
Studies on the spinnability and
surface modification of

polycaprolactone nanofibers
produced by AC electrospinning

Dissertation Thesis

Study programme: P3106 Textile Engineering
Study branch: Textile Technics and Materials Engineering

Author: Manikandan Sivan, M.Sc.
Thesis Supervisor: prof. RNDr. David Lukáš, CSc.

Department of Chemistry

Liberec 2022



Declaration

I hereby certify, I, myself, have written my dissertation as an original and
primary work using the literature listed below and consulting it with my
thesis supervisor and my thesis counsellor.

I acknowledge that my dissertation is fully governed by Act
No. 121/2000 Coll., the Copyright Act, in particular Article 60 – School
Work.

I acknowledge that the Technical University of Liberec does not infringe
my copyrights by using my dissertation for internal purposes of the Tech-
nical University of Liberec.

I am aware of my obligation to inform the Technical University of Liberec
on having used or granted license to use the results of my dissertation; in
such a case the Technical University of Liberecmay require reimbursement
of the costs incurred for creating the result up to their actual amount.

At the same time, I honestly declare that the text of the printed version of
mydissertation is identicalwith the text of the electronic versionuploaded
into the IS/STAG.

I acknowledge that the Technical University of Liberecwillmakemydisser-
tation public in accordance with paragraph 47b of Act No. 111/1998 Coll.,
on Higher Education Institutions and on Amendment to Other Acts (the
Higher Education Act), as amended.

I am aware of the consequences which may under the Higher Education
Act result from a breach of this declaration.

September 15, 2022 Manikandan Sivan, M.Sc.



Abstract

The world’s oldest (34000 years) textile–based fibrous imprints have been excavated from

the Czech Republic (Nové Pavlovice), indicating this region’s technological richness even

during the Upper Paleolithic period. In this millennium, industrial-level fabrication of

electrospun nanofibers and composite electrospun nanofibrous yarns have emerged from

the Czech Republic through the invention of various electrospinning technologies like

NanospiderTM and alternating current (AC) electrospinning. These two technologies were

developed at the Technical University of Liberec (TUL); Prof. Jirsak’s group created the

NanospiderTM , and Prof. Lukas’s group created the AC electrospinning. The electro-

spinning technique is driven by electrohydrodynamic phenomena; an electric force is used

to draw charged liquid jets from the polymer solutions, followed by the creation of dried

electrospun fibers through various instabilities and rapid solvent evaporation.

Direct current (DC) high voltage is widely used in electrospinning technology to create

electrospun fibers from various polymeric liquids or melts. Although AC high voltage has

unique features, such as it can be supplied in various waveforms and frequencies, compact

fibrous plume formation, and works without an electrically active collector, its impact

of the utilization on the polymer’s electrospinnability remains unclear. Hence, the first

objective is to study the AC spinnability of polycaprolactone (PCL) as the function of

various less toxic solvents, polymer concentration, and AC high voltage. PCL was chosen

due to its potential use in a broad range of biomedical and tissue engineering applications.

Highly toxic volatile organic solvent systems have been traditionally used to fabricate the

PCL nanofibers. However, in this thesis, various PCL electrospun nanofibrous scaffolds

(ENS) were fabricated by making use of a benign solvent system, such as formic acid (F),

formic acid/acetic acid (FA), and formic acid/acetic acid/acetone (FAA). The obtained re-

sults revealed that the acidic nature of F and FA promoted the acid–catalyzed degradation

of PCL ester bonds and consequently decreased PCL’s molecular weight over time. Thus,

the FAA solvent system was invented first time by the author to improve the PCL stabil-

ity in the spinning solution. Additionally, PCL in the FAA solvent system (FAA–PCL)

reflects better spinnability accompanied by a six times higher degree of ENS productivity

(12.4 ± 0.3 g/h). The resultant ENSs were also biocompatible with mouse fibroblast cells.

Since AC high–voltage can be manipulated via various waveforms and frequencies, the

second objective is to study its impacts on AC spinnability. This study hypothesizes

that the AC electrospinnability, morphology, scale, and productivity of PCL electrospun

nanofibers are dependent on both the waveform and the frequency of the AC high-voltage

signal. Herein, 10 wt% FAA-PCL was used owing to its better AC spinnability. In order to
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focus only on the impacts of various waveforms (square, sine, and triangle) and frequencies

(10, 20, 30, 40, 50, and 60 Hz) on the PCL’s spinnability, other technological parameters

such as applied high-voltage (50 kV), spinneret’s geometry (spinnert’s surface diameter is

2.5 cm), and spinneret to collector distance (22 cm) were kept constant for all the exper-

iments. To get a stable plume of fibers, the peripheral speed of the cylindrical collector

(30 – 40 m/min) and the solution feeding rate (14 – 18 mL/m) were slightly adjusted ac-

cording to waveform and/or frequency. The obtained results demonstrated that both the

waveform and the frequency of the applied high voltage signal (50 kVRMS) significantly

affect the formation of a stable fibrous plume and the PCL electrospun nanofiber (ENF)

morphology. Consequently, trimodal– (beads, spindles, and helical), bimodal– (beads and

spindles), and unimodal–structured ENF morphologies were attained for square, sine, and

triangle waveforms, respectively. Moreover, the frequency of the waveform directly influ-

ences the number of beads and/or spindles per unitary fiber length. The square waveform

reflects higher productivity (23.6 ± 0.4 g/h) than the sine (16.5 ± 0.3 g/h) and triangle

waveform (6.9 ± 0.2 g/h).

It is interesting that although the electrospun fibers were created under the electric field,

which contains the ions, free electrons, as well as x-rays, the original chemical structure

of the precursor material was not changed. Hence, the PCL electrospun nanofibrous mat

(ENM) was exposed to plasma discharge generated by argon or nitrogen discharge gases.

Subsequently, the plasma treatment effects on ENM’s morphology, wettability, surface

functional groups, crystallite size, crystallinity, crystallization temperature, and melting

temperature were analyzed. The various PCL ENMs were obtained through the AC elec-

trospinning process using 10 wt% F–PCL, FA–PCL, and FAA–PCL precursor solutions.

The experimental results revealed that without compromising the surface morphology of

PCL ENMs, the water contact angle was significantly decreased from 136° to approxi-

mately 35° and 42° for nitrogen and argon plasma-treated samples, respectively, which

was correlated to the substantial increase in surface polar oxygen and nitrogen functional

groups. Moreover, the crystallite size and crystallinity degree of PCL ENM were also not

significantly altered by the conducted plasma treatments.

Overall it can be concluded that this study will inspire the academic and industrial com-

munities to fabricate various polymeric nanofibers on a large scale using the AC electro-

spinning technique. Also, it presents a simple approach to the industrial–scale fabrication

of PCL ENF via the tuning of the AC high-voltage signal shape and/or frequency with

the added advantage of the potential for obtaining a range of PCL ENF morphologies.

The plasma treatment results revealed that the surface properties of the PCL ENMs could
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be positively affected while maintaining their beneficial bulk properties, thereby making

these plasma–modified ENMs excellent candidates in multiple biomedical and tissue en-

gineering applications.

Keywords: AC electrospinning; Waveform; Frequency; Nanofibers; Morphology; Pro-

ductivity; Polycaprolactone; Benign solvents; Plasma treatment.
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Abstrakt

Nejstarš́ı otisky textilńıch vláken na světě (34000 let) byly nalezeny v České republice

(Nové Pavlovice), což svědč́ı o technologické tradici této oblasti již v obdob́ı starš́ıho

paleolitu. V současném tiśıcilet́ı byl zde učiněn objev pr̊umyslové výroby nanovláken

(tak zvané elektrické zvlákňováńı) a výroby kompozitńıch nanovlákenných př́ıźı d́ıky

vynález̊um jako je NanospiderTM a elektrické zvlákňováńı stř́ıdavým proudem (AC elec-

trospinning). Tyto dvě technologie byly vyvinuty na Technické univerzitě v Liberci

(TUL); Skupina prof. Jirsáka vynalezla technologii NanospiderTM a skupina prof. Lukáše

vytvořila AC elektrické zvkákňováńı. Technologie elektrického zvlákňováńı jsou založeny

na elektro–hydrodynamických jevech; elektrická śıla se použ́ıvá k vytvořeńı nabitých ka-

palinových trysek z polymerńıch roztok̊u, následuje vytvořeńı pevných nanovláken prostřed-

nictv́ım r̊uzných nestabilit a rychlého odpařováńı rozpouštědla.

Stejnosměrné (DC) vysoké napět́ı je široce použ́ıváno v technologii elektrostatického

zvlákňováńı k tvorbě nanovláken z r̊uzných polymerńıch kapalin nebo tavenin. Ačkoli má

stř́ıdavé vysoké napět́ı vzhledem k elektrickému zvlákňováńı jedinečné vlastnosti, jakými

jsou r̊uzné tvary jeho vlny a frekvence, tvorba kompaktńı nanovlák-enné vlečky a elek-

trické zvlákňováńı bez elektricky aktivńıho kolektoru, jeho dopad na zvláknitelnost poly-

merńıch roztok̊u z̊ustává zat́ım neprobádaný. Prvńım ćılem této práce je studovat AC elk-

trické zvlákňováńı polykaprolaktonu (PCL) v závislosti na volbě r̊uzných méně toxických

rozpouštědel, koncentraci polymeru a stř́ıdavého vysokého napět́ı (25 a 32 kVRMS) a na

frekvenci vysokonapět’ového pole. PCL byl vybrán kv̊uli potenciálńımu využit́ı v širokém

spektru aplikaćı biomedićınského a tkáňového inženýrstv́ı. K výrobě nanovláken z PCL se

tradičně použ́ıvaj́ı systémy vysoce toxických těkavých organických rozpouštědel. V této

práci však byly laboratorně vyrobeny r̊uzné PCL nanovlákenné scaffoldy (ENS) s použit́ım

benigńıho/zdravotně nezávadného systému rozpouštědel, jako je kyselina mravenč́ı (F),

kyselina mravenč́ı/kyselina octová (FA) a kyselina mravenč́ı/kyselina octová/aceton (FAA).

Źıskané výsledky ukázaly, že kyselá povaha F a FA podporovala kysele katalyzovanou

degradaci esterových vazeb PCL a následně snižovala molekulovou hmotnost PCL v

pr̊uběhu času. Rozpouštědlový systém FAA byl vyvinut autorem pro zlepšeńı stabil-

ity PCL ve zvlákňovaćım roztoku. Nav́ıc PCL v systému rozpouštědel FAA (FAA-

PCL) vykazuje lepš́ı zvláknitelnost doprovázenou šestkrát vyšš́ı produktivitou výroby

nanovlákenných vrstev vyrobených elektrickým zvlákňováńım (ENS) (12,4 ± 0,3 g/h).

Výsledné ENS byly také biokompatibilńı s myš́ımi fibroblastovými buňkami.

Vzhledem k tomu, že charakter stř́ıdavého vysokého napět́ı lze měnit pomoćı r̊uzných

tvar̊u vln a frekvenćı, druhým ćılem této práce je studovat jejich dopady na elektrické
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zvlákňováńı účinkem stř́ıdavého proudu. Na počátku práce jsem vyslovil hypotézu, že AC

elektrické zvlákňováńı změnou tvaru vlny a frekvence umožňuje měnit morfologii vláken,

jejich pr̊uměry a produktivitu výroby PCL nanovlákenných vrstev. V práci jsem použ́ıval

10 % hmotn. FAA-PCL kv̊uli jeho lepš́ı AC zvlákňováńı. V práci jsem se soustředil na

dopady r̊uzných pr̊uběh̊u vlny (čtverec, sinus a trojúhelńık) a frekvenćı (10, 20, 30, 40, 50

a 60 Hz) na zvláknitelnost PCL. Dále jsem studoval daľśı technologické parametry, jako

je aplikované vysoké napět́ı (50 kVRMS), geometrie zvlákňovaćı trysky (pr̊uměr pracov-

ńıho povrchu zvlákňovaćı trysky je 2,5 cm) a vzdálenost zvlákňovaćı trysky k elektricky

neutrálńımu kolektoru (22 cm). Tyto parametry byly udržovány konstantńı pro všechny

experimenty. Pro źıskáńı stabilńı nanovlákenné vlečky byla obvodová rychlost válcového

kolektoru (30 – 40 m/min) a rychlost dávkováńı roztoku do tyčové zvlákňovaćı elektrody

(14 – 18 mL/m) mı́rně upraveny podle tvaru vlny a/nebo frekvence. Źıskané výsledky

prokázaly, že jak tvar vlny, tak frekvence aplikovaného vysokonapět’ového signálu (50 kV)

významně ovlivňuj́ı tvorbu stabilńı vláknité vlečky a morfologii PCL nanovláken (ENF).

Následně bylo dosaženo trimodálńı nanovlákenné struktury (obsahuj́ıćı kapky, vřetena

a šroubovice), bimodálńı (obsahuj́ıćı kapky a vřetena) a unimodálńı (čistě vlákenné)

morfologie ENF pro čtvercové, sinusové a trojúhelńıkové pr̊uběhy vysokonapět’ové vlny.

Kromě toho frekvence tvaru vlny př́ımo ovlivňuje počet kapek a/nebo vřeten na jed-

notkovou délku nanovlákna. Čtvercový pr̊uběh vysokonapět’ové vlny poskytuje vyšš́ı pro-

duktivitu (23,6 ± 0,4 g/h) než sinusový (16,5 ± 0,3 g/h) a trojúhelńıkový pr̊uběh (6,9 ±

0,2 g/h).

Je zaj́ımavé, že ačkoliv elektrostatická vlákna vznikala v d̊usledku vysokého elektrického

pole, které vytvář́ı ionty, volné elektrony a také UV zářeńı, p̊uvodńı chemická struktura

prekurzorového materiálu se nezměnila. Proto byla PCL elektrostatická nanovlákenná

vrstva (ENM) vystavena plazmovému výboji generovanému v argonu nebo duśıku. Násled-

ně byly analyzovány účinky plazmatické úpravy na morfologii ENM, smáčitelnost, povr-

chové funkčńı skupiny, velikost krystalit̊u, krystalinitu, teplotu krystalizace a teplotu

táńı. Různé PCL ENM byly źıskány prostřednictv́ım procesu stř́ıdavého elektrostatického

zvlákňováńı za použit́ı 10 % hmotn. F–PCL, FA–PCL a FAA–PCL prekurzorových roz-

tok̊u. Experimentálńı výsledky odhalily, že aniž by byla změněna povrchová morfologie

PCL ENM, byl kontaktńı úhel vody významně sńıžen ze 136° na přibližně 35° a 42° pro

vzorky ošetřené duśıkem a argonovou plazmou, v daném pořad́ı. Toto zjǐstěńı koreluje s

podstatným zvýšeńım polárńıch kysĺıkových a duśıkových funkčńıch skupin na povrchu

nanovláken. Kromě toho se velikost krystalit̊u a stupeň krystalinity PCL ENM také výz-

namně nezměnily provedenými plazmovými úpravami.
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Doufám, že tato práce bude inspirovat akademickou a pr̊umyslovou komunitu k výrobě

r̊uzných polymerńıch nanovláken v pr̊umyslovém měř́ıtku pomoćı techniky stř́ıdavého

elektrického zvlákňováńı. Práce je také naznačeńım jak při pr̊umyslové výrobě PCL

ENF prostřednictv́ım laděńı tvaru a/nebo frekvence stř́ıdavého vysokonapět’ového signá-

lu źıskat r̊uzné morfologie PCL ENF. Výsledky plazmatické úpravy odhalily, že povrchové

vlastnosti PCL ENM by mohly být pozitivně ovlivněny při zachováńı jejich prospěšných

objemových vlastnost́ı. T́ım se tyto plazmou modifikované ENM stávaj́ı vynikaj́ıćımi kan-

didáty v mnoha biomedićınských aplikaćıch a aplikaćıch pro tkáňové inženýrstv́ı.

Keywords: AC electrospinning; Tvar vlny; Frekvence; Nanovlákna; Morfologie; Produk-

tivita; Polykaprolakton; Benigńı rozpouštědla; Plazmatická úprava.
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Chapter 1

Introduction

The discovery of 34,000 years old textile-based fibrous imprints from the paleolithic site

of Nové Pavlovice in the Czech Republic makes them one of the oldest man-made fibrous

imprints [1, 2]. From this evidence, it can be deduced that this region of Europe was

prosperous in textiles during the periods of the Upper Paleolithic as well. Interestingly,

this has been continued even in the early stage of the third millennium, the polymeric

electrospun nanofibers’s fabrication using the electrospinning technology has emerged in

the same region, which is known as the NanospiderTM (Elmarco, Czech Republic) and

collectorless alternating current (AC) electrospinning (Technical University of Liberec,

Czech Republic) [3–7].

Electrospinning is related to the electrohydrodynamic phenomenon in which electrified

polymeric solution or melt is stretched into a continuous jet and, subsequently, experi-

ences various electrohydrodynamic instabilities (stretching and bending or whipping in-

stabilities) within an electric field, which results in the formation of the electrospun fibers

[8, 9]. In the case of solution electrospinning, rapid evaporation of solvents from the jet

occurs during its movements toward the counter electrode resulting in solidified electro-

spun fibers. In the polymeric melt, solidification occurs through heat transfer between

the molten jet and ambient air [10].

Electrospinning is one of the most adopted nanofiber fabrication techniques than the

drawing–processing, solvent casting, template–assisted synthesis, self–assembly, and phase

separation; because it enables the mass production of continuous electrospun fibrous ma-

terial with unique properties from the polymers or polymeric composites [11]. Electrospun
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materials have grown in popularity in various fields, including biomedicine, energy, food,

agriculture, textiles, liquid filtration, air filtration, and environmental applications, to

mention but a few, attributed to their superior properties such as larger surface–area–to–

volume ratio, potential functionalization, interconnected porosity, desirable flexibility for

cellular activity, and diverse mechanical properties [11–15].

According to the data announced by “Business Communication Company, Inc. Research”

(BCC) the global market for nanofiber products was worth $80.7 million in 2009. Sub-

sequently, it reached $2.2 billion in 2021 and is expected to surpass $6.7 billion by 2026

(report code: NANO43F, April 2022). To meet the international market demand, var-

ious research groups in academia and industrial sectors have been working until now.

In 2005, the notable invention of NanospiderTM (Elmarco, Czech Republic) by Jirsak’s

group (Technical University of Liberec, Czech Republic) is the first technology to enable

the industrial–scale production of electrospun fibers, which is also one of the highest elec-

trospun nanofibers productive machines so far now [3]. For industrial–scale production of

electrospun materials, several companies such as Asahi Kasei Fibers, Wetlaid nonwoven

fabrics, NnF CERAM (Pardam Nano4fibers), Applied Sciences, Donaldson, Dupont, and

eSpin Technologies also exist in the global market [11]. The evolution of electrospinning

from a single capillary needle to multi–nozzle systems coaxial, uniaxial, and free–surface

spinneret accelerated the productivity of electrospun nanofibers to an industrial scale

[16, 17]. Although the electrospinning setup consists of a power source, spinneret, and

collector, this evolution was profoundly focused only on redesigning spinnerets and/or

collectors but not significantly on the high–voltage power source [18].

A significant step in the evolutionary process of electrospinning was recently taken by

Lukas’s group (Technical University of Liberec), who, inspired by Kessick et al. utilized

AC high–voltage as a power source for electrospinning [19]. The term AC electrospinning

was started popularized by Lukas and his co–workers in 2014, who published various arti-

cles and patents on AC electrospinning technology [4–7, 20–24]. Furthermore, it also has

the potential to utilize various types of spinnerets, including disc, wire, and multi–free–

surface spinnerets, for fabricating electrospun materials.

Unlike DC high voltage, the polarity of the AC high voltage is a function of time. There-

fore, the rate of polarity changes (or frequency) can be manipulated via various waveforms

(sine, square, triangle, etc.,) [25–28]. This unique feature of AC provides better control

over the delivery of the electric charges to the spinning solution as well as the following

electrohydrodynamic instabilities. According to previous studies, the waveform and/or
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applied frequency are able to affect the electrification of the liquid, jet initiation and ter-

mination, the length of the charged segments, the whipping instability, and the formation

of a virtual collector [19, 23, 26, 29]. The time–dependent polarity of the AC high voltage

facilitates the formation of a compact fibrous plume structure since it simultaneously con-

tains positive and negatively charged segments. Consequently, charges within the nanofi-

brous plume are neutralized, and a dense thicker fibrous plume emerges a few centimeters

(approximately 3 cm) away from the spinneret via ionic wind [23]. Since AC electrospin-

ning does not require an electrically active collector which serves for the facile fabrication

of multi–dimensional nanofibrous structures over common DC electrospinning, including

composite nanofibrous yarns (electrospun fibers wounded around the classic yarn) [21, 24],

bulky electrospun fibrous scaffolds [22, 30, 31], and drug delivery systems [25]. Pokorny

et.al. compared the spinnability and productivity of PVB nanofibers by using DC and AC

high voltage [23]. They reported that a six times higher throughput of PVB electrospun

nanofiber was achieved by using AC (180 mL/h) compared to using the DC voltage (30

mL/h) because of the greater degree of hydrodynamic instability of the polymer liquid

under the AC field. In another study, corona AC electrospinning resulted in a ten–fold

higher throughput of polyvinylpyrrolidone nanofibers than corona DC electrospinning [32].

Since nanofibers are believed to be excellent attorneys for the native extracellular ma-

trix (ECM), their usage as scaffolds in tissue engineering began to increase [33]. A large

variety of aliphatic poly(hydroxy ester) electrospun fibers, including polycaprolactone

(PCL), polylactic acid (PLA), polylactic–co–glycolic acid (PLGA) have been intensively

used as a biomaterial in biomedical fields. Among them, PCL electrospun fibers have been

regularly fabricated using electrospinning technology for applications of tissue regenera-

tion, drug delivery, and wound dressing. This is particularly due to its FDA hallmark,

tunable spinnability in terms of different morphologies using varieties of solvents and/or

blends of solvents, slow degradation rate, and superior mechanical properties [34]. To fab-

ricate the PCL nanofibers, highly toxic volatile organic solvents and/or solvent systems

such as chloroform, dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane

(DCM), chloroform/methanol, DMF/THF as well as DMF/chloroform have been tradi-

tionally used [35]. These organic solvents are not only a source of danger to the operator

and environment but also to end–users in the form of residual solvents [36].

Removal of residual solvents from the electrospun nanofiber is usually tricky. In the

case of biodegradable implants like PCL, the residual solvents could be released when

it degrades. Subsequently, it could cause toxicity to the surrounding cells when toxic

solvents are used. At the same time, PCL degradation byproducts are either eliminated
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directly by the kidney or metabolized via the tricarboxylic acid cycle [37]. According

to the European Pharmacopoeia, all of these solvents are Class 2, and their utilization

should be limited in the fabrication process due to their inherent toxicity [38].

Although PCL has been widely used in the biomedical field, its inherent hydrophobic-

ity restricts initial cell interactions, thus limiting the range of applications in the field of

tissue engineering [39]. Blending hydrophilic polymers with PCL spinning solution is cur-

rently one of the widely used methods to improve the hydrophilicity of PCL nanofibers.

However, it significantly leads to a deterioration of mechanical properties possessed by

blended polymers. Although this method improves the wettability, it profoundly impacts

the bulk properties of the resultant PCL electrospun nanofiber (morphology, crystallinity,

and mechanical properties) [40]. As an alternative to blending, surface modification tech-

nologies can be employed to achieve the desired positive cellular interactions on the surface

of the PCL electrospun nanofibers. Non-thermal plasma treatment is utilized to improve

the wettability of PCL ESMs. This strategy has been widely used and is a versatile, cost–

effective, and environmentally benign (solvents are not used) mild surface modification

approach. The depth of plasma treatment (less than 5 nm) is, in most cases, limited to

the first few surface layers of the electrospun fibers [41, 42].

1.1 Purpose and aim of the thesis

There are many studies available regarding the redesign or modification of electrospinning

setups (spinneret and/or collector), spinnability of various polymers–based materials, and

the resultant electrospun fibers’s physicochemical, mechanical as well as biological prop-

erties. All the studies mentioned above have been conducted on common DC electro-

spinning. Although AC electrospinning technology has some advantages over common

DC electrospinning (i.e., better control over the electrification of the liquid via various

waveforms and frequencies of the AC high voltage signal, formation of a compact fibrous

plume, and the electrospun fibers can be collected on the electrically neutral material),

it is inadequately explored in the realm of electrospinning. However, AC high voltage is

frequently pronounced in the electrospraying field. This thesis desires to show that AC

high voltage also has the potential to produce electrospun nanofibers in high throughput.

As presented in Fig. 1.1, since 2000, the number of annual publications related to elec-

trospinning has grown from 9 to 3892 articles (total: 35600); on the other hand, very few

studies have been conducted regarding AC electrospinning.
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Figure 1.1: According to the Web of Science (WoS), the number of published scientific
articles related to electrospinning per year (keyword “electrospinning”, the search category
“title” and the period “2000 to February 2022”). The inserted numbers are the AC elec-
trospinning related publications (keyword “alternating–current electrospinning”, the search
category “title” and the period “2000 to February 2022”).

