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Abstract

Piezoelectric materials as new smart biomaterials show great potential for biological
applications. Specifically, piezoelectric polyvinylidene fluoride (PVDF) electrospun
nanofibers, possess outstanding properties, which provide many advantages in various

healthcare applications.

We followed a systematic fabrication approach to create a new device for mechanical
stimulation of cells, based upon the inverse piezoelectric effect from functionalized

PVDF nanofibers, and tested it with different cell lines.
The major contents in this thesis are presented as follows:
(1) Fibers fabrication and characterization

Multi-walled carbon nanotubes (MWCNTSs) were blended with PVDF to fabricate
highly aligned PVDF/MWCNTSs piezoelectric nanofibers. In this part we investigated
the PVDF/MWCNTs nanofibers’ properties, such as, morphology, alignment, crystal

structure, mechanical properties, piezoelectric output voltage and cytotoxicity.
(2) Biological applications of inverse piezoelectric stimulation

To explore the effect of mechanical stimulation on cellular behavior, specifically,
morphology, proliferation, migration and differentiation, we selected three cell line
models: NIH3T3 cells as fibroblasts; PC12 cells as neuroblastic cells; mesenchymal
stem cells. All cells were submitted to an inverse piezoelectric stimulation over 30

minutes per day, with 10 V amplitude at 5 Hz frequency driving signal.

It was found that inverse piezoelectric stimulation with PVDF/MWCNTSs nanofibers,
not just improved the proliferation of NIH3T3 cells, but also efficiently guided the cells

migration.



In the part of neuroblastic cells investigation, the adhesion, proliferation and
differentiation results of PC12 cells submitted to the inverse piezoelectric stimulation

shown a great improvement.

In the study of mesenchymal stem cells (MSCs), the inverse piezoelectric
PVDF/MWCNTSs nanofibers could not improve the adhesion and proliferation of MSCs

in early stage, but it improved the osteogenic differentiation.

Therefore, according to our results, we believe that inverse piezoelectric stimulation
with aligned PVDF/MWCNTSs nanofibers holds a great potential on wound healing,

nerves regeneration and bone tissue engineering applications.

Keywords: electrospinning, piezoelectricity, nanofibers, biological applications
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Resumo

Os materiais piezoeléricos apresentam um enorme potencial para aplicagi® como
biomateriais inteligentes. As nanofibras de poli(fluoreto de vinilideno) [PVDF]
piezoelérico, possuem propriedades que as tornam vantajosas em vaias aplicag®es

biomé&ilicas.

Utiliz&mos uma abordagem sistemd&ica para criar um dispositivo inovador, para a
estimulag® mecanica de c@ulas, baseado no efeito piezoelérico inverso de nanofibras

de PVDF funcionalizadas, e testémo-lo em diferentes linhas celulares.
Apresenta-se em seguida o contetUdo principal desta tese:
(1) FabricaGi e caracterizaga das fibras

Misturaram-se nanotubos de carbono de paredes mdtiplas (MWCNTSs) com PVDF,
para produzir nanofibras com levado grau de alinhamento. Investigaram-se as
propriedades das nanofibras de PVDF/MWCNTSs, nomeadamente, a morfologia,
alinhamento, estrutura cristalina, propriedades mecéanicas, voltagem de sama e

citotoxicidade.
(2) Aplicagg®s bioldgicas do efeito piezoelérico inverso

Para explorar os efeitos da estimulag® mec&ica no comportamento celular,
especificamente, na morfologia, proliferacgd®, migrag e diferenciag, selecionamos
tr& modelos de linhas celulares: c@ulas NIH3T3, como fibroblastos; cé&ulas PC12,
como modelo de c&ulas neurobl&ticas; c@ulas estaminais mesenquimais. Todas as
céulas foram submetidas a estimulag® piezoelérica inversa durante 30 minutos por

dia, com um sinal de 10 V de amplitude e 5 Hz de frequéncia.

Verificou-se que a estimulagi piezoelérica inversa com nanofibras de
PVDF/MWCNTSs, alén de melhorar a proliferag® de cdulas NIH3T3, tambén se

mostrou eficiente para conduzir a migracga celular.

vii



No estudo de céulas neurobl&ticas PC12 submetidas a estimulagi® piezoelérica
inversa, os resultados de ades&, proliferagd® e diferenciag® mostraram um efeito

positivo.

No estudo de céulas estaminais mesenquimais (MSCs) a estimulagd® com nanofibras
de PVDF/MWCNTSs n& melhorou a ades&b e proliferacgg das MSCs, mas melhorou a

diferenciaGi osteogénica.

De acordo com os resultados obtidos, acreditamos que a estimulagd® piezoelérica
inversa com nanofibras de PVDF/MWCNTS, possui grande potencial para aplicag®s

na cura de feridas, regeneraGga de nervos e aplicag®s de engenharia de tecido Gsseo.

Palavras-chave: eletrofiagi, piezoeletricidade, nanofibras, aplicag®s biolGyicas
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Chapter 1






1 Introduction

1.1 Electrospinning

1.1.1 History of electrospinning

Electrospinning as a viable fiber fabricating technique can be traced back to the
beginning of 20" century. In 1902, John Cooley! and William Morton? obtained a
pattern which generated powders or fibers through a high voltage apparatus. From this
pioneering work, a series of techniques has been further developed, for example, John
Zeleny® investigate the jet ejection at the tip of a metal capillary in 1914, Alton
Formhals Anton* improved the equipment, moving toward the fabrication of cellulose
acetate using acetone as the solvent. In 1938° the electrospun nanofibers were
fabricated as the air filter for capturing aerosol particles. After this period of time,
factory production of nanofibers as filter for gas mask applications were developed
between 1950 and 1960°. Since the understanding of electrospinning was slowly
developed, Geoffrey Taylor” 8 published a series of works which describe the process
of polymer solution under the strong electric field. Specifically, the formation of Taylor
cone was first reported in 1964. Until the 1990s, the word electrospinning was first
introduced and this technique was described by Darrell Renenker and coworkers®. At
the same time, electrospinning started to receive a lot of attention, especially many
papers were published concerning the working parameters, such as, solution, ambient
and instrumental parameters’®!2. At beginning of this century, different types of
electrospinning instruments were introduced and improved by several researchers®>1°
and new strategies were developed to control the structures and alignment of
electrospun fibers. Nowadays, electrospun fibers hold a great potential in a series of
applications (environment, catalysis, energy, photonics, electronics, biomedical

applications etc.) due to their advantageous physical and chemical properties.



Brief summary of the development history of electrospinning

Year Event Researcher
The fibers or powders was John Cooley and William
1902
generated through a high voltage. Morton®:2

Investigation of jet ejection at tip of
1914 John Zeleny?

the metal capillary.

Electrospun nanofibers were
1938 Petryanov®

fabricated as the air filter.

Nanofibers as filter for gas mask

1950s, 1960s
applications.

1964 Taylor cone was first reported. Geoffrey Taylor®

Word Electrospinning was first

1990s introduced to describe this Darrell Reneker'®

technique.

New strategies were developed and
2000s hold potential in series of

applications.

1.1.2 Mechanism of electrospinning

The typical electrospinning setup is relatively simple and can be summarized as

follows: a high-voltage power supply, a syringe pump, a spinneret, and a conductive

collector ( ).



In general, the electrospinning process can be divided into four main parts!®2%: (1)
when the applied power charges the solution until the electrostatic repulsion overcomes
the surface tension, the formation of the Taylor cone is obtained. (2) From the apex of
the Taylor cone, the charged jet is stretched and extends in a straight line®. (3) Due to
the growth of unstable electrical bending, three different types (Fig. 2) of instabilities
occur to electrically charged jet'’-?! (4) During the whole process of elongation, the jet
solidifies and deposits to form fibers, which is caused by either solvent evaporation or

the melt cooling.

Syringe pump

Syringe
Spinneret

High-voltage
power supply

Taylor cone
» y
x

7

\

—— Collector

Fig. 1 Typical electrospinning setup

Effect of parameters on electrospinning

During the electrospinning process, there are several factors which affect the
electrospun fibers, classified as the electrospinning parameters, solution and
environmental parameters. The electrospinning parameters include the applied voltage,

the flow rate of the solution, and the distance between the spinneret and collector. The
5



solution parameters include the viscosity, conductivity and concentration of polymer
solution. The humidity and temperature of environment is still important for the
electrospinning process. In order to gain a better understanding of the electrospinning
technique and properties of electrospun fibers, it is necessary to explore the effects of

all these governing parameters.

play-teaN

play-1

|Axis of straight segment, extended|

Schematic of three different types of instabilities occur to electrically charged

jet.?2 Reproduced with permission. Copyright 2019, American Chemical Society

In general, the applied voltage directly determines the electric charge distribution on
the polymer jet, as well as the strength of the interactions between the jet and the electric
field. Thus, the formation of thinner nanofibers usually result from increasing the
applied voltage® 24, However, the higher voltage may also induce more fluid ejection,
increasing the diameter of electrospun fibers?®. Furthermore, when the applied voltage
increases beyond a critical value, the formation of beads and beaded electrospun fibers
may occur. For example, Deitzel and coworkers represent the bead formation with an

increase in the applied voltage using poly(ethylene oxide)/water 2.

Regarding the flow rate of the polymer solution, it still determines the morphology

and diameter of electrospun fibers. We can always find a critical range which
6



corresponds to the minimum flow rate needed to maintain a balance between the leaving
solution and replacement of that solution with a new one, during jet formation, for
obtaining uniform and bead-less fibers?®. Normally, a flow rate close to the minimum
yields smaller diameter fibers while a flow rate close to the maximum will typically

result in the formation of fibers with larger diameters.

The distance between the spinneret and collector determines the stage of instability at
which the jet is deposited on the collector. Hence, a critical distance needs to be
maintained for the full extension and solidification of the jet?’. Generally, increasing
the collecting distance will form smaller diameter fibers. However, when the distance
is beyond a certain value, the morphology and diameter will not change because of the

jet solidification.

The concentration of the polymer solution is another important effect on the fibers’
morphology. As previous mentioned, during the stretching of the charged jet, a critical
polymer concentration is a basic parameter for a stable electrospinning process. For
example, when the concentration is not high enough, the entangled polymer chains
break into fragments before depositing on the collector. Due to this fragmentation, the
fibers morphologies always come with beads and beaded fibers. When the
concentration of polymer solution is increased, the higher viscosity of the solution
increases due to the chain entanglement among the polymer chains, which results in
uniform electrospun fibers morphology. In addition, when the polymer concentration
is beyond a critical value, the jet dries at the tip of the spinneret and blocks it, which

results in beads or beaded fibers as well%,

Furthermore, the electric conductivity of the solution plays a key role in fiber
morphology. The coulomb force between the charges on the surface of the jet and
additional force from the interaction with the electric field, are main driving force for
the whole electrospinning process. When the of solution’s conductivity is too low, the

surface of the droplet cannot form a Taylor cone. When the conductivity increases

7



beyond a critical value, it hinders the formation of the Taylor cone. Normally, the
increasing conductivity of the solution not only increases the charge on the surface of
the droplet to form Taylor cone, but also decreases the diameter of the electrospun fibers
29 In addition, adding salts (NaCl, KCI and KBr) to polymer solutions always increase

the conductivity and results in thinner fibers.

Besides the electrospinning and solution parameters, the effect of temperature and
humidity on the fiber characteristics is another important aspect in the electrospinning
process. Humidity of the electrospinning environment affects the solidification process
of the charged jet and therefore adjusts the fibers morphology and diameters. For
instance, Pelipenko and coworkers®! reported the different range of electrospun fibers
diameter due to changes in humidity, using PVA, PEO and their blend solution
PVA/hyaluronic acid(HA), PEO/chitosan(CS). The effects of temperature on the
diameter of electrospun fibers are similar to humidity. Normally, increasing the
temperature of the electrospinning environment causes the increase of the evaporation
rate of the solvent and decreases the viscosity of the solution. Although these two
effects work by two opposing principles, both lead to a decrease on the mean fiber
diameter. For example, De Vrieze and coworkers reported the influence of temperature
on the formation and the properties of nanofibers using cellulose acetate (CA) and
poly(vinylpyrrolidone) (PVP)%®. In addition, not only the temperature of the
environment, but the different temperature of the collector also affects electrospinning.
Kim and their group® reported the effect of collector temperature on the porous
structure of electrospun fibers. Porous nature of nonwoven mats of PLLA dissolved in

methylene chloride was significantly influenced by temperature of the collector.
1.1.3 Materials and methods of electrospinning

Materials



Since its beginning the electrospinning technique developed very quickly and various
types of materials have been used to generate electrospun fibers. In general, organic
polymer are the most common materials and are widely used. Normally, the organic
polymers, including synthetic and natural, have been successfully explored to fabricate
fibers from solution or melt electrospinning. Other than just using simple polymer
solutions, composite materials have been also successfully electrospun into fibers,

making use of sol-gel chemistry.
Natural polymers

Due to the good biocompatibility, natural polymers have been widely used in the
field of biomedicine in recent years. However, since natural polymers are mostly
polyelectrolytes, it is difficult to prepare natural polymer nanofibers by electrospinning
process. Until now, the electrospun nanofibers of natural polymers are mainly
polysaccharide biopolymers (cellulose and its derivatives®, chitin®, chitosan %,
hyaluronic acid®, etc.) and proteins (collagen®, gelatin®®, silk fibroin*, elastin®!,

fibrinogen*?, grain protein®, etc.)
Synthetic polymers

In addition to natural polymer materials, synthetic polymers are more popularly used
in electrospinning to prepare nanofibers. In recent years, dozens of different synthetic
polymers have been prepared into nanofibers by electrospinning. One type are water-
soluble polymers such as polyethylene oxide**, polyvinyl alcohol #°, polyacrylic acid 4,
polyvinylpyrrolidone #7, and hydroxypropyl cellulose “®. The another type are
degradable polymers such as polylactic acid “°, polyglutamic acid®,
polyhydroxybutyrate®!, etc. Furthermore, several polymers that are soluble in organic
solvents have also been electrospun into nanofibers, such as polystyrene 2,
polyacrylonitrile %3, polycarbonate®, polyimide®®, polyethylene terephthalate %6,

polyvinylidene fluoride®, polyamide®, etc.



Natural polymers

Polymer Solvent
Cellulose N,N-dimethyl acetamide (DMAC), N- 34
methylmorpholine oxide (NMMO) and water
Chitin 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 3
Chitosan dilute hydrochloric acid, acetic acid, neat formic 36

Hyaluronic acid
Collagen
Gelatin
Silk fibroin
Elastin

Fibrinogen

acid and trifluoroacetic acid
Dulbecco’s modified eagle’s medium (DMEM)
1,1,1,3,3,3 hexafluoro-2-propanol (HFP)
Water, 2,2,2-trifluoroethanol
Water
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and

minimal essential medium (Earle's salts)

37

38

39

40

41

42

Grain protein hexane 43
Synthetic polymers
Polymer Solvent

Polyethylene oxide

(PEO)

chloroform, ethanol, dimethylformamide (DMF)

and water

10



Polyvinyl alcohol deionized water and acetic acid

(PVA)
Polyacrylic acid, deionized water and NaCl
(PAA)
Polyvinylpyrrolidone, ethanol and chloroform
(PVP)
Hydroxypropyl anhydrous ethanol 48

cellulose (HPC)

Polylactic acid, tetrahydrofuran (THF) and dimethylformamide  4°
(PLA) (DMF)

Polycaprolactone, Dichloromethane and dimethylformamide 50
(PCL) (DMF)

Polyhydroxybutyrate, chloroform and dimethylformamide (DMF) 51

(PHB)
Polystyrene dimethylformamide (DMF) 52
Polyacrylonitrile, dimethylformamide (DMF) 53

(PAN)
Polycarbonate Chloroform, Tetrahydrofuran (THF) and 4

(PC) Dimethylformamide (DMF)
Polyimide, N,N-dimethyl acetamide (DMAC) %
(PI)

Polyurethane, dichloromethane (CHCl.) and trifluoroacetic ~ °°

(PET) acid (TFA)

11



Polyvinylidene dimethylformamide(DMF) and acetone 57
Fluoride, (PVDF)

Polyamide (PA) formic acid 58

Methods

In the early years, the most popular method was typically far-field electrospinning
which includes a hollow needle as the spinneret at a long distance to the collector.
However, the basic far-field electrospinning setup is unstable in nature as it relies on
the chaotic whipping of liquid jets to generate nanofibers. A series of new
electrospinning methods were developed in the last decade, which included near-field
electrospinning, multi-needle array electrospinning and coaxial electrospinning (

). In addition, several researchers designed different collectors which expanded the

capability of electrospinning.
Far-field electrospinning,

In general, the collecting distance of the conventional far-field electrospinning setup
is around of 10-15 cm and the applied voltage is around of 15-30 kV. However, the
distance between the spinneret and collector determines the different electrospinning
stages and how the fibers will be deposited on the collector. Thus, during
electrospinning with long distances, it is difficult to control the position of deposited

electrospun fibers.
Near-field electrospinning

Unfortunately, the electrospinning setup is unstable by nature, as it relies on the
chaotic whipping of liquid jets to generate nanofibers. Thus, near-field electrospinning
was created such that the jet is impacted onto the collector as a straight segment®. In

this case, the electric field is highly concentrated between the spinneret and collector,
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and the applied voltage is much lower than far field electrospinning. The range of near
filed electrospinning parameters are as follows: 0.6-3 kV of apply voltage, 0.01-1 mi/h

of flow rate, and less than 500 um of collecting distance.

Solution

2. :M . \N“" L

Liquid Jet

__r Collector

C PVP/Ti(OiPr)

plastic —
syringe

metallic
needle

[V] high voltage
power supply

silica
capillary

coaxial jet

Fig. 3 Schematic of electrospinning techniques including (A) near field electrospinning.
% (B) multi-needle array electrospinning® (C) coaxial electrospinning (D) hollow
electrospun nanofibers®!. Reproduced with permission. Copyright 2019, American

Chemical Society.

