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Abstract

Proposed dissertation thesis is dedicated to the preparation and characterization of novel

biocompatible nanofibers with both biological and medical potential applications.

The main emphasis of this thesis was focused on the preparation of composite nanofibers

respecting the principles of “green chemistry”, meaning hard requirements of tissue engi-

neering.

The theoretical part summarizes knowledge about the electrospinning process and

its parameters. The literature review also describes the electrospinning of proteins like

collagen and gelatin, their blends with synthetic polymers and biopolymers as well as with

inorganic fillers. One chapter deals with various kinds of crosslinking agents to improve

nanofiber hydrolytic stability. The last chapter is aimed to halloysite inorganic nanotubes

(HNT) gaining much attention for the use as drug carrier due to its remarkable physical

(mechanical reinforcement) and biological (biocompatibility and low toxicity) properties.

The experimental part is divided into two chapters, each of them examines issues of

nanofibrous material preparation from different perspective. The first part is focused

on novel hydrolytically stable antibacterial gelatin nanofibers modified with oxidized cel-

lulose. The unique inhibitory effect of the nanofibers was examined by luminometric

method using genetically modified Escherichia coli strain. Seeded adenocarcinoma lung

cells proved good adhesion and proliferation.

Second experimental part explores the effect of source and amount of natural tubular

halloysite on the structure and properties of biocompatible amphiphilic nanofibers based

on a polycaprolactone and gelatin. The addition of HNT improved the thermal stability,

mechanical properties (both stiffness and elongation) and reduced the crystallinity of

nanofibers. The HNT from different sources did not affect the cell behavior but slightly

influenced the proliferation and viability of cells on nanofibers.

Keywords

Electrospinning; amphiphilic nanofibers; gelatin; crosslinking; oxidized cellulose; poly-

caprolactone; halloysite; biomedical application.
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Abstrakt

Předkládaná disertačńı práce se zabývá př́ıpravou a charakterizaćı nových biokompa-

tibilńıch nanovláken s potenciálńı aplikaćı v medićıně. V této práci byl výběr jednot-

livých složek pro př́ıpravu nanovlákeného materiálu zvolen tak, aby vyhovoval nárok̊um

tkáňového inženýrstv́ı.

Literárńı rešerše shrnuje poznatky o elektrostatickém zvlákňováńı a o jeho paramet-

rech. Dále se věnuje možnostem elektrostatického zvlákňováńı protein̊u kolagenu a želatiny

a jejich směsmi se syntetickými polymery a biopolymery a anorganickými plnivy. Teore-

tická část řeš́ı také r̊uzné postupy śıt’ováńı nanovláken vedoućı ke zlepšeńı jejich hyd-

rolytické stability a mechanických vlastnost́ı. Posledńı část je zaměřena na anorganické

nanotrubky halloysitu (HNT), které źıskaly svou pozornost d́ıky svým vynikaj́ıćım fy-

zikálńım a biologickým vlastnostem.

V experimentálńı části byly zpracovány dvě př́ıpadové studie, z nichž každá se zabývá

př́ıpravou nanovlákenných biomateriál̊u s potenciálńı aplikaćı v medićıně. Prvńı studie je

zaměřena na př́ıpravu a charakterizaci nových hydrolyticky stabilńıch antibakteriálńıch

želatinových nanovláken modifikovaných pomoćı oxidované celulózy. Unikátńı inhibičńı

účinky nanovláken byly testovány na kmenu bakterie Escherichia coli pomoćı metody

chemické bioluminiscence. Kultivované buňky lidského papilárńıho adenokarcinomu plic

prokázaly dobrou adhezi a proliferaci k povrchu nanovláken.

Druhá část popisuje vliv zdroje a množstv́ı anorganických halloysitových nanotrubek

na strukturu a vlastnosti amfifilńıch nanovláken ze směsi želatiny a syntetického polykap-

rolaktonu. Př́ıdavek HNT zlepšil tepelnou stabilitu, mechanické vlastnosti (jak tuhost,

tak i prodloužeńı) a sńıžil krystalinitu nanovláken. HNT z r̊uzných zdroj̊u neměl vliv

na chováńı buněk, ale mı́rně ovlivnil proliferaci a životaschopnost buněk na povrchu na-

novláken.

Kĺıčová slova

Elektrospinning; amfifilńı nanovlákna; želatina; śıt’ováńı; oxidovaná celulóza; polykapro-

lakton; halloysit; biomedićınské aplikace.
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Chapter 1

Introduction

Nowadays, nanotechnology including electrostatic fiber spinning (electrospinning) ex-

hibits excellent progress in technology. According to the National Science Foundation,

nanofibers are defined as structures having at least one dimension of 100 nanometer (nm)

or less. On the other hand, nanofibers are generally considered as having a fiber diameter

of less than one micron [1]. The name comes from the unit of nanometer, a scientific

measurement unit representing a billionth of a meter. The enormous interest in the nano-

material field has appeared due to outstanding properties such as extremely high surface

area to weight ration as well as low density. Moreover, the nanofibers mimic the natural

fibrillar extracellular matrix [2]. Therefore, nanofiber based scaffolds are considered as

promising materials in biomedicine, particularly in skin tissue engineering, tissue regen-

eration, wound healing, vascular grafts and drug delivery systems.

Biopolymers are renewable resources, a class of macromolecules produced by living

organisms. Proteins (e.g. collagen, gelatin, elastin, silk fibroin, fibrin), polynucleotides

(DNA or RNA), peptides (RGD), polysaccharides (cellulose, starch, chitin, hyaluronic

acid), polyesters (poly-3-hydroxybutyrate) and polyisoprenoids (resins, essential oils) are

some examples of biopolymers. These macromolecules are responsible for the biological

functions of homeostasis, molecular sensing, catalysis and molecular motions [3]. The elec-

trospinning of biopolymers offers the possibility to prepare bioresorbable artificial tissue,

which do not only mimic the structure and function of native tissue, but also have the abil-

ity to degrade and become replaced with autologous tissue [4].