Therefore, the objectives of this work are focused on the following item.

❶ Investigate the impact of AC high–voltage and solvent on PCL’s spinnability.

Electrospinning technology employs DC high–voltage to produce electrospun fibers

from the polymeric liquid or melt. However, until now, the impact of AC high–

voltage on the spinnability of polymers remains inadequately explored.

A few specific problems of this work or objective are,

❍ Unlike DC electrospinning, the selection of desirable solvents for AC electro-

spinning of PCL is not yet optimized. Furthermore, commonly used solvents

for DC electrospinning of PCL are highly toxic volatile organic solvents (Class

2). Also, the AC spinning of PCL was impaired when these organic solvents

were used. Hence, the solvent or solvent system, which has low toxic potential

(Class 3) should be identified for studying the AC spinnability of PCL [38].

❐ Idea or hypothesis 1: The carboxylic acids could be used as a solvent system

for improving the AC spinnability of PCL rather than common toxic volatile

organic solvents.

Interestingly, this hypothesis brought up another new ternary solvent system since a
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highly acetic environment cleaves PCL’s ester bonds through an acid–catalyzed cleavage

reaction. This new ternary solvent system improved the PCL’s stability over time in the

aqueous acetic environment. Also, it resulted in better AC spinnability than when using

pure carboxylic acid.

The validation of this hypothesis is presented in sub–chapter 4.1. Herein, the effects of

various less toxic potential solvents and AC high–voltage (25 and 32 kV) on the spinnabil-

ity, morphology, and productivity of PCL ENMs are studied. Besides this, cellular activity

on various PCL ENS is also evaluated.

❷ Investigate the impact of various AC high-voltage signal waveforms and frequen-

cies on the spinnability and productivity of PCL.

For the first time, this study describes the application of a new technological pa-

rameter in the alternating-current (AC) electrospinning process for enhancing the

electrospinnability and productivity of PCL ENF. High-voltage AC is influenced via

changes in both the waveform and the frequency; however, the overall contribution

to PCL electrospinnability remains unclear.

❐ Idea or hypothesis 2: The waveform and/or applied frequency of AC high-

voltage signal are able to affect the electrification of the liquid, jet initiation

and termination, the length of the charged segments, the whipping instability,

and the formation of a virtual collector. Thus the waveform and frequency

of AC high-voltage signal can be used as new technological parameters for

controlling the AC spinnability of polymers. This study hypothesizes that the

electrospinnability, morphology, diameter, and productivity of PCL ENF are

dependent on both the waveform and the frequency of the AC high–voltage

signal.

The validation of this hypothesis is presented in sub–hapter 4.2. Herein, the impacts of

various AC high–voltage singnal’s waveforms and frequencies on the spinnability, mor-

phology, and productivity of PCL ENFs are studied.

❸ Analysis of the plasma treatment effects on bulk properties of PCL.

Generally, plasma treatments are considered to be mild surface treatments whose

depth (a few nanometers) is normally less than the diameter of the electrospun fibers

[41, 42]. In addition, a large number of reports have been published dealing with the
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plasma treatment of PCL ENMs, and most of these studies are mainly focused on

tissue engineering applications as scaffolds. To this date, available studies discuss the

effects of plasma treatment on PCL ENMs by means of morphology, wettability, and

surface chemistry. However, the degree of crystallinity is one of the key parameters

controlling the degradation and mechanical properties of semi–crystalline polymers

like PCL [43].

❐ Idea or hypothesis 3: In most cases, there are no impacts of plasma treatment

on the bulk properties (morphology, crystallinity degree, crystal size, melting

temperature, and crystallization temperature) of PCL electrospun nanofibers.

The validation of this hypothesis is presented in sub–chapter 4.3. Herein, various plasma

surface treatments effect on the bulk properties of PCL nanofiber are studied.
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1.2 Structure and research strategy of this thesis

As evident from the literature, the AC spinnability of polymers is not yet well explored.

In addition, only a limited number of studies are available regarding the plasma surface

treatment’s impacts on the electrospun nanofiber’s bulk properties. Therefore, this PhD

dissertation explores the AC spinnability of PCL nanofibers as a function of high–voltage

and solvent systems and the plasma treatment effects on their bulk properties.

Chapter 2. State of the art in literature: This chapter introduces various nanofiber fab-

rication strategies, and special attention is given to electrospinning technology, followed

by a historical and theoretical overview of the DC and AC electrospinning techniques.

Then the chapter continues to discuss the AC spinnability of various materials and the

plasma surface treatments.

Chapter 3. Materials and Methods: This chapter is dedicated to the materials, meth-

ods, and experimental setups used to achieve the objectives of the thesis. Solvent selec-

tion method (the Hildebrand and Hansen solubility theory), the solution characterization

methods (viscometer, tensiometer, and GPC), the electrospun fabrication method (AC

electrospinning), plasma treatment (DBD reactor), the electrospun morphological analy-

sis (SEM and stereological method), productivity analysis (gravimetric method), physic-

ochemical analysis (water contact angle, XPS, XRD, DSC, FTIR, sterilization method

(ethylene oxide), cytotoxicity (MTT assay) and in vitro analysis (MTT assay and fluores-

cent microscope) of electrospun PCL fibers, and finally, the statistical methods used are

described.

Chapter 4. Obtained results: This chapter is dedicated to experimental findings, which

is further divided into three sub–experimental parts (sub–chapters 4.1, 4.2, and 4.3). In

the first sub–experimental part (sub–chapter 4.1), the better solvent system for PCL to

produce the AC electrospun nanofibers is identified. Subsequently, the identified solvent

system and AC high–voltage effects on AC spinnability of PCL are analyzed. Further-

more, electrospun fiber’s surface morphology, pore, porosity, productivity, biocompatibil-

ity, and in vitro analysis results have been discussed. Secondly (sub–chapter 4.2), the

impacts of AC high-voltage waveform and frequency on the AC electrospinnability of

PCL are also explained. Finally (sub-chapter 4.3), to improve the hydrophilicity of PCL

electrospun nanofibers, a DBD plasma treatment was performed. Furthermore, plasma

treatment effects on bulk properties (morphology, wettability, crystallinity degree, melt-

ing, and crystallization temperature) of PCL electrospun nanofibers are discussed.
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Chapter 5. Conclusion: This chapter gives an overall conclusion on the conducted work

and an outlook on future considerations. The thesis is completed with two appendices.

First appendix is dedicated to supporting images for sub-chapter 4, while the list of pub-

lications related to the thesis is presented in the next appendix.
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Chapter 2

State of the Art in Literature

This chapter introduces various nanofiber fabrication strategies; however, particular at-

tention is given to electrospinning technology. In addition, historical and theoretical

overviews of the DC and AC electrospinning techniques are also discussed. Then the

chapter continues to discuss the AC spinnability of various materials and the plasma

surface treatments.

2.1 Nanofiber fabrication methods

The notation of “There’s plenty of room at the bottom” by Richard Feynman had sparked

tremendous attention and development on nano sized materials. Today, we can see that

this is definitively in the case of nanofibers, which are found to resolve several challeng-

ing issues in various fields, including bio–medicine (scaffolds, drug delivery, and sensors),

environment (air/water filtration), energy (storage and harvesting), nanofiber–based yarn

(suture). This is attributed to their unique fabrication methods and superior proper-

ties (i.e., larger surface–area–to–volume ratio, potential functionalization, interconnected

porosity, desirable flexibility for cellular activity, and diverse mechanical properties) [11–

15]. Even though there are various nanomaterials like nanoparticles, nanodots, nanoclays,

nanosheets, nanoflowers, nanotubes, and etc., among these, nanofibers have been much–

explored due to their market demands and unique fabrication methods [11].

As shown in Fig. 2.1, based on the physical and chemical routes, various strategies

have been created and developed for nanofiber fabrication. However, the chemical route–
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based techniques (hydrothermal synthesis, chemical vapor deposition, template synthesis,

and phase separation) are time–consuming, capable of producing limited fiber length

(low length to width aspect ratio), and result in low productivity. On the other hand,

comparatively, most of the physical route–based techniques (electrospinning, physical va-

por deposition, centrifugal spinning, and solution blowing) offer distinct advantages over

chemical routes bases methods as it capable of fabricating the continuous nanofibers at a

higher production rate.

Figure 2.1: Various nanofiber fabrication strategies and their strengths and weaknesses
[11].

As shown in Fig. 2.1, in terms of roll to production, the electrospinning, centrifugal

spinning and solution blowing resulting better position among other nanofiber fabrication

techniques. However, electrospinning reflects the utmost versatility to fabricate nanofibers

from various materials such as polymers, ceramics and composites at a higher yield. The

electrospinning techniques suffers mainly in terms of sustainability due to the usage of

volatile toxic organic solvents, however, it can be addressed by using green solvents.

With nanotechnology playing a vital role in advanced technologies, electrospinning has

gained enormous attention within both the academia and industrial communities, espe-

cially for its capability to synthesize nanofibers at a large scale. Owing to their features,

ENFs are actively adopted to resolve several challenging issues in various areas, including

bio–medicine, industrial (air/water filtration), energy (storage, harvesting, conversion),

environmental applications, agriculture, space exploration, and nanofiber–based yarns.
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2.2 Historical development of electrospinning

The technological advancement of electrospinning for fabricating the electrospun nano-

fiber is not instantaneously happened. However, the evolution of electrospinning is made

possible with the help of scientists from various parts of the world (Fig. 2.2). Thus, it is

worth mentioning here a timeline for the evolution of electrospinning from its inception

to the current advancements.

Figure 2.2: History of the electrospinning technology.

During the years 1600 to 1700, the concept of electrospinning or electrostatic spinning was

conceived by William Gilbert and Stephen Gray, which they observed the formation of

a cone-shaped water droplet in the presence of an electric field and electrohydrodynamic

atomization of water droplets, respectively. The subsequent investigation about the be-

havior of charged liquid jets stability in 1882 by Rayleigh, who theoretically estimated the

maximum amount of charges that a liquid droplet could carry before liquid jets would be

ejected from the free surface [44]. In 1887, Charles Boys reported that electrospun fibers

could be produced from a viscoelastic liquid when it moved to the edge of the electrified

object [45]. Currently, this invention is known as electrospinning, which opens the door to

fabricating ultra thin electrospun fibers with a diameter ranging from tens of nanometers

to a thousand nanometers [46].

In 1902, the earliest patents on electrospinning devices were field by John Francis Cooley

and William Morton, which described the prototype of the electrospinning setup for elec-

trospun material fabrication [47, 48]. In 1914, Zeleny established a mathematical model

to understand the impact of the applied voltage on the liquid droplet at the tip of the

metal capillary [49]. Afterward, Anton Formhals filed his first patent on electrospinning
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in 1934, and he filed at least 20 patents between 1934 to 1944 [50]. In 1938, the So-

viet Union used electrospun nanofibers for the first time to create “Petryanov filters””,

which were air filters designed to capture aerosol particles. This work resulted in the

opening of a factory in Tver in 1939 that produced smoke filters with electrospun-based

nanofibrous membranes as gas masks. Thus, during this period, electrospinning technol-

ogy started moving from the lab towards the commercial industries for producing textile

yarns. Twenty years later, between 1964 to 1969, the physicist Geoffrey Taylor established

the theoretical formulation of electrospinning and modeled the change of a polymer solu-

tion’s spherical to conical shape under the influence of an electric field, currently known as

Taylor cone [51]. Afterward, in the early 1980s, Donaldson Co. Inc. in the United States

started to produce and sell nanofibrous filters for air filtration. The first industrial-level

fabrication of nanofibers using needleless technology was invented by Prof. Jirsak under

the brand name NanospiderTM from the Technical University of Liberec. This technology

is further developed by the Czech company Elmarco, Liberec.

The term “electrospinning” was started popularizing in the early 1990s by several re-

search groups, mainly led by Reneker and Rutledge [8, 52, 53]. They produced various

electrospun materials using different organic polymers. Since then and until now, electro-

spinning has been the method of choice for producing the continuous electrospun fibers

with diameters down to the nanometers scale in terms of their simple experimental setup,

low cost, mass production potential as well as the possibility to tune the morphology,

diameter, and functionality.

Likewise, in 2004 Kessick et al. introduced AC high–voltage as a power source for electro-

spinning technology [19]. They showed the possibility of producing electrospun nanofibers

as well as electrospun nanofibrous threads for the first time using AC high voltage. Af-

ter that, Lukas’s group filed a patent on AC electrospinning [4–7]. Subsequently, they

published scientific articles about the AC spinnability of various synthetic and natural

polymers, including PCL, PVB, PU, PA6, PAN, PVA, gelatin, collagen, and chitosan

[21, 23, 30, 54–57]. At the same time, Stanishevsky from U.S [58, 59] and Nagy from

Hungary [25, 32] got inspiration from Lukas; subsequently, they started working on AC

electrospinning. However, Lukas’s group is well established in this technology in terms of

electrospun nanofiber production and, most notably on, fabrication of composite nanofi-

brous braided yarns. They were successful in the production of planner and bulky elec-

trospun nanofibers as well as nanofibrous–coated composite yarns on the industrial scale

by doing considerable variations in the design of spinneret and/or collector.
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2.3 Electrospinning setups

The basic setup for typical electrospinning is rather simple, which consists of four essential

components, a power source (either DC or AC high–voltage), a solution reservoir (usually,

a syringe pump), a spinneret (blunt needle, roller, wire, and plate), and grounded collec-

tor (rotating or stationary collector) [3, 16, 18, 60]. During the electrospinning process,

the spinning liquid is extruded from the solution reservoir to the spinneret’s surface by

the syringe pump. This solution forms a pendant droplet as a result of gravity and sur-

face tension. When high–voltage (either DC or AC) is supplied to the pendent droplet,

it gradually deforms into the Taylor cone, from where a charged liquid is ejected. The

charged jet initially extends in a straight line and then undergoes various bending insta-

bilities (whipping and stretching) followed by rapid solvent evaporation. Consequently,

electrospun fibers was deposited on grounded or oppositely charged collector. In the basic

electrospinning setup, the spinneret is connected to the high-voltage, while the collector is

grounded. A few electrospinning setups in terms of various high voltage connections are

shown in Fig. 2.3, such as common electrospinning, oppositely charged spinneret electro-

spinning setup, spinneret-collector electrospinning setup, and AC electrospinning setup.

Figure 2.3: (a) Polymeric liquid under various pressures, (b) standard electrospinning
setup with high voltage connected through a spinneret, (c) oppositely charged spinneret
setup, (d) high–voltage connected to spinneret and collector, and (e) AC electrospinning.

2.4 Creation of electrospun in DC vs AC electric field

The electrospinning is a synergistic process of high-speed nonlinear electrohydrodynam-

ics, complex rheology, and the transport of charge, solvent, mass, and heat within the
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liquid jet. The creation of electrospun nanofibers using the electrospinning process can be

visualized into four subsequent steps: (i) electrification of the liquid and formation of the

Taylor cone, (ii) liquid jet initiation and subsequent extension, (iii) Thinning or bending

instability of the charged jet, and (iv) solidification and subsequent fiber deposition. A

detailed discussion of these steps is provided in the following subsections. These behav-

iors of the liquid jets under a DC electric field were studied by Rayleigh, Zeleny, Taylor,

Yarin, and Lukas. Conversely, the liquid jet’s behavior under the AC electric field is not

explored well. For readers’ better understandability, the behavior of the liquid jet under

DC is first discussed, followed by AC electric field. Furthermore, the difference between

DC and AC electrospinning technology is given in the Table 2.1.

2.4.1 Formation of the Taylor cone

As discussed in sub–chapter 2.3 on the preceding page, first, the spinning liquid is intro-

duced to the surface of the spinning electrode at a constant flow rate by a pressure-driven

system or pump (e.x., linear, peristaltic, and screw pump). Then, the electrification of the

liquid is occurred by applying the high-voltage difference between the spinning electrode

and the collector (counter electrode). Depending on the electrical polarity of the applied

high-voltage, the charges are transported to the surface of the liquid, which is commonly

known as electrostatic induction. Upon gradually increasing of high voltage, more charges

will be accumulated on the liquid surface, which results in the increased surface charge

density. Therefore, the liquid droplet tends to deform its (or increase the surface area)

shape to attenuate the electrostatic repulsion due to the continuous accumulation of the

excess surface charges, which also experiences a Coulombic attractive force exerted by the

external electric field. At the same time, the surface tension of the liquid tries to minimize

the surface area. Hence, the droplet’s shape deforms into another shape that minimizes

the sum of electrostatic energy and surface–free energy.

Formation of DC cone jet

In order to the explain formation of DC cone jet via the way of electrohydrodynamics,

the liquid droplet is assumed as a perfect conductor. When a sufficient high-voltage is

applied to the conductive liquid, it experiences tangential stress on the surface due to the

electric pressure (Pe). At the same time, capillary pressure (Pc) and hydrostatic pressure

(Ph) at the surface of spinning solution acts in the direction against the electric pressure

(Pe). Subsequent increases in applied voltage, Pe tends to suppress the Pc as well as Ph

at a critical voltage of Vc. As a consequence, the liquid shape deforms into a Taylor cone,
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Table 2.1: DC vs AC electrospinning technology. (Abbreviation: E or E0=electric poten-
tial, ω = angular frequency, and t = time).

DC electrospinning AC electrospinning

DC high–voltage is constant at anytime
(E = E)

AC high–voltage is a function of time (E =
E0 cosωt)

Zero frequency of voltage High-voltage can be manipulated via vari-
ous waveforms & frequencies [20]

Liquid experience lesser degree of instabil-
ity under the DC electric field [60]

Liquid experience higher degree of insta-
bility under the AC electric field [60]

Forms the Taylor cone with the half angle
range of 32° to 49.3° [61, 62]

Forms conical regime with the angle of ∼9°
[61]

Jet experience either positive or negative
charge polarity [23, 26]

Jet experience simultaneously positive and
negative charge polarity [23, 26]

Jet’s straight segment length is linearly
proportional to the electric potential [52]

Jet’s straight segment length is linearly
proportional to the frequency of the AC
high voltage

Higher degree of whipping instability [19] Lower degree of whipping instability [19]

Since the whipping zone is giant, the fibers
are away from each other during jetting
[19]

Forms compact plume of fibers due to at-
traction between the positive and negative
charged segments of the fibers [23]

Fibers are collected within the whipping
zone

Fibers are collected above the virtual col-
lector [23, 26]

Needs electrically active collector [63] Works without an electrically active collec-
tor [23, 26]

The distance between the spinning-
electrode and grounded collector is >3 cm

The distance between the spinning elec-
trode and the virtual collector is the func-
tion of the frequency (i.e., 3 cm at 30
kVRMS & 50 Hz) [23]

In most cases, the final product is in the
form of the layered structure

Possible to get the bulky and multidimen-
sional nanofibrous structure [21, 24, 28]

from which the electrified jet is ejected at the critical voltage. Thus, the highest charge

density is presented at the apex of the Taylor cone from where the liquid is initiated

towards the grounded collector. The hydrostatic, electric, and capillary pressure can be

estimated for conductive liquid by Ph = ρgξ, Pc = 2γ/r, and Pe = εE2/2 respectively,

where ρ, g, ξ, ε, E, γ, and r are the density of fluid, gravitational acceleration, depth of
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the fluid, the electric permittivity of the gas in the vicinity of the electrode, total field

strength, the surface tension of the liquid, and characteristic radius of the curvature of

the liquid surface, respectively. Based on Taylor and Van Dyke’s calculation, the critical

voltage Vc (in kV) that is need for turning the droplet (with zero hydrostatic pressure)

into a conical shape can be determined using the following formula (in CGSe unit) [51],√
4ln

(
2h

r

)
πγ1.30(0.09) < Vc <

√
4ln

(
4h

r

)
πγ1.30(0.09) (2.1)

Where h is the distance between the liquid’s surface and the collector (cm), R is the cap-

illary radius of the spinneret (cm), and γ is the surface tension (dyn/cm). The constant

0.09 is used to estimate the voltage and the factor 1.3 is derived from 2 cos 49.3◦. As

long as there is Vc and continuously supplying the adequate amount of liquid the droplet

retains its conical shape during the electrospinning process.

Furthermore, Vaseashta investigated the dynamics of the multiple cone formation and

he concluded that the conservation law of mass and momentum for both stretching and

charged segments are the main mechanisms for a dynamic balance between the surface

tension and bending instability [64]. Following the similar approach of the 1D model of

wave equation such that the wave’s vertical displacement along the z-axis is described

using the periodic real part of a complex quantity ξ,

ξ(x, t) = A exp[i(kx− ωt)]. (2.2)

Where, A, k, ω, and t stand for the amplitude, wavenumber, angular frequency, and time,

respectively. The wavenumber k = 2π/λ, and the angular frequency ω = 2π/T where λ is

the wavelength and T is the period. Initially, the amplitude A of the wave is much smaller

than its wavelength λ. However, when the liquid experiences external electric forces, the

exponential growth of the amplitude of the liquid surface wave is achieved. The liquid in

the spinneret is also subjected to gravitational and electrical fields in addition to capillary

effects caused by the nonzero curvature of its surface.

Lukas et al. [65] formulated the following three basic hydrodynamic equations, the consti-

tutive equation (ρ is constant), the continuity equation (△Φ = 0), and the Euler equation

(ρ∂v⃗
dt

+ ▽p = 0), to study the behavior of liquid surface waves under external electric

forces. They derived the Euler equation (used as a boundary condition) and the dy-

namic balance between the Pe, Pc and Ph with following assumptions: a velocity field

v⃗ = v⃗[x(t), y(t), z(t), t], the conductive liquid is incompressible one, which means ρ is
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Figure 2.4: (a) Electrohydrodynamic instability and jet ejection as a function of the time
and voltage for various waveforms (∆tS and ∆tT is the time interval between changes
in the voltage polarity for the sine and triangle waveforms, respectively), and (b) The
polymeric jet under the DC and AC electric field [61]

constant, and the amplitude A of the wave is initially negligibly small, as compared to

its wavelength λ. However, A comparable with λ at their later stage of time evolution

Since the jets evolve from the wave crests with higher amplitude than that of the lower

amplitude at the initial stage. Simply, if A ≪ λ, the liquid flow is a potential one, i.e.,

▽ × v⃗ = o, thus the time derivative of velocity (dv⃗/dt) can be approximated with its

partial derivative ∂v⃗/∂t. Since ▽× v⃗ = o, the scalar velocity potential can be introduced

as v⃗ = ▽Φ. These aspects simplify the Euler equation which is ρ∂v⃗
dt

+ ▽p = 0 into the

following form

▽
(
ρ
∂Φ

∂t
+ P

)
= 0. (2.3)

To investigate the liquid surface dynamics, Eq. 2.3 is further reshaped by investigating

the liquid’s surface pressure (P ). The P is consisting of the components of hydrostatic

pressure (Ph) = ρgξ, capillary pressure Pc = −γ(∂2ξ/∂x2), and electric pressure Pe =
1
2
εE2 ∼= 1

2
εE2

0 + εE2
0kξ and whose gradients are non-zero, the boundary condition at the

liquid surface reshapes as

ρ
∂Φ

∂t

∣∣∣∣
z=ξ

+ ρgξ − γ
∂2ξ

∂x2
− εE2

0kξ = 0. (2.4)

The velocity potential Φ on the surface of the liquid (i.e., z = ξ ∼= 0) and the velocity

component vz of the liquid surface are related as Vz = ∂ξ/∂t = ∂Φ/∂z|z=0. Also, the term

∂ξ(x, t)/∂t may be expressed as −iωAexp[i(kx−ωt)]. Since, the velocity potential on the

surface quenches with infinite depth of the liquid (z → ∞), Φ(x, z, t) is supposed to be

Φ(x, z, t) = B exp(+kz)exp[i(kx− ωt)], thus, implyng Φ(x, z, t)/∂z = kB exp[i(kx−ωt)].

Using the Eq. 2.4 and along with derived expresions for Φ and that for B, a dispersion
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law for ω2 is exhibited as

ω2 = (ρg + γk2 − εE2
0k)

k

ρ
(2.5)

It is clear from Eq. 2.5 that ω2 depends on the gravitational acceleration (g), wave

number (k), liquid surface tension (γ), liquid density (ρ), and field strength (Eo). The

field strength Eo is a crucial parameter for starting a jetting for a specific polymer solution

or liquid. When Eo exceeds a critical electric field strength Ec, ω
2 turn into a negative, and

consequently, ω becomes an imaginary quantity. Additionally, it is acknowledged that the

self-organization of electrohydrodynamic formation is demonstrated by the exponential

growth of the amplitude of jets on free liquid surfaces [65]. The critical condition can

be obtained by setting ω2 accompanied by the condition ∂ω/∂t = 0. Thus, Eq. 2.5,

i.e., ω2(k) = 0 provides the minimal or critical value of the growing wave’s wavenumber

kc = εE2
c /2γ. Subsequently, as shown Eq. 2.6, the critical field strength Ec for growing

wave or unstable waves is obtained by substituting the kc for k in the dispersion equation,

i.e., Eq. 2.5 [65, 66].