Multi-needle array electrospinning

In order to improve the productivity, an array of spinnerets or multiple-spinneret
electrospinning was designed to offer a straightforward route to mass production
through use of polymer jets simultaneously ejected from many needles. However, in
this case, the effect of the electric field and coulombic repulsion on the electrospinning

process is more complicated than for single needles. The main important parameters of

13



multiple-spinneret electrospinning we should considered is the distance between the

needles or nozzles®? 62,
Coaxial electrospinning

In addition, coaxial electrospinning has also been used to prepare nanofibers, in
which a coaxial spinneret composed of an outer and inner needle is commonly used 5.
By adjusting the flow rate of the inner and outer polymer solutions with different
compositions, various nanofibers with varied morphologies can be obtained. There are
several types of materials that have been incorporated into the core sheath nanofibers,
such as polymers, metal salts, proteins, even cells/bacteria/viruses®*%. For example, Li
has reported hollow nanofibers with walls prepared by electrospinning two immiscible
liquids through a coaxial, two-capillary spinneret, followed by selective removal of the

cores®,

1.1.4 Applications of electrospinning materials

With the development of nanotechnology, electrospinning has become a simple and
effective new processing technology that can produce nanofibers, which play a huge
role in the fields of biomedical materials, filtration and protection, catalysis, energy,

optoelectronics, food engineering, cosmetics, etc.?.

In the field of biomedicine applications, the nanofibers’ diameter of is always smaller
than most cells, which can mimic the structure and biological functions of natural
extracellular matrix. Most animal tissues are similar in form and structure to electrospun
nanofibers. In this case, some electrospun materials have good biocompatibility and
degradability, which can be used as a carrier into the human body. In addition, modified
nanofibers have a large specific surface area and porosity and other excellent properties,
therefore, it has attracted continuous attention of researchers in the field of drug

controlled release, wound repair, biological tissue engineering and other aspects?2.
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In the field of filtration applications, the filtration efficiency of the fiber filter
material normally increases with decreasing of the fiber diameter. Therefore, reducing
the fiber diameter becomes an effective method to improve the filtration performance
of the fiber filter material. In addition to its small diameter, electrospun fibers have the
advantages of small pore size, high porosity, and good fiber uniformity, which results
in great application potential in the fields of gas filtration, liquid filtration and personal

protection’®.

The electrospinning process can effectively regulate the fine structure of the fibers.
Combined with low surface energy materials, materials with super-hydrophobic
properties can be obtained. It is expected to be used in the outer layers of ships’ hulls,
the inner walls of oil pipelines, high-rise glass, automotive glass, etc. However, if the
electrospun fiber material is to be applied in the above-mentioned self-cleaning field, it
must improve its strength, abrasion resistance, and the binding fastness of the fiber

membrane material to the base material.

In the field of catalysis’, the catalyst particles with nanostructure can easily
agglomerate, which affects its dispersibility and utilization rate. Therefore, the
electrospun fiber material can serve as a template to uniformly disperse, while also
exerting the flexibility and ease of operation of the polymer carrier. Furthermore, it is
possible to use the surface recombination of catalytic materials and polymer micro-

nano dimensions to produce a strong synergistic effect and improve catalytic efficiency.

Electrospun nanofibers have a higher specific surface area and porosity, which can
increase the area of action between the sensing material and the detected object, which
is expected to greatly improve the performance of sensors. In addition, electrospun
nanofibers can also be used in energy, optoelectronics, food engineering and other

fields?2.
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1.2 Piezoelectricity

1.2.1 History of piezoelectric materials

In 1880, brothers Pierre and Paul-Jacques Curie discovered the direct piezoelectric
effect in single crystal quartz which, under pressure, generated electrical charge’.
Several other materials also exhibit this behavior. Also, most piezoelectric materials
conversely show a geometric strain proportional to an applied electric filed. This
converse piezoelectric effect was discovered by Gabriel Lippmann in 1881. After that,
a number of piezoelectric materials were explored by several different researchers, such
as barium titanate (BaTiOs) ceramics, discovered independently by three groups,
Wainner in 1942, Ogawa in 1944 and Vul in 1944, respectively’>"®. Following the
methodology taken for the barium titanate discovery, the perovskite isomorphic oxides
such as PbTiOs, and their solid solutions were intensively studied. Particularly, the
discovery of antiferroelectrictiy in lead zirconate and the determination of the
Pb(Zr,Ti)Os system phase diagram by E. Sawaguchi’® ’". After the discovery of barium
titanate and PZT, in parallel to the PZT-based ternary solid solutions, complex
perovskite structure materials were intensively synthesized and investigated in 1950s.
Starting in the 1990s and continuing today, researchers focus on understanding the
piezoelectric mechanism and developing advanced processing techniques, investigating

the effect of dopants on physical properties.
1.2.2 Piezoelectric effect and piezoelectric materials

The piezoelectricity is used to describe the materials which generate the electric
charge under an applied mechanical stress, which is called direct piezoelectric effect.
The indirect or converse piezoelectric effect happens when the materials are subjected
to an electrical field resulting on a mechanical strain. In piezoelectric materials, the

relationship between induced charges per unit area and the applied stress is linear and
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reversible. In this part we aim to introduce the most important organic and inorganic

piezoelectric materials and their piezoelectric definition.
Inorganic piezoelectric material

The piezoelectric effect on inorganic materials is usually explained by the
displacement of ions inside crystals. When the mechanical stress is applied on the
materials, the atomic structure of the crystal changes, a dipole moment is generated due
to the shifts or balance of ions in the structure. Nowadays, there are several different
inorganic piezoelectric materials which are widely used in various of areas such as

aluminum nitride (AIN), lead zirconate titanate (PZT).

AIN is a tetrahedral bonded semiconductor which has one N atom in the tetrahedral
interstice surrounded by four Al atoms. In each interstice, since there is no symmetry
center, when mechanical press is applied, the motion of the central atom results in a

dipole moment™® 7°,

PZT is a non-centrosymmetric crystal structure and has a net nonzero charge in each
unit cell of the crystal. When the mechanical is stress applied, the titanium ion inside
the unit cell moves and the electrical polarity develops. Therefore, the unit cell shows

an electric dipole®.
Organic piezoelectric materials

Piezoelectricity in organic materials mainly originated from the reorientation of the
molecular dipole®! 82, As organic piezoelectric materials are deformed under stress, the
molecular chains are aligned following one direction, yielding or changing the net
polarization so that it is able to present the piezoelectric behavior. The following part
provides details on most popular organic piezoelectric materials such as PVDF, PLLA

(poly-L-lactic acid), collagen and silk ( ).
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PVDF is the most popular organic piezoelectric material and is widely used in
applications in different areas. In general, five different crystal phases (a, B, v, 0, €)
have been reported, being o and  phase the most commonly used. In the o phase, the
molecular chain is packed in the unit cell as a nonpolar crystal structure and the
molecular dipoles are antiparallel. The B phase presents the best piezoelectric properties,
because all the dipoles are parallel and contribute to the highest dipole moment per unit

cel[83-8

In the case of PLLA, four different crystal phases (o, o, B, and y) have been reported
8. The piezoelectricity of PLLA is different from PVDF, which requires a B phase,
since PLLA does not depend on the formation of a specific crystalline phase. Although
elongated PLLA does not show any spontaneous polarization, it still exhibits large shear

piezoelectric constants®’.

(A) B)

eC OF ®H Displacement (u®)

streaming potential (ys)

Fig. 4 Piezoelectric materials (A) a and B phase of PVDF. (B) (i) triple helix and (ii)
longitudinal polarization in collagen. (iii) is silk B-sheets. (C) Natural nanocomposites,
bone, collagen (COL)-hydroxyapatite (HA) biocomposite.®® Reproduced with
permission. Copyright 2020, Wiley-VCH.
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Collagen is a biopolymer and one of the most important part of natural extracellular
matrix (ECM). Collagen molecules exist as a spiral triple helix which self-assembles
through extensive hydrogen bonding of amine and carbonyl functionalities and packs
into a quasi-hexagonal lattice of crystalline fibrils®. Under mechanical stress,
displacement of hydrogen bonds redistributes dipole moments toward the longitudinal

axis of collagen molecules, thereby inducing permanent polarization.

The piezoelectricity of silk fibers was first reported by Harvey®. The silk fiber
comprises a light chain (L-chain) and heavy chain (H-chain) polypeptides linked by a
disulfide bond. The piezoelectricity is determined by the H-chain which consists of
repeated hydrophobic domains and non-repeated hydrophilic domains. These domains

are made of amino acids which are known to exhibit piezoelectricity®® %2,

1.3 Biological applications of electrospun materials

Electrospun nanofibers hold a remarkably wide range of applications in industries
such as semiconductors, protective materials, water purification and clean energy
equipments. Nowadays, the most promising applications lie in the biological field
which include tissue engineering, wound healing, drug delivery, diagnosis, biomimetics
and others ( ). In this part, we aim to introduce the applications of nanofibers and

piezoelectric materials which are most related to our research project.
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Fig. 5 Main biomedical applications of electrospun nanofibers.®® Copyright 2019,

Elsevier.
1.3.1 Tissue engineering

Electrospun nanofibers have been widely used as scaffold materials in simulating
natural ECM, due to their composition and structure. Nowadays, different types of
synthetic or natural polymer are used for tissue engineering. Particularly, natural ECM
components such as collagen, elastin, and proteoglycans, can be fabricated alone or
blended with other synthetic polymers to obtain nanofibers with a diameter of 50-500
nm. In addition, the different biomechanical and degradative nanofiber scaffolds are
fabricated by adjusting the optimal blending ratio. The adhesive glycoprotein used to
promote cell adhesion in the natural ECM components can also be directly coated on
the nanofibers by physical adsorption or covalent bonding. In order to further establish
a microenvironment for natural tissues, soluble biomolecules or growth factors present

in the ECM can also loaded into the nanofibers (Fig. 6).

20



Extracellular matrices

Pericellular matrices

Evacelolr, ==
W ]

Integring |\~
N

/
Actin f
filameats #

7

’

o’ ~

7 ud
cytoplasm + Sexretory graewles 4 B 7 nudeus
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% Copyright 2016, Elsevier.

Electrospun nanofibers are commonly used to simulate the structure of natural ECM.
From a microscopic perspective, the surface topology of nanofibers can be flexibly
adjusted, such as the diameter, orientation, porosity of the fibers and the structure or
patterning of the fiber assembly. These topological structure signals can affect the cell
behavior and fate, and ultimately determine the results of tissue regeneration. From a
macroscopic perspective, the overall structure and dimensions of a nanofiber scaffold
can also be adjusted to match the tissue with special shape, such as from single-layer
structure to a multi-layer structure, or from a two dimensional nanofiber mesh to a three
dimensional porous scaffold. Therefore, scaffolds based on electrospun nanofibers have
great advantages in simulating the composition and structure of natural tissues, which

can effectively regulate cell behavior and promote the regeneration of different types
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of tissues. However, the porosity of the nanofiber scaffold prepared by traditional
methods is usually smaller than natural ECM. In order to solve this problem, it is usually
necessary to change the receiving device or post-process the prepared nanofibers to

reduce the density of the fibers and expand the porosity of the nanofiber scaffold.
Neural tissue engineering

Neural tissue engineering shows new therapeutic opportunities for regenerating the
damaged nervous tissues in transplantation®. In these studies, biomaterial scaffolds are
usually required to provide a similar ECM for seeding and growth of nerve cells. In
recent years, many advanced strategies for neural tissue engineering have been
developed, especially in producing biocompatible nanofibrous scaffolds used to mimic
the ECM. The current technologies have enabled control of the morphologies and the
biochemical properties of nanofibers for tissue engineering®®. Nowadays, various
polymers have been used to fabricate nanofibrous scaffolds for neural tissue
engineering, such as natural polymer, synthetic polymer, composite polymer and

naturally and synthetic derived peptides.

For natural polymer nanofibrous scaffolds, natural polymer always exhibits better
biocompatibility and lower immunogenicity than synthetic polymers. For instance,
Faghihi and coworkers reported the fabrication of 3D gelatin nanofibrous scaffolds to
evaluate the effects of retinoic acid on differentiation of human chorion derived MSCs
into motor-neuron-like cells®. Alternatively, silk fibroin is one of natural proteins often
used in fabricating electrospun nanofibers due to their great oxygen-water permeability
and biodegradability. For example, PLGA/MWCNTSs/silk fibroin nanofibers have been
successfully produced for neuronal differentiation by Guo et, al ®. Compared with
natural polymers, synthetic polymers are important alternatives for developing
scaffolds, allowing functionalization and parameter adjusting on the scaffolds for nerve
cells growth. Among the various synthetic polymer scaffolds, polyester is one of the

most popular biomaterials for electrospun nanofiber scaffolds. For example, Vicentini
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has reported that PLLA blended with CNTs nanofibers can promote neurite outgrowth.
In addition, graphene oxide was also employed to coat PLLA nanofibers. Furthermore,
the researcher also revealed the addition of nerve growth factor into the nanofibrous
scaffolds could improve the neurite growth and indicated a better performance in nerve

regeneration.

For composite polymer nanofibrous scaffolds, the drawbacks of natural polymer and
synthetic polymers can be improved. For example, Kuppan et al. demonstrated that cell
adhesion and proliferation in the poly-(e-caprolactone) (PCL)/ gelatin nanofibers were
more favorable than that in the pure PCL nanofibers®. In their study, they investigated
an increase of actin, myosin heavy chain, collagen and elastin gene expression in human
smooth muscle cells, which indicated that strong cell matrix interactions exist in
random and aligned PCL/gelatin nanofiber scaffolds. Inspired by the dynamic self-
assembly behavior of short peptides, people have tried to design scaffold with peptide
motifs. For instance, peptides can self-assemble into a-helical, B-sheet or B-hairpin
structures at the molecular structural level and form supramolecular structures for tissue

engineering applications®,
Bone tissue engineering

Bone tissue engineering is based on the understanding of bone structure, bone
mechanics and tissue formation, which aims to develop new materials to induce
formation of bone tissue. According to the advanced properties of electrospun
nanofibers, which can mimic the natural ECM, the polymeric electrospun scaffolds are
very versatile due to their flexibility in the chemical and physical properties, the ability
to control morphology, structure and degradability rate, for bone tissue engineering. In
general, the polymers which can be used in electrospinning for bone tissue engineering
include natural polymer, synthetic polymers and polymer blends. The most common
natural polymers which have been used for bone tissue engineering are collagen,

chitosan, silk, gelatin, elastin, etc.X%% 1% For example, as natural polymer sources, type
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I collagen is the major organic component of bone ECM, and has been considered as
bone cell supporting matrix. Therefore, Venugopal has reported that collagen
nanofibers could improve the mineralization of osteoblasts!®. Silk fibroin has also been
investigated as a potential scaffold due to its useful properties, such as, cell
compatibility, degradability and minimal inflammatory reaction®. Li reported silk
fibroin promoted the deposition of calcium phosphate minerals to form an apatite—silk

nanocomposite!®,

Synthetic polymers have also been used to fabrication of biomaterials for tissue
repair and drug delivery. Among the most commonly used synthetic polymers are
poly(vinyl) alcohol (PVA), poly(caprolactone) (PCL), poly(lactic acid) (PLA), and
poly(lactic-co-glycolic acid) (PLGA). For example, PVA is a biologically compatible
material which is stable in vivo and has suitable biomechanical properties. Phromviyo
has fabricated PVA electrospun nanofibers for hydrogen peroxide-triggered drug
release for bone regeneration®°®. Being semi-crystalline and hydrophobic, PCL exhibits
a slow degradation rate and great mechanical properties which make it a suitable
material for bone scaffolds. Jing et al. fabricated the innovative shish-kebab structured
PCL electrospun nanofibers that mimic the collagen fibrils present in bone ECM®’. PLA
is an aliphatic polyester biodegradable and compostable thermoplastic, made up of
lactic acid, which can be obtained from renewable plant sources, such as starch and
sugar. A number of studies shown that PLA can be used for fabrication of electrospun

scaffolds for the regeneration of bone tissues?’.

Comparing to the limitations of natural polymers, such as poor processability and
mechanical properties, the drawbacks of synthetic polymer, are mainly low
hydrophilicity and lack of cell recognition sites. Therefore, the blending of natural and
synthetic polymers plays an important role in bone tissue engineering, since it can

endow good mechanical requirements as well as ECM topographic cues. For example,
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Tiwari has reported heterogeneous electrospun polycaprolactone/polyethylene glycol

membranes with improved wettability, biocompatibility and mineralization'®,
Skin tissue engineering

When a skin injury occurs, it is important to reestablish the skin structure and
functions to assure the maintenance of body homeostasis. Even though skin holds the
capacity of self-regeneration, some types of wounds do not recover well, as a
consequence of extensive lesions or chronic wounds. To overcome this drawbacks and
limitation, skin tissue engineering has been widely developed. Specifically, electrospun
nanofibers have captured the attention of researchers due to their capacity to mimic the
morphological characteristics of skin ECM. Moreover, the cell adhesion, migration,
growth and differentiation, can be supported by nanofiber meshes, which are vital
events for the occurrence of an effective wound healing process!®®-114 ( ). In recent
years, various polymers have been used to fabricate nanofibers for application on skin
tissue engineering, such as synthetic polymers, natural polymers and blends of natural

and synthetic polymers.

In general, synthetic polymers can be tailored to show excellent mechanical
properties, thermal stability and appropriate degradation profile. For example, Khil
fabricated polyurethane (PU) nanofiber meshes to be applied as skin substitutes which
control the water vapor transmission rate, display a great oxygen permeability, and
present fluid drainage ability''®. Kumbar has reported that PLGA nanofibers shown
great improvement on cells spreading, adhesion from their multiple layers, after 28 days

in culture®,
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Fig. 7 The properties that electrospun nanofibers must display to be used in skin tissue

engineering.'** Copyright 2018, Elsevier.

In order to improve some limitations of synthetic materials, natural polymers hold a
viable option due to their availability of peptide sequences at their surfaces, that can be
recognized by the receptors on the cell surface, and subsequently trigger cell adhesion
and proliferation. For example, Hyung used silk to fabricate electrospun nanofibers and
evaluated their biological performance. They revealed that the silk fibroin nanofibers
were able to induce a higher rate of epithelialization and collagen production, than
commercially available dressings*'®. In addition, the most important natural ECM
material, collagen, also has been used in wound dressing. Lin fabricated collagen
nanofibers and evaluated its capacity to be used in the treatment of full thickness skin

wounds induced in micel?’.