The main emphasis of this thesis deal with “green chemistry” utilization on the prepa-

ration of amphiphilic “hydrogel-like” water stable composite-based nanofibers with poten-

tial applications in biomedicine as wound healing coverings and/or drug delivery system.

Since pure gelatin nanofibers usually do not possess suitable mechanical properties and

hydrolytic stability for medical applications, their modifications by both crosslinking re-

actions and/or insertion of specific hydrophobic (both organic and inorganic) additives

may possess required mechanical and biological properties.

The thesis describes the investigation of novel hydrolytic stable nanofibrous mate-

rial consisting of gelatin and oxidized cellulose with unique hemostatic and antibacte-
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rial properties resulted in Czech utility model (Švachová et al.: “Composition for the

preparation of modified gelatinous nanofibers and nanofibers”, no. PUV 26811 accepted

30-04-2014) and patent application (Švachová et al.: “Composition for preparing modified

gelatin nanofilaments, nanofilaments and process of their preparation”, no. PV 2014-

5 (A3) website published 20-07-2015) and an article (Švachová et al.: “Novel electrospun

gelatin/oxycellulose nanofibers as a suitable platform for lung disease modeling”, Ma-

terials Science and Engineering C: Materials for Biological Applications, 2016, vol. 67,

p. 493–501. IF = 3.42).

Moreover, within this work, novel hydrolytically and mechanically stable, flexible

amphiphilic gelatin/polycaprolactone nanofibers modified with inorganic halloysite nan-

otubes (HNT) were prepared and published in extended abstract (Švachová et al.: “Bio-

degradable poly (ε-caprolactone)/gelatin nanofibers: Effect of tubular halloysite on struc-

ture and properties” AIP Publishing, 2016, vol. 1736, p. 020059–020063). Two papers

dealing with specific mechanical as well as with biological properties, respectively, are

currently under revision.

7



Chapter 2

State of the Art

2.1 Electrospinning

In 1990s electrospinning from the earlier used term of “electrostatic spinning” was coin-

ed [5]. Electrospinning is a process utilizing electrostatic forces to produce fine polymer

fibers ranging from tens nanometers to several micrometers [6]. The nanofibers have

many outstanding characteristics such as variable porosity, high surface to volume ratio,

superior mechanical properties, the possibility of surface functionalization [7] and mimic

natural fibrillar extracellular matrix [2].

Various natural or synthetic polymers and hybrid blends can be spun into a nanofiber

form. Whilst synthetic polymers (e.g. nylon, polycaprolactone and polyurethanes) exhibit

great flexibility in synthesis, these polymers lack the cell recognition sites and cell affinity

due to their low hydrophilicity. In comparison, natural polymers (collagen, gelatin, silk,

keratin, chitosan, etc.) show better biocompatibility and lower immunogenicity. Some of

them display hemostatic (collagen and gelatin) or antibacterial effect (polysaccharides)

and have better clinical application [8].

2.1.1 Electrospinning of Oxidized Cellulose

According to literature, electrospun nanofibers of OC have never been directly electrospun,

because of its poor solubility in organic solvents. Son and coworkers [9] described an alter-

native method to obtain ultrafine oxidized cellulose fibers. They firstly electrospun pure

acetate cellulose mats that were subsequently oxidized employing a mixture of inorganic

acids (HNO3/H3PO4/NaNO2) and then deacetylated in the ethanol/potassium hydroxide

solution. Cellulose acetate nanofibers were prepared as well as by the direct electro-

spinning process from water/acetone solvent mixture [10] or acetone/dimethylacetamide

solvent mixture [11]. Khil and coworkers [12] prepared fibrous oxycellulose mats from

cellulose dissolved in N-methylmorpholine-N-oxide, followed by oxidizing with nitrogen

dioxide (NO2).

The proposed dissertation thesis builds on the author’s diploma thesis [13] describing
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the electrospinning process of gelatin/calcium salt of oxidized cellulose (CaOC) blend

from acetic acid. However, the prepared nanofibers were heterogeneous due to the CaOC

insolubility in used solvent. In this work, preparation and characterization of homogeneous

OC-based nanofibers are depicted in more details.

2.1.2 Electrospinning of Collagen

Collagen is used in electrospinning process for over a decade [14]. Collagen is a good

candidate to be utilized in electrospinning for several reasons:

1. Collagen is the most abundant protein in the body where it acts as a structural

building block of the ECM found in most native tissues [15, 16].

2. Chemical, mechanical and biocompatible properties of collagen are well known [17].

3. Collagen possesses natural binding sites for the adhesion of osteoblasts that helps

in bone formation [18].

4. Collagen has an ability to increase cell adhesion and the differentiation of many

cells [16].

However, Zeugolis and coworkers [19] revealed the extensive denaturation of the col-

lagen nanofibers by circular dichroism (CD) in the article with title “Electrospinning of

pure collagen nanofibres — just an expensive way to make gelatin?”. The CD spectrum

of the lyophilized collagen detected the characteristic sinusoidal curve belonging to col-

lagen triple-helical structure. In contrast, electrospun collagen nanofibers exhibited CD

spectra specifying loss of triple-helical collagen; or proposing random coils similar to CD

spectrum of gelatin nanofibers.

Since the electrospinning process denatures the collagen structure into the gelatin

structure as described above and because of our difficulties to obtain pure collagen

nanofibers from “green solvents”(studied by circular dichroism) we decided to deal in

this work with gelatin, which is several times cheaper than collagen.