Ec = 4
√

4γρg/ε2. (2.6)

Additionally, by solving dω2/dk = 0, the minimum value of the squared angular frequency

with respect to wavenumber k is obtained as follows,

k1,2 =
2εE2

0 ±
√

(2εE2
0)2 − 12γρg

6γ
. (2.7)

From Eq. 2.7, the average distance between two neighboring jets can be expressed in

terms of wavelength λ = 2π/k as

λ = 12πγ

[
2εE2

0 ±
√

(2εE2
0)2 − 12γρg

]
(2.8)

Also, its dependency on Eo is shown in Fig. 2.5. Furthermore, the distance between

neighboring jets was more comprehensively described using capillary length ac =
√

γ/ρg,

and the electrospinning number Γ = aεE2
o/2γ as λ = 3πa/(Γ +

√
Γ2 − 3/4). The inter–

jet distance can be described as dimensional–less quantity Λ = λ/ac, and its relationship

with Γ is universal for free surface electrospinning, i.e., needleless electrospinning, which

is Γc = 2π. The relation between dimensionless inter–jet and the electrospinning number

is given below as

Λ = 3π/Γ +
√

Γ2 − 3/4. (2.9)
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Similarly, the relationship between dimensionless relaxation time T = τ/
√

ac/g and

electrospinning number was also derived by substituting the dimensionless wave num-

ber K = 2π/Λ and dimensionless wavelength Λ for k and λ, respectively in Eq. 2.5. The

relationship T and Γ is shown in Fig. 2.5a and in Eq. 2.10 as

Γ =

√
3

2K(KΓ − 1)
. (2.10)

Figure 2.5: (a) Relationship between inter–jet distance λ and the critical field strength Ec

and (b) dependence of dimensionless wavelength Λ on electrospinning number Γ [65].

Formation of AC slender cone regime

The AC electrospinning technology differs from common DC electrospinning in terms of

the applied high–voltage and the fiber collection process. Although the AC field strength

is time–varying, E(t) = E0 cos(ωt), the electric pressure is always positive and acting

upwards from the surface of the liquid; which is clearly observed from the equation of

electric pressure Pe = εE2
t /2. This electric pressure in the liquid is not constant since the

polarity and voltage of the AC potential are functions of time (Fig. 2.4a). Hence, during

the AC electrospinning, some of the jets are quenched when electric pressure decreases.

Subsequently, when it increases, a few of the jets are created again from the free surface

of the liquid at time periods of 0.0006 s (applied voltage 30 kV and frequency 50 Hz)

[23]. The polymeric jet consists of positive and negative charged segments whose length

depends mostly on the frequency of the AC voltaic waveform (Fig. 2.4a, b, and Fig. 2.6b).

In addition, depending on the frequency and voltage of the AC waveform, the ambient gas
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molecules at the vicinity of the spinning electrode are being ionized and, consequently,

result in the formation of an ionic cloud. This ionic cloud attracts the oppositely charged

segments of the emerging jet, and thus acts as a virtual collector.

Maheswari et al. studied the distinction between the shape of the DC and AC cone

jets of ethanol [61]. They reported that the half-angle of the DC cone is 47°(insert of

Fig. 2.4b). Conversely, under the AC field instead of forming the Taylor cone shape, it

deformed into a lesser angle conical regime with an angle of 9°(insert of Fig. 2.4b). It

can be seen that the AC cone angle is significantly less than in the DC case although

the same fluid was used. This can be related to the spinning solution’s charge relaxation

time τe = ε/4πk, where, ε and k are dielectric constant and conductivity of the spinning

solution [67]. This regime of slender conical meniscus happens when the applied relevant

frequency time scale (for 15 kHz is 33 µs) is at least an order of magnitude smaller than

the charge relaxation time of the meniscus (for ethanol is 310 µs). It indicates that the

meniscus experiences insufficient time to relax. An alternative explanation is that the

applied AC high voltage frequency tends to change the polarity of the high-voltage much

quicker. However, the liquid refuses to cooperate in reversing the polarity since it needs

more time. This implies that the meniscus is not fully discharged. Thus, the resulting

coulombic repulsion sustains the AC cone. In addition, the AC cone angle was approxi-

mately constant for the wide range of applied frequencies (15 to 200 kHz).

As previously discussed, the onset of electrospinning can be described as a dynamic bal-

ance between the electric pressure and capillary force. Since the polymeric solution has

sufficient entanglement, the polymeric drop under the sufficient electric field transforms

into a Taylor cone followed by the formation of charged jets and solidifies into polymer

filaments under a dynamic balance of air drag, electric field, and gravitational field forces,

thus producing jets towards the counter electrode.

Most developed theories currently available are based on DC electrospinning. However, it

is hard to find a theoretical description of the onset of AC electrospinning. In the previous

sub sub–chapter, the theory about the instability of liquid under the DC electric field was

discussed. Since the AC electric field E = E0cosωt is the function of time, it modifies the

Euler equation ▽
(
ρ
∂Φ

∂t
+ P

)
= 0 into the linear second ordinary differential equation

with time oscillating coefficient, as given below,

∂2A(t)

∂t2
+ gkA(t) +

γ

ρ
k3A(t) − ϵ0k

2

ρ
E2

0cos
2ωt A(t). (2.11)
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Eq. 2.11, further can be simplified using the following relation cos2x = 1
2
cos2x + 1

2
,

∂2A(t)

∂t2
+

[(
gk +

γ

ρ
k3 − ϵ0k

2

2ρ
E2

0

)
− ϵ0k

2

2ρ
E2

0cos
2ωt

]
A(t). (2.12)

By introducing the following dimensionless quantities, electrospinning number Γ = ϵ0acE
2
0/2γ,

dimensionless frequency Ω2 = ac/gT
2, dimensionless wavenumber K = ack and dimen-

sionless relaxation time τ =
√

(g/ac) t (as we did for DC case), Eq. 2.12 converted into

the following form,

∂2A(τ)

∂τ 2
+

[
K

Ω2

(
1 − ΓK + K2

)
− 1

Ω2
ΓK2cos2τ

]
A(τ) = 0. (2.13)

This equation resembles the Mathieu equation (Eq. 2.14), which is a homogeneous second-

order linear differential equation with a periodically variable coefficient.

∂2A(τ)

∂τ 2
+ (a− 2qcos2τ A(τ)) = 0. (2.14)

∂2A(τ)

∂τ 2
=

a

g

∂2A(t)

∂t2
, a =

K

Ω2
(1 − ΓK + K2), 2q =

1

Ω2
ΓK2.

Where A(τ) represents the non–harmonic capillary wave’s amplitude, a, and q are the

Mathieu equation parameters that were compiled from the liquid’s physicochemical prop-

erties and electric field intensity. The parameter determining hydrodynamic instability,

which has the character of self-organization using the mechanism of the fastest growing

instability, is so–called characteristic Mathieu exponent. The total extreme of the char-

acteristic Mathieu exponents will provide a prediction of the characteristic hydrodynamic

time and distance between neighboring jets.

2.4.2 Stretching of the charged jet

The higher charge density is located at the apex of the Taylor cone, from where the jet

will be ejected. Subsequently, the ejected jet is accelerated, followed by further extensions

by the external electric field towards the grounded collector. The ejected jet initially flows

in a straight line for a certain distance near the spinneret. The electrification of the liquid

followed by the Taylor cone formation and subsequent jet ejection are called near-field

slow acceleration pre–solid states.
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Stretching of charged jet in DC electric field

As shown in Fig. 2.6a, once the jet is ejected from the Taylor cone’s apex, the length

of straight line segment is linearly proportional to the applied DC high–voltage [52, 68].

Thanks to the viscoelastic and electric stress of spinning liquid as well as the rapid evap-

oration of the solvent, which suppresses the Rayleigh instability, as a consequence jet

continuously stretched (or elongated) until it solidifies. Otherwise, the Rayleigh instabil-

ity causes a break in the charged jet to form the spherical droplets. Since the charges (or

ions) travel along with the liquid jet, it feels the electric stress throughout its journey.

The charge velocity in the straight segment (Vd), as well as the critical length of the jet’s

straight segment (L) can be measured using the following equations [69]:

Vd =
εzi

6πaη
Ee (2.15)

where, (Eq. 2.15), ε, zi, η, a and Ee are the absolute value of the charge of an electron,

the valence of the charge carriers, solvent viscosity, mean radius of the ions, and electric

field strength, respectively.

L =
4kq3

πρ2I2

(
1

R2
0

− 1

r20

)
(2.16)

where, (Eq. 2.16), R0 = (2σQ/πkρE)1/3, σ, Q, k, ρ, and r0 are the surface charge,

lliquid’d flow rate, the electrical conductivity of the liquid, the density of the solution,

and the initial radius of the jet, respectively. I is the current passing through the jet.

Stretching of the charged jet in AC electric field

In the case of AC electrospinning, the length of the straight segment of the jet is deter-

mined by the waveform and frequency of the applied AC high voltage. If the frequency of

the high-voltage increases the length of the charged jet segment decreases. This could be

attributed to the fact that the lower frequency high–voltage consists of a single polarity

(either positive or negative) over a longer time. Conversely, if the frequency is relatively

high, the polymeric jet is subjected to the rapid alteration of positive and negative charge

polarities [30]. Hence, the jet’s charged segments will be smaller when a higher frequency

of AC high voltage is used than that of lower frequencies (Fig. 2.6b). Regardless of the

effective AC high–voltage, the polymeric jet’s straight segment is mainly influenced by

the frequency of the AC high voltage. The impacts of various waveforms and frequen-

cies of AC high–voltage on the electrospinnability, morphology, and productivity of PCL
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Figure 2.6: (a) Stretching of the charged jet in the DC electric field [52, 68] and (b)
stretching of the charged jet in the AC electric field.

electrospun was profoundly discussed in Chapter 4.2 on page 75.

2.4.3 Thinning or bending instability of the charged jet

Fluid instabilities (Rayleigh–Plateau and Richtmyer–Meshkov instability) are generally

thought to be detrimental to the electrospinning process since they lead to breaking up

the liquid jet (known as electrospraying). However, bending instability is vital to the

formation of electrospun fibers during the electrospinning process. The charged liquid jet

may experiences the following three types of instabilities: (1) Plateau–Rayleigh instability

(detrimental to the electrospinning process), (2) axisymmetric instability, and (3) bend-

ing or whipping instability. The later instability gives a substantial contribution to the

formation of electrospun nanofiber. Studying the actual dynamics of a jet’s whipping in-

stability is hard as it is a very fast phenomenon. Fig. 2.4b depicts the jet formation stages

in the DC and AC electrospinning process. The dynamics for the jet’s bending instability

can be explained by the well–known Earnshaw’s theorem. It states that a charged body

cannot able to maintain a steady equilibrium condition by relying merely on the interac-
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tion between charges [70]. Doshi and Renekar initially proposed that electrospun fibers

are created by splitting the single charged jet into multiple jets due to increased surface

charge density when the jet diameter decreases [71]. However, shin et al. demonstrated

that jet splaying is simply an optical artifact caused by the rapid movement of the jet

during the bending instability process; in reality, the charged jet is rapidly whipping [53].

Thinning of the charged jet in DC electric field

In addition to jet initiation (as described in Chapter 2.4.2 on page 22), viscoelastic forces

and surface tension also dominate the charged jet’s velocity in the straight line segment.

These two forces tend to prevent the jet’s movements toward the counter electrode. As

a consequence, the jet’s acceleration is gradually attenuated. Meanwhile, the jet however

moves forward or stretched regardless of its velocity due to the electric pressure. Hence

diameter of the jet gradually decreased. When the velocity of the jet is constant or drops

to zero, any small perturbation can able to distorts the straight movements of the jet.

Since the liquid jet carries excess charges, this small perturbation in the charged jet trig-

gers the electrically driven instability also referred to as whipping or bending instability

[8, 9]. From now on, the jet enters into the fast acceleration solid-state, also referred to

as the far–field regime (Fig. 2.4 on page 18b).

Although this fast acceleration solid–state process is not fully understood, the exper-

imental analysis shows that the charged jet experiences non-axisymmetric instabilities

driven by electric pressure. This non–axisymmetric instability is generally referred to as

bending or whipping instability. Renekar et al. reported three steps in the initiation of

the bending cycle, which follow as (i) a straight segment of the jet suddenly develops

a linear array of bends. (ii) As the jet segments in each bend elongated due to excess

charge (or electric pressure), the linear array of bends became a series of spiraling loops

with increasing size. (iii) as the spiral loops grow, the cross–section diameter of the jet

decreases, and consequently, nano–sized electrospun fibers were obtained [8, 9].

Thinning of the charged jet in AC electric field

In the DC electrospinning process, the jet experiences single polarity (i.e., higher net

charge), thus the jet will be stretched as much as possible towards the counter electrode

(Fig. 2.4b). Conversely, the net charge in the jet is reduced under the AC field since the

jet is simultaneously experienced the positive and negative charge polarities. It causes a

lesser extent of the jet to whip and stretch (Fig. 2.4b). Besides, the emerging electro-
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Figure 2.7: Fibrous plume under the lower (a) and higher frequency (b) of AC high voltage,
and (c) Manipulation of emerging nanofibrous plume by hand to demonstrate that the
nanofibrous plume can be collected on an electrically inactive substrate as well. It implies
that this method works without any electrically active or grounded collector [24]. (d1 and
d2 represent the distance between the AC spinneret and the virtual collector at lower and
higher frequencies, respectively).

spun fibers following the various instabilities also consist of the charged segments. These

charged segments of each electrospun fiber are attracted to each other or in other words

charges were recombined (Fig. 2.7). Consequently, these fibers were self-bundled and

forms a compact plume structure in the zone of the virtual collector (Fig. 2.7). The fi-

brous plume mutually communicates with the surrounding electric wind, which is created

by the AC field. Thus it moves continuously upwards from the electrode. Since the elec-

tric wind critically governs the movements of the fibrous plume, there is no necessity to

use the electrically active collector for collecting the electrospun fibers during the entire

AC electrospinning process. The self–bundling tendency of such AC–produced fibrous

plumes significantly simplifies the collection of fibers compared to the DC electrospinning

approach.

2.4.4 Solidification and subsequent fiber deposition

The final stage of electrospinning is the solidification of the jet due to the evaporation of

solvent, followed by the deposition of dried polymeric electrospun fibers on the grounded

collector. During the DC or AC electrospinning, the solvent starts to evaporate from the

polymeric jet in three stages [72–74]: (i) emanation of the jet from the liquid surface, (ii)

formation of straight jet, and (iii) whipping/bending instability. The solvent molecules

tend to evaporate at a critical rate and a critical time at each stage of the jet movements.

For instance, during stages (i) and (ii), solvent evaporation occurs merely by diffusion
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mechanism due to the lower velocity of the air in the vicinity of the polymer solution.

In the case of the bending/whipping region (stage (iii)), the jet starts to stretch due to

the whipping movements, thus leading to an increase in the surface area of the jet, and

as a result, high air velocities are created in the vicinity of the jet. This promotes effi-

cient evaporation of the solvent through the convection mechanism due to the whipping

movements of the jet. As a consequence, solidified polymers are collected in the form of

electrospun fibers. Also, Wu et al. demonstrated a higher degree of in–homogeneity of

solvent concentration over the microscopic jet cross-section than in the sub-micrometer

jet cross-sections [72]. During the evaporation process, a 50 µm radius jet initially had

a solvent concentration of 0.9 g/cm3, which radius and concentration were reduced to 20

µm and 0 g/cm3, respectively, within 3.6 s.

The solidification of the jet is much quicker in high viscous solutions since polymeric

chain entanglements are higher than that in low viscous solutions. When the solidifica-

tion of the jet is rapid, the elongation process of the jet can continue only for a limited

time. However, during the DC electrospinning dried jet continuously flying towards the

grounded collector consequently, dried electrospun fibers were deposited on collector where

the excess charges on the fibers are rapidly dissipated.

Solidification of AC electrospun

In the case of AC electrospinning, chargers in the electrospun fibers were mutually neutral-

ized at the virtual collector. Thus, above the virtual collector there is no electrically driven

stretching of the dried electrospun jet. Hence, AC electrospun fibers can be collected on

electrically inactive substrate. Interestingly, as shown in Fig. 2.7c, AC electrospun fibers

can be also manipulated by the naked hand at a certain distance from the spinneret

(i.e., above the virtual collector). In contrast, the jet under the DC electric field will be

stretched (due to repulsion of charge) until it reaches the counter electrode, where the

charges are neutralized. Also, the distance between the AC spinneret and the virtual col-

lector is in any case much smaller (∼ 3 cm) than the distance between the DC spinneret

and the grounded collector (∼ 10 cm). Hence there could be a relatively higher amount of

residual solvents present in the AC electrospun fibers than in the DC electrospun fibers.

However, these residual solvents can be removed by keeping the electrospun fibers in the

ambient condition or aerated.
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2.5 Materials used in AC electrospinning

Although a wide range of materials such as polymers, sol–gels, and small molecules has

been used to fabricate the electrospun fibers using electrospinning, polymers are the most

commonly used in the form of a solution or melt, due to their inherent properties [75].

Since AC electrospinning is an emerging technology, only a very few polymers have been

electrospun into nanofibers. For instance, Lukas’s group, Beran’s group, Pokorny’s group

and Chvojka’s group from the Technical University of Liberec (Czech Republic), Stani-

shevsky’s group from the University of Alabama at Birmingham (USA), and Nagy’s group

from the Budapest University of Technology and Economics (Hungary) have investigated

the AC spinnability of polymeric and non–polymeric materials [20, 23–25, 59]. The follow-

ing subsections give a brief account of the materials in the context of AC electrospinning

or AC electrospun nanofiber.

2.5.1 AC electrospinnability of various solutions

The author’s best knowledge, polyethylene oxide (PEO) was the first polymer that was

used by Kessick et al. to study the impact of AC and DC potential on the electro-

spinnability [19]. They demonstrated that compared to utilizing DC potential, AC po-

tential reduces or eliminates the liquid jet instability and degree of solvent evaporation.

Additionally, the PEO electrospun was deposited on the target without any electrically

driven support. The characteristics of AC potential are responsible for this behavior.

They explained this behavior, stating that the jet’s net charge is lowered in the presence

of an AC electric field, which in turn reduces fiber instability. Due to its AC nature, the

electrospun consist of charge segments with alternating polarity, whose length depends on

the frequency of the AC high–voltage. The electrospun PEO nanofibrous mats produced

from AC electrospinning reflect a higher degree of fiber alignment and contain residual

solvents due to reduced fiber instability (Fig. 2.8a). Whereas the PEO nanofibrous mats

from DC electrospinning exhibit a much smaller fiber diameter than the AC spun mats

since the charged jet experienced a higher degree of instability in the DC electric field

(Fig. 2.8b).

Fabrication of electrospun nanofibrous yarns

For the first time, Maheshwari et al. demonstrated that AC potential is feasible to fab-

ricate the multi–strand nanofibrous threads using polyvinyl pyrrolidone (12% w/w) [26].

Under the AC electric field, the whipping envelope shape was characteristically different
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Figure 2.8: Optical microscope images of PEO AC (a) and DC (b) electrospun fibers
[19], (c) photograph of the AC electrospinning process, which was taken at an exposure
time of 20 ms. The whipping envelope can be seen as a combination of a normal upright
cone and an inverted cone. A distinct thread zone is seen below the apex of the inverted
cone, (d) variation of the area of the whipping envelope with frequency and voltage [26],
(e) PVB nanofibrous plume emerging from rod spinning electrode, (f) the contour plot
of electric wind velocity’s vertical components (cms−1) created by the spinning electrode
with a diameter of 1 cm whose axis coincidences with the z coordinate (30 kVRMS with
a frequency of 50 Hz), (g) red dots denote the typical track of a liquid droplet inside the
nanofibrous plume recorded using a high-speed camera. A plot of the velocity magnitude
values v is included as a function of the z–axis distance from the spinning-electrode, which
exhibits an abrupt change in the velocity derivative close to the distance z = 3 cm, and
(h) PVB electrospun nanofibrous yarn produced using AC electrospinning [23].
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as compared to the DC electrospinning (in the DC case, only upright cone shape). As

shown in Fig. 2.8c, the shape of the whipping envelope was the combination of the usual

upright cone and an unusual inverted cone. The later cone may also be formed due to

the author’s intentional mechanical drowning of the nanofibrous plume to deposit on the

flexible cable. Seemingly, the zone of thread formation appeared just below the apex of

the inverted cone. This thread formation occurred only at an appropriate frequency of

the AC high-voltage. The applied AC potential and the frequency strongly influenced the

area of the whipping region. As shown in Fig. 2.8d, it increased with the applied AC

high-voltage while decreasing with frequency. Thus it is clear that the AC potential and

the frequency display a linear and inverse trend with the area of the whipping region.

Similarly, PVB electrospun nanofibrous yarn was fabricated by Pokorny et al. at an

applied AC high–voltage of 30 kVRMS with the frequency of 50 Hz (2.8h) [23]. The ver-

tical components of electric wind velocity and the position of the virtual collector were

measured for the spinning electrode, which had a diameter of 1 cm and a length of 15

cm (connected with the AC high-voltage source with 30 kVRMS and frequency of 50 Hz).

The highest electric wind velocity value at the point nearest to the spinning electrode

was 57 ± 14 cm s−1 (Fig. 2.8f). As shown in Fig. 2.8g, by tracking the liquid droplet’s

movements inside the fibrous plume, the impact of the electric wind combined with the

movement of the nanofibrous plume was also investigated. The second derivative of the

velocity magnitude curve was observed at a distance of 2.9 ± 8 cm above the surface of

the spinning electrode. Prior to the virtual collector, the velocity magnitude drastically

declines, whereas, behind it, which almost remains constant, 46 ± 8 cm s−1. This value

is consistent with the anemometer-measured electric wind velocities. Thus, it can be as-

sumed that the virtual collector was formed at this distance, and also, the net charges of

nanofibrous segments have recombined (Fig. 2.7) or vanished here.

Fabrication of electrospun nanofibrous composite yarns

The AC electrospinning has a high potential to create the composite yarn that is nanofibers

coated classic yarn. This kind of composite yarn fabrication is technologically challenging

using common DC electrospinning since it requires an electrically active collector, which

interns an obstacle for coating nanofibers on the core yarn. Otherwise, the core yarn

should be electrically active; however, it is practically less feasible to fabricate composite

yarns continuously. Valtera et al. fabricated the various types of composite yarns using

PVB and PA6 as the nanofibrous sheath and PES or PA6 as a core yarn with varying

linear density (Fig. 2.9a and b) [24]. By using more than one spinning electrode, it can be
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possible to achieve a multilayered nanofibrous sheath with various functional properties.

In addition, they showed that increasing the number of the spinning electrode from one to

three enables the industrial–level production of composite yarns from 600 to 3600 m/hour.

Figure 2.9: (a) morphology of polyester core – PA nanofibrous sheath composite yarn,
(b) cross-section image of polyester core – PA nanofibrous sheath composite yarn [24],
(c) morphology of PA6 core - PA6 nanofibrous sheath composite yarn, (d) PA6 core –
PA6/chlorhexidine nanofibrous sheath composite yarn, (e) PA6 core – PU nanofibrous
sheath composite yarn, and (f) PA6 core – PU/chlorhexidine nanofibrous sheath composite
yarn [21].

Madheswaran et al. for the first time fabricated the classic core-antibacterial nanofibrous

sheath composite yarns using the AC electrospinning technology (Fig. 2.9c to f) [21].

31



CHAPTER 2. STATE OF THE ART IN LITERATURE

They proposed that these functional composite yarns could be used as surgical sutures

since it has consistent mechanical and functional properties. The core yarn gives the over-

all mechanical property while the nanofibrous envelope provides the functional properties.

The fabricated composite yarns exhibit biocompatibility with antibacterial, adequate me-

chanical, and thermal properties. The only minor problem with the composite nanofibrous

is the lower adhesion between the core and the nanofibrous envelope, which was between

0.7 to 8.5 N. This force depends on the used core and nanofibrous envelope as well as the

degree of twisting of the nanofibers [21, 24].

Fabrication of electrospun nanofibrous mats

Three years later, Kessick’s invention, Sarkar et al. used pristine PEO and nanoparticle, or

carbon nanotube blended PEO polymeric solution to study the AC, and DC high-voltage

impact on the electrospinnability [76]. They reported that the AC spinnability was stable

at only a specific frequency range, however, which depends on the used spinning solution.

Their findings (AC spinnability and the electrospun morphology) as well are in line with

Kessick et al. [19]. Lawson et al. produced PCL electrospun nanofibrous mats using free

surface AC electrospinning [54]. They demonstrated that PCL electrospun nanofibers

with a diameter range of 150 to 2000 nm could be produced at production rates up to

14 g/h using glacial acetic acid as a solvent and sodium acetate as an additive. At the

applied AC high-voltage of 20 or 38 kV, the PCL electrospun fibers with a diameter of

150 to 300 nm and microfibers were produced from the solutions of 10 and 20 wt% PCL

with 2 wt% sodium acetate, respectively.

