofibers can favor

osteostimulation more than other types of differentiation.

5.3.4 Alkaline phosphatase (ALP) activity

Alkaline phosphatase (ALP) activity is an indicator of osteoblast phenotypic activity
[20]. Increasing ALP activity has been considered to be an early marker of osteogenic
differentiation for hASCs [4]. The results of the ALP assays are shown in Figure 5.8.

Basal medium
&8 Osteogenic medium
0.8 = Basal + PCL/gelatin
M0 Osteogenic + PCL/gelatin
o

Absorbance 595nm
[an]
*

0.0-FEA B '::F B = E %% n:hl-m T

VYA PAIN VAR VAN
Time (days)

Figure 5.8: ALP activity assays performed 7, 14 and 21 days after hASCs were seeded
and cultured in two specific media: basal medium and osteogenic differentiation
medium. The results are expressed as the mean + SD; (*) and (®) indicate a significant

difference at p<0.05.
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It was observed that the ALP activity in hASCs cultured in osteogenic medium was
higher than the ALP activity in the control cells (basal medium), with the activity
observed to increase progressively for up to 21 days. This result is in agreement with
the findings of Jaiswal et al. [32], who cultured human mesenchymal stem cells in vitro.
According to these authors, approximately 30-40% of the cells were ALP positive when
cultured in osteogenic medium, whereas control cultures contained ALP positive cells at

a much lower frequency.

A slight delay in the more pronounced ALP activity was observed for hASCs cultured
on PCL/gelatin mats in osteogenic medium. In this case, the onset of increased ALP
activity was observed only after 14 days. In spite of this, a continuous increase in cell
viability was observed in hASCs cultured on PCL/gelatin mats in osteogenic medium
(Figure 5.7). It is likely that the presence of the fibers caused some delay in hASC
differentiation, although they continued to produce alkaline phosphatase after 21 days.

It was also observed that ALP was affected by the PCL/gelatin mats in basal medium
compared with pristine basal medium (control). Jaiswal et al. [32] pointed out the
importance of the culture medium for achieving optimal osteogenic differentiation and,
thus, greater numbers of ALP-positive cells. In this case, it may be suggested that,
without the aid of osteogenic differentiation factors, when the hydroxyapatite-coated
fibers were cultured in basal medium, they did not lead to major cellular differentiation
towards bone-type cells. It appears that providing an optimum combination of
differentiation factors, together with a suitable surface for cell attachment (such as a

large mineralized surface area), is important for achieving high levels of osteogenesis.

5.3.5 Endothelial cell marker expression (immunofluorescence assay)

The von Willebrand factor (VWF) glycoprotein acts as both an antihemophilic factor
carrier and a platelet-vessel wall mediator in the blood coagulation system. It
participates in platelet-vessel wall interactions by forming a noncovalent complex with

coagulation factor VIII at the site of vascular injury [39]. It is a useful marker for
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endothelial cells and was used as a laboratory test to confirm whether the hASCs were
induced to undergo endothelial differentiation when they were cultured in endothelial
medium. After 21 days of cell culture on co-axial PCL/gelatin nanofibers in endothelial
medium, the hASCs were observed to express VWF, which can be detected as a green
glow when observed microscopically, as shown in Figure 5.9-b. Under the other
examined conditions, cells cultivated in basal medium did not show evidences of

endothelial differentiation (Figure 5.9-a).

10 ym

Figure 5.9: Confocal images of the expression of the VWF factor of hASCs after 21
days cultured on the electrospun PCL/gelatin mats in: (a) basal medium (control) and

(b) endothelial differentiation medium.

5.4 Conclusions

Co-axial PCL/gelatin nanofibers were successfully produced via electrospinning and
biomimetically coated by immersing them in SBF10 for 2 h. At this time, the coating on

the fibers was found to be composed of a mixture of hydroxyapatite (HA), carbonate
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hydroxyapatite and dicalcium phosphate dihydrate (DCPD). The results of MTT assays
demonstrated that the human adipose-derived stem cells (hASCs) seeded on mineralized
PCL/gelatin mats in basal medium (control), osteogenic medium and endothelial
differentiation medium were viable and could proliferate. The same levels of alkaline
phosphatase (ALP) activity were observed in hASCs cultured on mineralized
PCL/gelatin mats without nanofibers in osteogenic medium. These results suggest that
osteogenic differentiation of hASCs occurred on the mineralized matrices, enabling
them to be used as bone scaffold material. The rate of cell proliferation was clearly
reduced when the hASCs were cultured on nanofibers in endothelial differentiation
medium. This result may be attributed to the decrease in the proliferation ability of stem
cells during differentiation. On the other hand, the expression of endothelial cell
markers could be detected in cells cultured in the presence of nanofibers in endothelial
differentiation medium, thus confirming the differentiation of hASCs into endothelial

cells.
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6 Conclusao

Neste estudo, nanofibras coaxiais de policaprolactona (PCL) formando o ndcleo, e
gelatina formando a casca, foram produzidas e caracterizadas. PCL fornece
caracteristicas de biodegradabilidade, bioreabsor¢cdo e propriedades mecanicas
superiores, e a gelatina melhora a biocompatibilidade, favorecendo a adesdo e
proliferacdo celular. Para restringir a solubilidade da gelatina suas cadeias foram
reticuladas com glutaraldeido. Conforme mostrado, foi possivel também produzir e
caracterizar nanofibras de PCL e gelatina separadamente utilizando a eletrofiacédo
convencional, mas para estes materiais serem usados na regeneracdo de tecido 6sseo, 0
idealizado é um biomaterial que possa fornecer caracteristicas semelhantes ao 0sso, 0
que podera ser mais garantido agregando as caracteristicas dos dois materiais. Ap0s
mudancas nos parametros da solucdo e processamento durante a eletrofiacdo, a
morfologia obtida das fibras foi caracterizada, provando que estas alteracdes podem
modificar substancialmente a forma e a aplicabilidade de cada material. Para a aplicacdo
em Engenharia de Tecido Osseo, fosfatos de calcio foram depositados na superficie das
fibras pela mineralizacdo induzida apds imersdo das fibras em solucdo SBF10. A
gelatina facilitou a homogénea cobertura. Difracdo de Raios X indicou a composi¢do do
depdsito mineral por fosfatos de célcio e hidroxiapatita, principal constituinte da matriz
inorganica dos 0ssos. O material desenvolvido por esta técnica apresentou adequada
estrutura, sendo ainda ndo-tdxico e favoreceu o crescimento e proliferacdo de células-
tronco (hASCs) in vitro, assim como revelou indicios de diferenciacdo em osteoblastos,
tornando esta estratégia viavel e uma alternativa segura para aplicacdo em Engenharia

de Tecido Osseo.