2.1.3 Electrospinning of Gelatin

Gelatin nanofibers and their blends are used for many potential applications such as wound

healing [20], nerve [21, 22], cartilage [23], bone [24], dental [25], dermal tissue engineering

applications [26] and vascular grafts [27]. Gelatin nanofibers exhibit higher tensile module

than collagen fibers [28–30]. Therefore, many studies directed gelatin nanofibers towards

the cardiac tissue engineering applications [31].
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2.2 Crosslinking of Gelatin Nanofibers

In the literature, electrospun nanofibers from gelatin usually undergo crosslinking process

after the nanofibers formation (post-crosslinking). The crosslinking of gelatin nanofibers

is necessary step to improve their hydrolytic stability, thermo-mechanical properties and

to enhance mechanical strength for potential biomedical applications [32, 33]. There are

two methods of crosslinking:

• Chemical crosslinking applying the chemical compound

• Physical crosslinking by different physical treatment

The chemical crosslinking of gelatin can be achieved by various chemical compounds

such as aldehydes (formaldehyde, glutaraldehyde and glyceraldehyde) [34], genipin [35–

37], polyepoxides [38], acyl azide [39], isocyanates [40], carbodiimides [41, 42], γ-glycidoxy-

propyltrimethoxysilane (GPTMS) [43] and enzymatically or naturally derived crosslinking

agents [44, 45]. Physical method of crosslinking involves dehydrothermal treatment (DHT)

and UV or gamma irradiation.

2.3 Halloysite Nanotubes

In this thesis, halloysite nanotubes have been chosen as a third component of PCL/Gel

nanofibers with potential application as drug delivery carrier. Nanosized tubular hal-

loysite, also called halloysite nanotube (HNT) is two-layered aluminosilicate clay with

empirical chemical formula Al2Si2O5(OH)·nH2O, which is chemically similar to kaolinite

with water molecules [46, 47].

Due to their high aspect ratio, the HNT is excellent reinforcement materials. HNT is

environmental friendly and very cheap material. The outer and inner structures are made

up of polar compounds (sheets of [SiO4] tetrahedral and sheets of edge-sharing [AlO6]

octahedral) providing a good hydrophilicity and a good dispersion in polar polymers and

biopolymers. Due to its elongated shape and cylindrical lumen, natural HNT can be

loaded with several chemically and biologically active substances. Drugs [48] (e.g. ibupro-

fen [49], tetracycline [50], khellin and nicotinamide adenine dinucleotide [51] and diphen-

hydramine hydrochloride [52]), proteins [53] (insulin [54]), DNA [55], antibacterials [56]

and cosmetics [57] can provide useful bionanocomposite materials for their controlled re-

lease in pharmaceutical applications. Halloysite is considered as a safe biocompatible

material, which can be removed from an organism with macrophages [58].
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Chapter 3

Main Aims of Dissertation Work

The main purpose of this dissertation work was to utilize the electrospinning process to

spun (bio)polymeric composites without the use of any toxic solvent in order to develop

novel nanofibrous materials with enhanced biological properties potentially applicable in

medicine as wound healing coverings and/or drug delivery system.

The main aims of this dissertation thesis are based on the structure properties, rela-

tionship and evaluation and are divided into two parts and can be summarized in following

highlights:

1. Oxidized cellulose based nanofibers

• Find optimal composition, conditions and parameters for electrospinning of

oxidized cellulose using non-toxic solvents

• Ensure sufficient hydrolytic stability of prepared nanofibers by different crosslink-

ing methods

• Evaluate antibacterial and cell-interaction properties

2. Halloysite filled amphiphilic nanofibers

• Optimizing the electrospinning process of PCL/Gel with HNT using non-toxic

solvents

• Evaluate the effect of HNT on nanofibers mechanical and biological properties
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Chapter 4

Experiment Overviews

4.1 Electrospinning Process

Electrospinning process was carried out using laboratory machine NanospiderTM

NS LAB 500S from Elmarco s.r.o. (Czech Republic) at room temperature and relative

humidity of 60% using rotary spinning electrode with the speed of 5 rpm. The distance

between spinning and collecting electrode was kept at 150 mm. NanospiderTM technology

is based on needle-free, high voltage (up to 80 kV) and free liquid surface electrospinning

process that produces uniform non-woven nanofiber mats [59, 60]. Therefore, for each

sample the applied voltage was adjusted in a range between 40–70 kV, the voltage lower

than 40 kV has not led to the successful spinning process.

4.1.1 Electrospinning Process of Gelatin

A gelatin solution was prepared by the adding calculated amount of gelatin (9 wt. %

and 15 wt. %) into the 25 mL of acetic acid. Then, these gelatin solutions were stirred

overnight. Immediately before the electrospinning process gelatin solutions were dispersed

in ultrasound bath for 15 min.

4.1.2 Electrospinning Process of Gelatin/Oxycellulose

Gelatin (8 wt. % in acetic acid) was slowly mixed in a ratio of 1:0; 1:1; 1:2; 1:3; 2:1 and 3:1

with powder of sodium salt of oxycellulose (NaOC) and stirred overnight. Immediately

before the electrospinning process solutions were dispersed in ultrasound bath for 15 min.

Sample labeling, applied voltage and process results are described in Table 4.1. Sample

labeling of prepared nanofibers was formed by the abbreviation of used polymers with

their weight ratios being provided in subscript (e.g. Gel/NaOC2:1).
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Table 4.1: The composition of prepared polymer mixtures and suitable electrospin-

ning parameters.

Gel/NaOC

Weight

Ratio

Sample Label-

ing

Applied

Voltage

[kV]

Outcome

1:0 Gel 57 Nanofibers

1:1 Gel/NaOC1:1 48 Defects and beads

2:1 Gel/NaOC2:1 48 Nanofibers

3:1 Gel/NaOC3:1 45 Nanofibers

1:2 Gel/NaOC1:2 56 Electrospraying process

1:3 Gel/NaOC1:3 70 Not analyzed

4.1.3 Electrospinning Process of Gelatin/Polycaprolactone/HNT

PCL/Gel solution was prepared by adding calculated amount of polycaprolactone (PCL

– 6 wt. %) and gelatin (Gel – 6 wt. %), weight ratio 1:1, into the 25 mL of acetic

acid. PCL/Gel/HNT mixtures were obtained by the addition of different amount of

HNT (0.25, 0.5, 1, 3, 6 and 9 wt. %) to the PCL/Gel solution. Then, these mixtures

were stirred overnight. Immediately, before the electrospinning process mixtures were

dispersed in ultrasound bath for 15 min. Sample labeling of prepared nanofibers was

formed by abbreviations of used HNT type (Sigma Aldrich – SA, New Zealand – NZ and

Slovakia – SK) and its used weight concentration (e.g. PCL/Gel nanofibers modified with

0.5 wt. % of halloysite from New Zealand — 0.5 NZ).