Another study showed that the applied high voltage significantly influences the surface

energy of the PCL electrospun nanofibrous layer and, consequently, affects the glycerol

or hydrogel wettability of PCL [28, 77]. The DC electrospun PCL layer exhibited higher

surface energy (44.1 mJ/m2), whereas approximately one order lesser degree of surface

energy (5.2 mJ/m2) was observed for the AC electrospun layer compared to DC spun

layer. The different surface energy values of PCL layers were caused by the conformations

of macromolecules which were significantly affected by the DC and AC electric fields. In

addition, the frequency of applied AC high voltage also strongly influences the surface

energy of the PCL mat and, thus, their wetting behavior (Fig. 2.10a and b). The surface

energy decreased from 51.70 to 46.94 mJ/m2 when the frequency increased from 10 Hz

to 50 Hz [28]. The surface energy of AC spun PCL was not considerably affected by the

concentration of the PCL.
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Figure 2.10: Glycerol contact angle (a) and surface energies (b) of AC electrospun PCL
layrs [28], and PA46 electrospun nanofiber produced from DC (c and d) and AC (e and
f) electrospinning (PA46 concentration is 14 or 16 wt%) [55].

PA–based AC electrospun fibers were also fabricated by Kalous et al. and Holec et

al.[27, 55, 78] using formic acid/acetic acid, and formic acid/dichloromethane, respec-

tively. The former author used sulfuric acid (0.2 mol/L) or methanesulfonic acid (0.37

mol/L) as an additive for enhancing the AC spinnability of PA since, without an addi-

tive, the compact fibrous plume did not appear. Interestingly, DC spun PA46 reflected

the ribbon structured fibers, whereas AC spun resulted in mostly cylindrical structured

fibers with very few ribbon structures (Fig. 2.10c – f). Also, there is no clear correlation

observed between the DC and AC spun PA–based fibers. The surface energy of PA–based

DC electrospun fibers was increased when the number of carbon in the repeating units

of PA decreased. Thus PA4 resulted in a lower contact angle than PA11. AC spinnabil-

ity of PA6 was significantly influenced by the applied AC high–voltage waveforms and

frequencies. The square waveform of the AC high voltage evinced higher productivity

of electrospun fibers than the sine waveform. The variation of productivity was linear

with the frequency of AC high voltage. It is considered that each polymer solution has

a frequency limit. After this frequency is exceeded, no good–quality nanofibers can be

created. In the case of PA6, the frequency limit was 50 to 150 Hz (for sine and square

waveforms; amplitude voltage of 42 kVRMS) and for polyvinylpyrrolidone–vinyl acetate

copolymer was 50 to 100 Hz (sine, square, triangle, and sawtooth waveforms; 25 kVRMS)

[25, 27].
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Apart from polymeric electrospun nanofibers, ceramic electrospun fibers have been also

produced using AC electrospinning [59, 79–81]. Stanishevsky et al. fabricated the nanofi-

brous alumina structures from the aluminum nitrate/poly–vinylpyrrolidone (PVP) elec-

trospun nanofibers using AC electrospinning at an applied voltage of 40 kV(RMS) (fre-

quency: 50 or 60 Hz) [59]. The calcination was performed on the aluminum nitrate/PVP

electrospun nanofibers at a temperature between 700 – 100 °C in order to get nanofibrous

alumina structures. The resultant fibrous material could be used as gas filters and sepa-

ration membranes. L. Nealy et al. produced titanium dioxide (TiO2) nanofibers from the

TiO2/PVP/ hydroxypropyl cellulose (HPC) precursor solution [79]. They found that the

resultant nanocrystalline TiO2 nanofiber’s morphology, size, as well as the composition of

crystalline phases is the function of the mass ratio of the TiO2/PVP/ HPC. The productiv-

ity of TiO2/PVP/ HPC electrospun nanofibers was inversely proportional to the increase

of TiO2/polymer mass ratio regardless of the electric potential, spinneret geometry, and

rheological properties of the precursor solution. The higher throughput of crystalline TiO2

nanofibers (5.2 g/h) was obtained from a mass ratio of 1.5:1 TiO2/polymer.

Figure 2.11: (a) High-speed camera images of the Taylor cone and subsequent straight
segment of the jet (red dots) during the process of AC electrospinning (a), DC electrospin-
ning (b), needle DC electrospinning, and their nanofiber productivities (d). Scale bar is 1
mm. [60].
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Additionally, AC high voltage was also used in free surface bubble electrospinning Fig.

2.11. Bubbles were created on its surface by forcing the air into the liquid solution. This

implies already liquid surface has been disturbed. Subsequently, a higher degree of surface

disruption was obtained when applying a high voltage. This surface disruption encour-

ages the formation of more jets. The experiment results showed that the productivity of

electrospun PVA nanofibers using AC bubble electrospinning is much higher than conven-

tional DC bubble electrospinning at 2.0 g/h and 0.3 g/h, respectively. The diameter of

the fibers produced by AC bubble electrospinning is slightly lower than that of DC bubble

electrospinning. Given similar fiber quality, the performance of AC bubble electrospinning

is better than DC bubble electrospinning [60].

2.6 Surface plasma treatment

Plasma is defined as a partially ionized but almost neutral (quasi-neutral) gaseous mixture

of ions, free electrons, radicals, photons, and neutral particles (i.e., atoms and molecules).

It is generally produced by the excitement of the surrounding gas in the electric field.

Depending on the thermal equilibrium state, plasma can be further classified into two dif-

ferent categories: thermal or equilibrium and non–thermal or non–equilibrium plasma. In

the case of a thermal plasma, ions, free electrons, radicals, photons, and neutral particles

have the same temperature. On the other hand, in non–equilibrium (cold) plasma, the

temperature of these species is not in equilibrium. Non–equilibrium plasma is generally

generated in the presence of a strong electric or magnetic field, where the relative velocity

of the electrons is much higher than the ions’s velocity. Consequently, it reflects in the

creation of plasma at considerably lower gas temperature, which makes this plasma a suit-

able candidate for the surface modification of thermally sensitive materials, for instance,

electrospun nanofibrous materials.

Plasma can be generated using a wide range of methods, such as Dielectric barrier dis-

charges (DBD), radio frequency discharges, and microwave discharges. However, in the

case of electrospun nanofibrous, a DBD reactor is often used [40]. The experimental set-

tings are discussed in sub–chapter 3.2.7 on page 45. The dielectric bi–layer makes the

homogeneous charge distribution across the electrodes; as a consequence, the formation

of micro–discharge is encouraged rather than single arc discharges. Vicinity of the micro–

discharge, the ionization of supplied gas occurs owing to the acceleration of electrons

from the cathode to the anode. The collisions between the accelerating electron and the

surrounding gas continuously produce the ions, thereby making the sustaining plasma .
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Plasma activation

When the polymeric material is exposed to a plasma discharge, the polar or non–polar

functional groups will be introduced on the material’s surface. For instance, polar func-

tional groups will be introduced on the material’s surface as follows: due to the uniform

bombardment of plasma-generated reactive species to the surface, weak surface bonds

(e.g., C–H/C–O) present in the polymeric chains are broken, resulting in the genera-

tion of surface radicals. These radicals, however, rapidly react with the reactive plasma

species present in the discharge gas (i.e., argon or nitrogen) resulting in the formation

of polar surface groups (e.g., C=O, O=C–O, C–N, C=N, and N–C=O). The type of in-

corporated polar functional groups, however strongly depends on the used working gas

[22, 40, 82]. Similarly, non–polar fluorine–containing groups can be grafted by using

fluorine–containing discharge gas (Carbon tetrafluoride or Sulphur hexafluoride) [83]. As

a consequence, increased surface hydrophobicity of the material will be obtained [40]. If

polar groups are incorporated on the polymeric material’s surface, its surface energy and

hydrophilicity will be improved significantly. In contrast, hydrophobicity will be increased

if non–polar groups are incorporated on the material’s surface.

Figure 2.12: (a) poly(ethylene terephthalate) and (b) PCL foil’s hydrophobic recovery as a
function of aging time [84, 85], and (c) human foreskin fibroblasts cells were cultured on
untreated and plasma–treated materials, and at 7 days after seeding, fluorescence pictures
and SEM micrographs were taken [40].
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It is worth saying that the plasma–induced surface chemical changes were not perma-

nent since, over time, the incorporated functional groups tend to reorient towards the

material’s bulk to form an energetically stable or desirable state, so–called aging effects or

partial hydrophobic recovery (as shown in Fig. 2.12a and b). In addition, a high–energy

surface of the plasma–treated material tends to adsorb species from the ambient air to de-

crease its surface energy. In the case of electrospun nanofibers, hydrophobic recovery was

less pronounced than in films. This could be attributed to the following fact: since all the

electrospun fibers are intertwined with each other, there is a minimal chance of reaction

between the ambient air and the fibrous surface than in foil or non–porous materials. Fig

2.12c, which includes live/dead fluorescence images and SEM micrographs taken seven

day after seeding, clearly shows that cells adhere poorly to untreated PCL NFs and that

adherent cell aggregates/clusters are prominent on the surface. The cells spread much

more in the plasma-modified PCL samples and have the spindle-shaped morphology seen

in healthy fibroblasts.

Currently available literature, in most cases, studies the effects of plasma treatments

on morphology and their wettability as well as surface chemistry. However, the degree

of crystallinity is one of the key parameters controlling the degradation and mechani-

cal properties of semi–crystalline polymers like PCL. To study the importance of the

degree of crystallinity, Junkar et al. [84] and Kim et al. [86] modified a polyethylene

terephthalate (PET) foil with an oxygen plasma and concluded that crystallinity plays a

major role in reducing the post-plasma aging effect and hydrophobic recovery rate. Be-

sides, Helen et al.[87] demonstrated the significant role of crystallinity on cell response

to poly(caprolactone–co–glycolide) by revealing that fibroblast like–cells are more likely

to attach and proliferate on crystalline surfaces. Despite its potential impact on the

bulk properties, plasma aging rate, hydrophobic recovery, and cell response, the effects of

plasma treatment on PCL ENMs crystallinity are rarely investigated. Consequently, it

is clear that just studying the plasma treatment effects on fiber morphology, wettability,

and surface chemistry are not sufficient for understanding the cellular response to ENM

surfaces, for which crystallinity should be addressed as well. To the best of the authors

knowledge, for the first time, plasma treatment effects on the bulk properties of AC spun

PCL is studied and discussed in sub-chapter 4.3 on page 87.
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Chapter 3

Materials and Methodology

The aim of this chapter is to provide the reader with a clear overview of the materials

and the strategic methodology used to achieve the aim of the PhD dissertation.

3.1 Materials

Granular polycaprolactone (number averaged molecular weight Mn = 80 kDa) was pur-

chased from Sigma Aldrich. Analytical grade formic acid, acetic acid, and acetone

were obtained from Penta chemicals. Materials for cytotoxicity and in vitro studies,

such as Dulbecco’s modified Eagle medium (DMEM), 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT), bovine serum albumin (BSA), Triton-X-100, phallo-

idin-fluorescein isothiocyanate, and 4’,6-diamidine-2-phenylindole (DAPI) were also pur-

chased from Sigma Aldrich.

3.2 Methodology

Details on the methodology consisting of solubility parameters theory, spinning solution

preparation, AC electrospinning setup, and morphological and physicochemical charac-

terization techniques are presented in this sub-chapter. In addition, this sub–chapter also

includes biocompatibility and in vitro experiments.
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3.2.1 Solubility parameter: Theory

The primary step of electrospinning is to identify the suitable solvent or solvent blend

to prepare the ideal spinning solution. Based on the Hansen solubility theory, the better

solvent or solvent blend for studying the AC spinnability of PCL was identified. The

theory of solubility parameter is explained here.

A molecule in the liquid can be removed or evaporated when it acquires adequate en-

ergy to overcome the cohesive energy (or the liquid-phase inter-molecular forces) of the

neighboring molecules. The enthalpy of evaporation reflects the energy required to evap-

orate the molecule from the liquid, which can be experimentally measured. This energy

is directly related to the molecule’s cohesive energy density (CED). The square root of

the CED per molar volume is known as the total solubility parameter in
√
MPa (i.e.,

Hildebrand solubility parameter),

δt =
√
CED =

√
−U

Vm

=

√
∆Hvap −RT

Vm

, (3.1)

where U is the internal energy of system, ∆Hvap is the enthalpy of vaporization, R is

the universal gas constant (R = 8.3145 J/mol K), Vm is the molar volume, and T is the

absolute temperature. Numerical value of δt provides information about the degree of

interaction between two or more materials. For instance, a similar δt value of polymer

and solvent makes a homogeneous solution upon mixing. Later on, Hansen found that

one dimensional δt can be split into three independent components based on fundamen-

tal intermolecular interactions, whose geometric sum is also called the total solubility

parameter [88, 89],

δt =
√

δ2d + δ2p + δ2p, (3.2)

where δd, δp, and δh represent solubility parameters of the dispersion force, polar force,

and hydrogen-bonding force, respectively. In contrast to the one-dimensional Hildebrand

solubility parameter, Hansen used δd, δp, and δh as an orthogonal axis coordinate to

construct the 3D solubility space for predicting the miscibility of the materials. The

distance between the solvent and the polymer in the Hansen space has been estimated

according to the following equation:

D = [4(δdp − δds)
2 + (δpp − δps)

2 + (δhp − δhs)
2]1/2 (3.3)
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where δxp and δxs are Hansen component parameters for the polymer and solvent, respec-

tively. Furthermore, the ratio between the polymer–solvent solubility distance and the

polymer’s interaction radius of the Hansen sphere, D/Ra, provide their relative energy

dispersion (RED), which reflects the affinity between the polymer and the solvent. The

solubility parameters and an interaction radius value of PCL (Ra=5.5) are taken from the

literature [89] and Ra is corresponding to the molecular weight of PCL 65 kDa. For RED

< 1, high affinity between polymer and solvent, and for RED > 1, progressively lower

affinity between polymer and solvent. The results of this study are presented in Chapter

4.1.2 on page 58.

Flory and Huggins developed another approach to understanding polymer solubility and

explained the polymer solution’s non-ideal character. The Flory-Huggins parameter χ

was included in the definition of the mixing enthalpy and has the following relationship

to the solubility parameters of two substances:

χ12 =
VM

RT
(δ1 − δ2)

2 (3.4)

where δ1 and δ2 are the total solubility parameter of the correspond polymer and solvent

system, respectively. VM , R and T are molar volume of the solvent, universal gas constant,

and absolute temperature, respectively. In general, a solvent is thought to be a good

solvent for the polymer when χ12 is less than 0.5, and a poor solvent when χ12 is greater

than 0.5.

3.2.2 Precursor solution preparation

For reader quick view, the spinning solution which was used in this dissertation is listed

in Table 3.1 and also explained in the following paragraphs.

Table 3.1: Summary of prepared polymeric solutions with respect to their sub-chapter
number.

Sub-chapter Polymer Solvent Polymer
number concentration [wt%]

Formic acid
4.1 PCL Formic acid+acetic acid 5, 10, 15, and 20

Formic acid+acetic acid+acetone
4.2 PCL Formic acid+acetic acid+acetone 10

Formic acid
4.3 PCL Formic acid+acetic acid 10

Formic acid+acetic acid+acetone
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Precursor solution preparation for studying the PCL’s AC spinnability

To evaluate the AC spinnability of PCL as a function of various solvents and polymer

concentrations, 12 types of polymeric solutions were prepared by dissolving the PCL

pellets (5, 10, 15, 20 wt%) into of formic acid (F–PCL), formic acid/acetic acid (1:1 v/v)

(FA–PCL), and formic acid, acetic acid and acetone (1:1:1 v/v/v) (FAA-PCL). These

solutions (F–PCL, FA–PCL, and FAA–PCL) were stirred overnight at room temperature

to ensure the complete dissolution of PCL pellets.

Spinning solution preparation for analyzing the impact of waveform and frequency of

AC high voltage on PCL’s spinnability.

In order to study the effects of various waveform and frequencies of the high voltage signal

on the spinnability, 10 wt % of PCL precursor solution was prepared by dissolving PCL

pellets in a mixture of acetic acid/formic acid/acetone (1/1/1 v/v) (FAA–PCL). The

attainment of a homogeneous PCL solution involved thorough mixing using a magnetic

stirrer overnight at ambient temperature.

Precursor solution preparation for investigating the plasma treatment effects on the

PCL nanofiber’s bulk properties

For analysing plasma treatment effects on the AC spun PCL electrospun nanofibers, three

types of polymeric solutions were prepared by dissolving the PCL pellets in formic acid (F–

PCL), formic acid/acetic acid (1:1 v/v) (FA-PCL), and formic acid/acetic acid/acetone

(1:1:1 v/v/v) (FAA–PCL) to prepare 10 wt% solutions of PCL. These solutions were

stirred overnight at room temperature to obtain a complete dissolution of the PCL pellets.

3.2.3 Analysis of viscosity and surface tension of the various PCL solu-

tions

Although F, FA, and FAA solvent systems have low toxic potential and are capable of pro-

ducing ultrathin electrospun fibers, these solvents promote the acid-catalyzed degradation

of PCL’s ester bonds [90]. Therefore, to avoid the degradation of PCL, the precursor so-

lutions were analyzed 13 hours after solution preparation time (dissolution time counted)

in terms of their viscosity, surface tension, and AC electrospinnability.
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The viscosity was determined using a HAAKE 172 RotoVisco 1 viscometer (Thermo

Scientific - USA). The viscosity values of F–PCL, FA–PCL, and FAA–PCL (volume: 200

µL) were measured for the time period of 120 s at the shear rate range of 500–750 s−1 as

a function of various PCL concentarions (5, 10, 15 and 20 wt%). Surface tension of these

solutions were measured using a K12 tensiometer (Kruss GmbH) by the Wilhelmy plate

method. Prior to each measurement, the rectangular platinum plate was flame dried. The

stated viscosity and surface tension values correspond to the average of 5 and 3 measure-

ments per sample, respectively. The surface tension and viscosity of various precursor

solution is reported in sub-chapter 4.1.4 (Fig. 4.4 on page 62 and Fig. 4.5 on page 63).

3.2.4 Analysis of PCL stability in various solvents

In order to studying the PCL stability in various solvents (carboxsylic acids) in terms of

PCL’s molecular weight and the viscosity of PCL solutions, gel permeation chromatog-

raphy (GPC) and viscometer were used. At the first step, 10 wt% F-PCL, FA-PCL, and

FAA-PCL solutions were prepared in two containers as mentioned in the previous section.

After the complete dissolution (13 hours, with dissolution time counted), one container

from each solution (F-PCL, FA-PCL, and FAA-PCL) was kept in the room temperature

and the remaining one was kept in the fridge at 2 °C for at least 216 hours. To study

the PCL stability as a function of time in addition to the solvent system and storage

condition, the desired amount of samples were taken for GPC and viscosity analysis at

specific time intervals after the complete PCL dissolution (24, 48, 72, 144, 216 hours).

GPC was used to monitor the changes in PCL molecular weight over time after the

complete PCL dissolution (24, 48, 72, 144, 216 hours) in F, FA, and FAA solvents during

the solution stability experiments (while storing the F-PCL, FA-PCL, and FAA-PCL at

room temperature and in the fridge at 2 °C). A Dionex Ultimate 3000 HPLC chromato-

graph equipped with a diode array detector, Varian LC-385 ELSD detector, and Agilent

1260 MDS LALS/RALS detector was used for the determination. The temperature of

the ELSD nebulizer and the evaporator were both set to 80 °C. Nitrogen was used as the

drying gas with a flow rate of 1.3 L/min. The chromatogram of each sample was recorded

at 220 nm by the DAD and also by the ELSD and RALS/LALS detectors for 14 minutes.

A Phenomenex Phenogel 1E5 polystyrene resin gel permeation column with a length of

30 cm, i. d. of 7.8 mm and 5 µm particle size was used. Pure HPLC grade tetrahydro-

furan was used as the mobile phase. A flow rate of 1 mL/min was chosen. The column

compartment temperature was set to 35 °C, and 30 µL of samples, filtered through a 13

mm diameter nylon syringe filter with a pore size of 0.45 µm, were injected.
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At the same time, for studying the stability of PCL in the F, FA, and FAA solvent

system, the viscosity of F–PCL, FA–PCL, and FAA–PCL was also analyzed over time

(24, 48, 72, 144, 216 hours). As a consequence of acid-catalyzed hydrolysis, the molecular

weight of PCL in F–PCL, FA–PCL, and FAA–PCL solutions reduces over time. Thus

reflected as the reduction in the viscosity over time as well. Hence, viscosity of these so-

lutions were determined also using a HAAKE RotoVisco 1 viscometer (Thermo Scientific

– USA). The stability of PCL in various solvents with respect to various solvent system

is discussed in Chapter 4.1.3 (Fig. 4.3 on page 61).

3.2.5 AC electrospinning

Fabrication of the PCL ENMs was carried out using needleless and collectorless AC elec-

trospinning at an applied effective high voltage of 35 kVRMS. The AC electrospinning

set-up, shown in Fig. 3.1, was assembled using the following components: a grounded

KGUG 36 high-voltage transformer with a conversion ratio of 36000V/230V, an ESS 104

variable autotransformer for controlling the output voltage, a Thalheimer Transforma-

torenwerke used for a 230 V AC input and an output of 0 - 250 V and a rod spinning

electrode coupled to a polymer solution reservoir.

Figure 3.1: Schematic representation of AC electrospinning (a) and picture of the nanofi-
brous plume (b).
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The maximum output current was 4 A with a capacity of 1.2 kVA. This AC power

supply operated at 50 Hz at an effective voltage of up to a maximum of 35 kVRMS. The

rod spinning electrode (length: 100 mm & spinning head Ø: 20 mm) was coupled to a

polymer solution hopper with a screw pump (Technical University of Liberec – Czech

Republic). The screw pump delivers the polymer solution to the surface of the spinning

electrode head through a coaxial channel, in which the polymer jets emerge. Generated

fibers were collected on the rotating cylinder. The excess solution then flows down the

outer surface of the electrode back into the polymer solution reservoir which is to ensure

the continuous process of AC electrospinning and to wipe out deposited fragments of solid

nanofibers on the electrode to the reservoir. The infusion rate of the pumped solution is

18 mL/min at the frequency (speed of screw pump) of 500 rpm for all experiments. The

entire work was done using this technology according to specific objectives.

3.2.6 AC high-voltage signal generator and amplifier connections to the

spinneret

A signal generator (Won AG 1022) connected to a high-voltage amplifier (TREK 50/12C-

H-CE) was used to generate the required AC high voltage in tunable waveforms and

frequencies (Fig. 3.2). The output of the waveform generator (0 to ±10V) was connected

to the signal amplifier (output range of -50 kV to +50 kV and an amplification factor

of 5000V/1V). The output of the signal amplifier was then connected to the spinning

electrode. The experiment considered square, sine and triangle waveforms (as shown Fig.

2.4a) over a frequency range of 10 – 60 Hz with an applied effective AC voltage of 50 kV.

Details of the AC spinning setup are available in Valtera et al. [24]. Briefly, the high

voltage was connected to the electrode, which was coupled with a screw pump and the

solution container. The screw pump served to assist the feeding of the polymeric solution

to the surface of the spinneret at a constant and controlled rate. The rotation speed

of the screw pump was maintained in the range 400 – 500 RPM in order to ensure the

delivery of 14 – 18 mL/m of the solution to the surface of the spinneret (diameter: 25

mm) according to the various waveforms and frequencies of the AC voltage. The steady

fibrous plume that emerged was collected on a spun-bond fabric (polypropylene), which

was attached to a rotating drum (an electrically-inactive collector). The peripheral speed

of the collector was maintained at 30 – 40 m/min. The results of this experiment are

discussed in Chapter 4.2 on page 75.

44



CHAPTER 3. MATERIALS AND METHODOLOGY

Figure 3.2: Schematic illustration (a) and pictorial representation (b) of the AC high-
voltage signal generator (Won AG 1022) and amplifier (TREK) connected to the spin-
neret.

3.2.7 Dielectric barrier discharge (DBD) reactor

This DBD expriments were conducted during the author’s internship stay in Ghent Uni-

versity, Belgium. The DBD reactor mainly consisted of 2 electrodes, 2 dielectric layers,

and a high voltage power supply. Two circular electrodes made of copper and having a

diameter of 55 mm were both covered with a quartz glass plate (permittivity: 3.75 at 20

°C). The upper electrode was connected to a 50 kHz AC high voltage source, while the

lower electrode was grounded through a capacitor C (10 nF). The gas gap between the 2

glass plates was fixed at 35 mm for all conducted experiments, and the plasma discharge

area was approximately 23.75 cm2. The flow rate of the discharge gas flowing between

the glass plates was controlled by a digital mass flow controller (Bronkhorst).