In recent years, blending electrospun synthetic and natural polymers has also become
a promising strategy to improve the limitations of both synthetic and natural polymers.
For instance, Venugopal shown that collagen and PCL blended nanofibers could

promote cell adhesion and proliferation where the PCL nanofibers could not*®. Zhou
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produced carboxyethyl chitosan (CS)/PVA blended nanofibers to improve chitosan
electro-spinnability and hold a great adhesion and proliferation results after 2 days
fibroblasts culturing. In another study, PLGA is a common synthetic polymer to mix
with natural polymers due to its good biocompatibility and degradation. For example,
PLGA was combined with collagen to fabricate nanofibrous wound dressings that

reproduce the native structure and biological function of skin ECM.
1.3.2 Drug delivery

In general, typical drug delivery systems are specific structures that can be loaded
with molecules therefore acting as tools for the pharmaceutical administration process.
Nowadays, it represents one of most promising methods in the biomedical
investigations. Such materials hold capacity to transport a chemotherapeutic molecule
to a desired area. Among several different nanoformulations, such as, liposomes,
micelles and dendrimers, polymer nanoparticles have been widely reported as drug
delivery systems!®®. Electrospun nanofibers hold a great potential in drug delivery due
to their advantages of large specific surface area, good biocompatibility, easy
fabrication and surface modification. Electrospun nanofibers have been used to
encapsulate various types of drugs for different biomedical applications, in particular

for antibacterial and antitumor applications!? 121,

As an antibacterial drug delivery system, nanofibers usually combined with
inorganic nanoparticles or antibacterial drugs, such as, amoxicillin (AMX) and
tetracycline hydrochloride (TCH), can be encapsulated to form drug-loaded nanofiber
systemst?2 123( ). For instance, Qi investigated the use of HNTs/PLGA composite
nanofibers for encapsulation and release of a model drug TCH?2. In this study, they
shown that the TCH release rate could be controlled by the content of TCH in the drug-
loaded electrospun mats. In addition, Wang prepared PLGA/LAPONITES/AMX

composite electrospun nanofibers!? ( ). In their research, AMX was incorporated
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into the interlayer space of LAPONITE® (LAP), and the AMX-loaded LAP nanodisks
with an optimized loading efficiency of 9.76% were incorporated with PLGA
nanofibers. With the coexistence of both LAP interlayer space and the matrix-type of
PLGA nanofibers, the release speed of AMX was significantly suppressed with

biphasic and sustained manner.
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Fig. 8 is in vitro release profiles of TCH from (a) TH-1/PLGA, (b) TH-2/PLGA,
(c)TCH/PLGA, (d) TCH/HNTs powders.'?? Reproduced with permission. Copyright
2013, Elsevier. B is in vitro release of AMX from LAP/AMX nanodisks, PLGA/AMX
nanofibers, and PLGA/LAP/AMX nanofibers.!?® Reproduced with permission.
Copyright 2012, American Chemical Society.

Besides antibacterial drug delivery, anticancer drugs have also been incorporated
into nanofibers for therapeutic applications. For example, doxorubicin (DOX) is known
as a highly efficient antineoplastic agent commonly used in the treatment of different
cancers (such as Malignant lymphoma, breast cancer), although its use is often limited
due to its undesirable cardiac toxicity, short half-life and low solubility in aqueous
solutions'?*, For instance, Zheng reported the development of nano-hydroxyapatite (n-
HA) doped PLGA nanofibers for DOX encapsulation, release and antitumor activity

evaluation'?, Similarly, Qi prepared PLGA nanofiber mats with DOX-loaded CNTs
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that shown the same performance in terms of the controlled release of DOX, since DOX

can be properly incorporated into the interior or onto the surface of CNTs!?,
1.3.3 Biological applications of electrospun piezoelectric nanofibers

Electrospun nanofibers that exhibit piezoelectric properties are a new generation of
smart biomaterials which display electromechanical behavior by transforming the
mechanical energy into electric energy and vice versa. As we know, piezoelectricity
can be found in different parts of mammalian tissue, such as hair, bone, tendon,
ligaments, cartilage, skin, dentin, collagen etc. It means piezoelectricity can be referred
as a extended property of living tissue and plays an important role in various
physiological phenomena?’. For example, bone is a dynamic tissue which involves
electromechanical processes due to its piezoelectric characteristics'?®. Nowadays, many
applications for piezoelectric nanofibers, that involve interfaces with biological systems,
represents an exciting area of rapid development. Specifically, it become a powerful
biomaterial that can be interfaced with biological tissue and used for miniaturized
bioelectronic and biomechanical devices. In general, polymer and lead-free ceramics
are the most common materials used. The most important lead-free piezoceramic that
possesses perovskite-like structure is barium titanate (BaTiO3). The most common
polymers entitled with piezoelectric properties and usable in contact with the human
body is PVDF. Therefore, in this part, we aim to explain the recent biomedical

applications of PVDF and lead-free ceramic electrospun nanofibers.
Biological applications of ceramic-based piezoelectric electrospun nanofibers

From all the natural or synthetic piezoelectric materials, the family of ceramics based
upon lead titanate (PbTiOz), lead zirconate titanate and lead lanthanum zirconate
titanate (PbZrxTi1-x0O3), are the ones that show the most significant piezoelectric effect.
But their use for biomedical applications research is severely limited by the concerns

about the toxic effect due to lead oxides'?® 3. In recent years, piezoelectric ceramics
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BaTiOs have widely employed for their also excellent piezoelectric properties.
Especially, the absence of lead and their stability at high temperatures make it become
an optimal candidate for bioengineering applications. Specifically, electrospun BaTiOs
nanofibers have been considerably explored in the field of sensors and transducers for

bioengineering.

The successful fabrication of electrospun BaTiOz nanofibers requires careful
preparation of the precursors and annealing conditions. For example, hollow BaTiO3
nanofibers have been fabricated for biosensor and actuators by Zhan, who co-
electrospun the sol precursor of BaTiOs xerogel without any further polymer additive
131 'In addition, Zhan has reported BaTiOs nanofibers for transducer applications which
show a correct management of both the hydrolysis and the polymerization of the sol
solution can be beneficial to the topography of BaTiOs nanofibers. Furthermore,
BaTiOs nanofibers also play an important role in the application of energy harvesting.
For instance, Jalalian produced very large piezoelectric lead-free BaTiO3z nanofibers
with high aspect ratio in morphotropic phase boundary area which can be applied as

piezoelectric nanogenerators®?,
Bioapplications of PVDF nanofibers

Organic piezoelectric electrospun nanofibers hold several different benefits over
inorganic piezoelectric materials such as ceramic-based nanofibers, which include high
biocompatibility, great flexibility and easy fabrication. Although organic piezoelectric
materials often don’t have a piezoelectric output comparable to inorganic ones, recent
research suggests that its interface with biological systems makes them better functional
materials in the field of implantable applications. In recent years, PVDF and its
copolymers, such as polyvinylidene fluoride-trifluoroethylene [P(VDF-TrFE)] have
been used due to their strong piezoelectric effect. In addition, the outstanding properties
of PVDF-based polymers includes flexibility, transparency, good mechanical strength

and high chemical resistance, which provide many advantages in various healthcare
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applications. Especially, the electrospun PVDF-based nanofibers which hold great
chemical stability, biocompatibility and durability in the human body, get lots of
attention nowadays, becoming the most popular piezoelectric materials in many
different areas. Therefore, in this part, we aim to introduce the main biological

applications of PVVDF-based electrospun nanofibers.
Tissue engineering

PVDF and its copolymers in the form of 3D scaffolds hold the ability to do electrical
stimulation of cells and promote various types of tissue regeneration. As we know, the
topography of biomaterials has a significant effect on cells behavior and cell
morphology, therefore designing a suitable structure becomes important. Different 3D
porous bioactive PVDF nanofibers, adjusted through careful control of the processing

parameters, have been used for bone, muscle and nerve regeneration®,

In the bone tissue engineering, the optimal bone repair remains a big challenge,
especially in the case of the bone healing and defects. The main pathway to be explored
in the next years will be to mimic tissue physiology with PVDF nanofibers or growth
factors. Specifically, bone is a tissue with piezoelectric properties similar to those of
quartz, primarily by virtue of collagen, the main component of the bone ECM. For this
reason, the application of PVDF nanofibers in bone tissue engineering have been
investigated. Specially, the role of electric signals in bone is not clear, the effect of
PVDF nanofibers by their properties and structure in osteogenic process was studied by

many researchers.

For instance, Damaraju produced 3D fibrous P(VDF-TrFE) scaffolds that were used
for stimulation of human mesenchymal stem cells®* ( ). In their work, they
revealed the P(VDF-TrFE) nanofibers with high output voltage helped osteogenic
differentiation and low voltage output helped chondrogenic differentiation.
Furthermore, Wang also investigated the effect of P(VDF-TrFE) scaffolds undergoing

the dynamic electric stimulation on mouse osteoblastic cell adhesion and
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proliferation!®. The highlights of their results shown the cells were elongated and

oriented along the direction of nanofibers.

External electric fields have shown the potential effect on the neurite outgrowth and
nerve regeneration. As with the research for promotion of bone tissue regeneration,
electrospun PVDF nanofibers have also received considerable interest for nerve
regeneration and neural tissue engineering. For example, Lee*® fabricated aligned
P(VDF-TrFE) nanofibers which significantly promoted neurite outgrowth and guidance
of dorsal root ganglions, as compared to random fibers ( ). Furthermore, the
differentiation of human neural stem cells was guided into mature neuronal cells by
electrospun P(VDF-TrFE) nanofibers. Arinzeh revealed that the differentiation of
human neural stem/precursor cells on electrospun PVDF scaffolds mostly induced the
expression of neuron-like -111 tubuli*®’. In a similar work by Motamedi, aligned PVDF
nanofibers doped with laser ablated Au nanoparticles showed an increase in the growth
and adhesion of cells without any toxicity®*®. Hoop demonstrated that ultrasonic
acoustic stimulation of piezoelectric PVDF membranes improved the neurite

generation in PC12 cells™°,

Living biological tissue can generate endogenous electric potentials, which
accelerates the process of wound healing by modulating migration, proliferation and
differentiation of fibroblasts 1*°. Collagen type 1 fibers are the most common and
important in skin tissue, which contains mechanoceptors as sensorial cells. Therefore,
the piezoelectric nanofibers were considered for skin tissue engineering. For example,
Weber fabricated 3D P(VDF-TrFE) scaffolds and cultured human fibroblasts, which
turn into perfectly spindle shaped cells after 1 week and show potential for skin
regeneration'*!, Moreover, Wang'#? fabricated P(VDF-TrFE) nanofibers and used it for
implanted energy harvester in SD rats. In their work, with great cytocompatibility and
relatively large piezoelectric effect, fibroblasts grew and aligned perfectly along the

nanofibers’ direction and cell proliferation was promoted. Guo fabricated PU/PVDF
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scaffolds with excellent mechanical and piezoelectric properties. Fibroblasts cultured
on these scaffolds, under piezoelectric stimulation, showed enhanced migration,

adhesion and secretion!*? (Fig. 9).

M Nonpiezoclectnc-excited Piezoclectric-excited  Piczoclectnc-excited
PU/PVDF scaflolds PU scaffolds PU/PVDF scaffolds

Oh

12h

24h

Fig. 9 A-F represent images of scaffolds after 28 days undergoing osteogenic
differentiation in dynamic conditions, A is as-spun PVVDF-TrFE, B is annealed PVDF-
TrFE, C is PCL scaffolds, D-F is immunohistochemical staining for collagen type 113,
Reproduced with permission. Copyright 2017, Elsevier. G-K represent confocal
fluorescence images of DRG stained with phalloidin on random and aligned PVDF-
TrFE nanofibers, G and H is cells on random fibers, | and K is cells on aligned fibers*3.
Reproduced with permission. Copyright 2011, Elsevier. M represent the fluorescence
images of the migration of fibroblasts on the PU/PVDF nanofibers undergoing
piezoelectric stimulation in 24 hours.!*® Reproduced with permission. Copyright 2012,

Elsevier.
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Biosensors

Nowadays, smart biosensors based on piezoelectric materials have received
considerable attention, especially the piezoelectric nanofibers. Piezoelectric nanofibers
are flexible and can deform under tiny applied forces, which makes them suitable
candidates for detecting various mechanical and electric signals in biological tissue. For
their durability, chemical inertia, and strong piezoelectric response, PVDF and
copolymers have easily found applications as biosensors which were widely used in

pressure sensing, healthcare monitoring and cell actuators.
Pressure sensing

For example, Persano fabricated a flexible, self-powered and lightweight pressure
sensor made from aligned PVDF fibers. This device is capable of measuring small
pressures (0.1 Pa) and could be valuable for applications in biomedical and wearable
electronics!**. In another work, Beringer used aligned P(VDF-TrFE) nanofibers
interfaced with a flexible plastic substrate to produce a device which is able to evaluate

voltage response’®.
Healthcare monitoring

Over the last few years, the PVDF biosensors demonstrated the capability for
physiological signal monitoring, disease diagnosis and health assessment. Electronic
skins have attracted attention for the applications in wearable sensors and healthcare
monitoring system. For example, Liu produced a wearable self-powered PVDF sensor
which can be used as a physiological signal recording system to measure respiration
signals'*®. Park and co-workers have produced a bendable and stretchable P(VDF-TrFE)
sensor which is able to identify the movement of the skin on the neck, induced by the

pulsed behavior of the carotid®*’.

Energy harvesting
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In recent years, various advanced harvesters based on PVDF and copolymer
nanofibers have shown significant developments. Using advanced electrospinning
technology, flexible and large surface area PVDF and P(VDF-TrFE) nanofibers were
fabricated. These fiber-based electronics are capable of being woven into textiles and
capture energy from the human daily activities*8. A large amount of research in

biomechanical energy harvesting of discontinuous human activities has been reported.

For example, Ishida produced a shoe insole pedometer as the early stage toward the
application of flexible energy harvesting, which include an organic pedometer circuit,
a PVDF roll for pulse generation**®. After that, a series of wearable insole or similar
device was investigated. In other work, Liu et al. have produced random and aligned
PVDF nanofiber meshes for energy harvesting. They reported that their cell-based

energy harvester gave rise to a remarkable contractile response at cardiac level*°.
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1 Introduction

Owing to their excellent flexibility, piezoelectric polymers are good alternatives for
applications similar to the ones described above. Among the known piezoelectric
polymer classes, PVDF is the only commercial product used as a piezoelectric
membrane, due to its high piezoelectric activity® 2. Considering the high electrostatic
field and polymer jet characteristics of the electrospinning process, electrospinning is
ideally suited for producing piezoelectric nanofibers with the § phase formation through
in situ electric poling and mechanical stretching. Additionally, electrospinning is a very
convenient way of preparing ultra-thin, flexible and ultra-light piezoelectric membranes,
making them more applicable in certain specific areas. Recent literature surveys show
the exploitation of the piezoelectric properties of either single electrospun PVDF
nanofibers®> 4 or nanofiber mats for energy conversion, power generation, and

biomedical applications®”’.

However, one of the problems associated with chapter 2 is that the  phase content
of pure PVDF electrospun nanofibers is still at a low level, which leads to a small output
power and weak piezoelectricity. Therefore, we attempted to increase the B phase
content by the addition of a suitable amount of MWCNTS to the spinning solution, and
simultaneously raise the alignment of PVDF nanofibers by using a high speed rotating

drum collecting system.

In this chapter, we aim to systematically study the PVDF/MWCNTSs nanofibers
parameters including: morphology, alignment, crystal structure, mechanical properties,

output voltage and cytotoxicity.

2 Materials and methods

2.1 Materials

Tissue culture plates (TCPs) was purchased from Thomas scientific.
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Polyvinylidene Fluoride (PVDF) Mw=600,000 was bought from Shanghai 3F New
Material Co., Ltd. Multiwalled carbon nanotubes (MWCNTSs) was purchased from
Beijing Deke Daojin Science And Technology Co., Ltd.

Polycaprolactone (PCL), Dimethylformamide (DMF), Tetrahydrofuran (THF), 3-[4,5-
dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT), Acetone, Ethanol
were obtained from Sigma Aldrich (USA).

Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal bovine serum (FBS), antibiotic-
antimycotic (AA) and L929cells Hangzhou Jinuo Biomedical Technology (Hangzhou,
China)

2.2 Methods

2.2.1 Fibers fabrication (PVDF, PVDF/MWCNTs, PCL)

PVDF:

To prepare electrospun PVDF nanofibers, solvent mixtures were prepared, composed
of DMF and acetone in two different volume ratios of 8:2 and 6:4, respectively. Then,
PVDF powder was dissolved in the solvent mixture and the concentration of PVDF
solution (8%, 10%, 12%, 14% w/v), expressed as mass of polymer (g)/solvent volume
(ml), was stirred overnight at room temperature. 10 milliliters from the solution were
then transferred into a plastic syringe with a metallic orthogonally cut-ended needle (tip
diameter of 0.6 mm) and the PVDF fibers were spun under different electric field (10
kV, 15 kV, 20 kV) with a flowing rate of 1 ml/h. In order to collect random and aligned
fibers, a rotating drum collector was used at various speeds (50, 300. 2000 rpm). The
distance between the tip of the syringe needle and the drum collector was 15 cm. The
thickness of PVDF fiber meshes was controlled by the deposition time which was 0.5,

1 and 2 hours. The whole electrospinning processing was conducted at constant
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temperature of 25 <C degrees and the range of humidity between 50% and 70%. All the
electrospun PVDF nanofiber meshes were dried in an oven at 40 <C overnight, to
evaporate the residual solvent, and after that all nanofiber meshes were removed gently
from the surface of the aluminum foil with tweezers; these nanofiber mesh samples

were classified and labeled carefully for next steps.