4.2 Investigation of Gel/OC Nanofibers Crosslinking

Process

Nanofibers with the best fibrous structure made from Gel/NaOC2:1 were then crosslinked

by dehydrothermal treatment method (DHT) at 100 ◦C in vacuum oven (Vacucell, BMT,

Czech Republic) for 10 hours and/or in situ with EDC/NHS in molar ratio 1:2

(20 mM/40 mM, respectively). The use of NHS in the crosslinking reaction gives an NHS-

activated carboxylic acid group, which is very reactive towards amino groups of hydroxyly-

sine, obtaining so-called zero-length crosslinks [60]. Polymer/solvent/EDC/NHS mixtures

were homogenized for 5 min to make uniform suspensions and were used immediately for

electrospinning process. For sample labeling of crosslinked nanofibers, a prefix X was used

and type of crosslinking process was subscripted (e.g. Xinsitu/DHT ).
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Chapter 5

Overview of Main Results

5.1 Oxidized Cellulose Based Nanofibers

The main purpose was electrospinning of oxidized cellulose to prepare antibacterial nano-

fibers for wound healing applications. Even we have used water insoluble CaOC or water

soluble NaOC, nanofibers from pure oxidized celluloses either in acetic or formic acid were

not formed. In diploma thesis gelatin was used to promote the electrospinning process with

CaOC. Prepared nanofibers exhibited composite-like properties since the CaOC remained

in the form of insoluble micro particles incorporated into gelatin nanofibers. However,

they exhibited excellent antibacterial properties.

Here, sodium salt of oxycellulose (NaOC) was used in combination with gelatin to

expand novel homogeneous nanofibrous materials that can be readily produced by Nano-

spiderTM technology. Evaluated structure-property relationship are described below.

5.1.1 The Effect of Gelatin/NaOC Composition on Nanofiber

Properties

Gelatin nanofibers modified with Na+ salt of oxidized cellulose were prepared in differ-

ent gelatin/oxidized cellulose (Gel/NaOC) weight ratios, which significantly influenced

the electrospinning process (see Table 4.1).

The solution of Gel/NaOC1:2, containing twice higher amount of NaOC per gelatin,

exhibited only electrospraying process without nanofiber formation (see Figure 5.1a).

Higher amount of NaOC in gelatin solution – Gel/NaOC1:3 was not suitable neither for

electrospinning nor electrospraying process. Therefore, at least weight equilibrium be-

tween gelatin and NaOC (Gel/NaOC1:1) is needed to obtain nanofibers with beads and

some defects (see Figure 5.1b). Pure oxidized cellulose has not been electrospun yet,

because of its poor solubility in suitable organic solvents [9].

Homogeneous nanofibers were obtained when twice higher amount of gelatin to NaOC

has been used (Gel/NaOC2:1). Nanofibrous structure raised also in the case of Gel/OC

with weight ratio 3:1 (see Figure 5.1c). However, ATR-FTIR analysis has not shown any
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characteristic vibrations of oxidized cellulose. Therefore, only nanofibers with

gelatin/NaOC ratio alike to 2:1 were further biologically studied and examined. An opti-

mal concentration for fine fiber formation is highlighted with bold in the Table 4.1.

Figure 5.1: SEM visualization of obtained gelatin nanofibers modified with sodium salt of

oxycellulose. (a) electrospraying - sample Gel/NaOC1:2, (b) fibrous products with many

beads sample Gel/NaOC1:1, (c) homogeneous nanofibers - sample Gel/NaOC3:1.

The SEM visualization shows the Gel/NaOC2:1 nanofibers owned uniform shape with

average fiber diameter of 262±34 nm with homogeneously distributed NaOC (as can be

seen in Figure 5.2a). The SEM/EDX analysis also confirmed the homogeneous distri-

bution of sodium, originating from NaOC, in the entire volume of the nanofibers (see

Figure 5.2b). Any separate particles of OC were not observed. Yellow color represents

distribution of sodium, blue oxygen, green nitrogen and red one carbon.

Figure 5.2: SEM/EDX analysis of obtained gelatin nanofibers modified with NaOC.

(a) SEM images of gelatin nanofibers modified with NaOC, (b) EDX analysis of gelatin

nanofibers modified with NaOC, sodium (yellow), oxygen (blue), nitrogen (green) and

carbon (red) [61].
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5.1.2 The Effect of Crosslinking Process on Nanofiber Proper-

ties

Due to the sensitivity of produced nanofibers to high humidity and water, conventional

crosslinking process with EDC/NHS and/or DHT was necessary step to prepare hydrolyt-

ically stable nanofibrous material. Generally, the submersion of pure gelatin nanofibers

into water led to the nanofibers instant dissolution due to their very low hydrolytic sta-

bility. Here, Gel/NaOC2:1 nanofibers were crosslinked either by DHT and/or chemically

“in situ”with carbodiimides to improve the nanofiber hydrolytic stability. The EDC/NHS

was used with the aim of crosslinking reaction of cellulose carboxyl groups with gelatin

amino groups. The expected reaction mechanism of NaOC carboxylic group activa-

tion and their subsequent reaction with the amino group of gelatin to produce new

amide and anhydride bonds is shown in the Figure 5.3. Carboxylic groups of oxidized

cellulose react with carbodiimide to produce unstable intermediate, O-acylisourea (1).

The O-acylisourea (1) can react with other carboxylic group from gelatin to yield car-

boxylic anhydride (2) or with amino group of gelatin to produce new amide bond (4).

The presence of NHS in the crosslinking reaction converts the O-acylisourea group into

NHS activated carboxyl group (3) that is very reactive towards amino groups of gelatin ob-

taining so-called zero-length crosslinks. Neither EDC nor NHS is not included in the newly

formed network but they create a urine byproduct which can be very simply removed by

washing with water [62].

Figure 5.3: The crosslinking process of Gel/NaOC using carbodimides.
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The morphology of crosslinked nanofibers examined by SEM is shown in Figure 5.4.