A schematic configuration of the experimental DBD set-up is presented in Fig. 3.3, and

more information can be found in Cools et al [91]. To perform the plasma treatment,

the ENM was first fixed on the lower glass plate, and the plasma reactor was pumped

down to 0.05 kPa using a rotary vane pump. Subsequently, the reactor was filled with

the discharge gas at a rate of 3 standard liters per minute (slm). After reaching a reactor

pressure of 50 kPa, the reactor was flushed at 3 slm with the working gas for 4 minutes

to remove residual gases and to obtain a reproducible gas composition. These procedures

were repeated before plasma ignition for each sample under study. After the purging

step, the working gas flow rate was fixed to 1 slm, and the reactor pressure was reduced

to 5 kPa. At this medium pressure, plasma treatment was performed using argon and

nitrogen gases at a pre–selected discharge power resulting into a visually stable plasma

discharge. The exact values of the applied discharge powers were calculated from voltage-
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Figure 3.3: (a) Schematic and pictorial representation of the DBD reactor (1. gas cylin-
der, 2. mass flow controller, 3. plasma chamber, 4. dielectric barrier, 5. capacitor, and
6. rotary vane pump), (b), and (c) images of the argon and nitrogen plasma. (This image
is featured on the cover page of the journal ‘Surface and Coatings Technology’2020, 399)

.

charge plots (so-called Lissajous figures) [92]. As Ar and N2 plasma treatments required

slightly different discharge powers for a stable plasma generation, results will be presented

as a function of energy density instead of plasma exposure time to enable an objective

comparison. The energy density was calculated by multiplying the exposure time with

the discharge power and then dividing this value by the area of the circular electrodes. An

overview of the performed plasma treatment conditions for each PCL ENM under study

is presented in Table 3.2. The outcomes of this experiment are discussed in Chapter 4.3

on page 87.

Table 3.2: Used experimental plasma treatment parameters for PCL ENSs.

Sample Discharge gas Discharge power Treatment time Engergy density
[W] [s] [J/cm2]

F-PCL Argon 2.2 65 6.0
F-PCL Nitrogen 2.6 63 6.9

FA-PCL Argon 2.2 55 5.1
FA-PCL Nitrogen 2.6 64 7.0

FAA-PCL Argon 2.2 60 5.6
FAA-PCL Nitrogen 2.6 61 6.7
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3.2.8 Productivity analysis

The nanofiber productivity was measured via the gravimetric method using a Sartorious

analytic weighing machine to study the impacts of the various solvent systems (F, FA,

and FAA), AC high-voltages (25 and 32 kV), waveforms (square, sine, and triangle) and

frequencies (10-60Hz) of AC high-voltage signal on the productivity of electrospun fibers.

Prior to the weighing of the PCL ENF, all the samples were left in an open space for

24 h at room temperature so as to ensure the removal of the residual solvents. Three

measurements were carried out for each sample, and the mean value was presented as

final productivity. This results have been presented in sub–hapter 4.1.6 on page 68 (Fig.

4.8 on page 69) and sub–chapter 4.2.4 on page 84 (Fig. 4.16 on page 84).

3.2.9 Scanning electron microscopy

To evaluate the effects of various solvent systems (F, FA, and FAA), AC high voltage

(25 and 32 kV), various AC high-voltage’s waveforms (square, sine, and triangle) as well

as frequency (10 to 60 Hz) and various plasma treatments (argon and nitrogen plasma

treatments) on the morphology and fiber diameter of the PCL electrospun nanofibers,

a Vega S3B Easy Probe (Tescan, Czech Republic) scanning electron microscopy (SEM)

and ImageJ software (NIH, USA), respectively, were used to visualize and measure them.

At first, all the PCL electrospun nanofibers were sputter-coated with a thin layer of

gold using Quorum (Q150R ES) sputter coater. Then the SEM micrographs of F-PCL,

FA-PCL, and FAA-PCL were acquired in high vacuum at an accelerating voltage of 20

kV. From each sample’s micrographs, the mean diameter of electrospun nanofibers was

measured (n = 200). The SEM images of various PCL electrospun fibers is exhibited in

Fig. 4.6 on page 65, Fig. 4.13 on page 79, 4.14 on page 81, and 4.19 on page 90.

3.2.10 Analysis of pore size and porosity

The pore size and porosity of various ENSs were analyzed using the stereological method

and the Masounave approach [93–95]. To analyze the pore size and porosity, the ENSs

were frozen with liquid nitrogen and then cut crosswise to obtain good quality cross-

sections of the nanofibers (Fig. 3.4). Instead of cutting the samples at room temperature,

it was soaked in liquid nitrogen for at least 2 minutes, and then crosswise cutting was

performed. Since PCL has glass transition temperature and melting temperatures at

-60 °C and 60 °C, respectively, it transforms into a brittle state after soaking in the
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liquid nitrogen (-196 °C). Subsequently, the frozen ENM was dissected crosswise using a

surgical knife (also soaked in liquid nitrogen) which ensures the perfect crosswise cutting

of nanofibers. Three SEM images from each sample were used to analyze the pore size

and porosity of the ENS.

Figure 3.4: Model of the cross-sectional image of nanofibers for analyzing the pore size and
porosity of ENS. (a) Model SEM image for analyzing the pore size (yellow and green lines
are exclusion and inclusion lines, respectively. Green circles represent the cross-sections
of the electrospun nanofibers.), (b), and (c) SEM image with test point grid or point probe
(+) for estimating the porosity of ENSs (for the readers better view, cross-sections of
electrospun nanofibers are highlighted in green).

In the first step, an unbiased counting frame was drawn on the SEM image, which contains

two inclusion lines (green) and two exclusion (yellow) lines (Fig. 3.4a). The number of

fiber cross-sections (N) is counted when they are within the unbiased counting frame or

sampling area (S). The fiber cross-sections are also counted when they are touching the

inclusion line and not counted when they are touching the exclusion lines. This method

ensures that if two counting frames are placed side by side on a sampling image, the fiber

cross-section will only be counted once. The numerical area density (NS = N/S) of the

nanofiber cross-sections was then found as a ratio of these values. The probability density

of pore radious (rp) and mean value of pore radius (rs) were obtained by substituting the
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value of NS in the following equations [93]:

rp =
1√

2πNs

. (3.5)

rs =

√
ln2

πNs

. (3.6)

Likewise, the porosity of the ENSs was also analyzed manually by the point-counting

stereological method (uniform random sampling). As shown in Fig. 3.4b and 3.4c, a

grid of points (testing system with point probes) was superimposed on the SEM image of

the ENSs, followed by the calculation of the total number of points on the surface area

of the sampling image (Nc). The number of points falling exclusively on the nanofiber

cross-sections in the sampling area was also counted (Na). Then the porosity of ENSs

was calculated using the following equation:

Porosity =

(
1 − Na

Nc

)
× 100%. (3.7)

The mean value of pore and the porosity of various PCL ENMs are exhibited in Fig. 4.11

on page 73. Additionally, the probability density of pore radius is depicted in Fig. A.2

on page 105.

3.2.11 Analysis of number of beads and/or spindles

The stereological method (uniform random sampling) was used for the counting of the

beads and/or spindles per unitary fiber length (NL) [96]. As shown in Fig. 3.5, four iden-

tical lines (stereological probe) were drawn on the SEM image, followed by the calculation

of the number of fibers that intercepted or passed through each line. The number of fiber

intercepts (N) divided by the total length of the line (L) and multiplied by π/2 gave the

normalized geometric count (LA = πN/2L). The number of beads and/or spindles were

also counted, followed by the calculation of the amounts thereof divided by the area of the

sampling image (NA). The total length of the line and the area of the sampling images

were identical for all the images (Table 3.3). The number of intersects, beads and spindles

were thus quantified for each sample (at least two images). The beads and/or spindles
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per unitary fiber length (NL) were analyzed via the following equation [96],

NL =
NA

LA

, (3.8)

Where, (NA)=(number of beads and (or) spindles)/(area of the specimen) and

(LA)=((number of fiber intersects)/(total length of the line)) ×π/2. Outcomes of this

analysis can be seen in sub-chapter 4.2.3.

Figure 3.5: Model of a probe arrangement for the estimation of fiber/line intercepts.

Table 3.3: Total length of the probe and the sampling area of the image.

Number of lines 4
Length of the line 138 µm

Total length of the line 4 ×138 µm= 552 µm
Area 76176 µm2

3.2.12 Water contact angle analysis

The surface wettability of the PCL ENMs was analyzed at room temperature using a

commercial Krüss Easy Drop system within 5 minutes after plasma treatment. Droplets

of deionized water with a volume of 2 µL were placed at 5 randomly selected locations

on each electrospun material. In the next step, the WCA values were obtained using the

Laplace-Young curve fitting of the recorded images of the water drop profiles, and an
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average WCA value was calculated and presented in Chapter 4.3.2 on page 88 (Fig. 4.18

on page 89).

3.2.13 X-ray photoelectron spectroscopy

The surface chemical composition and the nature of the surface functional groups of

the PCL ENMs were determined using XPS. XPS analysis was executed on a PHI 5000

Versaprobe II system equipped with a monochromatic AI Kα X-ray source (hv = 1486.6

eV) operated at a power of 23.3 W. Pressure was maintained below 10 – 6 Pa in the high

vacuum main chamber for all conducted measurements. The emitted photoelectrons were

analyzed with the help of a hemispherical analyzer positioned at an angle of 45° with

respect to the normal of the ENM surface. Survey spectra and high-resolution C1 spectra

were recorded on three randomly selected analysis spots per sample using a pass energy

of 187.9 eV and 23.5 eV respectively. From the XPS survey spectra, the elemental surface

composition of the samples was determined by making use of Multipak (V 9.6.1) software.

In addition, the C1s high-resolution spectra were also curve fitted using Multipak software

to determine the type of the present surface functional groups. Prior to curve fitting, the

binding energy scale was first calibrated with respect to the C-C bond (284.8 eV) of

the detailed C1s spectra. In the next step, the calibrated C1s spectra were smoothened

using a Savitzky-Golay smoothening procedure, after which a Shirley background was

applied. Afterward, the C1s peaks were deconvoluted using Gaussian–Lorentzian shaped

components and the full-width at half maximum of each line shape was maintained below

1.8 eV. XPS results is presented in Chapter 4.3.4 on page 91 (Table 4.7 on page 91, Fig.

4.21 on page 93, and Fig. 4.22 on page 94).

3.2.14 X-Ray Diffraction (XRD) characterization of the ENMs

The crystallinity of the PCL electrospun samples was studied using powder XRD (Thermo

Scientific ARL X’TRA diffractometer) equipped with a Cu Kα (λ = 1.5405Å) source and

measuring in the range of 10° to 30° (step size: 0.02°). The integration time was set to

1.200 s and the scan rate was maintained at 1° min−1. The full-width at half maximum

of the diffraction peaks was calculated by fitting XRD data with a Lorentzian function

(Originpro 9 software), and the crystallite size (D) was estimated making use of the

Scherrer equation [97]:

D =
Kλ

β cos θ
, (3.9)
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where, K(K = 0.9) [98, 99] is the Scherrer constant that depends on lattice direction and

crystallite morphology, λ is the X-ray wavelength, β is the full-width at half maximum

of the diffraction peak and θ is the Bragg angle. The XRD results can be obtained from

Chapter 4.3.5 (Fig. 4.23 on page 95 and Table 4.8 on page 96).

3.2.15 Differential scanning calorimetry analysis

DSC analysis was performed with a Mettler Toledo DSC1 calorimeter from 0 to 80 °C

according to the following procedure: heating, followed by cooling, and finally a second

heating step. The used heating and cooling rate were set to 5 °C min−1. All experiments

were conducted under a nitrogen atmosphere and samples were characterized at least

twice. The crystallinity degree (Xc) was calculated from the obtained DSC graphs using

the following equation:

Xc =
∆Hm1

∆H0
m1

× 100% (3.10)

where ∆Hm1 is the melting enthalpy measured in the 1st heating run and ∆H0
m1 the

melting enthalpy of perfect PCL crystals (139.5 J/g) [100]. DSC results are expalined in

Chapter 4.3.5 on page 95 (Table 4.8 on page 96 and Fig. 4.25 on page 98).

3.2.16 Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectra (FTIR) of pristine and plasma-treated PCL ENMs

were collected using a Bruker Tensor 27 spectrometer equipped with a single reflection at-

tenuated total reflection (ATR) accessory using a germanium crystal as internal reflection

element. FTIR spectra were recorded in the wavenumber region from 3500 to 700 cm−1

using liquid nitrogen cooled MCT (mercury-cadmium-telluride) detector and applying a

resolution of 4 cm−1. The outcomes of FTIR results is presented in Chapter 4.2.5 on

page 85 (Fig. 4.17 on page 85), and 4.3.5 on page 95 (Fig. 4.24 on page 97).

3.2.17 Sterilization

Prior to sterilization, all the samples were cut into circular shape with a diameter of 1.4

cm. From each material, six samples were prepared; from these, three were washed (twice)

with phosphate buffer saline (PBS, Lonza Biotech, Czech Republic), and the rest of them
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were used without washing. All these samples were wrapped in a sterilization pouch

(Sogeva RB54) and then subjected to an ethylene oxide sterilization at a temperature of

38 °C for 12 hours in an Anprolene AN-74i (Andersen Products) sterilizer. Subsequently,

samples were areated for 2 weeks to get rid of residual ethylene oxide.

3.2.18 Cytotoxicity

Cytotoxicity of F-PCL, FA-PCL, and FAA-PCL was evaluated on cell line 3T3-L1 mouse

fibroblasts, which were cultured in Dulbecco’s modified Eagle medium (DMEM) enriched

with 5% fetal bovine serum (Biosera), 5% newborn culture serum (Sigma), 1% glutamine

(Biosera), and 1% antibiotic—Pen / Strep Amphotericin B (Lonza). The cells were incu-

bated in a humidified atmosphere containing 5% CO2 at a temperature of 37 °C.

First (day 1), 3T3-L1 mouse fibroblast cells (from passage 17) were seeded at a density

of 10000 cells/100 µL in a 96-well plate and cultured for 24 hrs. For preparing the ex-

tracts of all samples that were washed in PBS and unwashed, a complete culture medium

was added to the 24 well plates, which were preloaded with the sterilized samples, and

subsequently incubated for 24 hrs at 37 °C. Next (day 2), the extract from each sample

was added (100 µL/well) to the cell-seeded wells by replacing the culture medium and

incubated at 37°C in 5% CO2 for 24 hrs. The cells in the complete medium (DMEM)

were considered as a negative control (NC). In contrast, the addition of Triton-X-100 in

the complete medium served as a positive control (PC). The PC and NC were also incu-

bated (37°C in a 5% CO2 for 24 hrs). Then (day 3), the biocompatibility in terms of cell

viability was evaluated by a colorimetric MTT assay. The solution of MTT was added

(200 µL/well) into the DMEM of extract and control samples, which were subsequently

incubated for 3 hours at 37°C in the 5% CO2 environment. Then the MTT solution was

removed; subsequently, 200 µL of IPA (isopropyl alcohol) was added to the cells, and they

were incubated for 15 minutes at room temperature. The absorbance of these solutions

(10 wells of cells/sample) was assessed at 570 nm (reference was measured at 650 nm)

using the Spark multimode microplate reader. The measured UV absorbance value (at

the wavelength of 570 nm) of NC was considered as 100% cell viability. A material is

considered cytotoxic when its extract exhibits cell viability lower than 70% of the NC.

The in cytotoxicity evalation of electrospun nanofibers is presented in Chapter 4.1.8 on

page 71 (Fig. 4.10 on page 72).
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3.2.19 In vitro experiment

Besides cytotoxicity evaluation of the materials, the viability and proliferation of 3T3-L1

mouse fibroblast cells (ATCC) were also performed on the F-PCL, FA-PCL, and FAA-

PCL ENS. The cells were seeded onto the sterile materials at a density of 10000 cells/mL

and subsequently incubated for 1, 3, and 7 days at 37 °C in a 5% CO2 incubator. The

adhesion and the following proliferation of the cells were quantified using the colorimetric

MTT assay. In short, 250 µL of MTT solution (0.2 g/100 mL) and 750 µL of DMEM were

added into each well that was preloaded by the material with the cells, and subsequently,

these solutions were incubated in a 5% CO2 incubator at 37 °C for 3 hrs. After the

incubation, the MTT solution was removed and 500 µL of IPA solution was added and

incubated with the materials for 15 minutes at room temperature. Finally, these solutions

were transferred to 96 well plates for quantifying the cell adhesion and proliferation by

measuring the absorbance value at a wavelength of 570 nm (reference 650 nm) using the

Spark multimode microplate reader. For visualizing the morphology of the cells, 3T3-L1

mouse fibroblast cells were fixed with 2.5% glutaraldehyde at the ambient temperature for

10 mins. These samples were washed twice with PBS. The cell membrane permeabilization

was done with the 0.1% bovine serum albumin (BSA, Sigma Aldrich) and 0.1% Triton-

X-100 in PBS (Sigma Aldrich). After permeabilization and washing, the samples were

initially stained with phalloidin-fluorescein isothiocyanate (l µg/mL) at room temperature

in the dark for 30 mins and subsequently stained by 4’,6-diamidine-2-phenylindole (DAPI)

solution at ambient temperature for 15 mins followed with PBS wash. The stained samples

were stored in the fridge (4 °C) with PBS and used for analysis with a fluorescence

microscope (Zeiss, Germany) to investigate the cell morphologies. Fluorescent images

were processed in terms of contrast for better visualization. The in vitro evaluation

results are presented in Chapter 4.1.8 on page 71 (Fig. 4.11 on page 73).

3.2.20 Statistical analysis

Quantitative data are presented as mean values with standard deviation (SD). The av-

eraged values were determined from at least five independently prepared samples. The

results were evaluated statistically using GraphPad Prism 9.1.1. (225). If the data passed

the normality test and the test of equality of variances, statistical significance between

a pair of groups was determined by the ANOVA test and Tukey’s comparative test for

post hoc analysis. If the data does not follow a normal distribution, statistical signifi-

cance between a pair of groups is determined using Dunn’s multiple comparisons test for

post hoc analysis. Statistical difference between pairs of samples was determined using

an unpaired t-test. All results were considered statistically significant for p < 0.05. The
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value of p represents the probability of obtaining an ‘F’statistics at least as extreme as

that observed when the null hypothesis is true. Statistic ‘F’means the ratio of two mean

squares that forms the basis of a hypothesis test.

Principal component analysis (PCA) is also used to study the AC spinnability of PCL.

PCA is a technique used to reduce the dimensionality of large datasets, increasing in-

terpretability while minimizing information loss. It accomplishes this by generating new

uncorrelated variables that successively maximize variance. Finding such new variables,

the principal components reduces down to an eigenvalue/eigenvector problem. The new

variables are defined by the data-set at hand rather than a prior, making PCA an adap-

tive data analysis technique. It is also adaptable in another way because variants of the

technique have been developed that are tailored to various data types and structures.

For the PCA, the software R (version 4.1.3) and the package ggfortify (version 0.4.14)

were used. The solution properties (polymer–solvent interaction parameter, distance be-

tween polymer–solvent in the solubility space, viscosity, and surface tension) and the AC

spinnability (fiber diameter at 25 and 35 kV, productivity at 25 and 35 kV, pore size, and

porosity of ENSs) were used as variables. The details about this analysis is presented in

the Table 3.4. The outcomes of PCA analysis is presented in Section 4.1.7 on page 70

(Fig. 4.9 on page 70).

Table 3.4: Eigenvalues of the principal component analysis (PCA). This table presents the
eigenvalues of each component of the PCA as well as the total variance which is accounted
for by each component.

PC Eigen values Proportion of variance Cumulative proportion
PC1 2.213 0.445 0.44
PC2 1.720 0.269 0.71
PC3 1.220 0.135 0.84
PC4 1.116 0.113 0.96
PC5 0.476 0.020 0.98
PC6 0.295 0.007 0.99
PC7 0.265 0.006 0.99
PC8 0.133 0.001 0.99
PC9 0.060 0.0003 1
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4.1 Impact of AC high voltage and solvent systems on the

spinnability of PCL electrospun nanofibers

The main objective of this sub–chapter is to fabricate the various PCL ENS for tissue

engineering applications using low toxic potential solvents (Class 3) such as formic acid,

acetic acid, acetone, and needleless AC electrospinning. To the author’s knowledge, this

is the first work in which 12 types of PCL solutions have been prepared using mono

(F), di (FA), and ternary (FAA) solvent systems for studying the AC spinnability of

PCL. Herein, initially, solubility parameters, viscosity, and surface tension of polymeric

solutions are studied as a function of various solvent systems and polymer concentrations.

Furthermore, PCL stability in the solvent systems in terms of molecular weight is also

evaluated. Subsequently, solvents and applied AC voltage effects on the spinnability,

morphology, and productivity of PCL nanofiber are discussed in great detail. Lastly,

cytotoxicity and in vitro analysis are also examined on the PCL nanofibers.

4.1.1 Experimental conditions

All experimental details can be found in Chapter 3. The parameters that are specifically

used in this chapter are summarized in Table 4.1.

Table 4.1: Various spinning solutions and AC electrospinning processing parameters (F–
PCL, FA–PCL and FAA–PCL means PCL dissolved in formic acid (F), formic acid/acetic
acid (FA), and formic acid/acetic acid/acetone (FAA), respectively.)

Precursor solution F–PCL, FA–PCL and FAA–PCL

Polymer concentration 5, 10, 15, and 20 wt%

Spinneret’s surface diameter: 2.5 cm

Spinneret to collector distance: 22 cm

Solution feeding rate: 14 – 18 mL/min

AC Electrospinning Collector’s peripheral speed: 40 m/min

processing parameter Applied voltage: 25 and 32 kVRMS

Waveform: Sine

Frequency: 50 Hz

Temperature: 22 – 24 °C

Humidity: 40 – 42 %
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4.1.2 Analysis of polymer–solvent interactions

The primary step of electrospinning is to prepare the ideal polymeric spinning solution,

which depends on the polymer–solvent interactions. In general, a homogeneous polymer

solution can be achieved when the solubility parameters of the polymer and solvent are

similar. In other words, polymer chains swell and expand in a good solvent due to the

better polymer—solvent interactions. Hence, these interactions exert influence on the sol-

vation and the formation of a homogeneous polymer solution. The degree of interaction

between the polymer and solvents also affects the chain conformation of the macromolecule

[101], which significantly influences the viscoelasticity and the critical solution concentra-

tion required for stable electrospinning. From Fig. 4.1 and Table 4.2, it can be seen that

FAA is almost close to those of PCL’s Hansen sphere, and its RED value is also smaller

than the FA and F. According to the Hildebrand and Hansen solubility parameters, FAA

is the good solvent system for PCL, followed by FA and F. In addition, according to the

Flory–Huggins interaction parameter (χ), the FAA is a better solvent system for PCL

than FA or F since χ value of FAA is less than 0.5 (If χ>0.5, the solvent considered as a

poor solvent).

Figure 4.1: 3D representation of the Hansen solubility parameter and the solubility sphere
of interactions.
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Table 4.2: Dielectric constant (ϵ), the Hensen solubility parameters (δd, δp, and δh), total
solubility parameters (δt), the distance between the solvent and the polymer in the solubility
space (DP−S), interaction radius of the Hansen sphere (Ra) (this value is corresponding
to the PCL molecular weight of 65 kDa [89]), relative energy dispersion (RED), and
Flory–Huggins interaction parameter (χ).

Solvent/ ϵ δd δp δh δt DP−S RED χ

polymer at 25 °C [
√
MPa] [

√
MPa] [

√
MPa]

[102,
103]

[89]

PCL 03.2 17.7 06.2 07.8 21.4 — Ra=5.5 —
F 58.0 14.3 11.9 16.6 24.9 12.5 2.8 0.59
FA 34.9 14.4 10.0 15.0 23.1 10.5 1.9 0.52
FAA 28.2 14.8 10.0 12.4 21.8 08.3 1.5 0.32

4.1.3 Effects of the solvent system on the stability of PCL

Although the solvent systems F, FA, and FAA are more benign than the commonly used

solvent system for PCL, it is well known that this acidic mixture degrades the PCL chains.

Consequently results in the reductions of PCL molar mass and subsequent viscosity reduc-

tion of the PCL spinning solution. Hence, as discussed in sub-chapter 3.2.4 on page 42, 10

wt% PCL was dissolved in F, FA, and FAA solvent systems to obtain F-PCL, FA–PCL,

and FAA–PCL spinning solutions. For analyzing the PCL stability in the solvent system

as a function of the solvent system, time (storage time), and temperature, half of the so-

lutions were kept at room temperature, whereas the remaining solutions were kept in the

fridge. Surprisingly, the FAA-PCL solution, which was kept in the fridge, changed from

a liquid phase to a gel state Fig. 4.2a. At the same time, F-PCL and FA-PCL solutions

remained in the liquid state. Additionally, the FAA-PCL gel phase was transferred back

to a liquid state over time at ambient temperature after being removed from the fridge

(Fig. 4.2a–d), so it can be called a thermoreversible gel.

Furthermore, the FAA–PCL thermoreversible gel was analyzed by our group using the

light microscope [104], it revealed an exciting structure that consisted of agglomerated

PCL micro–spheres (Fig. 4.2e). According to the equilibrium between entropy and in-

teraction energies, polymers take on the stretched coil and compact globule states [105].

Therefore, the authors hypothesize that when the FAA–PCL solution was kept in the

fridge, the PCL macromolecular chains converted from an entropy-dominated coil shape

to an energy–governed globular one. The coil–to–globule transition phenomenon will be

studied in the future since it is not under the scope of the thesis. However, the stability
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of PCL in these solutions and the solution kept at room temperature were discussed in

the following paragraph.

Figure 4.2: (a) Picture of F–PCL, FA–PCL, and FAA–PCL solutions after being imme-
diately taken out from the fridge. (b – d) the transition of FAA–PCL thermoreversible gel
to the liquid phase and (e) light microscope images of FAA-PCL thermoreversible gels.
The red box represents the FAA-PCL thermoreversible gel [104].