N

Nanofiber fabrication

—

High
voltage

'

Rotating collector

Fig. 10. electrospinning process

PVDF/MWCNTSs:

PVDF was dissolved in a DMF/acetone mixture (DMF/acetone ratio 6:4) at the
concentration of 10%, 12% respectively. The MWCNTSs were dispersed in the PVDF
solution via 2 hours sonication followed by continuous stirring for 3 days. The
concentrations of MWCNTSs in the final working solutions were 0.1%, 0.5%, 1%, 2%,
respectively, related to the polymer mass. The PVDF/MWCNTSs solution was then
placed in a plastic syringe for electrospinning. The electrospinning conditions as
follows: collecting distance was 15 c¢cm; deposition time was 2 hours; rotating drum
speed was 50 and 2000 rpm. The whole electrospinning processing was conducted at
constant temperature of 25 <C and the range of humidity between 50% and 70%.
PVDF/MWCNTSs nanofiber meshes were removed and kept safely as with previous

methods.
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PCL:

PCL was dissolved in 1:1 THF/DMF (w/w) at a concentration of 15% w/v. The
electrospinning process was conducted as follows: the polymer solution was transferred
into a 5 ml glass syringe with an orthogonally cut-ended needle. A syringe driver was
used to control the solution flow rate at 1 ml/h. To produce PCL fibers, a voltage of 10
kV was applied between the syringe needle and the collector. Fibers were collected on
a grounded piece of aluminum foil which was placed on the drum collector plate 10 cm

from the needle-end.

2.2.2 Characterization methods

Scanning electron microscope

After electrospinning all the nanofiber mesh samples, small cuts were separated for
scanning electron microscopy testing. The small cuts were stacked on the surface of
carbon conductive paste, then coated with gold powder by JFC 1600 auto fine coater to
increase conductivity so that electrons can impinge samples easily. Using the scanning
electron microscope (S-4800, Hitachi, Japan), the fibers’ morphology was observed.
The acceleration voltage of the SEM system was 15 KV. Fiber diameter was measured

through image processing software (ImageJ).
Fourier Transform Infrared Spectroscopy

FTIR was used to confirm the PVDF composition and also to estimate the o/p phase
ratio. Spectra were acquired in a Fourier transform infrared spectrometer using both the
transmittance and ATR (Attenuated Total. Reflectance) techniques. The a, B crystal
phase peaks and the o/ phase ratios were investigated in PVDF fibers prepared under
different conditions. FTIR-ATR apparatus revealed to be suitable for fibrous samples,
sample preparation is simple and easy to operate, test process is fast and results are

reliable.
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X-ray diffraction

X-ray diffraction (XRD) patterns were recorded on an X-ray diffractometer (D/Max-
2550, Rigaku, Japan). The samples were irradiated using a monochromatized Cu Ka
(1.54056 A) X-ray source with a step size (26) of 0.01=and a scan step time of 1.0 s.
The operating voltage and current used were 36 kV and 30 mA, respectively, and the

scanning range was 5-40<(26).
Fast Fourier transform

According to a previous procedure®, a two-dimensional fast Fourier transform (2D
FFT) approach is applied to measure the alignment rates of the nanofibers. In brief, a
square region was captured from SEM images and then analyzed with Image-J software

to create corresponding frequency plots and 2D FFT alignment plots.
Mechanical testing

Electrospinning fiber scaffolds for mechanical analysis were cut with scissors into 3
x 0.5 cm rectangular samples, following a cardboard pattern of the same dimensions.
Then, the tensile behavior of pure PVDF and PVDF/MWCNTSs fibers were tested on
an Instron model 5969 at stretching speed of 10 mm/min at room temperature. Up to

five specimens were tested for each sample.
Output voltage

The measured electrical output of the PVDF nanofiber meshes were used to
characterize the piezoelectric response for our electrospun nanofibers. We selected two
different ways to determine the piezoelectric capacity of our samples, which include

the pure nanofiber meshes and the nanofibers assembled on our interdigitate electrodes.
Pure nanofibers meshes

The samples were prepared simply by sandwiching the as-spun PVDF nanofiber

meshes between two copper foils. The samples were placed on a test bench and
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submitted to a periodic bending movement. An oscilloscope (Wavesurfer 104MXs-B,

LeCroy) was used to measure the electrical signals generated between the electrodes.
Nanofibers based on interdigitated electrode

The different samples of fibers were fixed on the electrode with insulating tape, then
the encapsulated nanofibers with electrode were fixed on the sound vibration exciter
(B&K type 4808). An oscilloscope connected to the electrodes was used to measure the

electrical signals under mechanical excitation by the sound vibrator.
In vitro cell cytotoxicity
Nanofibers meshes preparation

Different samples of PVDF/MWCNTSs nanofibers and PCL nanofibers meshes were
first placed in a 24 well tissue culture plate and fixed with stainless steel rings. Then
they were all sterilized with ethanol for 2 hours and soaked with medium overnight

before cell seeding.
MTT:

Fibroblasts (L929) were seeded onto nanofiber membranes (n=4) at a density of
1>10* cells/well for 1, 3, 5, and 7 days. At the appointed time the culture media were
removed, and then washed three times with PBS to remove the residual culture media.
Each sample was added with 360 pL serum-free DMEM medium and 40 pL MTT
solution (5 mg/mL MTT stock solution in PBS), and incubated at 37 <C for 3 hours to
allow the formation of MTT formazan. Thereafter, the culture media were extracted
and 400 pL dimethylsulfoxide (DMSO) was added. When the formazan crystals were
sufficiently resolved, 100 uL of each sample was poured into a 96-well plate and tested

by an BioTek Synergy 2 plate reader, at 570 nm.

REMA:
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For REMA, the cell seeding density was still set at 1>10* cells per well. L929 cells
were seeded in 4 parallel 24-well TCPs, cultured for 1, 3, 5, and 7 days and washed
with phosphate buffered saline (PBS), respectively. At each time point, resazurin
working solution (40 mL resazurin solution and 360 mL medium) was added to each
well, followed by incubating for another 3 hours at 37<C. After that, the resazurin-
containing medium (100 mL) of each sample was transferred into individual well of a
Corning™ 96-well solid black polystyrene microplate and the fluorescence intensity
value at 530/590 nm excitation/emission wavelength was measured using a BioTek

Synergy 2 plate reader.

3 Results and Discussion

3.1 Fiber morphology

3.1.1 The effect of solvent composition on PVDF fiber morphology

Many organic solvents can be used to prepare PVDF electrospinning working
solution, such as N, N-dimethylformamide (DMF), N-methylpyrrolidone (NMP), and
dimethyl sulfoxide (DMSO). Both of DMSO and NMP have low volatility and high
boiling point, which is not conducive to electrospinning process® *°. In general, DMF
has good solubility, moderate boiling point and good volatility, which is suitable for
fabricating PVDF electrospun nanofibers!!. In addition, the presence of organic
solvents in PVDF solution having high conductivity such as DMF leads to the formation
of thinner fibers with a uniform shape, that is, bead-free'?. These results are due to the
good electrical conductivity of the polymer solution leading to a higher stretching of
the polymer solution during the electrospinning process. The polymer solutions are
being stretched owing to the repulsion of charges present on their surface and more
charges can be created due to the high conductivity of the solution®®. Several studies

showed that PVDF electrospun with DMF could result in fiber with excellent
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piezoelectric properties. Therefore, the mixture of DMF and acetone was selected as

the solvent of PVDF.

The solution forms a jet during the spinning process and is stretched by the electric
force. The polymer molecular chain is reoriented and aligned®®. As the solvent
evaporates, the jet solidifies into fibers deposit on the collection device. For the study
of solvent ratios, the volume ratios of 8:2 and 6:4 were selected. When discussing the
influence of the solvent ratio, the applied voltage was set to 15 kV, the flow rate was 1
ml/h, the collecting distance was 15 cm, and the electrospinning was performed under

the same conditions of PVVDF solution concentration.

DMF has a higher boiling point, higher viscosity, and lower volatility, while acetone
has a lower boiling point, lower viscosity, and better volatility. Therefore, changing the

proportion of the solvent will change the viscosity and volatility of the solvent.

shows SEM images of samples with different ratios of DMF and acetone. It
can be seen that the ratio of the solvent has a great influence on the morphology of the
fibers. The 8:2 solvent had low volatility during the electrospinning process, the fiber
was not sufficiently stretched, and the morphology of the deposited fiber was uneven.
With the increase of acetone content, the viscosity of the solution decreases, the
volatility of the solvent accelerates, and the fiber morphology tends to be clear and

uniform.

Therefore, different volume ratios of DMF / acetone solvents have a great effect on
the morphology and diameter of electrospun PVVDF fiber membranes. When the volume
ratio of DMF and acetone is 6:4, the solvent is volatile and the electrospinning process
is stable. At the same time, the electrospun fiber meshes have good morphology and
uniform diameter distribution. We chose a volume ratio of DMF / acetone of 6:4 as the

optimal parameter of the electrospinning polymer solvent.
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Fig. 11. SEM images of PVDF fibers fabricated with different solvent volume ratios

of DMF and acetone, and different concentration of polymer solution.

3.1.2 The effect of polymer concentration on PVDF fiber morphology

The concentration of the spinning solution is one of the most important factors in the
electrospinning process, which determines the viscosity and surface tension of the
spinning solution and has a great influence on the morphology of the fibers. To study
the concentration of PVDF spinning solution, a solvent with a volume ratio of 6:4

between DMF and acetone was selected. The spinning solution concentrations were 8%,
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10%, 12%, and 14%, respectively. At an applied voltage of 15 kV, the flow rate was 1

ml/h and the collecting distance was 15 cm.

shows the SEM images of the samples at different concentrations of PVDF
electrospinning solution. We could observe that the concentration of spinning solution
has a great effect on the fiber morphology. When the concentration of spinning solution
was 8%, the solution had low viscosity and weak surface tension, and the jet could not

be stretched completely under the electric field. So, we obtain neither fibers nor beads.

As the concentration of the spinning solution increased, the viscosity and surface
tension of the polymer solution also increased. The beads on the fiber meshes started to
disappear, and the fiber morphology was improved. Therefore, when the polymer
concentration was above 10%, the viscosity and surface tension allow the polymer jet
to stretch under the electric field. Nevertheless, semi-entangled state still allowed some

bead formation.

When the polymer solution was 12%, we can see that the SEM images show uniform
nanofibers without any beads. These are the optimal conditions for PVDF

electrospinning, providing the viscosity does not become too high.

When the concentration was increased to 14%, the viscosity of the solution became
too high, which resulted in difficulty for the fluid to flow through the needle. The fibers
morphology observed from the SEM images shown that the diameter of the fibers was

distributed over a wide micrometers range.

Therefore, we could conclude that the optimal range of polymer solution
concentration is between 10% and 12%, not only avoiding the formation of beads, but

also regarding to the distribution of nanofiber diameter.
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3.1.3 The effect of applied voltage on PVDF fiber morphology

In order to study the effect of the apply voltage on the PVDF fibers morphology, we
set up three different voltage values (10 kV, 15 kV, 20 kV), selected two different
solution concentrations (10% ,12%) and kept all the other conditions constant, like 1
ml/h of flow rate, 15 cm of collecting distance. When the applied voltage was lower
than 10 kV, the Taylor cone was unstable and the small droplets from the needle tip
deposited on the collecting device directly. When the applied voltage was higher than
20 kV, the electrostatic force accelerated the jet too much, causing the flight duration
to be too short and thus preventing the appropriate stretching of the fibers'*. Therefore,
the SEM images of different voltage and concentrations shown that the uniform
morphology and diameter distribution of PVDF fibers came from the sample which is

15 kV and 12% (Fig. 12).

10kv 15kv 20kv

4pm
4pm

Fig. 12. SEM images of PVDF fibers at two different concentration (10%, 12%) and

three different supply voltage (10 kV, 15 kV and 20 kV).
3.1.4 Aligned and anisotropy morphology analysis
The influence of the rotational speed of the collector on the resulting morphology

was studied by SEM. Micrographs of the PVVDF fibers prepared by electrospinning are
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presented in Fig. 13. Thus, nonaligned and aligned scaffolds can be produced with a
prevailing fiber orientation by focusing their deposit onto a rotating drum collector at

different speeds (50, 300, and 2000 rpm).

The SEM images shown that the fibers processed with a low speed (50 and 300 rpm)
are not aligned in the rotation direction. In the opposite direction, the use of higher
rotation speeds (2000 rpm) leads to a unidirectional alignment of PVDF fibers, that is,
in the rolling direction. In fact, at higher speeds, the centrifugal force generated around
the rotating drum combined to the sustained shear forces by the jet during

electrospinning process contributes to the fibers’ alignment in one uniaxial direction.

10% 12% 14%

2000 rpm

Fig. 13. SEM images of PVDF fibers at three different speed on drum collector (50,
300, and 2000 rpm) and different concentrations (10%, 12% and 14%).

For further confirmation, Fig. 14 shows the diameter distribution of each sample. It
is easy to see that depending on the rotation speed of the drum collector, the average

fiber diameters of the nonaligned, and high-aligned scaffolds change significantly at
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the three different concentrations. A decrease of the fibers’ diameter is caused by the
higher speeds of the collector rotation (2000 rpm), where the centrifugal force has
contributed to the elongation of the fibers before being collected on the drum. For
example, we pick the samples (12% concentration of PVDF) which have average
diameters of 304.8+181.6 nm, 282.4#153.7 nm, and 170.1363.4 nm, obtained for

rotation speeds of 50, 300, and 2000 rpm, respectively.
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Fig. 14. The diameter distribution of PVDF nanofibers at different at three different
speed on drum collector (50, 300, and 2000 rpm) and different concentrations (10%,
12% and 14%).

In addition, the FFT analysis of the SEM images of the nanofiber samples were used
to characterize the anisotropy of the scaffolds and measure the alignment level of the
nanofibers. Patterned, grayscale pixels are distributed in the output image of the FFT
analysis to reflect the degree of fiber alignment of the original data image. A

representative FFT analysis of randomly oriented and aligned nanofiber mats, are
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presented in Figure 15. A significant difference appears between the FFT images of the
aligned nanofibers and randomly oriented nanofibers. The representative FFT of the
original data image of the random fibers (Fig. 15a) generates an output image with
symmetrically and circularly distributed pixels. On the other hand, the FFT data of the
image with aligned fibers results in an output image with non-randomly and elliptically

distributed pixels (Fig. 15b).

Fig. 15. SEM images of random and aligned nanofibers morphology and frequency

plots of FFT analysis.

3.1.5 The comparison of morphology between PCL, PVDF and PVDF/MWCNTSs

fibers

Polycaprolactone (PCL), a non-piezoelectric control, was used since PVDF cannot
be processed into a nonpiezoelectric form due to its piezoelectric B-phase content.
Although PCL has a different surface chemistry from PVDF, PCL was chosen primarily
due to its slow degradation rate and ease in fabricating fibrous scaffolds similar in
morphology and size to PVDF scaffolds. Additionally, PCL is well known for its

biocompatibility with many cell types and is in clinical use.
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Thus, the SEM images ( ) show us that the morphology of PCL and PVDF
nanofibers are similar. Especially, PCL nanofibers also exhibit high alinement when
the rotation drum speed is 2000 rpm. We can confirm that the electrospun PCL

nanofiber is a suitable nonpiezoelectric materials as control group.

We also obtained SEM images of PVDF and PVDF doped with different amounts of
MWCNTSs fibers. These images show that smooth and bead-free solid fibers were
obtained for all samples, although small changes in the fiber distribution were noted.
These were due to the higher charge density of the electrified jet forming more uniform
and much thinner fibers, from the polymer solution containing suitable and well
dispersed MWCNTs. At the higher MWCNTSs concentration, above 1% and 2%,
PVDF/MWCNTSs nanofibers diameter distribution becomes more disperse due to

aggregation.
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Fig. 16. The SEM images of PCL, PVDF, PVDF/MWCNTSs nanofibers at two
different speed of drum collector (50 and 2000rpm).

3.2 Piezoelectric response characterization

3.2.1 Crystal phase structure

It is well known that PVVDF exists in five different crystal forms. The a phase consists
of TGTG conformations, while the B phase consists of the TTTT conformation®>8,

Among the five structures, the B phase is a polar structure, plays an important role in
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the piezo-, pyro- and ferroelectric properties of the polymer. Therefore, samples with

higher B phase were expected to display a stronger piezoelectric response *°.
XRD

shows the XRD patterns of the nanofibers obtained with different MWCNTSs
weight ratios. The PVDF powder exhibited prominent peaks at 26=18.8< 20.2< and
26.6< corresponding to the (020), (110), and (021) reflections of o phase, respectively.
In the case of pure PVDF nanofiber sample, these peaks were sharply decreased, while
a new peak appeared at 20=20.6< corresponding to the (110) reflections of the  phase
formation?°. This was due to elongation forces, stretching, and simultaneous poling
during the electrospinning process, promoting the formation of the polar B phase.
Interestingly, the peaks at 18.8<and 20.2<almost disappeared as the mass fraction of
MWCNTSs increased to 0.1% and 0.5%, and a stronger B peak at 26=20.6became
dominant compared with the pure PVVDF nanofibers mats. It was also found that both
crystallinity and B phase proportion decreased upon a further increase of the MWCNTS

concentration to 1% and 2%.

This was further confirmed by the data shown in , the crystallinity of the
PVDF powder was 47.2%, and the powder were completely in the o phase. Although
the crystallinity of the electrospun PVDF fibers decreased to 30.9%, 55% of the
material was p phase. When the percentage of MWCNTSs was 0.5%, the crystallinity

and the proportion of the B phase increased to 38.6% and 69%, respectively.
. Crystallinity and  phase content of PVDF/MWCNTSs fiber meshes

with different concentration of WMCNTSs

PVDF/wt% MWCNTs/wt% Crystallinity/% B phase/%

powder 0 47.2 0

12 0 30.9 55
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Fig. 17. The XRD patterns of PVDF powder and PVDF nanofibers doped with

different concentration of MWCNTS.