Chemical crosslinking of nanofibers with EDC/NHS has not caused any significant struc-

ture changes of the nanofibers (see Figure 5.4a). The nanofibers kept their smooth struc-

ture with fiber diameter ranging from 100 nm to 350 nm. On the other hand, DHT

treatment brought out the melting of the native nanofibers resulting in dense fiber net-

work with small pore size (see Figure 5.4b). The fiber diameter of XDHTGel/NaOC2:1

ranging from 200 nm to 400 nm is higher than uncrosslinked Gel/NaOC2:1 probably

due to the residual moisture of nanofibers, which could partially dissolve gelatin as well

as water soluble NaOC at higher DHT temperature. Figure 5.4c shows homogeneous

Gel/NaOC2:1 sample crosslinked by both in situ and DHT methods. The residual mois-

ture in gelatin nanofibers can induce the formation of new amide bond and esterification

between free carboxyl and/or amino and/or hydroxyl groups [63] as was confirmed in the

case of Xinsitu/DHTGel/NaOC2:1 by ATR-FTIR. Crosslinking efficacy was further assessed

by hydrolytic stability.

Figure 5.4: SEM visualization of Gel/NaOC2:1 crosslinked nanofibers: (a) in situ crosslink-

ing with EDC/NHS, (b) DHT post-treatment of Gel/NaOC2:1 and (c) both in situ

crosslinking with EDC/NHS and DHT post-treatment of Gel/NaOC2:1 [61].

Whereas CaOC modification has not improved the hydrolytic stability of gelatin

nanofibers due to inhomogeneous CaOC distribution in the nanofibers [61], the NaOC

modification of gelatin nanofibers extended their water stability up to 15 min. However,

Gel/NaOC2:1 nanofibers crosslinked with EDC/NHS and/or DHT were stable in water

for at least 3 days (see Figure 5.5). The longest hydrolytic stability exhibited the sample

Xinsitu/DHTGel/NaOC2:1 crosslinked by the combination of both methods.
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Figure 5.5: Degradation curves of the nanofibers: uncrosslinked Gel/NaOC2:1 (blue),

Gel/NaOC2:1 crosslinked by DHT (purple), Gel/NaOC2:1 crosslinked with EDC/NHS

(red) and Gel/NaOC2:1 crosslinked by the both methods (black) [61].

5.1.3 Antibacterial Properties of Gel/NaOC Nanofibers

Bacterial luminescence measurement was used as a useful tool for the testing of nanofibers’

antibacterial effect. This method is based on the production of bioluminescence signal

depending on the viability of bacterial cells. For all nanofiber assayed, the decrease of

bioluminescence has shown their inhibitory effect on genetically modified bacteria E. coli

strain (gram-negative), as can be seen in Figure 5.6. The modified bacteria include

a plasmid with the complete luxABCDEamp operon, which results in the expression of

bacterial luciferase [64, 65]. Namely, pure gelatin nanofibers exhibited 28% inhibition

of E. coli (p < 0.05), while the NaOC addition increased the inhibitory effect up to

60% inhibition (p < 0.05) over the pure gelatin. Compared to gelatin modification with

CaOC, which was listed in [13], the inhibition of gelatin nanofibers modified with NaOC

was about 30% smaller than the inhibition of gelatin nanofibers modified with CaOC

[61]. This effect was hypothesized that the increased inhibitory effect of gelatin doped

with CaOC is due to Ca2+ ions presence. In the literature [66] it is described the Ca2+

substitution replacement for Mg2+ bivalent ions of pyrophosphatase enzyme resulting in

unfavorable biochemical transformations in microorganism.
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Figure 5.6: Kinetics curves representing the bioluminescence of E. coli within 1 hour

of measurement in the presence prepared gelatin nanofibers (black), gelatin nanofibers

modified with NaOC (blue) and non-treated sample (E. coli - red)[61].

5.1.4 Biocompatibility of Nanofibers with Human Cells

Potential medical utility of the nanofibers depends on the total cytotoxicity of nanofibrous

materials. The cytotoxicity of the crosslinked nanofibers, as well as the products of

their biological degradation, were examined using human lung adenocarcinoma cell line

H441. This line was considered to be a suitable in vitro model for human distal lung

epithelial barrier [67]. The cell morphology and cell physical contact to the nanofibers

were simultaneously studied. As follows from the absence of any ethidium bromide-

mediated red staining of cells, dying of cells in the presence of nanofibers and/or their

degradation products was minimal or none, revealing non-toxic environment of all tested

nanofibers.

The cell morphology of nanofibers with the longest hydrolytic stability

(XDHTGel/NaOC2:1 and Xinsitu/DHTGel/NaOC2:1) were examined. Specifically, nuclei

and cytoskeleton of the cells were visualized to evaluate their shape and distribution by

fluorescence microscopy and analyzed detailed morphological features of the cells by SEM.

Generally, the cells growing in contact with the nanofibers showed the same appearance

as the cells growing under standard culture conditions (see Figure 5.7). The cells detected

regularly shaped nuclei without any protrusions. Frequent occurrence of mitotic figures

documenting normal cell division and well developed network of actin. No signs of bleb-

bing of cytoplasmic membrane were detected. Only regular microvilosity of cell surface

and firm contacts with the nanofibrous structures were observed.
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Figure 5.7: Morphological features of cells growing on fibrous materials visualized by

fluorescence microscopy (a-d), where red color stains actin and the blue color visualizes

chromatin, and SEM (e-h), where red arrows are cells and blue arrows depict supporting

material. Growing cells on samples: XDHTGel/NaOC2:1 for 1 day (a, e) and 3 days (b, f)

and on Xinsitu/DHTGel/NaOC2:1 for 1 day (c, g) and 3 days (d, h) [61].