The PCL’s GPC chromatograms are depicted in Fig. 4.3. In all the cases, the solutions

stored at room temperature reflected higher elution times (i.e., a lower molar mass) than

those stored in the fridge (i.e., a higher molar mass). At the same time, the FAA–PCL

solution stored at room temperature and in the refrigerator reflected lower elution time

signifying a higher molecular weight. In contrast, F–PCL stored at room temperature and

in the fridge showed higher elution time, representing a lower molecular weight, followed

by FA–PCL. Hence, F–PCL and FA–PCL exhibited evidence of a higher degree of poly-

mer degradation than the FAA–PCL due to a higher concentration of protic carboxylic

acids, which promoted acid–catalyzed scission of ester bonds. However, in the case of

FAA–PCL, the carboxylic acid concentration is reduced upon the addition of aprotic ace-

tone, thus subsequently resulting in the lower degree of acid–catalyzed scission of ester
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bonds. The molecular mass reduction over time is also reflected in the decrease of the so-

lution’s viscosity. As shown in Fig. A.1, the FAA stored in the refrigerator showed higher

viscosity over time, followed by those stored at room temperature. As expected, F–PCL

stored at room temperature exhibited lower viscosity. Thus it can be concluded that the

used solvent system and the storage condition strongly influence the PCL stability.

Figure 4.3: Stability of PCL in FAA, FA, and F solvent systems. GPC chromatograms of
FAA–PCL, FA–PCL, and F–PCL with respect to their storage condition (room tempera-
ture and fridge at 2°C)and storage time (24, 48, 72, 144, 216 hours).

4.1.4 Effects of solvent system on the surface tension and viscosity of

the solution

The combined contribution of the viscosity and surface tension significantly governs the

ideal polymer solution for electrospinning. Therefore, we examined the surface tension

and viscosity of F–PCL, FA–PCL, and FAA–PCL solutions to study the AC spinnability

as described in the Chapter 3.2.3 on page 41. Whether the polymeric solution’s surface

tension is a defining parameter for AC electrospinning was examined at the first step using
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the Wilhelmy plate method (as described in Chapter 3.2.3). It is clear from Fig. 4.4 that

the used solvent system affects the surface tension of the polymeric solution regardless of

the PCL’s concentration. The statistically significant higher surface tension was noticed

on F–PCL, followed by FA–PCL and FAA–PCL. The higher surface tension of F–PCL

could be also attributed to the fact that F exhibits a higher δh value, which indicates a

higher cohesive force between the solvent molecules (F). FAA exhibits a lower δh value

than FA and F, and hence, there could be a weaker cohesive force between the ternary

solvent molecules (FAA), and consequently, FAA–PCL could have obtained a lower sur-

face tension. As shown in Fig. 4.4b, the inversely proportional relationship between the

solvent’s surface tension and the total solubility parameter was also observed.

Figure 4.4: (a) The surface tension of FAA–PCL, FA–PCL, and F–PCL precursor so-
lutions corresponding to precursor concentration and (b) The relationship between the
solvent’s total solubility parameter and the surface tension.

Apart from the surface tension, the solution’s viscosity significantly influences the elec-

trospinning process and the resultant electrospun fiber morphology. Since the viscosity of

the solution is directly determined by the quality of solvent, concentration and molecular

weight of the polymer in the solution, the viscosity was analyzed as a function of the sol-

vent system and polymer concentration (Fig. 4.5). Although the polymer concentration

does not affect the surface tension, it influences the solution’s viscosity. Besides, the used

solvent system critically affects the viscosity of the polymer solution.

As shown in Fig. 4.3, the molecular weight of PCL is also affected by the employed

solvent system. The F–PCL shows a lower viscosity than the FA–PCL and FAA-PCL

because of the efficient degree of acid catalyzed degradation of PCL’s ester bonds during

the dissolution of PCL (Fig.4.3) [106, 107]. As expected, the acidic nature of F promoted

a greater degree of acid–catalyzed scission of the ester bonds (-COO-) of PCL, thereby
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resulting in a decrease in the viscosity over time, followed by FA and FAA solvent systems

(Fig. A.1). Previous studies have also shown a reduction of viscosity in an acidic medium

over time due to PCL degradation [90, 106]. Plots of dynamic viscosity at different shear

rates for various PCL solutions revealed a Newtonian and non-Newtonian behavior for

lower concentration solutions (5 wt% of PCL) and higher concentration solutions (10, 15,

and 20 wt% of PCL), respectively (Fig. 4.5b–d). As the shear rate increased (500 to 750

s−1), the viscosity of 10 and 15 wt% precursor solutions slightly increased, indicating this

non–Newtonian fluid’s shear-thickening behavior. In contrast, as shear rates increased

(525 to 750 s−1), the viscosity of 20 wt% FAA–PCL, FA–PCL, and F–PCL was decreased

from 3750, 2937, and 1370 mPas to 3410, 2725, and 1345 mPas, respectively.

Figure 4.5: (a). The viscosity of FAA–PCL, FA–PCL, and F–PCL precursor solutions
corresponding to precursor concentration and (b–d)the precursor solution viscosity as a
function of shear rate (the dynamic viscosity values are shown in milli Pascal-second
(mPas)).
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This shear thinning or shear thickening effect can be associated with the confirmation

of macromolecular chains in the solution. In other words, these behaviors significantly

depend on the solvent systems, polymer-solvent interaction, molecular weight, and con-

centration of the polymers [108–111]. Lawson et al. also observed this shear-thinning

behavior on 20 wt% PCL with sodium acetate in an acetic acid (AA) solvent system [54].

On the other hand, this behavior was not observed with pristine PCL/AA solutions. In

addition, Nakano et al.. reported the role of the solubility parameter on the intrinsic

viscosity by revealing that when the solubility parameters of the polymer and the solvent

are close to each other, a higher intrinsic viscosity of the solution was observed [110].

Hence, the higher viscosity of FAA–PCL was confirmed by the solubility parameters of

the solvent and polymer.

4.1.5 AC spinnability of the polymeric solutions

In this section, AC spinnability of PCL has been extensively analyzed based on the sol-

vent system (F, FA, and FAA), the polymer concentration (5, 10, 15, and 20 wt%), the

solution properties (solubility parameter, viscosity, and surface tension), and the applied

AC potential (25 and 32 kVRMS). Electrospinning is not feasible when using the 5 and

20 wt% of F–PCL and FA–PCL due to the lower and higher viscosity of the solutions,

respectively. At the same time, 10 and 15 wt% of F–PCL and FA-PCL solutions are well

electrospinnable at the applied AC potential of 25 and 32 kVRMS. Interestingly, the min-

imum and maximum concentrations for AC spinnability of FAA–PCL became 5 and 10

wt%, respectively. Previous studies demonstrated that the critical polymer concentration

for producing the electrospun fiber could be lowered when the polymer is dissolved in the

blends of bad (or theta) and good solvents than in the single good solvent [112] [113].

Hence the aforementioned phenomenon could be the reason for fabricating the nanofibers

even at such a low concentration (5 wt%) of FAA-PCL. In addition, the author hypothe-

sizes that since FAA has a higher vapor pressure than F or FA, the FAA–PCL jet could

form much quicker gelation due to rapid solvent evaporation. This quicker gelation could

restrict the Plateau–Rayleigh instability. Hence, unlike 5 wt% F–PCL and FA–PCL, 5

wt% FAA–PCL can form a stable jet under AC electric field and subsequently form elec-

trospun fibers with beaded morphology.

From Fig. 4.7, it is clear that the average fiber diameter of F–PCL (10 and 15 wt%)

was lesser than the FA–PCL (10 and 15 Wt%) and FAA–PCL (10 wt%). This could be

attributed to the following factors: (i) the highly acidic nature of formic acid promotes the

scission of ester bonds during the dissolution of PCL [106], [107]; (ii) due to the relatively
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high dielectric constant of formic acid, the polymeric jets experience a strong repulsive

electrostatic force resulting in the jets being stretched to a greater extent, which in turn

encourages the formation of thinner fibers [102]; and (iii) the total solubility parameter

of formic acid is larger than the PCL. In other words, the δh component of F is two times

higher than that of PCL since the solubility parameter is derived from the second root of

CED, which is directly linked to the latent heat of vaporization (see Table 4.2 on page 59).

Hence, the evaporation rate of F is likely to be reduced from the F–PCL polymeric jet.

Therefore, the F–PCL jet experiences greater stretching due to slow evaporation and a

high dielectric constant value (ϵ) of 58 at 25 °C. Since the dielectric constant is linearly

proportioned to electric pressure (Pe = εE2
t /2), the F–PCL jet experiences higher electric

pressure than FA-PCL and FAA-PCL. Thus, F–PCL eventually results in thinner PCL

fibers [110]. In contrast, the FAA solvent system has a lower dielectric constant (28.2

at 25 °C) and higher vaporization pressure than the FA and F; hence the FAA–PCL jet

experiences lesser stretching, and is thus encouraged to create thicker fibers.

In all the cases, lower concentrations of PCL result in thinner fibers compared to that

at higher concentrations. During the electrospinning process, the evaporation of solvent

molecules from the polymeric solution occurs at the surface of the electrode and, signif-

icantly, during the traveling of the polymeric jet through the electric field toward the

collector. The solvent starts to evaporate from the polymeric jet in three stages: (i)

emanation of the jet from the liquid surface, (ii) formation of straight jet, and (iii) whip-

ping/bending instability. The solvent molecules tend to evaporate at a critical rate and a

critical time at each stage of the jet movements. For instance, during stages (i) and (ii),

solvent evaporation occurs merely by diffusion mechanism due to the lower velocity of the

air in the vicinity of the polymer solution. In the case of the bending/whipping region

(stage (iii)), the jet starts to stretch due to the whipping movements, thus leading to an

increase in the surface area of the jet, and as a result, high air velocities are created in the

vicinity of the jet. This promotes efficient evaporation of the solvent through the convec-

tion mechanism due to the whipping movements of the jet [114, 115]. As a consequence,

solidified polymers are collected in the form of electrospun fibers. The solidification of

the jet is much quicker in high viscous solutions since polymeric chain entanglements are

higher than that in low viscous solutions [19]. When the solidification of the jet is rapid,

the elongation process of the jet can continue only for a limited time. Thus, it results in

the formation of thicker fibers for higher PCL concentrated solutions.

The effects of solvents and applied AC potentials on the electrospun morphology were

analyzed by SEM (Fig. 4.6). The beads-free nanofibers were achieved for 10 and 15 wt%
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Figure 4.6: SEM micrographs of various PCL ENS as a function of the various solvent
systems (F, FA, and FAA), polymer concentrations (5,10, and 15 wt%), and applied high
voltage (25 and 32 kVRMS).

of F–PCL and FA–PCL at 25 and 32 kVRMS, whereas, 5 wt% of FAA–PCL resulted in

beaded nanofibers. The viscosity of 5 wt% FAA–PCL is not relatively high enough to

overcome the Plateau–Rayleigh instability. Thus it encourages the formation of beads.

On the other hand, the frequency of beads on the fiber was reduced for 10 wt% FAA–PCL

at 25 kVRMS, and there were almost no visible beads at 32 kVRMS, as bead formation was

suppressed by the solution’s higher viscosity.

Apart from the solution properties, fiber morphology was determined by the applied

AC high voltage. The results (Fig. 4.7) show that increasing applied voltage from 25

to 32kVRMS leads to a gradual increase (statistically significant) in the electrospun fiber

diameter from (211.3 ± 74.7)nm to (239.4 ± 88.6)nm, (248.2 ± 147.9)nm to (281.9 ±

121.9)nm, and (488.6 ± 221.8)nm to (853.8 ± 464.0)nm for 10 wt% F–PCL, FA–PCL,
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and FAA–PCL, respectively. Moreover, the same trends were observed for 15 wt% of

F–PCL and FA–PCL, whereas not significantly on 5 wt% FAA–PCL. This tendency may

be explained by the fact that a higher voltage favors the ejection of more of the polymeric

solution from the electrode than a lower voltage. This higher voltage and consequent

increase in ejection of polymeric solution gives rise to the formation of thicker fibers.

On the other hand, Lawson et al. reported that increasing AC high voltage results in

thinner fiber diameter when glacial acetic acid is used as a solvent [54]. This contradic-

tion could be attributed to the synergic effects of the following facts: (i) In this study, F,

FA, and FAA solvents were used and reflected higher vapor pressure (42.6 , 29.1, and 96.0

mm Hg at 25 °C, respectively) than the acetic acid (15.7 mm Hg at 25 °C); thus, the poly-

meric jet experiences lesser instability (whipping and/or stretching) in the electric field

due to the faster solidification. (ii) Furthermore, increasing voltage favors the ejection of

more of the polymeric solution while simultaneously accelerating the velocity of the poly-

meric jet [116]. Hence, the average fiber diameter of F–PCL, FA–PCL, and FAA–PCL

increases when the applied voltage is increased from 25 to 32 kVRMS. In this study, it is

clear that the AC spinnability of F–PCL, FA–PCL, and FAA–PCL significantly depends

on the precursor concentration, viscosity, and applied AC high voltage. However, the

surface tensions of the corresponding precursor solutions did not significantly influence

the AC spinnability of various PCL solutions regardless of the precursor concentrations.

Table 4.3: Vapour pressure and diffusion coefficient of various solvents [117–119].

Solvent or Vapour pressure Diffusion coefficient
Solvent system Hg at 25 °C cm2/s at 18 or 19 °C [117–119]

F 42.6 0.120
FA 29.1 0.126

FAA 96.0 0.119

4.1.6 Productivity of PCL electrospun nanofibers

The productivity of F–PCL, FA–PCL, and FAA–PCL electrospun fibers have been studied

by means of various solvents and applied voltages (measurements method can be seen in

Chapter 3.2.8 on page 47). For productivity evaluation, the applied high voltage was

increased from 25 to 32 kVRMS, while the concentration was kept constant (10 wt% of

PCL). When the applied high voltage was increased from 25 to 32 kVRMS, the productivity

of electrospun fibers increased from (1.1 ± 0.1 to 2.2 ± 0.2)g/h, (2.9 ± 0.1 to 6.9 ± 0.1)g/h,

and (5.7 ± 0.2 to 12.4 ± 0.3)g/h for F–PCL, FA–PCL, and FAA–PCL, respectively
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Figure 4.7: (a) Box plot of various PCL ENS’s fiber diameter as a function of the polymer
concentration and applied AC high–voltage, and (b) corresponding histograms with normal
distribution curves. The solid squares in the box represent the mean values, while the
lower, middle, and upper limits correspond to the first (25%), second (50%) and third
(75%) quartiles, respectively. The lower and upper whiskers represent 5% and 95%. The
minimum and maximum values are denoted as ‘—’.(d refers to diameter).

(Fig. 4.8a). As discussed in sub–chapter 2.4 on page 14, although AC and DC jets

behave in quite different manners, in principle, both technologies are similar. Thus, the

author hypothesis that the productivity of AC electrospinning can be explained using the

68



CHAPTER 4. OBTAINED RESULTS

principles of DC electrospinning. In the case of DC electrospinning, Lukas et al., [65], [66]

established the equation for the relationship between the characteristic wavelength (λ) of

fluid instabilities or distance between the adjacent jet and the charge density (additionally

look Fig. 2.5 on page 20a as well):

λ =
12πγ[

(2εE2
0) +

√
(2εE2

0)2 − 12γρg
] , (4.1)

where γ and ρ are corresponding to the surface tension and density of the fluid, g is

gravitational acceleration, E0 is the electric field strength, and ε corresponds to the elec-

tric permittivity of the ambient gas. According to Eq 4.1, as the magnitude of electric

field strength increases, the distance between the adjacent jets will become shorter; con-

sequently, more jets will emerge from the surface of the liquid. On the other hand, higher

surface tension will increase the inter–jet distance. Furthermore, while increasing the ap-

plied voltage, the charged jet moves faster in the electric field since electric pressure is

the critical factor for the velocity of the charged jet. In addition, as discussed in previ-

ous section (4.1.5), the higher voltage accelerates the ejection of more of the polymeric

solution. Therefore, higher productivity with significantly thicker electrospun fibers was

observed under a given constant polymer concentration while using a relatively higher

applied voltage than when using a lower voltage. Furthermore, Fig. 4.8b shows the re-

lationship between the fiber diameter and the productivity of electrospun fibers, which

reflects that both were linearly proportional to each other.

Figure 4.8: (a) Productivity of various PCL electrospun nanofibers (10 wt% of PCL at 25
and 32 kVRMS), and (b) productivity of electrospun nanofibers as a function of average
fiber diameter.
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Our previous results have shown that AC high-voltage signal shape (or waveform) and/or

frequency significantly affect the morphology and productivity of the electrospun PCL

nanofibers regardless of their mean fiber diameter [20]. In addition to the applied high

voltage, the throughput of electrospun fibers was also found to be influenced by the

employed solvent system. The lower throughput of F–PCL electrospun fibers could be

attributed to the higher surface tension and lower viscosity of the corresponding polymer

solution (due to efficient acid-catalyzed degradation of PCL chains) as compared to the

FA and FAA–PCL higher throughput.

4.1.7 Principal component analysis of AC spinnability of PCL

The principal component analysis was applied on the data with 11 variables (as denoted

in red), which is shown in Fig. 4.9a and 4.9b. Analysis reveals that the first two principal

components (PC1 and PC2) contain most of the variance (71%). An additional 25% of

the variance is in PC3 and PC4 (Fig. 4.9b). The figures contain the loadings of the

variables (arrow), the scores of the observations (sample name) for the two components,

and an ellipse drawn around each group.

Figure 4.9: Principal component analysis of AC spinnability of PCL. (a) PC2 as a function
of PC1, and (b) PC4 as a function of PC3.

The F–PCL, FA–PCL, and FAA–PCL formed distinct clusters (Fig. 4.9a), indicating

that they differed, especially in terms of surface tension, total solubility parameter, and
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polymer–solvent interaction parameter. In contradiction to observations in the previous

section, the variables fiber diameter and productivity of electrospun fibers appear nega-

tively correlated with viscosity and the precursor concentrations. This is, however, caused

by the nature of the observed data. In other words, 5 and 20 wt% F and FA–PCL, as

well as 15 and 20 wt% FAA–PCL, were not able to produce the electrospun fiber, which

resulted in the lack of the subsequent variables (fiber diameter, productivity, pore size,

and porosity). These variables were taken as zero while running the PCA. From PC1 vs.

PC2, it is clearly visible that various 10 wt% PCL solutions were nicely separated from

other samples (5, 15 and 20 wt%) in terms of higher productivity and fiber diameter.

Apart from that PC3 vs. PC4 shows a higher fiber diameter for 15 wt% F and FA–PCL.

The non-spinnable solutions, such as 5 and 20 wt% F–PCL and FA-PCL as well as 15 and

20 wt% FAA–PCL, were located on the opposite side of the loadings. This PCA analysis

was in line with our previous findings.

4.1.8 Cytotoxicity and in vitro analysis of PCL ENS

Fibroblast cells play an essential role in the regeneration of functional tissues by producing

ECM and collagen. It is also important in the wound healing process. Hence, the biocom-

patibility of F–PCL, FA–PCL, and FAA–PCL ENS was investigated using 3T3–L1 mouse

fibroblast cells according to ČSN EN ISO 10993–5 (855220). Two groups of samples were

used to analyze cytotoxicity, the first of which was washed with PBS (two minutes), and

the second of which was used as fabricated. The biocompatibility of ENS by means of

cell viability was examined by an MTT assay (Fig. 4.10). None of the tested extracts

showed a detrimental effect on cell viability; all values for extracts were higher than 70%

of the negative control (NC), which shows no cytotoxicity in the PCL ENS. All tested

PCL ENS extracts and the NC group showed significantly higher cell viability compared

to the positive control (PC) group. The only exceptions were the washed FA–PCL and

unwashed FA–PCL, as the normality tested failed; therefore, p ≥ 0.05. However, we could

observe a trend that the FAA–PCL showed better cell viability, followed by F–PCL and

FA–PCL (Fig. 4.10b). It is worth mentioning that the washed samples resulted in higher

cell viability than the unwashed samples. A slight decrease in the cell viability of F–PCL

and FA–PCL could be attributed to the presence of residual solvents in the ENS. This

indicates that the residual solvent could be acetic acid and formic acid, both of which

have lower vapor pressure than acetone. Hence, these organic acids may be trapped in

the ENS as residual solvents during the fiber creation process. At the same time, the

concentration of these acids is lower in FAA–PCL than in the FA–PCL and F–PCL; thus,

it showed better biocompatibility. The quantification of residual solvent trapped in the
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electrospun fibers was challenging since their concentration was below the detection limits

of widely used chromatographic techniques for testing the residual solvent. Moreover, it

is well known that these solvents are eliminated from the body by metabolic pathways.

The metabolic MTT assay analysis thus showed that fabricated F–PCL, FA–PCL, and

FAA–PCL ENS (washed and unwashed) did not show any cytotoxicity to the 3T3–L1

mouse fibroblast cells, which suggests that the fabricated PCL ENS could be suitable for

a wide range of biomedical and tissue engineering applications.

Figure 4.10: Cytotoxicity analysis of various ENS. (a) light microscopy images of the
fibroblasts cells and (b) cell viability in the various material’s extracts (MTT–assay).

After evaluating the cytotoxicity of the extracts, 3T3–L1 mouse fibroblast cellular behav-

ior on the PCL ENS is evaluated in this part. MTT assay (Fig. 4.11b) and fluorescence

microscopy (Fig. 4.11a) were utilized to investigate the adhesion (day 1), proliferation
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Figure 4.11: Invitro analysis of various PCL ENS: (a) fluorescent microscopy images of
the cells and (scale bar 50 µm),(b) metabolic activity of cells on various PCL ENS, (c)
The mean value of pore size (d) porosity of PCL ENS, and (e) relationship between the
fiber diameter, pore size, porosity, and metabolic activity (*means statistically lowest value
on day 3 for F–PCL group).

(day 3 and 7), and morphology of the cells, respectively. This metabolic activity test (day

1, MTT assay) shows comparable values for all tested groups. Subsequently, the prolifera-
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tion of the cells at day seven was statistically higher on the F–PCL compared to FA–PCL

and FAA–PCL ENS. These findings were further qualitatively confirmed by fluorescence

images (Fig. 4.11a), which showed the morphology of adhered and proliferated 3T3–L1

cells (green and blue colors represent the cytoplasm and nuclei, respectively) on all PCL

ENS. According to the MTT assay and fluorescence microscopy, it is evident that seven

days after cell seeding, all PCL ENS exhibited a higher amount of proliferated cells with

elongated shapes, followed by the amounts after three days and one day, respectively. It

can be clearly seen that seven days after cell seeding, the cell proliferation was higher on

the F–PCL ENS.

In general, cell adhesion to the biomaterial’s surface includes specific and non–specific

adhesion [120]. Specific adhesion occurs when the biologically active substance (e.g.,

extracellular and/or cytoskeletal proteins) is present on the surface of the biomaterial,

whereas non–specific adhesion is caused by the physical forces (gravity, electrostatic, and

van der Waals forces) between the material and the cells. As shown in Fig. 4.11e, the

impacts of the porosity and pore size of F–PCL and FA–PCL on the metabolic activity

of cells were minimal since their values are similar to each other (Fig. 4.11c and 4.11d).

However, this difference in metabolic activity may instead be attributed to the significant

variation in electrospun fiber size.

Previous studies have shown that adhesion and the subsequent proliferation of fibroblast

cells increase on the smaller fibers rather than on larger fibers due to the larger surface–

to–volume ratio [121], [122]. Hence, the smaller fiber diameter of F–PCL (239.4±88.6)nm

could have triggered cell adhesion and proliferation. However, the FAA–PCL fiber diam-

eter (853.8 ± 464.0)nm is higher than FA–PCL ENS fiber diameter (281.87 ± 121.9)nm,

resulting in better cell adhesion and proliferation than in the latter case. The decreased

adhesion and proliferation of the cells on the FA–PCL ENS could be attributed to their

intermediate fiber diameter, which could have slightly restricted the metabolic activity

of cells. Furthermore, the average pore size of FAA–PCL (7.1 ± 2.1 µm) was closely

corresponding to the average diameter of the fibroblast cells (∼10 µm) [123], which conse-

quently could result in more cellular infiltration regardless of its slightly lower surface-to-

volume ratio (91.3 ± 1.9%) than FA–PCL (95.2 ± 0.2%) and F–PCL (95.4 ± 0.7%). From

this work, in the case of F–PCL and FA–PCL, it is clear that observed cellular behavior

is mainly influenced by the size of the electrospun fibers rather than the pore size and

porosity of the ENS. Conversely, in the case of FAA–PCL, observed cellular behavior is

dependent upon the synergistic effects of electrospun fiber’s size, pore size, and porosity

of ENS.
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4.2 The impacts of various AC high-voltage signal wave-

forms and frequencies on the spinnability and produc-

tivity of PCL nanofibers

The morphology and diameter of the electrospun fibers are influenced primarily by the

viscosity, surface tension and conductivity of the applied spinning solution, as well as by

the processing and ambient conditions, including the strength of the high voltage applied,

the shape of the electrode, the design of the collector, the ambient temperature and the

humidity [63, 124–126]. In contrast to the aforementioned parameters, the impact of the

waveform and/or frequency of AC high-voltage signal on the spinnability of polymers has

been investigated only to a very limited extent. Hence, this chapter aims to provide an

initial overview of the impacts of various waveforms and frequencies of AC high voltage

signal on the spinnability, morphology and productivity of PCL ENF via the application

of advanced collector-less free surface AC electrospinning.