The mechanism of the change to the  crystalline phase during the PVDF/MWCNTSs
composites electrospinning process is clear. For pure PVDF nanofibers, the PVDF
chain can be partially crystallized in the B phase under the electric field, but localized
amorphous microstructures still exist?: 22, The situation was changed when a small
percentage of MWCNTSs (0.1% and 0.5%) is added into PVDF nanofibers. Under the
external electric field, the conductive of the CNTs can produce inductive charges on

the surface, thus leading to a larger Coulomb force during the electrospinning. This
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Fig. 18. The FTIR spectra in the ATR mode for nanofibers of pure PVDF and PVDF
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Fig. 19. The FITR spectra and magnification of the o phase at 762 cm™ of pure PVDF
and PVDF blended with different concentrations of MWCNTSs.

attracts PVDF chains to crystallize on the MWCNTSs surface in the B form, which then
act as nucleating agents that promote the transformation of local amorphous regions
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into the B crystalline phase. As a result, the amount of  crystalline phase was enhanced
compared with that achieved in the pure PVDF nanofibers. However, over-addition of
MWCNTSs promotes aggregations, allowing electric charges to disperse over the
aggregate and resulting in a lower charge density, consequently reducing the

polarizability of PVDF nanofibers as well as their crystallinity.

FTIR

Vibrational spectroscopy has made significant contributions towards the studies of
the structure and crystalline polymorphs of polymers?2°, shows FTIR spectra
in the ATR mode for nanofibers of bare PVDF and PVDF with different MWCNT
concentrations. The characteristic absorption bands at 840 cm™ (CH rocking), 1074
cm™ (C-C stretching band), 1275 cm™ (trans band), and 1430 cm™ (CH, bending) are
attributed to the ferroelectric all-trans p phase? ?’. The peak at 762 cm™, attributed to
a phase (in-plane bending or rocking), was clearly seen in the spectrum of the bare
PVDF fibers but was sharply decreased in the samples doped with MWCNTS ( ).
This further confirmed that the addition of MWCNTSs suppressed the amount of a phase
present in the electrospun PVDF nanofibers, enhancing the  phase, in accordance with
the XRD results. Also, we confirm that over-addition of MWCNTSs cancels the

enhancement effect.

In addition, we can still determine the relative fraction of B phase present in each
sample from the FTIR spectra. Using the characteristic absorption bands of a and
phases at 762 cm™ and 846 cm™, respectively, and assuming these absorption bands
follow Beer-Lambert Law with absorption coefficients of K, =6.1x10*and K=7.7x10*

cm?/mol, the fraction of p phase can be calculated using the following equation?:

X A
_Xp _ 4
FB) = /Xa +Xp = /1.26Aa + Ag

74



Where X, and X; are the crystalline mass fractions of the o and B phases and A,

and Ag correspond to absorption bands at 762 cmtand 846 cm™.

. B phase content of PVDF/MWCNTs fiber meshes

with different concentration of MWCNTSs

PVDF/wt% MWCNTs/wt% Bphase/%
12 0 95
12 0.1 61
12 0.5 76
12 1 59
12 2 56

Comparing the results between FTIR and XRD, we can clearly confirm the percentages
of B phase show the same trend for all samples, which for different MWCNTSs content

( ). Meanwhile, the value obtained from FTIR is always higher than XRD.

In general, infrared spectrum peaks at 762 cm™ and 846 cm™ with high intensity were
previously used to characterize the crystal phase in most of the published studies.
However, in recent years, some researchers have shown that the peaks around 840 cm”
! are characteristic from both B and y phases [29]. Thus, the p phase characterization
from the wavenumber of 846 cm™ includes both the B and y phase, and this might be
the reason why the FTIR results are always slightly higher than XRD. Since the y phase
also exhibits piezoelectric behavior, the FTIR characterization gives us the overall
composition on piezoelectric phases. Anyway, no matter XRD or FTIR results, 0.5%

of MWCNTSs blended with PVDF nanofibers always exhibit the highest value of the 8
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phase percentage. These results will be confirmed by the output voltage

characterization.
. P phase content of PVDF/MWCNTs fiber meshes

with different concentration of MWCNTSs between FTIR and XRD difference

PVDF/wt% MWCNTSs/wt% FTIR XRD
12 0 55 55
12 0.1 61 S7
12 0.5 76 69
12 1 59 49
12 2 56 48

3.2.2 Mechanical testing of PVDF nanofiber meshes

shows the typical stress/strain curves of all PVDF nanofiber meshes. The
Young’s moduli (the slope of the curves) of the all PVDF/MWCNTSs nanofibers were
much higher than that of the pure PVDF nanofibers, especially for the 0.5% and 1%
PVDF/MWCNTSs samples. A slight decline in mechanical properties for the 2% sample
may have been due to its low crystallinity, as confirmed by the XRD results. Therefore,
we have to point out that the mechanical properties of the 1% PVDF/MWCNTSs
nanofibers were the best of all the samples, but the most interesting conclusion is that
by changing the MWCNTSs content in the fibers, it is possible to modulate the
mechanical properties in order to prepare scaffolds with different characteristics for

specific applications.
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The stress/strain curves of PVDF/MWCNTSs nanofiber meshes for different

concentrations of MWCNTS.

3.2.3 Output voltage

Output voltage of pure nanofiber meshes

The measured output voltage corresponded to the three stages of the illustration in

, the initial state, the bending state, and the release state. A pulse voltage signal
accompanied by an opposite pulse output voltage was recorded when the nanofiber
meshes was subjected to a bending and release strain. Under continual bending and
unbending cycles, the pure PVDF nanofiber meshes repeatedly generated, an open-
circuit voltage of 0.2V ( ). The phenomenon can be explained as follows: the
mechanical strain produced during the bending state can induce piezoelectric charges,
which results in the potential difference across the two sides of the nanofiber meshes.
In response, external free electrons are driven to the nanofibers to balance this potential
created by the dipoles. As the external pressure on the nanofiber meshes was removed

by the unbending motion, the piezoelectric potential between the two sides of the device
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disappeared, and the free electrons that have accumulated at both sides of meshes

generate an opposing potential.

Unbending

Initial state Bending state Release state

Fig. 21. Schematic of the output voltage testing process.

In addition, the output voltage rose sharply in the samples of PVDF/MWCNTSs
nanofibers with MWCNTSs weight ratios of 0.1% and 0.5%. The output voltage of 0.1%
PVDF/MWCNTSs nanofibers is about 1.7V, and the peak voltage reached about 2V for
0.5%PVDF/MWCNTSs nanofibers. Interestingly, a higher MWCNTSs concentration

than 0.5% (1% and 2%) led to decrease in the piezoelectric voltage (Fig. 22).

We noticed a nonlinear dependence of the output voltage on the proportion of the 8
phase in the electrospun PVDF/MWCNTSs nanofiber meshes. That is, while the B phase
content of the 0.1%MWCNTSs and 0.5%MWCNTs were slightly increased, the output
voltages were raised to a much greater extent (Fig. 22). Therefore, we believe that the
change in surface and volume conductivity of PVDF/MWCNTSs nanofiber meshes

played an important role in the output voltage.
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Fig. 22. The measured output voltage for different concentrations of PVDF/MWCNTSs

nanofibers.
Output voltage of nanofibers assembled on interdigitated electrodes

The measurement of the output voltage of nanofibers assembled on interdigitated
electrodes undergoing the mechanical stimulation are shown in Figure 23. The pulse
voltage signal was recorded when the nanofibers on electrodes were subjected to a
vibration from the sound vibrator equipment. Under the continual mechanical
stimulation, the different electrode assembled nanofibers, repeatedly generated

different results.

B |

interdigitated electrode Sound vibrator Samples

Fig. 23 Schematic of output voltage of nanofibers based on electrode testing

processing
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In , the highest output voltage among all samples is PVDF/MWCNTSs
nanofibers with MWCNTSs weight ratios of 0.5%, which is 0.15 V, it is also the sample
with the highest signal-to-noise ratio. Compared with all of PVDF/MWCNTS
nanofibers, the pure PVDF nanofiber samples still exhibit the lowest output voltage. It
means the MWCNTSs blended with PVDF nanofibers also shown strong piezoelectric
effect based on our interdigitated electrode. Comparing all the PVDF nanofibers with
MWCNTSs, it is clear that 1% and 2% PVDF/MWCNTSs nanofibers exhibit similar
output voltage around 0.08V. The 0.1% PVDF/MWCNTSs nanofibers present the lowest
output voltage among all the PVDF/MWCNTSs fiber samples, which is 0.04V.

The output voltage from the different samples shows a similar trend of the
piezoelectric effect, between the bending of sandwiched nanofiber meshes and
vibration test of the interdigitated electrode-assembled nanofibers. Thus, we can clearly
confirm, the piezoelectric effect of our nanofibers meshes based on interdigitated
electrode is strong enough and we can assume that the inverse piezoelectric effect
should also be strong enough for our objectives. Thus, this device is suitable to undergo

the experiments of testing the inverse piezoelectric stimulation in cells culture.
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The measured output voltage for different concentrations of

PVDF/MWCNTSs nanofibers based on interdigitated electrode.
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3.3 In vitro cytocompatibility

To test the cytocompatibility of the PVDF and PVDF/MWCNTSs nanofiber meshes,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of cell
viability has been proven to be a popular method. Although MTT assay has been
extensively used to evaluate the metabolic activity of live cells, some researchers have
shown that MTT formazan can be physically adsorbed onto electrospun nanofibrous
mats with a high specific surface area to volume ratio, leading to a false negative result

of the cell viability assay?®

Resazurin microtiter assay (REMA, also named Alamar Blue assay) has also been
widely used for determining the cytocompatibility of biomaterials. In this method, the
added resazurin can be reduced by the intracellular enzymes of live cells to form a
water-soluble pink fluorescent compound, resorufin, whose fluorescence emission can
be quantitatively monitored to directly reflect the cell viability. Compared with the
MTT colorimetric method, the resazurin assay shows distinctive merits since it does
not use harmful solvents and does not require the cells to be killed before analysis. Thus,

in our case, the cytocompatibility of nanofibers was studied by REMA and MTT assays.

The results of cell viability from both MTT and REMA show us the same trend for
all samples. However, the comparison of cell viability between different fiber

composition was complex and interesting.

First of all, as shown in Figure 21, the cell viability has no clear distinction between
PCL and pure PVDF nanofibers for which the percentage of live cells is a little bit lower
than for TCP and don’t differ significantly from the control TCP. This demonstrated

that all of these electrospun nanofibers are biocompatible.
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Fig. 25. MTT results of L929 cells cultivated on nanofiber meshes for 1, 3, 5 and
7days

The results from different PVDF/MWCNTs/ MWCNTSs fibers show us two different
trend (figure 25 and 26). The cell viability of cells cultured on the sample of 0.1% and
0.5% PVDF/MWCNTSs fibers is higher than TCP. It means these two samples are not
just biocompatible, they show an increase in the proliferation of L929 cells.
Interestingly, cell viability of the other two samples (1% and 2% PVDF/MWCNTS) is
lower than TCP which means that when the percentage of carbon nanotubes was
increased beyond 1%, the cells proliferation on PYDF/MWCNTSs hybrid nanofibers is

lower than at the low concentrations of MWCNTS.

In order to evaluate the difference between the MTT and REMA assays, for the same
samples, we picked up the 0.5%PVDF/MWCNTSs nanofibers. Figure 27 shows that the
viability of cells measured with REMA is higher than with the MTT assay, which is
consistent with the possible adsorption of MTT formazan onto the electrospun
nanofibers. Therefore, we believe REMA to be more accurate than MTT and chose
REMA as the first method to analyze the cytocompatibility of our samples during

subsequent experiments.
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Fig. 27. The comparison of MTT and REMA of L929 cells cultivated on 0.5%
PVDF/MWCNTs/ MWCNTSs nanofiber meshes for 1, 3, 5 and 7days.
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4 Conclusion

We have demonstrated that PVDF/MWCNTSs piezoelectric nanofibers can be
directly prepared via electrospinning, without any post-processing poling treatment.
The effect of the addition of MWCNTSs on the fiber diameter, mechanical properties,
phase composition, output voltage and cytotoxicity were investigated. With the
increasing concentration of MWCNTSs and high speed rotating drum collector system,
the average fiber diameter and distribution of PVDF/MWCNTs nanofibers are
decreased and improved. Appropriate amount of MWCNTs are helpful to the
crystallization process and 3 phase formation which are confirmed by XRD and FTIR.
The maximum output voltage exhibited by PVDF nanofibers in the presence of 0.5 wt%
WMCNTSs is as high as 2V, while the average diameter is 170.1463.4 nm, compared
with the pure PVDF nanofibers.
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1 Effect of inverse piezoelectric stimulation on the behavior of fibroblasts

1.1 Introduction

Electrical stimulation is known to influence cell behavior such as proliferation,
differentiation and regeneration. Furthermore a number of previous studies have shown
that piezoelectric materials generate electrically charged surfaces!3. Electrospinning
has been recently introduced as the most promising technique to manufacture scaffolds
for tissue engineering applications, including materials that exhibit piezoelectric
properties. These scaffolds should partially mimic the structure and function of natural
extracellular matrices (ECM), thereby enhancing cell adhesion via (1) the
interconnectivity of voids favorable for cell in-growth and (2) the high surface area to
volume ratio, which enlarges cell-scaffold interface. Thus far, a number of natural and
synthetic polymers have been electrospun into bioactive scaffolds for different

applications®.

A recent study has reported the preparation and in vitro cytocompatibility of PVDF
electrospun scaffolds and argued that there is tremendous potential of the scaffolds for
tissue engineering applications. Guo et al. have investigated the electrospun PVDF/PU
membrane as a scaffold for wound healing applications®. In another work, Wang et al.
have reported the piezoelectric nanofibrous scaffold as in vivo energy harvesters and

for modifying fibroblast alignment and proliferation in wound healing?.

However, the mechanism through which inverse piezoelectricity influences cell
behavior is unclear. Thus, in this part, we aim to investigate how piezoelectric and non-

piezoelectric materials affect the cells’ morphology, proliferation and migration.
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1.2 Materials and methods

1.2.1 Materials

Interdigitate electrode was purchased from Suzhou Zhongtong Sensor Technology Co.,

Ltd.

Cell counting Kit-8 (CCK8), Alamar blue Cell viability Kit and CytoSelect™ 24-Well
Wound Healing Assay kit were bought from Shanghai Yuchun Biological Technology
Co., Ltd.

4',6-diamidino-2-phenylindole (DAPI), Triton X-100, Phalloidin and Bovine Serum
Albumin (BSA) were obtained from Sigma Aldrich. NIH3T3 cells offer from Shanghai

Institute of Biology, Chinese Academy of Sciences.

1.2.2 Methods

Cell culture

Device preparation and sterilization

The size of the interdigitated electrode is 4 cm x 4 cm and the thickness of the Au
electrodes is 200 nm, and the gap between the two parallel electrode is 0.1 mm. Each
sample of electrospun nanofibers of was cut into 4 cm x 4 c¢cm, and fixed on the
interdigitated electrode with medical glue on the edge of electrode plate. After the
nanofibers mesh fixation, a 3D printed polylactic acid (PLA) hollow cylinder with an
inside diameter of 16 mm, a geometry similar to standard 24 well plates (well diameter
of 15.6 mm) was fixed on the surface of the fibers with medical glue. The whole
assembly allows the insertion of a liquid medium inside the cylinder and therefore is

suitable for cells incubation. The schematic diagram of the device is shown in
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After the preparation of the cell culture device, the lead wires from the electrodes
were connected to a signal generator and the fibers were submitted to an electric driving
signal of 10 V, 5 Hz square wave with 50% duty cycle. Just for comparison, the 10 V
amplitude driving signal, across the 0.1 mm electrode gap, corresponds to an electric
field intensity of 100 kV/m, which is the same order of magnitude of the electrospinning
electrostatic field (67 to 133 kV/m). This electric field is in the range typically used to
drive PVDF membranes and should be strong enough to drive the inverse piezoelectric

effect on our device.

The whole inverse piezoelectric stimulation device (IPSD) was sterilized under the
UV light overnight, then soaked in the 75% ethanol for 4 hours and washed 3 times
with PBS. Before cell culture, the device was further soaked in the cell culture medium

overnight in the incubator.

The other electrospun nanofibers meshes were cut into a round piece with a diameter
of 15 mm, which were then fixed at the bottom of each well, in the 24 well plates with
stainless steel rings. The well plates with fibers were sterilized with ethanol for 1 hour,
then rinsed 3 times with PBS for 15 minutes. Before the cell culture, the well plates

with nanofibers were soaked in the cell culture medium overnight in the incubator.

The interdigitated electrode with PVDF/MWCNTSs nanofibers were fixed on the
bottom of the cell culture petri dishes. After the nanofiber meshes fixation, then the
hollow cylinders with the inside diameter of 16 mm similar to 24 well plates
(diameter=15.6 mm) printed by 3D printer were fixed on the surface of fibers by
medical glue. The whole device was sterilized under the UV light overnight, and then
soaked in the 75% ethanol for 4 hours and washed with 3 times PBS. Before cell culture,

the device was further soaked in the cell culture medium overnight in the incubator.
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The other electrospun nanofibers meshes were cut into a round piece with a diameter
of 15 mm, which were then fixed at the bottom of each well, in the 24 well plates with
stainless steel rings. The well plates with fibers were sterilized with ethanol for 1 hour,
then rinsed 3 times with PBS for 15 mintues. Before the cell culture, the well plates

with nanofibers were soaked in the cell culture medium overnight in the incubator.
Cell culture and inverse piezoelectric stimulation

NIH3T3 cells were selected for fibroblasts modeling, the initial cells seeded in the
IPSD and electrospun fiber filled well plates prepared earlier. The cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine calf serum (FBS) and 1% penicillin-streptomycin (PS) in a humidified
atmosphere with 5% COz in air at 37 <C. The culture medium was refreshed every 2

days.

After the cells were seeded in the IPS, the electric signal generator was connected to
the interdigitated electrode as shown in . The inverse piezoelectric stimulation
was applied 24 hours after seeding, and the cells were stimulated for 30mins with 5Hz
square wave frequency and 10V per day. All of the samples without the IPS treatment

served as control groups.
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Fi0.29 Cells culture device with hollow cylinders on the nanofiber meshes and

interdigitated electrode.