5.2 Halloysite Filled Amphiphilic Nanofibers

In the second case, the electrospinning process of hydrophobic poly(ε-caprolactone) and

hydrophilic gelatin with addition of halloysite was investigated as a potential drug deliv-

ery system. The effect of halloysite nanotubes source and different weight concentration

on the structure, morphology, chemical composition, mechanical and thermal properties

and, hydrolytic stability and cell behavior of the electrospun poly(ε-caprolactone)/gelatin

(PCL/Gel) nanofibers were systematically examined. These nanofibers were newly pre-

pared by the usage of tissue friendly organic solvent, acetic acid only. To our knowledge,

this is the first study relating to the systematic investigation of the effect of the different

HNT type on the properties of the electrospun PCL/Gel/HNT composite nanofibers.
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5.2.1 Effect of HNT on PCL/Gel Nanofiber Structure and Mor-

phology

PCL/Gel nanofibers modified with an addition 0.5, 1, 3, 6, and 9 wt. % of three different

type of HNT were successfully prepared by electrospinning process. The effect of HNT

addition on resulted morphology and structure of the prepared electrospun nanofibers

were carried out with SEM and EDX inspection, respectively.

HNT is held together in bundles by van der Waals force. Thus, it was crucial to

disperse nanotubes homogeneously in PCL/Gel matrix to acquire satisfactory mechanical

performance of the nanofibers. Therefore, in the first step the ultrasound bath was utilized

during the nanofiber preparation.

As it is obvious from SEM images, the incorporation of halloysite significantly in-

fluenced the morphology of prepared composite nanofibers. The non-modified PCL/Gel

nanofibers exhibited a randomly oriented irregular structure with fiber diameter in the

wide range of 80–925 nm, as can be seen in Figure 5.8. Large diameter distribution of

nanofibers could be caused by the different spinnability of polymers (PCL and gelatin)

from the acetic acid. It is quite known that gelatin is simply electrospun from the acetic

acid [68, 69]. On the other hand, the electrospinning process of PCL from pure acetic

acid has not been reported due to low solubility PCL in the solvent.

Figure 5.8: SEM visualization of PCL/Gel nanofibers. The plot on the right side shows

the histogram of fiber diameter distribution.

The HNT addition led to the preparation of randomly oriented fibrous mats with re-

duced fiber diameters. The exception showed PCL/Gel nanofibers modified with HNT NZ,

in which the fiber diameter increased with the addition at least 3 wt. %. Generally, fiber

diameter of modified nanofibers ranged from 20 nm to 900 nm depending on the concentra-

tion and type of halloysite. Decreased fiber diameter with increasing HNT concentration
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could be ascribed to the enhanced electrical conductivity of the polymer suspension and

thus changing spinnability during the electrospinning process as was reported in the study

[70]. The fiber diameters are influenced by the HNT content, all modified nanofibers had

thinner fiber diameter than original PCL/Gel nanofibers. Elemental analysis EDX pri-

marily confirmed aluminum and silicon deposition originating from halloysite. It indicated

that halloysite tubes were homogeneously dispersed in the fibers in the case of the sam-

ple 6 SA, as it is shown in the SEM/EDX mapping images of Figure 5.9b. Figure 5.9a

illustrates the origin SEM image of analyzed structure.

In the next step, the EDX was used to determine and distinguish the location of gelatin

and polycaprolactone nanofibers. As it is evident in Figure 5.9c, the area mapping of

nitrogen, coming from gelatin, clearly shows that nitrogen is homogeneously distributed

in all nanofibers. It seems that gelatin nanofibers can partially wrap polycaprolactone

nanofibers or both polymers were spun as a blend.

Figure 5.9: Energy dispersive X-ray (EDX) analysis of PCL/Gel nanofibers modified with

HNT SA (6 wt. %): (a) SEM visualization of the specimen, (b) EDX analysis: silicon

(yellow), aluminum (blue), oxygen (green), carbon (red) and nitrogen (purple), (c) EDX

mapping analysis of nitrogen in the surface of the specimen.

As it is obvious from SEM visualization 5.10, the nanofibers containing HNT SA ex-

hibited uniform morphology with HNT located merely inside the individual nanofibers

(see Figure 5.10-first row). In the case of the HNT SK modification, prepared nanofibers

containing 0.5–3.0 wt. % of HNT SK showed also the uniform structure doped with HNT

inside the fibers. In the nanofibers modified with addition of 6 wt. % and 9 wt. % HNT SK

particles as well as the agglomerates of HNT were detected in both, in the inner part as

well as separately between the fibers (see Figure 5.10-third row). HNT NZ modifica-

tion led to the preparation of inhomogeneous nanofibers with agglomerates starting at

the concentration of 3 wt. % (see Figure 5.10–fifth row).
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Figure 5.10: Representative SEM visualization characterizing PCL/Gel nanofibers modi-

fied with different concentrations and types of HNT (HNT SA (first row), HNT SK (third

row) and HNT NZ (fifth row)). An appropriate histogram of fiber diameter distribution

is shown below the concerning SEM image.
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5.2.2 Effect of HNT on Thermal Properties of PCL/Gel Nano-

fibers

The thermal stability of composite nanofibers was studied by TGA as a change in mass

with increased temperature. Obtained thermograms are given in Figure 5.11. Powder

HNT exhibited two mass losses. The TGA revealed on non-modified PCL/Gel nanofibers

decomposed in four steps at approx. 100, 275, 320 and beyond 500 ◦C respectively.

The initial weight loss occurring between 35 and 120 ◦C is related to the evaporation

of water molecule [71]. After this initial weight loss, nanofibers were quite stable until

the temperature reached 220 ◦C. The second weight loss taking place in the range 220–

300 ◦C is connected to decomposition of ester bonds in gelatin [72]. Next step starting

at 340 ◦C is related to polycaprolactone chain cleavage and unzipping depolymerization

from the hydroxyl end of the polymer chain [73]. The last step of thermal degradation

of the PCL/Gel nanofibers occurred beyond 500 ◦C and is corresponded to the breaking

of amide and imide bonds in gelatin [72]. As shown in Figure 5.11 (black curve), non-

modified PCL/Gel decomposed to 9.3 wt. % of residue at temperature up to 600 ◦C.