❛The waveform and/or applied frequency of AC high-voltage signal are able to

affect the electrification of the liquid, jet initiation and termination, the length

of the charged segments (either positive or negative), the whipping instability,

and the formation of a virtual collector. Thus the waveform and frequency

of AC high-voltage signal can be used as new technological parameters for

controlling the AC spinnability of polymers❜

It was evident from the previous section that 10 wt% FAA–PCL reflected better AC

spinnability; hence the same spinning solution is used to study the spinnability as a func-

tion of AC high voltage signal’s waveform and frequency. Various waveforms, including

the square, sine, and triangle forms, were generated using a signal generator and a TREK

signal amplifier over an optimized frequency range of 10 to 60 Hz at a fixed applied high

voltage of 50 kV.

The electrospun fiber morphology, productivity, and chemical structure are studied by

means of scanning electron microscopy (SEM), stereology, gravimetric methods, and

Fourier-transform infrared spectroscopy (FTIR). The investigation of the generation of

a steady fibrous plume of PCL was followed by the analysis of the morphology, fiber di-

ameter, productivity, and chemical structure of the PCL ENF as a function of various

waveforms and frequencies.
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4.2.1 Experimental conditions

All experimental details can be found in Chapter 3. The parameters that are specifically

used in this chapter are summarized in Table 4.4.

Table 4.4: Various spinning solutions and AC electrospinning processing parameters
(FAA–PCL means PCL dissolved in formic acid/acetic acid/acetone (FAA).)

Precursor solution FAA–PCL

Polymer concentration 10 wt%

Spinneret’s surface diameter: 2.5 cm

Spinneret to collector distance: 22 cm

Solution feeding rate: 14 – 18 mL/min

AC Electrospinning Collector’s peripheral speed: 30 – 40 m/min

processing parameter Applied voltage: 50 kVRMS

Waveform: Square, sine and triangle

Frequency: 10, 20, 30, 40, 50, and 60 Hz

Temperature: 21 – 23 °C

Humidity: 42 – 45 %

4.2.2 Effects of the AC high-voltage signal waveform and frequency on

the electrospinnability of PCL

In order to focus only on the impacts of various waveforms and frequencies on the

spinnability of 10 wt% FAA–PCL, the other parameters were almost set as constant

(the applied voltage, and spinneret’s geometry and position) (Table 4.4). Only in the case

of feeding rate and the peripheral speed of the collector (rotating cylinder) was slightly

adjusted to get a stable fibrous plume and subsequent fiber collection.

The initial investigation of the spinnability of 10 wt% FAA–PCL revealed that the wave-

form determines the minimum and maximum frequency range for the formation of a steady

fibrous plume (10 – 60 Hz and 20 – 60 Hz for the sine and square, and the triangle wave-

forms, respectively). As previously mentioned, unlike in the case of DC electrospinning,

AC jets appear at every half–cycle (positive and negative) when the voltage is increased.

Subsequently, only a small number of the previously created jets are quenched at the end

of the half–cycle following a decrease in the amplitude [23], [27]. The time interval (∆t)
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between the change in the positive and negative sub–critical voltage is significantly longer

at lower frequencies (i.e. higher wavelengths), thus acting to influence the creation of

jets. This time interval is relatively more prominent in the triangle (∆tT ) than in the

sine and square waveforms (instantaneous) (Fig. 4.12a). Consequently, the 10 Hz triangle

waveform struggled to form jets, thus negatively affecting the degree of spinnability. In

other words, if the frequency of the waveform is too low, the polymeric jet may become

dominated by a single polarity (either positive or negative) over a longer time [26]. Con-

versely, if the frequency is relatively high, the polymeric jet is subjected to the rapid

alteration of positive and negative charge polarities. Hence, the transfer of charges to the

liquid may not be fast enough to create the critical electric pressure required for stable

electrospinning, which could also be the reason for the cessation of the spinnability of

PCL at higher frequencies.

Figure 4.12: (a) Electrohydrodynamic instability and jet ejection as a function of the time
and voltage for various waveforms (∆tS and ∆tT is the time interval between changes in
the voltage polarity for the sine and triangle waveforms, respectively); (b) and (c), the
generation of a virtual collector at lower and higher frequencies, respectively; (d) and (e),
the formation of a fibrous plume and the charge neutralizing point at lower and higher
frequencies, respectively; and (f), image of a nanofibrous plume with various waveforms
and at various frequencies.
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One of the most critical parameters with regard to DC electrospinning spinnability and the

fiber morphology concerns the distance between the spinneret and the collector since this

distance directly influences a number of processes, e.g. the strength of the electric field,

instability (whipping and stretching) and the evaporation of the solvent [126]. With con-

cern to AC electrospinning, the placement of the virtual collector is primarily determined

by the frequency of the waveform since it controls the length of the charged segments of

the jet [23]. Charged segments following the application of lower frequencies are longer

than those for higher frequencies. Thus, a virtual counter electrode (ionic cloud) is formed

at a greater distance from the vicinity of the electrode at lower frequencies than at higher

frequencies (Fig. 4.12b and 4.12c), thus resulting in the formation of a wider fibrous plume

with a lower fiber density (Fig. 4.12d). In contrast, a smaller plume with a higher fiber

density is initiated upon an increase in the frequency due to the shorter distance between

the spinneret and the virtual collector (Fig. 4.12e). Moreover, the square waveform was

found to result in the creation of a relatively larger fibrous plume than did the sine and

triangle waveforms. (Fig. 4.12f). Therefore, in order to obtain a steady jet, it is essential

that the critical distance be determined between the virtual collector and the spinneret.

Since the critical distance is a function of the frequency, the formation of jets is inhibited

below or above certain frequency intervals.

4.2.3 Impacts of the AC high-voltage signal waveform and frequency on

the electrospun fibers morphology

The morphology of PCL ENF as a function of the waveform and frequency was analyzed

by means of SEM, as illustrated in Fig. 4.13. All the triangle waveform frequencies re-

sulted in smooth fibers, whereas just the 30 and 50 Hz sine waveforms led to the creation of

spindles and beads on the fibers. Interestingly, the square waveform generated trimodal–

structured ENF consisting of spherical beads, spindle–like beads and helical electrospun

fibers (Fig. 4.13, 4.14 and Fig. A.3). As shown in Fig. 4.14e, spherical or spindle–like

beads are defined depending on the aspect ratio of L/W. The gradual voltage variation of

the triangle waveform facilitated the formation of smooth fibers, whereas concerning the

square waveform, oscillations of the voltage polarity were instantaneous. Nevertheless,

the maximum voltage was steady at certain time intervals for the square waveform at

both the positive and negative amplitudes in contrast to the triangle and sine waveforms.
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Figure 4.13: SEM images of the PCL ENF as a function of the various waveforms and
frequencies of AC high voltage signal (50 kVRMS) .

79



CHAPTER 4. OBTAINED RESULTS

The instantaneous alteration of the square waveform voltage polarity (i.e.the series of

Heaviside jumps) led to sudden increases and decreases in the electric pressure. Thus, the

capillary force dominates whenever the electric pressure drops, which causes the cylindri-

cal jet to collapse, thereby encouraging the formation of a spherical shape so as to attain

the smallest surface area. When the electric pressure subsequently increases, the spherical

shape of the jet again changes to a cylindrical shape due to the charge repulsion, which

results in the formation of beads along the string fibers. Due to its steady instantaneous

voltage, the square waveform stimulates a greater number of charge densities on the jet

than do the other two waveforms. Concerning the higher frequency square waveform, the

maximum instantaneous voltage value lasts for a shorter time scale than for the lower fre-

quency. Hence, increasing the frequency of the square waveform, which stimulates higher

net charges, leads to the creation of a large number of charge neutralizing points in the jet

(Fig. 4.12 on page 77e and Fig. 2.7 on page 26). Since most of the charges are neutralized,

the jet is subjected to a lower degree of stretching during flight (Fig. 4.15b). Moreover,

the charge neutralization of the jet leads to tension within the fiber, the extent of which

depends on the repulsion or attraction of the net charge. In addition, the interaction

between the electric field and the net charge also acts to increase the fiber tension, which

stimulates the formation of a beaded nanofibrous structure [127]. Subsequently, curled or

helical fibers are formed in an effort to minimize the surface energy once the tension in

the fibers has been relieved [127].

The 10 Hz square waveform produced smooth fibers without beads due to the enhanced

stretching of the jet during the application of single polarity over a longer time period

(Fig. 4.15b). In addition, a decrease in the applied frequency of the square waveform led

to behavior similar to that observed in DC electrospinning. Zolfagharlou et al. demon-

strated a similar morphology following the application of an identical solvent system using

the DC electrospinning approach for the production of PCL fibers [128]. Hence, all the

afore-mentioned phenomena corresponded to the suggested hypothesis.

The stereological method (Eq 3.8 on page 50) was used to evaluate the number of beads

and spindles per unitary length as a function of the frequency. Fig. 4.13 clearly shows that

the applied frequency of the waveform is able to change the morphology of the electrospun

fibers and, thus, the resulting number of beads and spindles (Fig. 4.14). Generally, the

number of beads and spindles per unitary length initially increases and then gradually

decreases with increases in the frequency of the square waveform; this transition occurs at

30 Hz and 40 Hz for beads and spindles, respectively. The increase may be due to the in-

crease in the frequency, which favors less stretching and high charge neutralization, which
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Figure 4.14: (a) and (c), SEM images of PCL ENMs at 30 Hz for the square and sine
waveforms, respectively; (b) and (d), the total number of beads and spindles per unitary
length with respect to the frequency of the square and sine waveforms, respectively. The
inserts in (b) and (d) show the number of beads and/or spindles per unitary length as a
function of the frequency; (e) mechanism of bead or spindle formation, and (f) Schematic
illustration of spherical and spindle-like beads, which were defined using the aspect ratio
of length (L) and width (W) of the beads.

in turn results in the presence of beads and spindles on the fiber. Above this frequency,

the jet begins to struggle to stretch freely due to the presence of differing charges; as a

result, a thicker fiber is formed, which inhibits the bead and spindle formation mechanism.

In the case of the sine waveform, 30 Hz resulted in spindles only, while 50 Hz resulted in a

combination of beads and spindles on the fiber. No explanation has yet been determined

for this tendency.
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The impact of the waveform and the frequency on the morphology of ENF was also

reflected in the diameter distributions thereof (Fig. 4.15a and 4.15c). The mean fiber

diameter of PCL ENF increased from 0.96 ± 0.4 to 2.1 ± 1.9 µm with an increase in

the frequency of the triangle waveform from 20 to 60 Hz. On the other hand, the square

waveform acted to reduce the fiber diameter from 0.55 ± 0.2 to 0.34 ± 0.25 µm for the

range 10 to 30 Hz and, subsequently, it increased from 0.58 ± 0.33 to 1.27 ± 2.1 µm for the

range 40-60 Hz. Interestingly, the fiber diameter oscillated periodically in the frequency

range 10 to 60 Hz of the sine waveform; it increased from 0.98 ± 0.35 to 1.1 ± 0.4 µm for

the 10 to 30 Hz range and subsequently decreased to 0.83 ± 0.38 µm at 40 Hz. From 40

Hz, the ENF diameter again increased to 0.86 ± 0.52 µm and 1.23 ± 0.52 µm at 50 and

60 Hz, respectively.

Higher frequencies supported the formation of thicker fibers; each increase in the fre-

quency acted to shorten the time interval (or difference in the period) between every half

cycle for the formation of the jet, which resulted in a reduction in the time available for

the whipping motion. At higher frequencies, the reduction in the whipping instability was

also caused by the formation of a virtual collector in the vicinity of the spinneret (Fig.

4.12c and 4.15b). The jet exhibited a limited whipping motion due to the short distance

between the virtual collector and the electrode (Fig. 4.15b). Moreover, the restriction of

the time for the complete evaporation of the solvent during the deposition of the fibers

resulted in the thickening of some of the neighboring fibers as a result of coagulation [90].

With respect to DC electrospinning, it is evident that the electrode to collector distance

plays a critical role in determining the diameter of ENF [129], [130].

The Box-Whisker plots (Fig. 4.15a) illustrates that the 95 percentile of the fiber diameter

was below 2.25, 2.5 and 5.5 µm for the sine, square and triangle waveforms, respectively

(see Fig. 4.15a at 60 Hz). However, the thicker fibers, which were fabricated using the

square, triangle and sine waveforms (24, 16 and 3.25 µm, respectively) acted to increase

the mean fiber diameters and standard deviations (see Fig. 4.15a at 60 Hz). He et al.

studied the theoretical scaling relationship between the AC frequency (Ω) and the fiber

radius (r), and demonstrated that r ∼ Ω1/4 [131]. The experiments conducted did not

confirm the relationship between the frequency and the fiber diameters, most likely due to

the narrow range of frequencies. Nevertheless, this relationship was observed in the case

of the triangle waveform. Mirek et al. conducted an experiment applying a pulsed voltage

aimed at the study of the impacts thereof on the fiber diameter [132]. They concluded

that increases in the frequency resulted in the reduction of the fiber diameter. However,

their research was conducted applying a single polarity pulsed voltage or, in other words,
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in contrast to this study, without changes in the polarity of the voltage.

Figure 4.15: (a) Fiber diameter as a function of the various waveforms and frequencies
of the AC high–voltage signal, (b) polymeric jet at lower and higher frequencies, and
(c) histogram plots with normal distribution curve showing the PCL fiber diameter as a
function of the various waveforms and frequencies of the AC high-voltage signal. The
solid squares in the box represent the mean values, while the lower, middle, and upper
limits correspond to the first (25%), second (50%) and third (75%) quartiles, respectively.
The lower and upper whiskers represent 5% and 95%. The minimum and maximum
values are denoted as ‘–’. (Since considerable variations in the fiber diameter between the
samples, instead of using the same axis scale for all samples, they were auto-scaled for
better visualizations).
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4.2.4 Effects of the AC high-voltage signal waveform and frequency on

productivity

The throughput of the PCL nanofibers as a function of the various waveforms and fre-

quencies is illustrated in Fig. 4.16 (measurements method can be seen in Section 3.2.8 on

page 47). The waveforms and frequencies exerted a significant impact on the productivity

of the nanofibers. When the frequency was increased from 10 to 50 Hz, the corresponding

nanofiber yield increased simultaneously from 7.9 ± 0.27 to 23.60 ± 0.43 g/h and 4.30 ±

0.11 to 16.52 ± 0.26 g/h for the square and sine waveforms, respectively. The same trend

was observed for the triangle waveform; a frequency increase from 20 to 50 Hz resulted in

a yield increase of 2.56 ± 0.31 to 6.89 ± 0.16 g/h. A higher throughput was attained at 50

Hz for all three waveforms. In contrast, the productivity of nanofibers decreased slightly

above this value, i.e. from 23.60 ± 0.43 g/h to 21.83 ± 0.24 g/h, 16.52 ± 0.26 g/h to

15.47 ± 0.17 g/h, and 6.89 ± 0.16 g/h to 6.04 ± 0.17 g/h for the square, sine and triangle

waveforms, respectively. This observation was attributed to the characteristic skin effects

of the AC waveform [133], which acts to reduce productivity at higher frequencies (60 Hz

≥) due to the accumulation of charge densities at the edges of the spinneret instead of

over the entire surface which, in turn, acts to reduce the area of charge densities towards

the edges.

Figure 4.16: Productivity of the PCL ENF as a function of the various waveforms and
frequencies of AC high voltage signal (50 kVRMS).
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The effects of the frequency on the skin depth (δ) are represented by the equation

δ = 1√
σπfµ

, where σ is the electrical conductivity, f corresponds to the frequency of

the waveform, and µ is the permeability of the conductor [133]. The square waveform

evinced a higher productivity rate, followed by the sine and then the triangle waveforms.

As discussed previously, the polarity change time scale is instantaneous and steady with

respect to the square waveform, which acts to encourage a higher degree of hydrody-

namic instability on the surface of the liquid. Subsequently, more jets emerged when

the frequency was increased from 10 to 50 Hz. The lower productivity at 60 Hz can be

attributed to the shallow skin depth and the rapid extrusion of the liquid at the edges.

In other words, the rapid movement of liquid molecules at the edges is less likely to be

affected by the electric forces at higher frequencies due to the shallow/limited extent of

the charge density area.

4.2.5 Effects of the AC high-voltage signal waveform and frequency on

the chemical structure of PCL

The potential impacts of the waveform and frequency on the chemical structure and

composition of PCL ENF was examined via the FTIR spectra (Fig. 4.17). Detailed

information on the spectral bands of PCL can be found in Chapter 4.3.5 on page 97.

Figure 4.17: FTIR spectra of PCL ENF as a function of the various waveforms and
frequencies of AC high voltage signal (50 kVRMS).
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The lack of apparent changes to the spectra indicated that the chemical structure of the

PCL was not affected by either the waveform or the frequency. Hence, the FTIR spectra

showed that while the waveform and the frequency are able to affect both the morphology

and the productivity, they do so without compromising the original chemical structure

of the PCL. Herein, interesting to point out that, although the polymeric liquid in the

electric field continuously interacts with the surrounding ions, free electrons, as well as

the X–ray [134, 135], the chemical structure of the polymer was not altered by them.

This could be attributed to the following factors; (i) the concentration of these ions or

free electrons is not sufficient enough to react with polymer, and (ii) there is very limited

time for interaction between the polymeric liquid and the surrounding ions due to faster

acceleration of jet and rapid solvent evaporation in the electric field. The FTIR spectra

thus support the hypothesis that electrospinning technology did not alter the chemical

structure of the polymer; however, it affects only the conformation of the macromolecule.

Next section will discuss about how the high energy particles are affecting chemical groups

of the PCL electrospun membranes as well as its bulk properties.
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4.3 Plasma treatment effects on the bulk properties of PCL

nanofibrous mats

This sub-chapter aims to investigate the effects of plasma treatment on the fabricated PCL

ENMs morphology, wettability, surface functional groups, crystallite size, crystallinity,

crystallization temperature, and melting temperature. In this study,three different types

of PCL ENMs resulting from different solvent systems (F,FA and FAA) is plasma-treated

at medium pressure using a dielectric barrier discharge (DBD) with adjusted treatment

time and discharge gases (argon and nitrogen). Changes in surface and bulk properties

of the PCL ENMs due to the performed plasma treatments are analyzed using water

contact angle (WCA) analysis, scanning electron microscopy (SEM), X–ray photoelec-

tron spectroscopy (XPS), X–ray diffraction (XRD), Fourier–transform infrared (FTIR)

spectroscopy, and differential scanning calorimetry (DSC).

4.3.1 Experimental conditions

All experimental details can be found in Chapter 3. The parameters that are specifically

used in this chapter are summarized in Table 4.5 and 4.6.

Table 4.5: Various spinning solutions and AC electrospinning processing parameters (F–
PCL, FA–PCL and FAA–PCL means PCL dissolved in formic acid (F), formic acid/acetic
acid (FA), and formic acid/acetic acid/acetone (FAA), respectively.)

Precursor solution F-PCL, FA-PCL and FAA-PCL

Polymer concentration 10 wt%

Spinneret’s surface diameter: 2 cm

Spinneret to collector distance: 22 cm

Solution feeding rate: 18 mL/min

AC Electrospinning Collector’s peripheral speed: 40 m/min

processing parameter Applied voltage: 35 kVRMS

Waveform: Sine

Frequency: 50 Hz

Temperature: 21 – 23 °C

Humidity: 42 – 45 %
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Table 4.6: Plasma treatment parameters

Plasma treatment Sample Discharge power Treatment time

[W] [s]

F–PCL 2.2 65

Argon plasma treatment FA–PCL 2.2 55

FAA–PCL 2.2 60

F–PCL 2.6 63

Nitrogen plasma treatment FA–PCL 2.6 64

FAA–PCL 2.6 61

4.3.2 Water contact angle (WCA) analysis

Water contact angle values of F–PCL, FA–PCL, and FAA-PCL ENMs before and after

plasma treatment in argon and nitrogen were measured as a function of applied energy

density to determine the effect of the used plasma treatments on the ENMs surface wet-

tability (Fig. 4.18). Water droplets on nanofibers or any rugged hydrophobic surfaces

usually exhibit one of the following states [136]: (1) the Wenzel state, in which water

droplets are completely in contact with the rough surface [137] or (2) the Cassie state,

in which water droplets are in contact with the rugged surface’s peak as well as the air

pockets which were trapped between the surface grooves [138]. Initially, the Cassie-Baxter

state is observed when the water droplet is placed on the untreated ENMs as the water

droplet is in contact both with the ENM surface as well as air pockets entrapped between

the nanofibers [138]. The untreated PCL ENMs show WCA values of 135.6 ± 3.2°, 132.7

± 3.4°, and 130.0 ± 2.2° which thus reveals the hydrophobicity of the pristine F–PCL, FA–

PCL, and FAA–PCL ENMs respectively. The small difference in WCA values between the

samples is due to changes in the electrospun fiber morphology and diameter, which sig-

nificantly influence the surface roughness and the volume of the present air pockets [139].

Indeed, it is known from the literature that the WCA is inversely proportional to the

fiber diameter. Consequently, the higher FAA–PCL diameter results in a larger contact

area between the water droplet and the ENM surface, hence, a lower WCA value. Addi-

tionally, the FA–PCL sample shows a slightly higher WCA value because of its smaller

fiber diameters, while the F–PCL ENM possesses the highest WCA due to the fact that

it consists out of the smallest fibers. Fig. 4.18 reveals that after plasma treatments in

argon and nitrogen, the WCA however strongly decreases with increasing energy density

for all PCL ENMs under study. Nevertheless, at a particular energy density, a saturation

effect of the plasma treatment on the ENMs is noticed, after which the WCA remains

unchanged as a function of energy density. In other words, the water droplets on the
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plasma-treated ENMs are in the Wenzel state as the water can penetrate the pores of the

ENMs due to the incorporation of polar groups on the ENM surface as a result of plasma

exposure [137].

Figure 4.18: Evolution of the WCA on PCL ENMs surfaces as a function of energy density
for Ar and N2 plasma and images of water droplets placed on pristine and plasma–treated.
The black and red lines indicate the starting saturation point of WCA for Ar and N2

plasma–treated ENMs, respectively. The blue circle indicates the samples which were used
for further analysis.

In the case of argon plasma, the lowest attainable WCA values on the plasma-modified

F–PCL, FAA–PCL, and FA–PCL are 35 ± 4.4°, 37 ± 4°, and 41 ± 2.8° respectively, and

these values are reached using an energy density of 4.6 J/cm2, 4.6 J/cm2, and 3.7 J/cm2

respectively. The applied nitrogen plasma exposure also results into similar changes in

WCA values on FA–PCL, FAA–PCL, and F–PCL where saturated WCA values of 42 ±

2.9°, 43 ± 2.8°, and 48 ± 3.0° are obtained at an energy density of 4.9 J/cm2, 5.4 J/cm2,

and 5.3 J/cm2 respectively. These results thus reveal that the argon plasma treatment

is more effective in increasing the PCL ENM hydrophilicity and requires a lower energy

density to reach this high wettability in comparison to nitrogen plasma exposure.
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4.3.3 Surface morphological analysis of pristine and plasma-treated ENMs

The effect of argon and nitrogen plasma treatment on the F–PCL, FA–PCL, and FAA–

PCL ENM surface morphology is examined and analyzed using SEM micrographs (Fig.

4.19).

Figure 4.19: SEM images of untreated F–PCL (a), argon plasma-treated F–PCL (b), nitro-
gen plasma-treated F–PCL (c) at an energy density of 5.5 J/cm2 & 6.4 J/cm2; untreated
FA-PCL (d), argon plasma-treated FA–PCL (e), nitrogen plasma–treated FA-PCL (f) at
an energy density of 4.6 J/cm2 & 5.6 J/cm2; untreated FAA–PCL (g), argon plasma-
treated FAA–PCL (h), nitrogen plasma-treated FAA–PCL (i) at an energy density of 5.0
J/cm2 & 5.9 J/cm2 ( X2500 magnification for large images and X5000 magnification for
small images).

The morphology of the pristine F–PCL, FA–PCL, and FAA–PC ENMs indicates intercon-

nected and randomly oriented fibers with diameters in the nanoscale range. The observed

SEM micrographs reveal smooth and beadless fibers for the F–PCL and FAA-PCL ENMs

with an average fiber diameter of 248 ± 95 nm and 605 ± 347 nm respectively. On the
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other hand, the FA-PCL ENM consists out of fibers with the presence of some beads and

shows an average fiber diameter of 354 ± 118 nm. SEM micrographs of the PCL ENMs

after argon and nitrogen DBD plasma treatment at saturation energy density are also pre-

sented in Fig. 4.19. These images clearly reveal that the original ENM surface topogra-

phies are maintained on the plasma–treated F–PCL, FA–PCL, and FAA–PCL samples

as there are no obvious surface damages visible on the plasma-treated PCL ENMs. The

SEM images thus clearly indicate that the applied argon and nitrogen plasma treatments

can strongly increase the PCL ENMs surface wettability without compromising the ENMs

morphology.