Cell morphology and proliferation (SEM LCSM CCK8)

To verify the cell morphologies of the cells cultured on the nanofiber scaffolds, both
the stimulated and non-stimulated experiments, we used SEM and LCSM. Briefly,

2>10* cells were seed on the nanofibers in the IPSD and 24 well plates.
SEM,

Cell morphology on the all fibers was examined from samples taken after 1, 3, 5 days
post-seeding. The cells cultured on the nanofibers were fixed by 4% paraformaldehyde
for 30 minutes, then dehydrated with increasing concentration of ethanol and followed
by drying at room temperature overnight. Before the SEM observation,nanofibers were
sputter-coated with gold and viewed using an accelerating voltage of 15 kV and a

working distance of 18-20 mm.
LSCM

For the LSCM observation, samples were taken with the same periodicity as for SEM
(1, 3, 5 days post-seeding). The cells were fixed with 100 puL of 4% paraformaldehyde

for 15 mins, followed by rinse with PBS. Then, the cells on the nanofiber meshes were
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soaked and permeabilized with PBS solution containing 0.1% Triton X-100 for 15 min
at room temperature. Secondly, the cytoskeleton was stained with phalloidin. The
phalloidin working solution was prepared in PBS containing 3% BSA. During the
staining process the samples were kept in a dark environment at room temperature for
30 min. After rinsing with PBS, the cells nuclei were stained with DAPI for 10 min,
followed by rinsing with PBS. The stained cells were saved in dark environment at 4 <C

for further fluorescence microscopy investigation.
Cell proliferation

The proliferation of the cultured NIH3T3 cells was measured using the cell count
alamar blue. Briefly, 210* cells were seed on the nanofibers in 24-well culture plates
and IPSD. After 1, 3, 5 days post-seeding, the culture medium was replaced with 1 mL
DMEM medium including 10% alamar blue. After 3 hours incubation at 37 <C, the
alamar blue solution was removed to 96well plates and the fluorescence at
560nm/590nm was read. Cells seeded directly on the bottom of the 24-well culture

plates were used as controls.
Cell migration

To investigate the migration of NIH3T3 cells based on all nanofiber samples we used
the in vitro cell migration assay, the Cytoselect™ 24 well wound healing assay Kit.
Before the cell culture, a stainless steel ring with a bridge (Lmm) in the middle was
fixed on the top of nanofiber meshes. Briefly, 5 x10% cells were seeded onto the surfaces
of each fiber sample. After 1 day incubation, the stainless steel rings were removed to
generate a consistent 1mm gap in the middle of the fiber mesh surface. NIH3T3 cells
were allowed to migrate into the gap on various nanofiber meshes for 1 and 2 days
respectively. After fixation, cells were stained with methylene blue and microscopy
images of the gap were taken to analyze the migration distance of NIH3T3 cells. At
least 5 representative points along the gap of each sample were used for evaluating the

migration rate from the three samples for each time point.
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Statistical analysis

Each experiment was repeated at least 3 times on different days and data were
expressed as the mean #SD. All the proliferation and cell migration measurements were
collected in triplicate for each group. Statistical analysis was carried out by the one-
way analysis of variance (one-way ANOVA) using Origin software. The statistical

difference between two sets of data was considered when p < 0.05and p < 0.01.

1.3 Results and discussion

1.3.1 Cell proliferation

Carbon nanotubes are novel materials that have unique properties and potential to be
developed into useful products. In the past decade, various studies have been conducted
on the application of CNTs in the biomedical field®. However, the interaction between
the CNTs and the biological environment is very complex and unpredictable. Numerous
studies have found that CNTs can show different levels of toxicity depending on their
manufacturing method, surface-to-volume ratio, shape, concentration etc.® For instance,
they reported cell viability and adhesion was improved on multi-wall carbon nanotube
films7-9. Other studies report that CNTs could reduce the cell viability'® 1%, Thus, the
cell viability and proliferation of NIH3T3 based on different nanofibers with and

without MWCNTSs need to be evaluated.

The proliferation of NIH3T3 based on samples without inverse piezoelectric

stimulation.

The LSCM and proliferation results clearly shown that the cell
numbers of day 1 has no apparent difference between all the samples. On day 3, it was
found that the proliferation of NIH3T3 cells on the well plates was little higher than the
random PCL and PVDF nanofibers. The numbers of cells based on PCL and PVDF was

slightly different. Interestingly, the cell numbers on both random and aligned
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PVDF/MWCNTSs is similar with TCPs. The number of cells on the electrode is the
lowest value. As compared to day 3, the proliferation rate of the cells on the
PVDF/MWCNTSs after 5 days were the highest in all samples. This means 0.5%
MWCNTSs blended with PVDF fibers increase the proliferation of NIH3T3 cells
However, the proliferation rate of cells based on the random and aligned
PVDF/MWCNTs was similar since the day 1. It shows that the alignment of
PVDF/MWCNTSs does not affect the NIH3T3 cells proliferation. In comparison,
between the number of cells on TCPs and random PVDF and PCL nanofibers, the
results are similar to those at day3. Thus, it shown that the random PVDF and PCL
electrospun nanofibers is biocompatible, but they do not really improve the cells
proliferation. In this 5 days proliferation assay, the cells on the electrode are the lowest
from day 3 and day 5. It means our interdigitate electrode material (Au and PET) is not
a suitable material for cells culture. However, the proliferation rate of day 5 is still
around of 80% of TCPs. Thus it means the naked interdigitate is not toxic and could be

used in cells culture for a negative control group.
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Day 1 Day 3 Day 5

TCPs
Bl
PCL
Cl
PVDF(pure)
D1
PVDF/MWCNTs
(random/uncharged)
E1
PVDF/MWCNTs
(random/charged)
Fl
PVDF/MWCNTs
(alighed/uncharged)
G1
PVDF/MWCNTs
(aligned/charged)

The confocal images of NIH3T3 cells on different samples after 1 day, 3 days
and 5 days of growth. Sample A123 are cells on cover slips, sample B123 are cells on
the PCL nanofibers, sample C123 are cells on pure PVDF nanofibers, sample DEFG
are cells on the PVDF/MWCNTSs aligned and random nanofibers with and without

stimulated.
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Fig. 31 The proliferation of NIH3T3 cells based on all samples without IPS at 1, 3, 5
days including TCPs, interdigital electrode, PCL, PVDF, PVDF/MWCNTSs (random),
PVDF/MWCNTSs (aligned).

The proliferation of NIH3T3 based on samples with inverse piezoelectric stimulation.

It is well known that bioelectric signals can be observed in vitro and in vivo, for
example, in epithelial wound sites or the surface of tumor cells*2. Also, bioelectric fields
play an important role in biological morphogenesis and growth. Furthermore,
endogenous and exogenous electric fields also participate in the process of wound
healing, tissue regeneration and so on'3. Thus, in past decades, effort has been put on
understanding the effect of various applications, based on electric stimulation, on cells
behavior. In the 1960s, it has been shown that treating with DC current a skin defect in
rabbit ears, increased the wound healing efficiency*. Since then, the potential of
electrical charges to stimulate cell proliferation have been reported. Such as, Chao et al
reported the effect of applied DC electric field on ligament fibroblast migration and
wound healing®®. Recently, studies have demonstrated that piezoelectric materials can
be applied to produce surface charge and stimulate a variety of cell functions®®.
However, all of the research on piezoelectric stimulation of cells behavior make use of

the direct piezoelectric effect. For example, Guo et al reported that PU/PVDF
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electrospun scaffolds improved the proliferation of fibroblastst. In our device, it is
possible to investigate the effect of inverse piezoelectric effect on the fibroblasts.

Especially, the capacity of improved PVDF/MWCNTSs aligned nanofibers to adjust the

proliferation of fibroblasts.
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Fig. 32 The proliferation of NIH3T3 cells cultured on the nanofiber scaffolds and
submitted to piezoelectric stimulation, at 1, 3, 5 days. Experiments were performed on

bare electrode, PVDF/MWCNTSs (random), PVDF/MWCNTS (aligned).

According to the results of the proliferation assay, the LSCM images (Fig. 30) clearly
show the number of cells based on the stimulated aligned PVDF/MWCNTSs nanofibers
is higher than any other samples since day 3 and day 5, especially in day 5. It shows
that proliferation of NIH3T3 cells could be improved by inverse piezoelectric
stimulation. However, the number of cells on random PVDF/MWCNTSs fibers with
stimulated was lower and quite similar to PVDF/MWCNTs without stimulated,
although a bit higher than TCP. These interesting results indicates that random
PVDF/MWCNTSs may not be able to generate enough inverse piezoelectric effect to

distinguish from non-stimulated samples.

On Fig. 33, at day 1 all samples show similar numbers of live cells. Increasing the

cell culture time, the amount of cells based on stimulated scaffolds begins to increase.
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Fig. 33 compares all samples tested, with and without stimulation, aligned and non-
aligned. In comparison to the TCPs and PVDF/MWCNTSs samples, the cells based on
the bare electrode (with or without stimulation) always show the lowest cell viability
and proliferation rate and without meaningful difference between stimulated and non-
stimulated experiments. It means the weak electric field generated by the bare
interdigitate electrodes in the liquid medium has no effect on the proliferation of

NIH3T3 cells.

In conclusion, the results of the proliferation assay on the various samples, it is clear
that the stimulation provided by the assembly of PVDF/MWCNTSs aligned nanofibers
on interdigitate electrodes can improve the proliferation of NIH3T3 cells and since the
electric field is very weak, the improvement must come from the mechanical
stimulation generated through the inverse piezoelectric effect. Meanwhile, the PCL and
PVDF electrospun nanofibers also show good biocompatibility at the same level of TCP.
Also, the alignment of the fibers doesn’t seem to lead to an improvement over the
random fibers. Comparing the different fiber composition is it clear that improved
proliferation over the pure PVDF comes from two sources: the first is the addition of

MWCNTSs to PVDF; the second is from the inverse piezoelectric stimulation.
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I clectrode (unstimulated)
400 § g electorde (stimulated)
L
350 4 EEEPVDF

I PV DF/MWCNTS (Random/unstimulated)
I PV DF/MWCNTS (Randor/stimulate
300 4 N PVDE/MWCNTS (Aligncdunstimulated)
[ PVDF/MWCNTS (Aligned/stimulated)

250

200

Percentage/%

150

100

Day1 Day3 Day5

Proliferation/day
Fig. 33 The proliferation of NIH3T3 cells based on all samples at 1, 3, 5 days.
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1.3.2 Cell morphology

Cellular colonization is a key issue in tissue engineering. To understand cell behavior,
it is important to study the fibroblasts morphology when attached to different nanofiber
scaffold topography. Thus, NIH3T3 cells morphology was studied by LSCM after 1, 3
and 5 days incubation, as depicted on which shows the confocal images of

NIH3T3 cells stained with cytoskeleton and nuclei.

From the observation of SEM images of , on the day 1, the cells just grow up
on the surface of the nanofibers meshes on the all of samples. After day 5, many cells
grow attached to the fiber’s body, or bridged in the void space between the fibers and
even in the three-dimensional structure between different nanofiber layers, which
mimics the three-dimensional nature of the extra cellular matrix. Furthermore, the
LSCM images from the cover slips shown the shape of NIH3T3 cells had a larger
spreading area. Whereas the size of single cells grown on the simple two-dimensional
surface is larger than the cells grown on the fibers, also cells growing on nanofibers
would tend to spread along one fiber, forming a long axis and a narrow shape, or interact
with more fibers and follow the three-dimensional structure, spreading in more

directions.

Comparing the images on , between aligned and random fibers, the NIH3T3
cells stained cytoskeleton and nuclei show that the morphology on the different
alignment of nanofibers at days 1, 3, 5 is also different. It is clearly illustrated that the
cells grow along the aligned fibers and are elongated along the direction of the long
axis. Furthermore, the size of NIH3T3 on the aligned fibers is smaller and the shape is
narrower than the cells on the random fibers. Since the aligned nanofibers’ topography
is more densely packed, reducing the space between individual fibers, that small space
allowed the cells to attach and spread. This topographic effect on the cells proliferation
could play an important role in some tissue engineering applications, such as neural

regeneration.
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Fig. 34 The SEM images of NIH3T3 cells based on random PVDF/MWCNTSs fibers.

A is cell morphology based on the nanofibers on day 1, B is cell morphology on day 5.

1.3.3 Cell migration

Cell migration, which involves a multi-step cyclic process, is necessary for wound
repair. The basic migration pattern requires: extension of a protrusion; stable
attachment of the leading edge of the protrusion to a nearby point of the ECM; forward
movement of the cell body; release of adhesions and retraction at the cell rear'’.
Fibroblasts are the most important cell line involved in producing the ECM, therefore,
the migration of fibroblasts plays a key role in the formation of granulation tissue and
further wound repairing®8. Thus, effect of our inverse piezoelectric device on cells

migration is important and meaningful for the potential application on wound healing.

In order to investigate the effect of fibers orientation and inverse piezoelectric
stimulation on the NIH3T3 cells migration, an in vitro wound healing assay was
performed by culturing the cells on the “wound gap” created by the steel rings. The
culture stained with the methylene blue after 1 and 2 days shown that the migration of
NIH3T3 cells was significantly regulated by the alignment fiber scaffold and the

inverse piezoelectric stimulation. In the Fig. 35, it is clear that the wound gap distance
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was smaller for aligned PVDF/MWCNTs nanofibers with inverse piezoelectric
stimulation than for the other samples and it even closes completely after 2 days. The
gap on the aligned PVDF/MWCNTSs nanofibers without stimulation is also smaller than
the TCPs and electrode on day 1 and day 2 but not as small as for the stimulated
experiments. These results reveal that the migration of NIH3T3 cells can be improved

not just by the scaffold’s structure but also by the inverse piezoelectric stimulation.

DAY 0 DAY 1 DAY 2

TCPs

Electrode
(charged)

PVDF/MWCNTs &
(unstimulated)

PVDF/MWCNTs
(Stimulated)

Fi0.35 The migration of NIH3T3 cells based on different samples at day 0, day 1, day
2, including TCPs, Electrode (charged), aligned PVDF/MWCNTSs stimulated and

without stimulated.
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1.4 Conclusion

In this part of the project,we made a systematic investigation of the fibroblasts cell
viability, proliferation and migration on different electrospun nanofibers and also the
cells’ response to the inverse piezoelectric stimulation. From all of the nanofiber
samples, the aligned PVDF/MWCNTSs electrospun nanofibers assembled on the
interdigitate electrodes with inverse piezoelectric stimulation, exhibited the highest
bioactivity. With the inverse piezoelectric stimulation for 30 minutes per day,
PVDF/MWCNTSs not just improved the proliferation of NIH3T3 cells but also guided
the cells migration more efficiently. This meaningful result reveals that the inverse
piezoelectricity stimulation holds a great potential for applications on wound healing

and other tissue engineering.
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2 The effect of PVDF/MWCNTSs inverse piezoelectric stimulation on nerve tissue

engineering.

2.1 Introduction

Nowadays, an increasing number of people suffer with neurodegenerative diseases
at worldwide level®. Thus, the tissue engineering for neural regeneration received a lot
of attention from researchers. Replenishing neurons seems to be the ultimate therapy to
cure these diseases?’. Experiments with electrical stimulation have revealed that it can
enhance proliferation and also the differentiation of various cell types, including
cardiomyocytes and neural cells?™ 22, The use of electricity to direct the in vitro
development of axons and neurites of neural cells has been widely reported?. On the
other hand, electrospun nanofibers scaffolds using natural or synthetic polymers with
structure similar to natural extra cellular matrix have been applied for nerve
regeneration. Especially, the aligned electrospun nanofibers provide guidance for
directional cell migration and proliferation as well as neurite growth?*2¢, In particular,
Silantyeva et al reported that aligned functionalized nanofibers can accelerate neural
differentiation of mouse embryonic stem cells 2. Furthermore, carbon nanotubes has
been evaluated for the neural regeneration due to the surface topography and their
intrinsic conductivity®. In recent years, the impact of both single walled carbon
nanotubes and multi walled carbon nanotubes on neuronal behaviors was reported,

especially for their ability to promote neurite extension?®.

Therefore, our device which uses aligned PVDF/MWCNTSs assembled on electrodes,
should hold some potential for applications in neural tissue engineering, due to the to
the good topography of aligned fibers, the improvement of conductivity from
MWCNTSs and perhaps the inverse piezoelectric stimulation. In addition, PC12 cells
were selected as a neuronal cell model, widely used in neurobiology and neurovirology
due to their subculture ability®® 3. Thus, in this part of the project, we chose PC12 cells
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as a modeling cell to evaluate the effect of PVDF/MWCNTS inverse piezoelectric

stimulation on the proliferation and differentiation.

2.2 Materials and Methods

2.2.1 Materials

Hams F 12 nutrient medium (F12), Horse serum (HS), Neural growth factor (NGF) and
Alamar Blue Kit were purchased from Shanghai Yuchun Biological Technology Co.,

Ltd.
Anti-rabbit NF200 and Anti-rabbit IgG-FITC were bought from Sigma Aldrich.

PC12 cells offer from Shanghai Institute of Biology, Chinese Academy of Sciences.