In comparison with the non-modified nanofibers, PCL/Gel nanofibers enriched with

HNT were more stable even under 600 ◦C, the residue is related to the HNT. Moreover,

these nanofibers showed one more weight loss around 430 ◦C that belonged to the removal

of physically adsorbed water in the HNT.

Figure 5.11: TGA analysis of PCL/Gel nanofibers modified with HNT: non-modified

PCL/Gel (black), powder HNT SA (red), 0.5 SA (blue), 1 SA (dark cyan), 3 SA (ma-

genta), 6 SA (orange) and 9 SA (green).
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It was also observed that in the case of nanofibers modified with HNT SA the total

mass loss is higher than in the cases of the modification with HNT SK as well as with

HNT NZ. Cai and coworkers [74] reported that the improvement of thermal stability

through the introducing fillers was largely dependent on the dispersion of fillers in matrix.

This can be confirmed by our previous observation, when the agglomerate-free structures

were prepared only with the addition of HNT SA. As it was discussed above, the addition

of HNT SK and HNT NZ led in most cases to inhomogeneous structures and formation of

agglomerates. Therefore, relatively uniformly dispersed HNT in the PCL/Gel nanofibers

creates a potential barrier to the passage of the volatile pyrolized products from the matrix,

eventually retarding thermal decomposition of the modified nanofibers. The maximum

rate of nanofibers’ degradation modified with 9 wt. % HNT SA (PCL degradation) was

twice smaller than the non-modified nanofibers and 15 % smaller than in the case of

nanofibers with both modification, HNT NZ and HNT SK modification.

The DSC thermogram of pure PCL nanofibers showed an endothermic peak at the tem-

perature range between 40-70 ◦C, with a maximum at 62 ◦C. This peak is associated with

the melting of the crystalline phase. One broad endothermic peak relating to the evap-

oration of water from the sample was observed in the case of pure gelatin nanofibers in

a range 60-175 ◦C with corresponding maximum at 105 ◦C. The addition of gelatin to

the PCL did not alter the melting point. However, the enthalpy of fusion of PCL/Gel

nanofibers decreased from 83 J · g−1 to 37 J · g−1.

The addition of halloysite to nanofibers had a significant influence on the crystallinity

of polycaprolactone (see Figure 5.12) as follows from the DSC thermograms. The addition

of halloysite to PCL/Gel nanofibers slightly alter the melting point of PCL as well as its

enthalpy of fusion.

To sum up, the addition of gelatin could cause that the gelatin molecular chains

entangled with polycaprolactone molecular chains. With further addition of halloysite,

the miscibility and interaction between gelatin and PCL were improved. It led to more

chain entanglements that limited the chain mobility and crystallization of PCL. The lower

crystallinity of PCL also specified better miscibility of PCL and gelatin hybrid nanofibers.
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Figure 5.12: The effect of HNT on crystallinity of the nanofibers: nanofibers modified

with HNT SA are depicted in green, HNT SK in red and HNT NZ in black.

5.2.3 Effect of HNT on Mechanical Properties of PCL/Gel Nano-

fibers

Mechanical properties (tensile strength, Young’s modulus and elongation to failure) have

overriding importance for prepared nanofibers, potentially used in medical applications.

Therefore, the mechanical properties of the electrospun nanofiber mats were investigated

by the tensile stress-strain testing method. Relative improvement of tensile strength,

Young’s modulus and elongation to the failure is summarized in Figure 5.13.

The mechanical reinforcement performance of HNT on the nanofibers is depended on

the effective load transfer from the matrix-nanofibers to the HNT. That can be achieved,

if the strong interactions between the HNT-nanofibers interface are presented, as well as

the HNT is homogeneously dispersed in the nanofibers. Three main mechanisms of inter-

actions between the matrix and fillers exist, including chemical bonding, van der Waals

force and micromechanical interlocking [74]. In this study, the most effective interactions

between HNT and PCL/Gel nanofibers are hydrogen bonding.

Generally, the decrease in the mechanical properties of the nanofibers could be ex-

plained by HNT agglomerates, which can be formed in the nanofibers. The HNT agglom-

erates in the nanofibers were more evident at higher HNT concentration.

The reinforcing effect of HNT SA on tensile strength, Young’s modulus and elongation

to failure was observed in whole region of HNT content, as can be seen in Figure 5.13

(green columns). The highest improvement was achieved, if the HNT SA content in

nanofibers presented up to 6 wt. %. With the addition of 0.5 wt. % HNT, the tensile
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strength and Young’s modulus demonstrate an improvement of 100 and 300%, respec-

tively. In fact, the SEM/EDX analysis of these nanofibers confirmed that the agglom-

erates of HNT in these nanofibers are not observed, indicating good dispersion of HNT.

Thus, applied external load can be effectively transferred to HNT, inducing the improve-

ment of mechanical properties of the blended nanofibers. It follows that the nanofiber

mats became stronger and stiffer. However, the addition of HNT SA of 9 wt. % did not ex-

hibit enhancing effects, due to increasing quantity of agglomerates. In agglomerates good

filler-matrix interfacial adhesion cannot be formed. Moreover, the agglomerates disrupt

the effective load transfer from the polymer matrix to the fillers. Therefore, these ag-

glomerates operate as the source of defects, resulting in reduced mechanical performance

[75].

In the case of nanofibers containing HNT SK (see Figure 5.13, red columns), the im-

provement of tensile strength, Young’s modulus and elongation in all cases was also

achieved. The highest improvement of mechanical properties was achieved, if the HNT SK

content in the nanofibers presented 0.5 wt. %. In this case, multiple enhancements of

strength (2x), elongation (4x) and modulus (2x) were confirmed.

In the case of HNT NZ modification (see Figure 5.13, blue columns), the mechanic

parameters were the worst in the comparison with HNT SA as well as with HNT NZ.

However, the addition of 0.5 wt. % of HNT NZ into nanofibers also improved the mechanic

parameters compared to original PCL/Gel nanofibers.