4.3.4 Surface chemical composition analysis

A similar set of saturated plasma–modified PCL ENM samples used to examine the sur-

face morphology was also prepared in this study for further surface chemistry analysis by

means of XPS (analyzing depth is upto 10 nm) [42]. In a first step, the surface atomic

composition of pristine and plasma–treated PCL ENMs was quantified from the gath-

ered XPS survey spectra (Fig. 4.20), and the obtained results are presented in Table

4.7. The surface atomic compositions of pristine F–PCL, FA–PCL, and FAA–PCL ENMs

were dominated by carbon (74.3 ± 0.3%, 74.8 ± 0.7%, and 75.2 ± 0.1% respectively) and

oxygen (24.7 ± 0.3%, 25.2 ± 0.7%, and 24.8 ± 0.1% respectively), which are all relatively

close to the theoretically expected values (carbon 75% and oxygen 25%) for PCL.

Table 4.7: The surface atomic composition of PCL ENMs before and after Ar or N2

plasma treatment.

Sample C[%] O[%] N[%]
F–PCL 74.3 ± 0.3 24.7 ± 0.3 –

Ar–F–PCL 69.1 ± 0.4 30.9 ± 0.4 –
N2–F–PCL 67.0 ± 0.3 20.0 ± 0.9 12.9 ± 1.2
FA–PCL 74.8 ± 0.7 25.2 ± 0.7 –

Ar–FA–PCL 69.9 ± 0.6 30.0 ± 0.5 –
N2–FA–PCL 64.2 ± 0.9 25.5 ± 0.2 10.3 ± 1.1
FAA–PCL 75.2 ± 0.1 24.8 ± 0.1 –

Ar–FAA–PCL 72.0 ± 0.3 27.9 ± 0.3 –
N2–FAA–PCL 65.0 ± 0.7 20.8 ± 0.9 14.2 ± 1.7

From Table 4.7, it is also clear that, after argon plasma treatment, a considerable in-

crease in oxygen content on the F–PCL, FA–PCL, and FAA–PCL ENMs occurs. Due

to the incorporation of oxygen, the relative carbon content also decreases upon argon
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Figure 4.20: XPS survey spectra of pristine and plasma-treated PCL ENMs.

plasma treatment. In the case of nitrogen plasma treatment, the nitrogen content on

F–PCL, FA–PCL, and FAA–PCL ENMs is strongly increased from 0% to 12.9 ± 1.2%,

10.3 ± 1.1%, and 14.2 ± 1.7% respectively showing the large incorporation of nitrogen

atoms to the ENMs surface during nitrogen plasma exposure. At the same time, nitrogen

plasma treatment decreases the relative carbon and oxygen content on the PCL ENMs

due to the incorporation of a significant amount of nitrogen. From these results, it can

thus be concluded that the applied argon plasma treatment results in the incorporation

of oxygenated surface groups to the PCL surface, while nitrogen plasma treatment incor-

porates nitrogen-containing functional groups.

To evaluate how the surface functional groups were exactly modified on the PCL ENMs

by the conducted argon and nitrogen plasma treatments, XPS high-resolution C1s spectra

were deconvoluted. Images of these deconvoluted high-resolution C1s spectra and the cal-

culated relative amounts of the carbon-containing functional surface groups are presented

in Fig. 4.21 and 4.22 respectively. As seen from Fig. 4.21, the high-resolution C1s spec-

tra of the pristine PCL ENMs are fitted by three peaks: (1) a peak at a binding energy

of 284.8 eV corresponding to carbon–carbon and hydrocarbon bonds (C–C/C–H), (2) a

peak at 286.4 eV corresponding to carbon single bonded to oxygen (C–O), and (3) a peak

at 288.8 eV attributed to esters or carboxylic acids (O–C=O). Among the three pristine

PCL ENM samples, only in F–PCL also a small peak at 290.4 eV related to C–Cl con-
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Figure 4.21: Deconvolution of high-resolution C1s peaks of PCL ENMs before and after
plasma treatments.

tamination could be observed, however, its relative concentration was typically less than

0.5%. After argon plasma treatment of all PCL samples under study, similar peaks as

for the untreated PCL samples are visible, while also a new peak at 287.6 eV assigned to

C=O bonds could be observed. Fig. 4.22 also shows that argon plasma treatment results

in a decrease in the relative concentration of the C–C/C–H peak after plasma exposure

of all PCL samples under study in combination with an increase in the amount of C–O

and C=O bonds. At the same time, the O–C=O peak also increases on the FAA-PCL

sample, while this peak decreases on the F–PCL and FA-PCL samples after argon plasma

treatment. It can thus be concluded that the conducted argon plasma treatments result

in the incorporation of C–O and C=O bonds on all PCL ENMs and the additional in-

corporation of O–C=O groups on the FAA-PCL sample. It is also important to mention
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that due to the hydrolytic behavior of the F and FA solvent system, the relative O–C=O

concentrations in F–PCL and FA-PCL are higher and the C–C peak concentration is lower

than in the case of FAA-PCL [106].

Figure 4.22: Relative concentrations of the carbon–containing functional groups on
untreated and plasma-treated PCL ENMs, as quantified from deconvoluted C1s high-
resolution XPS spectra.

To investigate the effect of the nitrogen plasma treatment, the high-resolution C1s spectra

of the nitrogen plasma-treated ENMs are deconvoluted into five distinct peaks (see Fig.

4.21): the three peaks used for the pristine PCL samples and two additional peaks at

a binding energy of 285.8 eV and 287.6 eV which are assigned to C–N bonds and N–

C=O/C=O bonds respectively. As the difference in chemical shifts between N–C=O and

C=O groups is relatively small, it is very difficult to differentiate between N–C=O and

C=O. Fig. 4.22 reveals that after nitrogen plasma treatment, the relative concentrations

of the C–C/C–H, C–O, and O–C=O bonds decrease for all PCL samples. However, ni-

trogen plasma treatment also results in the incorporation of new C-N and N–C=O/C=O
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groups on the ENMs surfaces. Taking into account the fact that the nitrogen content

increases and the oxygen content decrease upon nitrogen plasma treatment, it is most

likely that mainly C–N and N–C=O groups are incorporated on the PCL samples instead

of C=O groups. It is thus evident from the gathered XPS results that the improved wet-

tability of plasma–treated PCL ENMs is due to the incorporation of nitrogen-containing

functional groups (C–N & N–C=O) by nitrogen plasma treatment and oxygen-containing

functional groups (C–O & C=O) by argon plasma treatment.

4.3.5 Crystal size and crystallinity analysis of PCL ENMs

XRD patterns of PCL ENMs were determined to investigate the crystallite size of F–PCL,

FA–PCL, and FAA–PCL ENMs before and after plasma treatments, and the obtained re-

sults are shown in Fig. 4.23.

Figure 4.23: XRD patterns of untreated and plasma–treated PCL ENMs ((110) and (200)
represents the diffraction planes).

The XRD patterns of PCL ENMs reflect two distinct sharp peaks at ∼ 21.4° and ∼
24°, which were indexed to be (110) and (200) diffraction planes of an orthorhombic crys-

talline of PCL [140–142]. However, as there were no extra peaks observed after the plasma

treatment it can be concluded that the plasma treatments do not significantly affect the

crystalline structure of PCL. From the XRD patterns, the crystallite size D was deter-

mined using Eq. 3.9 on page 51 and the calculated values are shown in Table 4.8 on the
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next page. It can be observed that the conducted plasma treatments do not significantly

affect the crystallite size of F–PCL and FA–PCL. In contrast, the FAA–PCL crystallite

size is increased from 19.2 nm for the untreated sample to 24.0 nm, and 23.3 nm for the

argon and nitrogen plasma–treated samples respectively (Table 4.8). We conjecture that

the crystal size increases due to the following factors: (i) the crystallization temperature

of FAA–PCL 23.9 ± 1.6°C is nearly close to room temperature. Hence, PCL molecular

chains might have the opportunity to rearrange either during plasma treatment or after

plasma treatment; and (ii) the newly incorporated surface functional groups act as nucle-

ating sites for crystal growth which further leads to lamellar thickening or an increase in

crystal size [114, 143–149].

Table 4.8: XRD diffraction peaks of PCL electrospun [2θ], crystallite size [D], crystalliza-
tion temperature [Tc], melting temperature [Tm], crystallinity calculated from DSC [Xc],
and crystallinity calculated from FTIR [χc].

Sample 2θ D Tc Tm Xc χc

[°] [nm] [°C] [°C] [%] [%]

F–PCL 21.9 17.5 32.9 ± 0.2 63.4 ± 1.0 57.7 ± 1.7 55.4 ± 2.5
Ar–F–PCL 21.7 18.5 33.5 ± 0.3 62.6 ± 2.2 58.3 ± 1.8 56.1 ± 0.1
N2–F–PCL 21.6 17.0 33.9 ± 0.2 62.2 ± 1.0 58.9 ± 1.9 55.9 ± 0.1

FA–PCL 21.9 16.5 25.2 ± 2.9 62.9 ± 1.3 55.8 ± 0.7 55.0 ± 1.7
Ar–FA–PCL 21.9 14.2 35.1 ± 1.3 63.7 ± 0.5 58.7 ± 1.8 56.6 ± 0.2
N2–FA–PCL 21.9 16.1 33.2 ± 0.9 62.6 ± 0.2 57.8 ± 0.3 55.3 ± 1.9

FAA–PCL 21.5 19.2 23.9 ± 1.6 62.9 ± 0.4 53.9 ± 0.9 54.0 ± 3.5
Ar–FAA–PCL 21.7 24.0 33.9 ±0.9 61.0 ± 0.1 54.1 ± 2.1 51.9 ± 0.1
N2–FAA–PCL 21.7 23.3 23.4 ± 0.4 61.7 ± 0.4 53.2 ± 1.9 55.3 ± 0.1

34.2 ± 0.2

The FTIR spectra of pristine and plasma treated PCL ENMs prepared with different

solvent systems are presented in Fig. 4.24. The functional group region of the FTIR

spectra shows peaks attributed to asymmetric and symmetric stretching of C–H bonds in

methylene groups at 2947 and 2867 cm−1 and a sharp peak at 1725 cm−1 due to stretch-

ing of ester carbonyl groups (O–C=O) in the amorphous and crystalline regions of PCL.

Fig. 4.24 also reveals that the FTIR spectra of the plasma-modified PCL ENMs are not

different from the FTIR spectra of the pristine PCL samples, which is due to the fact that
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plasma treatment only modifies the top surface nanolayers of the samples. As the pene-

tration depth of FTIR is significantly larger (∼ 600 nm), changes in the top surface layers

cannot be detected with this technique [42]. To obtain more information on the crys-

tallinity of the PCL ENMs, the sharp FTIR peak at 1725 cm−1 can be deconvoluted into

two peaks: a peak at 1735 cm−1 corresponding to the amorphous PCL phase and a peak

at 1725 cm−1 attributed to the crystalline phase. The intensities of these two peaks (I1735

& I1725) are further used to predict the crystallinity (χc = [I1725/I1725 + I1735] × 100%)

of the PCL ENMs and the obtained results are shown in Table 4.8 [150]. The gathered

data reveal that the conducted plasma treatments do not significantly affect the degree

of crystallinity (χc) of the PCL ENMs.

Figure 4.24: FTIR spectra of pristine and plasma-treated PCL ENMs.

Besides FTIR, also DSC analysis of the PCL ENMs has been performed and the DSC

thermograms of the 1st heating and cooling scans of PCL ENMs are illustrated in Fig.

4.25 From these thermographs, the melting temperature (Tm) can be determined and the

results are depicted in Table 4.8. As shown, the Tm values of F–PCL and FA–PCL ENMs

are not significantly affected by the conducted plasma treatments nor by the used solvent

system. On the other hand, performing plasma treatments on FAA-PCL ENMs slightly

decreases the Tm value, as can be seen from the data presented in Fig. 4.25 and Table

4.8. This small decrease in Tm after plasma treatment could be attributed to the increase
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in crystallite size observed for this sample (see Table 4.8) [143, 151, 152]. The fact that

the Tm values were not affected by the plasma treatments in the case of the F–PCL and

FA–PCL samples can also be explained by their unchanged crystallite size.

Figure 4.25: DSC curves of 1st heating and cooling scans for untreated and plasma-treated
PCL ENMs.

The crystallization temperature (Tc) is directly related to the polymer molar mass [153].

Hence, it is interesting to note that the crystallization temperature of pristine F–PCL

32.9 ± 0.2°C is higher than the crystallization temperature of FA–PCL 25.2 ± 2.9°C and

FAA–PCL 23.9 ± 1.6°C which can be attributed to hydrolytic degradation during the

dissolution of PCL pellets in formic and acetic acid [90, 107, 154]. Indeed, an increase

in Tc is also noticed in other studies due to enhanced mobility of shorter polymer chains

in the hydrolytic solvent system, which in turn increases the degree of crystallinity and

Tc [106]. Fig. 4.25 and Table 4.8 also reveal that the performed plasma treatments in-

crease the Tc of F–PCL from 32.9 ± 0.2°C for the untreated sample to 33.5 ± 0.3°C and

33.9 ± 0.2°C for argon and nitrogen plasma–treated F-PCL respectively. Similar, even

more pronounced increases in Tc values after plasma treatment are also observed for the

FA–PCL samples. In the case of FAA–PCL, the argon plasma-treated sample is found

to possess a higher Tc value: 33.9 ± 0.9°C versus 23.9 ± 1.6°C for untreated FAA–PCL.
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On the other hand, nitrogen plasma-treated FAA-PCL shows one distinct crystallization

peak at 23.4 ± 0.4°C and a small peak at 34.2 ± 0.2°C due to the presence of various

crystals with different modes of assembly of macromolecular chains formed during cooling

[146]. The increases in Tc observed on the plasma-treated samples are in agreement with

other reports [147]. It is believed that the new functional groups generated by plasma

treatment act as nucleating sites, apparently leading to a higher nuclei density. This

higher nuclei density may in turn lead to a crystallization process at higher temperatures

[145–149, 155]. Ivanova et al. reported that nucleation is directly proportional to the type

and number of active groups on plasma-treated PCL ENMs [148].

From the DSC thermographs shown in Fig. 4.25, the crystallinity (Xc) can also be deter-

mined using Eq 3.10 on page 52 and the calculated values are presented in Table 4.8. It

was found that the degree of crystallinity values of pristine F–PCL, FA–PCL, and FAA–

PCL are 57.7 ± 1.7%, 55.8 ± 0.7%, and 53.9 ± 0.9% respectively. The reason for the

higher degree of crystallinity of F–PCL and FA–PCL in comparison to FAA–PCL might

be caused by the following factors: (i) the formic acid and acetic acid solvent system

promotes the cleavage of the ester bonds (acid–catalyzed scission), which results in a low

viscosity (Fig. 4.5 on page 63) due to a loss of molar mass [90, 107, 154]; (ii) shorter

molecular chains have a higher mobility rate than longer polymeric chains [106]; and (iii)

due to the slow evaporation rate of the F and FA solvent system, PCL molecular chains

have enough time to rearrange themselves thereby increasing the crystallization process

[106, 141].

It can also be observed from Table 4.8 that the conducted plasma treatments do not

significantly affect the Xc value of F–PCL and FAA–PCL ENMs. On the other hand,

in the case of FA–PCL ENMs, both investigated plasma treatments slightly increase the

Xc value. Considering the crystallinity degree obtained from DSC and FTIR, it can thus

be concluded that conducted plasma treatment do not significantly influence the crys-

tallinity degree of PCL ENMs. A linear relationship was obtained between Xc and χc

(Fig. A.4). The DSC analysis thus generally conformed the FTIR data, although some

minor differences in absolute values could be observed (for example, Xc is larger than

χc). These small differences might be caused by the different sampling areas and depth of

analysis of both techniques [148]. Moreover, crystallization is a thermally–induced process

in DSC. In general, the conducted plasma treatments do not affect the crystallinity degree

of the PCL ENMs. In contrast, the crystal size, crystallization temperature, and melting

temperature are for some PCL ENMs affected by the performed plasma treatments.
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Chapter 5

Conclusions

Most researchers have been using the DC high–voltage in the electrospinning process,

which means that a constant high voltage is delivered to the spinning electrode to pro-

duce the electrospun fibers. However, Until now, very few studies on the utilization of AC

high voltage in the electrospinning process. When AC high voltage is used, the voltage

can be supplied to the spinneret in various waveforms and frequencies. As a result, better

control over the delivery of the electric charges to the spinning solution. In addition, AC

electrospinning does not require an electrically active collector for collecting the electro-

spun fibers. Therefore, the main goal of this PhD dissertation was to study the impacts of

AC high voltage on the spinnability of PCL electrospun nanofibers. In addition, plasma

surface treatment effects on the PCL ENFs’s bulk properties were also studied. To do so,

a series of objectives and hypotheses were constructed (Chapter 1).

The first experimental part (sub-chapter 4.1) of the thesis was dedicated to studying

the impacts that various less–toxic solvents and applied AC–potential have on PCL’s

spinnability, morphology, and productivity. The polymer–solvent interaction parameters

and GPC results revealed that the formic acid/acetic acid/acetone (FAA) solvent system

was a stable and better solvent system for PCL than the formic acid/acetic acid (FA)

and the formic acid (F) since the acid-catalyzed degradation of ester bonds was substan-

tially reduced in the former solvent system. In contrast, F and FA were the hydrolytic

acids, which reduced the molecular weight of PCL during the dissolution as well as while

storing the precursor solution. In addition, viscosity results also confirmed these findings.

Interestingly, the used solvent system significantly impacts the critical polymer concen-

tration for the stable AC electrospinnability. For instance, 10 and 15 wt% of F–PCL

and FA–PCL produced the electrospun fibers at AC high voltage of 25 and 32 kVRMS,

whereas electrospinning was not possible at 5 and 20 wt%. In contrast, 5 and 10 wt%
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of FAA–PCL were AC spinnable at 25 and 32 kVRMS; at the same time, 15 and 20 wt%

impeded the electrospinning process. A linear relationship was observed between polymer

concentration and fiber diameter, applied AC high voltage and fiber diameter, as well as

applied AC high voltage and productivity of PCL ENS. At any constant concentration

of PCL, owing to the PCL stability in the FAA solvent system, FAA-PCL reflects higher

fiber diameter and higher productivity of PCL ENS followed by FA–PCL and F–PCL.

Also, when increasing the applied AC high voltage from 25 to 32 kVRMS”
the productiv-

ity of ENS increased from (1.1 ± 0.1 to 2.2 ± 0.2)g/h, (2.9 ± 0.1 to 6.9 ± 0.1)g/h, and

(5.7 ± 0.2 to 12.4 ± 0.3)g/h for F–PCL, FA–PCL, and FAA–PCL, respectively. The in

vitro experiment showed that all PCL ENS are noncytotoxic and biocompatible materi-

als. Higher cell viability was detected on day seven on F-PCL, followed by FAA–PCL and

FA–PCL ENS. The cytotoxicity and in vitro results thus confirmed that the fabricated

ENS could be used as a biomaterial in various biomedical and tissue engineering fields.

In summary, FAA is a better solvent system than FA and F in terms of PCL’s stability

and higher throughput of PCL ENS. Also, the obtained results support the hypothesis:

the carboxylic acids could be used as a solvent system for improving the AC spinnability

of PCL rather than common highly toxic organic solvents.

The second experimental part (sub–chapter 4.2) was dedicated to studying the impacts of

the various waveforms and frequencies of AC high-voltage signals on the spinnability, mor-

phology, fiber diameter, and productivity of PCL ENF. This study hypothesized that the

waveform and/or applied frequency of AC high-voltage signal are able to affect the electri-

fication of the liquid, jet initiation and termination, the length of the charged segments,

the whipping instability, and the formation of a virtual collector. Thus the waveform

and frequency of AC high–voltage signal can be used as new technological parameters

for controlling the AC spinnability of polymers. The obtained results revealed that the

waveform and the frequency comprise additional technological parameters with respect to

the AC spinnability and the productivity of PCL ENF. The waveform strongly influences

the formation of a stable fibrous plume. For example, the square and sine waveforms

created plumes at 10 Hz. In contrast, the triangle waveform acted to inhibit spinnability

at 10 Hz since it required more time to attain the critical voltage and the switching of the

voltage polarity. The waveform exerts a significant impact on the morphological features

of PCL ENF. In addition, various fiber diameter distributions were determined as a func-

tion of the waveform and applied frequency. The triangle and sine waveforms (with the

exception of 50 and 30 Hz) can be used for the fabrication of smooth fibers without the

presence of beads or spindles. The production of a trimodal fibrous morphology consisting

of beads, spindle and helical fibers is possible via the application of the square waveform.
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The minimum and maximum mean fiber diameters (0.34 ± 0.2 and 2.05 ± 1.9) µm were

obtained for the square and triangle waveforms at 30 Hz and 60 Hz, respectively. Higher

frequency waveforms encouraged the formation of thicker fibers. All the 50 Hz waveforms

evinced the three-fold higher mass production of nanofibers than did lower frequencies

(10 or 20 Hz). The square waveform exhibited the highest productivity (23.6 ± 0.4)g/h

followed by the sine (16.5 ± 0.3)g/h and the triangle (6.9 ± 0.2)g/h waveforms at 50

Hz. In addition, the original chemical structure of the PCL was not influenced by either

the waveform or the frequency. The square waveform at 50 Hz thus comprises a high

throughput technological parameter concerning PCL.

The third experimental part (sub–chapter 4.3) was shifted towards the surface plasma

treatment of PCL ENMs using a DBD reactor at medium pressure with various discharge

gas (argon and nitrogen). Argon and nitrogen plasma treatments effects on wettability,

morphology, surface functional groups, crystallite size, and crystallinity of F–PCL, FA–

PCL, and FAA–PCL ENMs were investigated for the first time. Argon and nitrogen DBD

plasma treatments were observed to incorporate polar oxygen- or nitrogen-containing

functional groups on the ENM surfaces respectively without modifying the morphological

properties of the PCL samples. This functional group grafting in turn resulted into a

significant increase in the surface wettability of F-PCL, FA-PCL, and FAA-PCL ENMs

with WCA values decreasing from 130° – 136° to 35° – 48° depending on the used dis-

charge gas and solvent system. DSC and FTIR analysis also revealed that the crystallinity

degree of PCL ENMs was not significantly affected (except for the Xc value of FA–PCL)

by the performed plasma treatments. On the other hand, the crystallinity degree of the

pristine PCL ENMs was influenced by the used solvent system. The F–PCL and FA–PCL

crystallinity degree were higher than in the case of FAA–PCL due to the hydrolytic be-

havior of formic acid and acetic acid. The melting temperature of F–PCL and FA–PCL

was not changed upon plasma treatment nor by the used solvent system which could

be attributed to the unchanged crystallite size. In contrast, the melting temperature of

FAA–PCL was slightly altered by the performed plasma treatments due to an increasing

crystallite size. The gathered results thus reveal that the performed plasma treatments

can strongly enhance the surface wettability of PCL ENMs without strongly affecting

their bulk properties.
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5.1 Significant output from the research and future work

Since traditionally used organic solvents in DC electrospinning for the fabrication of PCL

nanofibers were unable to create the electrospun nanofibers from AC electrospinning, this

study finds various the alternative solvent systems for PCL. Attaining a high PCL ENF

production rate as a function of the waveform and frequency of the AC high-voltage sig-

nal represents a significant breakthrough in the field of electrospinning technology and

the attainment of various fiber morphologies and fiber diameter distributions comprised

additional advantages.

It is pleasing to say that for the first time, this work has introduced a new techno-

logical parameter for controlling the electrospun fiber morphology and productivity using

free surface AC electrospinning. Furthermore, this paper will inspire the academic and

industrial communities to fabricate the various polymeric electrospun nanofibers as well

as composite nanofibrous yarns on an industrial scale using the collector less AC electro-

spinning technique. Also, this study has shown that plasma treatment did not impact the

crystallinity degree and crystal size of PCL electrospun nanofibers.

The author believes that in the near future, AC high voltage will be used as a power source

for electrospinning technology by the academic and industrial communities to fabricate

multi–dimensional electrospun nanofiber–based materials, i.e., composite yarns, nanofiber

coated surgical sutures, nanofiber coated dental flosses and bulky nanofibrous materials.

The study presented herein will be extended in the future so as to include the study

of the physical principles which govern the onset of AC electrospinning and the effects of

the waveform and frequency on the physico–chemical and mechanical properties of PCL

ENF.
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Appendix A

First Appendix

Figure A.1: Viscosity of various PCL solution as a function of storage condition and time.
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Figure A.2: Pore radious distribution probability.

Figure A.3: SEM images of PCL ENF as a function of the square waveform’s various
frequencies (beads, spindles, and helical structures are highlighted in red, orange, and
yellow, respectively).
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Figure A.4: A linear relationship between χc and Xc
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