2.2.2 Methods

Cell culture

As the previous cells culture of NIH3T3 cells, PC12 cells were cultured in a similar
process on IPSD and well plates. The medium of PC12 cells included 84% DMEM/F12,
10% Horse Serum, 5% FBS, and 1% antibiotic/antimycotic solution. Before the cells

culture, all culture materials sterilized with the same process as for NIH3T3 cells.
Cell adhesion assay

The PC12 cells adhesion efficiency was evaluated by counting the number of cells
attached on the different nanofibers, while the cell number was measured with Alamar
blue assay, as specified by the manufacturer. 12 hours after seeding the nanofibers with
5x10* cells, the medium was removed and the nanofibers with PC12 cells were rinsed
with PBS three times. Alamar blue solution was added to each well followed by

incubation at 37 <C for 4 hours. Then, the alamar blue solution was removed to 96 well
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plates and the fluorescence at 560nm/590nm was read. The number of cells was

calculated from the fluorescence intensity.
Cell proliferation assay

PC12 cells were seeded at the density of 2x10* per well and IPSD, cultured for 1, 3,
5and 7 days. The inverse piezoelectric stimulation (5Hz, 10V, 30 minutes per day) was
started on the day after the cells were seeded on fibers and the daily sampling for the
proliferation assay was done 8 hours later. Then, alamar blue was added to each sample,
followed by incubation for 3 hours at 37 <C. After that, the medium of each sample was

transferred to 96 well plates and measured using a plate reader.
Cell differentiation assay

In the differentiation of PC12 cells assay, the medium was switched to a differential
medium composed of DMEM/F12 supplemented with 1% HS, 0.5% FBS, 1%
antibiotic/antimitotic solution and 100 ng/ml Nerve growth factor (NGF). The random
PVDF nanofibers were selected to be a negative control, which was cultured in a
medium without NGF. 2 x 10* PC12 cells were seeded on each sample, the medium

was refreshed every day after the inverse piezoelectric stimulation.
Cell morphology

The morphology of PC12 cells after culture in medium with and without NGF, after
7 days, was evaluated by scanning electron microscopy at 15 kV, after coating with a
gold layer. The preparation of all fiber samples followed the same procedure as

described for the NIH3T3 cells morphology characterization.
Immunostaining

After 7 days of cell culture in differentiation medium on different nanofibers,
immunofluorescence staining of nerve specific protein NF200 was performed for

further evaluation of the neural differentiation of PC12 cells. The nanofiber meshes
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were rinsed 3 times with PBS and then fixed with 4% formaldehyde for 30 minutes at
room temperature. After the fixation of cells on the nanofibers, all samples were
permeabilized with 0.1% Triton X-100 for 5 minutes followed by incubation with 1%
BSA solution for 90 minutes. Subsequently, the cells with nanofibers were stained with
anti-NF200 produced in rabbit as the primary antibody for 2 hours. The anti rabbit 19G-
FITC antibody was used as the secondary antibody to combine with the primary for 1
hour. Then the samples were stained with DAPI and observed under laser scanning

confocal microscope.
Statistical analysis

Each experiment was repeated at least 3 times on different days and data were
expressed as the mean =+ SD. All the proliferation measurements were collected in
triplicate for each group. Statistical analysis was carried out by the one-way analysis of
variance (one-way ANOVA) using Origin software. The statistical difference between

two sets of data was considered when p < 0.05and p < 0.01.

2.3 Results and discussion

2.3.1 Cells adhesion efficiency

The cell adhesion efficiency is one of most important cell behaviors in the early
period after the cells have been seeded on the scaffolds. The materials with high
adhesion efficiency of cells can improve the cell proliferation, migration and other cell
functions. Thus, we aim to evaluate the PC12 cells adhesion on TCPs, random PVDF

nanofibers, random PVDF/MWCNTSs and aligned PVDF/MWCNTSs nanofibers.

As can be seen in we found that PVDF/MWCNTSs fibers (both random and
aligned) show the highest number of cells. This interesting result revealed that the
alignment of PVDF nanofibers does not change the PC12 cell adhesion. According to

previous work, due to higher specific surface area, the scaffolds containing CNTs
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exhibit higher protein adsorption rate [4], which may account for higher cell adhesion
on the fibers with MWCNTSs. However, the number of cells on the random pure PVDF
nanofibers was the lowest, even lower than TCPs. This result matched the proliferation
assay of NIH3T3 cells and L929 cells. The lower adhesion efficiency of cells on

scaffolds always comes with lower proliferation rate.

The higher adhesion efficiency of the aligned and random PVDF/MWCNTSs
nanofibers for the PC12 cells hints, at this system’s great potential for cell proliferation

and differentiation.

140 4

Percentage/%

PVDF PVDF/MWCNTs (R) PYDF/MWCNTSs (A)

12hours

Fig. 36 PC12 cells adhesion efficiency based on TCPs, random PVDF nanofibers,
PVDF/MWCNTSs (random) nanofibers, PVDF/MWCNTSs (aligned) nanofibers.

2.3.2 Cells proliferation under inverse piezoelectric stimulation.

Piezoelectric materials can induce transient change of surface charge without extra
energy sources and have been shown to a high level of neuronal differentiation and
neurite outgrowth in mouse neuroblastoma cells as compared to non-piezoelectric

controls [3]. In addition, the ability of a tissue scaffold to support the proliferation of
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cells is one of the major criteria to determine its application in target tissue regeneration.
Thus, in order to further investigate the effect of inverse piezoelectric nanofibers
stimulation on cells response, TCPs, pure random PVDF, aligned PVDF/MWCNTSs

with and without inverse piezoelectric stimulation were tested for the proliferation

study.
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Fig. 37 The proliferation rate of PC12 cells based on TCPs, PVDF (random),
PVDF/MWCNTSs (aligned/unstimulated), PVDF/MWCNTSs (aligned/stimulated)

As shown in Fig. 37, PC12 cells proliferated gradually on all electrospun nanofibers
from day 1 to day 7. However, the cell proliferation showed significant behavior on
different nanofiber composition. On day 1, cells cultured on aligned PVDF/MWCNTSs
with IPS already shown slightly better growth than other samples, while all other
samples show similar numbers of alive cells. At day 3, day 5 and day 7, the piezoelectric
stimulated PVDF/MWCNTSs aligned fibers show much greater proliferation rate. Also,
since the day 3 until day 7, the aligned PVDF/MWCNTSs nanofibers without
piezoelectric stimulation, show higher growth rates than TCPs and random PVDF
nanofibers. It means the MWCNTSs associated with PVDF fibers can increase the

proliferation of PC12 cells. This result matched the adhesion assay, the MWCNTS not
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just improved the PC12 cells attachment also improved the proliferation. In addition,
the number of cells on TCPs is always higher than for random pure PVDF nanofibers,
which corresponds to TCP’s optimized ability to make most cells grow efficiently and

healthy.

Because of the enhanced proliferation of PC12 cells on aligned PVDF/MWCNTSs
nanofibers, undergoing the inverse piezoelectric stimulation, we believe that

stimulation can play an important role in neural tissue engineering.

2.3.3 Cell differentiation under inverse piezoelectric stimulation

The morphology of PC12 cells by SEM

As known, the morphology of PC12 cells is sphere shaped. Before culturing with
NGF, the consistent and uniform morphology of PC12 cells grown on the random
PVDF(-NGF) fibers could be observed, as shown by the spherical shape of cells in SEM
images of .In , the elongated shape exhibited by the cells cultured on
PVDF(+NGF) fibers, shows the characteristic result of incubation with NGF.
Meanwhile, the PC12 cells grown with NGF on aligned PVDF/MWCNTSs nanofibers
exhibit more projected neurites, especially, the cells submitted to the inverse
piezoelectric stimulation, which exhibit longer neurites and well aligned morphology,
following the fibers’ alignment. The observation of the changes on the PCI12 cells
morphology reveals the possibility of the aligned fibers and the stimulation to trigger
the differentiation. To confirm this hypothesis, we performed the NF200 expression in

the fluorescence analysis.
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Fig. 38 the morphology of PC12 cells observed by SEM. A is random PVDF (-NGF)
nanofibers, B is random PVDF (+NGF) nanofibers, C is aligned PVDF/MWCNTSs
(+NGF) uncharged nanofibers, D is aligned PVDF/MWCNTs (+NGF) charged

nanofibers.

Immunofluorescence analysis

After stimulated by NGF, PC12 cells stop proliferating and start to differentiate into
neuron cells. The appearance of one or more neurites on PC12 cells, is generally
considered to be the result of differentiation induced by the NGF. The neurofilament
protein 200 (NF200) is an important cytoskeletal component unique to neurons. It
consists of three neurofilament subunits with molecular weights of 68 kD, 160 kD and
200 kD. They are not only related to the shape and structure of neurons, but also play
an important role in axonal transport. Therefore, the expression of NF200 was evaluated
to confirm the differentiation of PC12 cells on different nanofibers. The
immunofluorescence staining of NF200 can also compare the cell phenotype and

neurite outgrowth on different nanofibers.
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shows confocal fluorescence images of PC12 cells based on random
PVDF(+NGF)(-NGF) nanofibers, and aligned PVDF/MWCNTs(+NGF) nanofibers
with and without inverse piezoelectric stimulation. It shows that NF200 is expressed on
the all PC12 cells cultured with differentiation inducing medium (+NGF). However,
the PVDF/MWCNTSs nanofibers showed more support for NF200 expression compared
to pure random PVDF nanofibers and TCPs. Especially, the morphology of PC12 cells

on aligned PVDF/MWCNTSs show more neuron-like appearance with extended neurites.

A

The fluorescence images of PC12 cells morphology based on different
nanofibers, A is random PVDF (-NGF) nanofibers, B is random PVDF (+NGF)
nanofibers, C is aligned PVDF/MWCNTs (+NGF) nanofibers, D is aligned

PVDF/MWCNTSs (+NGF) nanofibers with inverse piezoelectric stimulation.

Meanwhile, in comparison between the cells’ morphology based on the two
experiments with aligned PVDF/MWCNTSs nanofibers, the cells that were submitted to
the inverse piezoelectric stimulation shown the extended neurites and elongated shape
following the direction of the fibers’ orientation. These results confirmed that the

inverse piezoelectric stimulation enhances the differentiation of PC12 cells and
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therefore, we believe the mechanical stimulation provided by the inverse piezoelectric

effect improved the extended neurites growth.

2.4 Conclusion

In this part, it was demonstrated that the adhesion, proliferation and differentiation
of PC12 cells can be significantly enhanced by the MWCNTSs and inverse piezoelectric
stimulation. The MWCNTSs blended with PVVDF nanofibers shown the highest adhesion
efficiency of PC12 cells, more than pure PVDF and TCPs. The results of 7 days
proliferation assay confirm the MWCNTSs not just improved the adhesion but also
improved the proliferation. Moreover, the inverse piezoelectric PVDF/MWCNTSs fibers
shown highest bioactivities in all samples. The 7 days differentiation results clearly
revealed that the PC12 cells undergoing the inverse piezoelectric stimulation could
express high NF200 and more neuron-like growth with extended neurites. Therefore,
in the early stage of PC12 cells culture, inverse piezoelectric PVDF/MWCNTSs holds a

great potential for nerve regeneration applications.
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3 The effect of inverse piezoelectric stimulation by PVDF/MWCNTSs nanofibers,

on the behavior of mesenchymal stem cells

3.1 Introduction

Mesenchymal stem cells (MSCs) have attracted wide attention in the area of tissue
engineering in the past few years due to their differentiation potential towards different
cell lines such as osteoblasts, adipocytes and chondrocytes®. Usually, their
differentiation could be induced by soluble chemical factors®:. Nowadays, with the
development of biomaterials, it has been reported the interaction between the materials
and the cells has a considerable influence on MSCs function and differentiation®. As
already mentioned, the electrospun nanofibers have been widely regarded as ideal
substrates for tissue engineering due to their similar structure to natural extra cellular
matrix. Especially, the topography of nanofiber networks can guide the alignment of
specific types of cells that lead to the deposition of an organized anisotropic ECM 3.
Such as Barker demonstrated, MSCs align with and deposit fibrocartilaginous ECM in
the predominant nanofiber direction®®. In addition, carbon nanotubes are becoming
increasingly attractive materials as they can be modified by functionalization and used
as scaffold materials for promoting tissue regeneration and stem cell therapy due to
their remarkable mechanical, optical and electrical properties®’°. Such as Kinsuk
reported COOH-functionalized CNTSs represent a promising scaffold component for
future use in the selective differentiation of canine MSCs in regenerative medicine®!.
Moreover, among the applications of piezoelectric technologies, particularly the
piezoelectric nanopattern and nanofibers, those which involve interfaces with
biological system represent an exciting area of rapid development. For instance, Zhou
investigated the polypyrrole nanocones and dynamic piezoelectric stimulation induced

stem cell osteogenic differentiation®?.
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Therefore, in this part of the project, we aim to: first, to investigate the isolation and
identification of mesenchymal stem cells; secondly, to study the effect of inverse
piezoelectric stimulation with our aligned PVDF/MWCNTSs nanofibers, on the cells

functions, such as, adhesion, proliferation, and differentiation of MSCs.

3.2 Materials and methods

3.2.1 Materials

Alkaline phosphatase assay kit (ALP), Alizarin Red stain Kit, Oil red O stain kit were

bought from Shanghai Yuchun Biological Technology Co., Ltd.

Dexamethasone, indomethacin and 3-isobutyl-1-methylxanthine were purchased from

Sigma Aldrich

3.2.2 Methods of isolation and identification of bone mesenchymal stem cell

Isolation of BMSCs

In general, there are four basic methods for extraction and culture of bone marrow
mesenchymal stem cells: whole bone marrow adherence method, cell surface molecular
marker sorting method, density gradient centrifugation method and cell screening
method*®. Relatively, the whole bone marrow adherence method is more convenient,
so in this part, we choose this method to extract and isolate rat bone marrow

mesenchymal stem cells. The main operation methods as follows:

(1) Male rats of about 100 g were dislocated at the neck and immersed in 75% alcohol

for 10 minutes.

(2) Cut the skin of both lower limbs with scissors, separate the superficial fascia and
muscles in sequence, expose the upper end of the femoral shaft and the lower end of
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the tibia, and then remove it completely. Place in a 50 ml centrifuge tube, pour 75%

alcohol, and quickly move it to a sterile workbench.

(3) In the sterile workbench, we cut both ends of the bone with scissors and leave it
in a Petri dish. Take another Petri dish with DMEM and rinse the bone marrow cavity
repeatedly until the bone marrow turns total white. Then, the DMEM containing

BMSCs and other cells was transferred to a centrifuge tube.

(4) Centrifuge at 1000 rpm for 5 minutes, discard the supernatant, rinse the cells with
low-sugar DMEM medium, and evenly disperse the cells, transfer to a culture bottle,

mark them, and place them in a cell incubator.

(5) Change the medium after 24 hours and refresh the medium every three days. After
culturing with low-sugar DMEM medium containing 20% FBS and 1% double
antibiotic according to the normal cell culture method. BMSCs will grow adherently,

and other cells are removed during every refreshing medium step.
Identification of BMSCs

In order to identify the BMSCs, we selected the basic methods such as the
observation of cell morphology, characterization of the osteogenic and adipogenic
differentiation and expression of certain specific antigens on the surface of cells. The

main operation as follows:
Cell morphology observation

After culture of the cells isolated from rat bone marrow for 24 hours, we consider the

cells as PO and observe with inverted microscope.

After medium refresh and adding trypsin 3 times, we consider the cells as P3 and

observe the morphology under the inverted microscope.

Flow cytometry analysis
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We selected P3 cells as the sample to detect the expression level of surface markers.
After trypsin 3 times, the cells were centrifuged for 5 minutes and the suspension

removed. Then, added 3% FBS solution and gently pipette until the cells distribute well.

Samples of P3 cells were counted and 1x10* were transferred into EP tubes and
stained with antibodies CD34 and CD44, specific for the BMSCs. Labeled cells were

acquired with a flow cytometer equipped with the Cellquest program.
Cell differentiation

We also selected P3 cells as the sample to analyze the osteogenic and adipogenic

differentiation results.
Osteogenic differentiation of P3 cells

For this experiment, the DMEM was switched to a differentiation medium. The
osteogenic differentiation medium was composed of MEM supplemented with 100nM
of dexamethasone, 200uM of ascorbic acid and 10 mM of glycerol 2-phosphate, and

medium was refreshed every 3 days.
Adipogenic differentiation of P3 cells

In this case, the DMEM was changed to an adipogenic induction medium. The
adipogenic medium was composed of DMEM supplemented with 10% PBS, 1%
ascorbic acid, 10 pg/L of insulin, 10 pmol/L dexamethasone, 0.5 mmol/L of IBXM and

100 pmol/L indomethacin. The medium was refreshed every 3 days.
ALP staining assay

For ALP staining, cells were covered with a working solution contain 2 mg/ml of
Na-a-naphtyl phosphate, 2 mg/mL of fast blue RR salt and 0.1 M Tris buffer (pH=10).
After staining in dark for 1 hour, the cells were rinsed with ultrapure water and

characterized under the inverted microscope.

Oil red O staining assay
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The cells were fixed with 1.5% glutaraldehyde in DPBS for 20 minutes and rinsed
with distilled water. About 20 minutes before being used, 0.5% (w/v) Oil Red O
solution was prepared in ultrapure water. The cells were covered with this solution for
1 hour at room temperature and washed before being photographed under inverted

microscopy.

3.2.3 Method for studying BMSCs behavior under inverse piezoelectric

stimulation

Cell adhesion assay

The BMSCs adhesion efficiency was investigated by counting the number of live
and attached cells on the nanofibers. After 2x10* cells were seeded on the fibers with
DMEM supplemented with 10% FBS and 1% PS for 12 hours, the alamar blue assay
was used to count the number of alive cells. The details of this process are similar to

the PC12 cells described previously.
Cell proliferation assay

BMSCs cells were seeded at a density of 2x10* on the nanofibers in the well plates
and IPSD. The inverse piezoelectric stimulation (5 Hz, 10 V, 30 minutes per day) was
started the day after the cells were seeded on the fibers. We consider the day after
inverse stimulation as day 1. The cells were incubated for one week and we selected
days 1, 3, 5and 7, for proliferation measurement. The number of cells was counted with

the alamar blue assay.
Osteogenic differentiation

Osteogenic differentiation of BMSCs based on TCPs and aligned PVDF/MWCNTSs
nanofibers without inverse piezoelectric stimulation, was induced as described. For the
aligned PVDF/MWCNTSs nanofibers based on the electrode, the inverse stimulation (5

Hz, 10 V) was performed for 30 minutes every day. After the stimulation, the inducing
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MEM with dexamethasone was refreshed. The whole of osteogenic differentiation

assay lasted for 14 days.
Adipogenic differentiation

The process of adipogenic differentiation of BMSCs is similar as our previous work.
The inverse piezoelectric stimulation of fibers on BMSCs was also performed by a 10

V and 5 Hz charge to the electrode every 30 minutes per day.

Qualitative and quantitative characterization of Osteogenic and adipogenic

differentiation

Other than the ALP staining (previously described), the Alizarin red staining also
was used to determine the osteogenic differentiation due to the calcium deposition.
Therefore, all samples were fixed with 10% of neutral buffered formalin at 4 <C over
night. Before staining with 1% Alizarin Red working solution, the samples were
washed 3 times with distilled water. The stained samples were examined and

photographed using inverted microscope.

For quantitative evaluation of ALP activity, briefly, each sample of cells on
nanofibers were rinsed 3 times with Dulbeccos phosphate buffered saline solution
(DPBS) and 0.1% (v/v) Triton X-100 (prepared in DPBS) was added to each well. Then,
20 uL of the lysates were transferred into each well and 200 pL of substrates solution
were added. The samples were then incubated in the dark at 37 <C for 1 hour. Then the
reaction was interrupted by adding 100 puL of 0.02M NaOH. The amount of protein in
the cell lysates was determined using the bicinchoninic acid (BCA) assay using bovine

serum albumin as a standard.

To determine the adipogenic differentiation of BMSCs, we used the previously
described Oil red O staining assay. For the quantitative investigation of the

adipogenesis process, a 250 uL of isopropanol was added to each well and kept in for
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15 minutes. Then, 100 uL were transferred to 96 well plates and the absorbance was

read at 490 nm. A standard curve was generated by using serial dilutions of Oil Red O.

3.3 Results and discussion

3.3.1 Isolation and identification of bone mesenchymal stem cell

Cell morphology

To determine the morphology of the isolated rat marrow bone cells, we compared
the PO cells with the P3 on the microscope. From the Fig. 40 , it can be seen that the
shape of the PO cells is round while the P3 cell have a spindle-like shape, typical of

MSCs, allowing us to confirm that the P3 bone marrow cells are nearly all BMSCs.

Fig. 40 The morphology of PO and P3 cells.

Phenotypic characterization of BMSCs

To evaluate the percentages of BMSCs in the P3 cells, we used specific surface
markers for detection by flow cytometric analysis. In general, CD34 is a pan-
hematopoietic marker and CD44 is the surface marker of MSCs. The results from flow

cytometry on Fig. 41, show that most P3 cells (85%) express the CD44 antigen and just
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a small number expresses the CD34 antigen. This results was similar to previous

research ** that obtained nearly 90% of BMSCs.
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Fig. 41 Flow cytometry analysis of P3 cells with the expression of mesenchymal surface

proteins CD 44 and hematopoietic markers CD34.

Osteogenic and adipogenic differentiation

In order to determine the differentiation potential of P3 cells, we induced P3 BMSCs

into osteocytes and adipocytes.

Fig. 42 The images A is ALP staining of P3 cells after two weeks osteogenic induction.

The image B is Oil red O staining of P3 cells after two weeks adipogenic induction.
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After 2 weeks of incubation in the osteogenic medium, shows blue
mineralized nodules were detected in the cells confirming differentiation to osteocytes.
Regarding the adipogenic differentiation potential of BMSCs, it was also confirmed by
the accumulation of red lipid droplets in the cytoplasm after 2 weeks of induced

incubation.
Conclusion

From the morphology observation, surface marker detection and the results of
osteogenic and adipogenic differentiation, we concluded that the isolation process
rendered P3 bone marrow cells with at least 85% BMSCs. Therefore, we selected the
P3 cells as a model to investigate the effect of our fiber devices on the differentiation

potential of BMSCs.
3.3.2 Effect of inverse piezoelectric stimulation on the behavior of BMSCs

According to previous research, carbon nanotubes have exceptional theoretical
mechanical properties (such as high strength to weight ratios), as well as possessing
nanoscale fiber dimensions similar to crystalline hydroxyapatite found in physiological
bone, suggesting strong possibilities for improving the adhesion of osteoblasts,
fibroblast, chondrocyte, and smooth muscle cells*. Moreover, the random and aligned
biomimetic electrospun nanofibers has been widely used in tissue engineering.
Unfortunately, current research to direct the fate of stem cells remains limited for the
absence of a clear understanding of the mechanism of interfacial interaction between
fibers and stem cells. Thus, we aim to evaluate the adhesion results of BMSCs based

on random PVDF fibers, random and aligned PVDF/MWCNTSs nanofibers.
Cell adhesion efficiency

shows that after 12 hours of incubation on each nanofiber mesh, the number

of live BMSCs on TCPs are the best among all the samples. It reveals that TCPs exhibits
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improved adhesion of BMSCs better than any PVDF or PVDF/MWCNTSs nanofibers
with different orientations. Comparing the adhesion results of BMSCs and PC12 cells,
this opposite results shown us that PVDF/MWCNTSs only improve the adhesion of
PC12 cells and not on BMSCs. In addition, the number of cells on PVDF/MWCNTSs
fibers is slightly higher than for PVVDF fibers, leading to conclude that CNTSs slightly
improved the adhesion of BMSCs on PVDF nanofibers. The advantageous properties
of MWCNTs as were previously described (such as mechanical properties, conductivity
etc.) should indeed have a positive effect on BMSCs. Interestingly, the cells viability
on random and aligned PVDF/MWCNTSs nanofibers are very similar, confirming that
the alignment of nanofibers, by itself, does not improve the adhesion of BMSCs in the

early period (12 hours), as it happens with the PC12 cells adhesion.

Percentages/%

TCPs PVDF(1) PVDF/MWCNTs(r) PVDF/MWCNTSs(a)
Time/12hours

Fig. 43 BMSCs adhesion efficiency on the TCPs, random PVDF nanofibers, random
PVDF/MWCNTS, and aligned PVDF/MWCNTSs nanofibers.

Cell proliferation

Recently, several studies have applied either electrical or mechanical stimuli to the
environments of native skeletal muscle, in vitro, to modulate cells behavior®.

Nevertheless, piezoelectricity, which simultaneously involves both mechanical and
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electric stimulations has been rarely reported for stem cells behavior investigation.
Jeong-kee et al have investigated piezoelectric substrates for generation of myogenic
cell sheet fragments from human MSCs*. Asuna et al have evaluated the cell fate
determination of MSCs regulated by a piezo type mechanosensitive ion channel®,
However, what is the inverse piezoelectricity influence on MSCs proliferation? In this
part of the project we aim to evaluate the effect of our inverse piezoelectric

PVDF/MWCNTSs nanofibers on the proliferation of BMSCs.

From the results of the 7 days proliferation assay depicted in Fig. 44, we can see that
TCPs show the best support for proliferation of the BMSCs, when compared to all the
fibers, including the inverse piezoelectric stimulated fibers. This result matches the 12
hours adhesion assay meaning that the adhesion efficiency is positively correlated to
the proliferation of BMSCs. Compared with the PVDF nanofibers with and without
MWCNTSs, since day 3 until day 7, the proliferation rate of BMSCs based on
PVDF/MWCNTSs nanofibers is higher than pure PVDF, confirming that the positive
effect of CNTs on cells proliferation is not just valid for PC12 and NIH3T3 cells, but
also for BMSCs. However, the results between the stimulated and non-stimulated
aligned PVDF/MWCNTs nanofiber experiments don’t show any obvious difference. It
means the 30 minutes per day inverse piezoelectricity from our device could not

influence the BMSC:s proliferation.

450 - =
=T
M TCPs T‘
400 - [ PVDF(random) |
Il PV DF/MWCNTs (alignedunstimulated)

[ PV DEAMWCNTSs (aligned/stimulated)

Percentages/%

Day1 Day3 Day5 Day7
Proliferation/Day

127



7 days proliferation assay of BMSCs based on TCPs, random PVDF nanofibers,
aligned PVDF/MWCNTSs (stimulated) nanofibers.

The effect of inverse piezoelectric stimulation on BMSCs differentiation

Piezoelectric materials have significant applications in tissue engineering as an
electroactive scaffold for tissue repair and regeneration. Nowadays, the optimal
piezoelectric scaffolds can produce suitable signals, similar to the ECM, which has been
observed during remodeling phenomenon in bone and cartilage*®. For instance, Cijun
showed that incorporation of BaTiOs nanoparticles with PVDF scaffold promoted the
cell differentiation more efficiently®®. Damaraju reported that three-dimensional
piezoelectric fibrous scaffolds selectively promoted MSCs cell differentiation.
Specifically, they revealed the piezoelectric scaffolds that exhibit low voltage output,
or streaming potential, promoted chondrogenic differentiation and piezoelectric

scaffolds with a high voltage output promoted osteogenic differentiation®?.

Therefore, after the characterization of PC12 cells differentiation on our inverse
piezoelectric device, we aim to test the differentiation efficiency of BMSCs, especially
their osteogenic and adipogenic direction. According to the results of cells adhesion
and proliferation assay of BMSCs on PVDF/MWCNTSs aligned and random fibers, we
selected the random and aligned PVDF/MWCNTSs nanofibers with and without inverse
piezoelectric stimulation for the experiments. We used the incubation of BMSCs on
TCPs with inducing medium for positive control and cells culturing without the induced
medium on PVDF/MWCNTs with inverse piezoelectric stimulation for negative

control.

Qualitative and quantitate characterization of osteogenic and adipogenic

differentiation.
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Alkaline phosphatase ( ALP) is a general term used to describe non-specific
phosphomonoesterase, which hydrolyzes phosphate esters, optimally at alkaline pH. It
is one of the most widely used biochemical marker of osteoblasts. Alizarin Red stain
(ARS) is usually performed to detect calcium deposition on the early period of
osteoblasts. Oil red O is a dye that strongly stains lipids, and widely used for

identification adipocytes.

shows the results of the ALP staining, Alizarin red staining and Oil red O
staining microscopy images of BMSCs based on random and aligned PVDF/MWCNTSs
with inverse piezoelectric stimulation, after incubation for 2 weeks in the inducing
medium. From A-D, the random and aligned fibers with stimulation and
cultured in the medium without inducing factors. All images shown no staining color
on the fibers. We can see that the 30 minutes per day inverse piezoelectric stimulation

with PVDF/MWCNTSs nanofibers did not promote BMSCs differentiation.
For the osteogenic differentiation.

The results of incubation cultured with inducing medium, on random and aligned
PVDF/MWCNTSs under the inverse piezoelectric stimulation, for 2 weeks, are shown
on the images from E-L, with the staining colors from ALP and Alizarin red
staining. The staining patterns of ALP and ARS show calcium deposition evenly
distributed along the orientation of aligned PVDF/MWCNTSs fibers. On the random
PVDF/MWCNTSs fibers, the staining pattern was randomly distributed and tends to
gather at the intersection of fibers. It shown that with induced culturing, the BMSCs
can differentiated to osteoblasts on both random and aligned PVDF/MWCNTSs fibers.
Qualitatively we can notice important differences between the two types of fibers, the
aligned ones showing a higher staining pattern intensity. Nevertheless, we used the
quantitative analysis with ALP staining shown in , to clarify this matter,
showing that the BMSCs based on the aligned PVDF/MWCNTSs nanofibers turn out as

higher number of osteoblasts, when compared with TCPs and random fibers. As we
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know, the random PVDF/MWCNTSs fibers do not exhibit strong piezoelectricity in the
cell medium environment. Thus, we conclude that the aligned PVDF/MWCNTSs fibers
with inverse piezoelectric stimulation promote more osteoblasts from BMSCs in 14
days. It means that although the inverse piezoelectric stimulation from aligned
PVDF/MWCNTSs fibers cannot improve the proliferation of BMSCs, it still shows great

bioactivity to improve the efficiency of osteogenic differentiation.
For the adipogenic differentiation

From the Fig. 40 M-P, the staining pattern of oil red O shows similar results to ALP
and ARS. The lipid droplets generated by the adipocytes are evenly distributed and
arranged along the direction of charged PVDF/MWCNTSs nanofibers. On the random
PVDF/MWCNTSs nanofibers, the lipid droplets gather at the intersection of fibers. The
images show that the adipogenic differentiation of BMSCs was successful on both the
random and aligned fibers. From the results of Oil red O quantification ( ), the
TCPs shows slightly higher value than random and aligned PVDF/MWCNTSs
nanofibers. It means in the adipogenic differentiation process, no significant differences
were observed from the inverse piezoelectricity. The higher adipocytes count on TCPs
probably is due to the proliferation of BMSCs. In the 7 days proliferation assay of
BMSCs on different fibers, TCPs also shown the higher value than any other fibers.
Overall, we confirmed that the inverse piezoelectric stimulation does not have any

influence on adipogenic differentiation of BMSCs.
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PVDF/MWCNTs (random)

negetive control

osteogenic
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Fig. 45 Images of BMSCs staining on the different random and aligned
PVDF/MWCNTSs nanofibers. Cells in general cultured medium (A-D), cells with ALP
staining (E-H), cells with alizarin red staining (I-L), and cells with oil red O staining

(M-P).
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Fig. 46. Quantitation of alkaline phosphatase activity (A) and oil red O activity (B) in

solution after staining.
Conclusion

In this part, we investigated how PVDF/MWCNTs nanofibers could affect the
BMSCs adhesion, proliferation and differentiation. Although the inverse piezoelectric
nanofibers cannot improve the adhesion in the early period and 7 days proliferation of
BMSCs, however, it was found that inverse piezoelectric PVDF/MWCNTSs nanofibers
show great bioactivity for osteogenic differentiation of BMSCs. Due to good
cytocompatibility, effective cell elongation, and enhanced osteogenic differentiation,
aligned PVDF/MWCNTSs nanofibers show excellent potential for tissue engineering

and especially in bone regeneration applications.
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1 Conclusions and perspective

1.1 Conclusion

Electrospinning has developed into a simple and effective new processing
technology, that can be used for the fabrication of nanofibers with a variety of
composition and properties, some of which play a huge role in the area of biological
applications. Meanwhile, piezoelectric materials as new smart materials, became
interesting for tissue engineering. Specifically, the flexible polymer PVDF and
copolymers became popular materials and widely used in various healthcare
applications. Moreover, carbon nanotubes are novel materials that have unique
mechanical and chemical properties, which have also been incorporated into the

biomedical field.

In our project we aimed at producing a device for direct mechanical stimulation of
cells, based on the inverse piezoelectric effect from electrospun nanofibers with
adequate composition. Then, the device would be tested on a range of suitable cell
models, to verify its usefulness or potential for application in the biomedical field. This
is a novel use of electrospun nanofibers, since only the direct piezoelectric effect had

been used so far and reported in the literature.

For our objectives, we decided to use PVDF as the base for the nanofibers, since it
can be produced with the adequate composition for piezoelectric applications. The
properties of the PVDF polymer nanofibers were improved with the addition of Multi
Walled Carbon Nanotubes (MWCNTSs) which resulted on enhanced piezoelectric
behavior. Moreover, the MWCNTs are known to possess suitable properties for

interaction with biological samples.

After several experiments we were able to find the optimized conditions for the
electrospinning process of aligned nanofibers: electrospinning voltage of 20 kV at 15
cm distance (1.33 kV/cm); solvent system composed of DMF and acetone (6:4 by

volume); the polymer solution had the concentration of 12% (12 g PVDF by 100 ml
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solvent); the MWCNTSs had a concentration of 0.5% (weight ratio); rotating collector
at 2000 rpm. Using these conditions we obtained highly aligned nanofiber meshes with
suitable properties for our objectives, especially the piezoelectric PVDF crystal
structure confirmed by XRD, FTIR, mechanical and electrical testing. The fibers
characterization was completed with successful in vitro cytocompatibility tests, using
the L929 fibroblasts cell line. The overall product, the PVDF/MWCNTSs nanofibers,
indeed show adequate piezoelectric properties as well as the three-dimensional
structure and cytocompatibility required for application as scaffolds for tissue

engineering.

The PVDF/MWCNTSs were successfully applied on interdigitate electrodes which
allowed their use for the preparation of a small cell culture vehicle, which supported
the inverse piezoelectric stimulation of the cultured cells and thus paving the way for

the research on its potential for tissue engineering applications.

For the testing of our device, we decided to use three different cell types: NIH3T3
fibroblasts; PC12 neuroblastic cells; mesenchymal stem cells (MSCs). The rationale for
this choice was: first, investigate the effect of our device on the cell morphology,
proliferation and migration of fibroblasts, which due to their natural cell function, play
an important role in wound healing; secondly, to verify the potential of our device on
the proliferation and differentiation of neuroblastic cells since they hold an important
role as models for nerve regeneration studies; thirdly, we wanted to investigate the
capacity of our device to modulate the proliferation and differentiation of mesenchymal
stem cells, which have the potential to derive into several different cell types. On all
cell types, the device with aligned PVDF/MWCNTs and inverse piezoelectric
stimulation for 30 minutes per day (10 V, 5Hz square wave) was compared to several

other combination of materials for control.

The testing with the NIH3T3 cell line allowed us to conclude that the device

stimulation resulted in the highest bioactivity, with improved viability, proliferation
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and migration, as compared to other materials tested. The cell morphology was directly
affected by the fibers’ alignment, showing that the cells exhibit growth along the fibers’
direction. Moreover, we demonstrated that the enhancement of bioactivity resulted
from the mechanical stimulation provided by the inverse piezoelectric effect, other than

the electric signal used for driving the fibers.

Regarding the PC12 neuroblastic cells testing, the device resulted on significant
enhancement of the cell adhesion and proliferation. The differentiation was also
positively influenced, since the cells exhibited increased expression of the NF-200
neurofilament protein and neuron-like shape with extended neurites, when compared to

other materials and without stimulation.

The final testing with MSCs revealed that with the level of stimulation used, it was
not possible to observe significant differences between the cells’ adhesion and
proliferation, over the other materials without stimulation. Regarding the MSCs
differentiation, the two different experiments yielded different results. For the
adipogenic differentiation the stimulation didn’t show any enhancement, when
compared with other materials and without stimulation. On the contrary, for the
osteogenic differentiation, the IPS with aligned PVDF/MWCNTSs nanofibers improved

the differentiation process.

Overall, we concluded that the mechanical stimulation provided by the inverse
piezoelectric effect, from the PVDF/MWCNTSs nanofibers, has a positive effect on the
behavior of specifically selected cell types, which opens the possibility for its use on
fundamental cell biology research and, more importantly, for different tissue
engineering applications, such as, wound healing, nerve regeneration and bone

regeneration.
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1.2 Prospective

For future work we can already envisage several lines of research. The first will be
the improvement of our device, with a robust design that allows for more extensive and
complex experiments. The new design should allow: an easier handling and
experimental setup; the use of different voltage, signals, frequency and stimulation time;
autonomous operation inside an incubation chamber, with remote control from a PC.
The second line of research should take advantage of the new device design and validate
the results from this thesis with a more extensive range of experimental parameters, that
would support a better understanding of the effects of mechanical stimulation on cell
biology. After that, further testing may include in vivo experiments to confirm the in

vitro results with a clear target for application in tissue engineering.
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