5.2.4 Effect of HNT on Hydrolytic Stability of PCL/Gel Nano-

fibers

One of the important parameters determining the criteria of fibrous materials for medical

application is their hydrophilicity [76]. For the real determination of the hydrophilicity,

the capability of water retention with the measurement of water uptake was investi-

gated. Water uptake of the nanofibers was studied in ultrapure water. All fibrous mats

reached their maximum water absorbing capacity within 10 min (see Figure 5.14). It sug-

gests that water passed through the pores between the fibers due to capillary action [77].

Nanofibers, exhibiting a large surface area and very small volume, could be then quickly

saturated by water. The increasing concentration of HNT decreased the water uptake due

to the interaction between the nanofibers and halloysite as it was confirmed by ATR-FTIR

spectroscopy. Moreover, the swelling ability of electrospun nanofibers is also attributed

to their porosity and the hydrophobicity of neat HNT. The incorporation of HNT into

the PCL/Gel nanofibers cause the reduction of the porosity. Hence, the volume for water

absorption decreased leading to the decrease of the swelling capacity. The resulting course

of water uptake was for all type of HNT modification similar. For this reason, the depen-

dence of water uptake of HNT SA modification on the time was chosen as representative

sample (see Figure 5.14).
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Figure 5.13: Relative improvement of mechanical properties in (a) tensile strength,

(b) elongation and (c) Young’s modulus of HNT modified PCL/Gel nanofibers: PCL/Gel

nanofibers (black columns), the nanofibers modified with HNT SA (green columns),

HNT SK (red columns) and HNT NZ (blue columns).
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Figure 5.14: (a) Water uptake of electrospun nanofibers containing HNT: PCL/Gel

nanofibers (black), the nanofibers containing of 0.5 wt. % of HNT (blue), 1 wt. % of

HNT (red), 3 wt. % of HNT (magenta), 6 wt. % of HNT (orange) and 9 wt. % of HNT

(green), (b) the effect of HNT on water uptake of the nanofibers after 10 min of swelling.

The hydrolytic stability of the nanofibers was investigated by incubating in ultrapure

water for up to 8 weeks (56 days). The mass loss was carried out as the mass loss between

the original and re-dried samples immersed in the water for regular periods. The common

hydrolytic stability is than defined as a function of weight decrease.

Hydrolytic degradation of PCL/Gel nanofibers containing increasing amount of differ-

ent HNT types did not show any significant trend. In the case of HNT SA modification,

the hydrolytic stability of nanofibers with higher HNT concentration (3 wt. % and higher)

revealed that these nanofibers were more stable than nanofibers without any HNT. On

the other hand, the nanofibers with lower HNT content (0.5 wt. % and 1 wt. %) were less

stable. If the nanofibers contained higher HNT concentration, the HNT interaction with

carboxyl group of gelatin (esterification in acidic condition) was more probable. Therefore,

the nanofibers with higher concentration of additive could be more stable.

In the case of HNT SK modification, the hydrolytic stability of PCL/Gel nanofibers

after 2 months was higher than the nanofibers containing HNT SK. It can be caused by

the present of different geometry of HNT. HNT SK, as was mentioned above, consisted

of many platelet particles that can disrupt the smooth shape of individual fibers.

The nanofibers including HNT showed a fast weight reduction for up to approx. 7 days

(ranging from 25 % to 60 % total), with a next slight change up to 56 days (ranging

from 32 % to 62 % total). However, the unmodified PCL/Gel nanofibers exhibited fast

degradation time for up to approx. 3 days (27 % total), with a further change up to 56 days

(58 % total). Results clearly show the high rate of the nanofiber degradation in first week

of testing. As expected, it was attributed to the present of gelatin in nanofibers, which

would be dissolved as a major component especially at the initial period. It is well known

29



that PCL degrades slowly over a longer time [78]. It was also confirmed by ATR-FTIR

spectroscopy of the air dried nanofibers, as can be seen in Figure 5.15.

The spectra of the PCL/Gel nanofibers after degradation revealed the absorbance in-

tensity of gelatin bands - amide A (3288 cm−1), amide I (1640 cm−1), amide II (1535 cm−1)

and amide III (1239 cm−1) decreased in degradation time. On the other hand, the ab-

sorbance intensity of PCL bands remained without any changes. In ATR-FTIR spectra

was also obvious that the HNT remained in the nanofibers after the degradation (as can

be seen in the Figure 5.15b).

Then, the gelatin and halloysite concentration in the degraded residues were estimated.

The gelatin concentration in degraded residues was calculated by dividing the area under

the Amide I band (1640 cm−1) by the area under the carbonyl band (1728 cm−1) using

integration by OPUS software. HNT concentration in degraded residues was calculated

by dividing the area under the Si–O–Al band (748 cm−1) by the adding of area under

the carbonyl band (1728 cm−1) and the area under the Amide I band (1640 cm−1).

The concentration of gelatin in the degraded residue decreased during 7 days dramatically,

up to 90 % of gelatin degraded in most nanofibers because gelatin was not chemically

crosslinked.

Figure 5.15: ATR-FTIR of PCL/Gel nanofibers (a) and the nanofibers modified with

9 wt. % of HNT SA (b) before degradation (black spectrum) and after degradation for

1 day (red spectrum), 1 week (blue spectrum), 1 month (green spectrum) and 2 months

(magenta spectrum).

The concentration of halloysite in the nanofibers reduced dramatically during first day

of degradation. With increasing concentration of halloysite in the nanofibers (6 wt. % and

9 wt. %), halloysite remained in nanofiber mats during within 60 % and 80 %, respectively.

Nanofibers containing 0.5 wt. % and 1 wt. % of HNT lost almost all amount of halloysite.

It follows that halloysite can be incorporated in the gelatin as well as polycapro-
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lactone nanofibers. Moreover, halloysite can be located between the fibrous structures.

There is hypothesis, that during the degradation the halloysite nanotubes located be-

tween the nanofibers were removed firstly due to poor interaction between the HNT and

the nanofibers. Then, halloysite nanotubes contained inside the gelatin nanofibers were

eliminated. The HNT kept inside the PCL structure remained in the degraded nanofibers.

Changes in surface morphology of the nanofibers 1, 7, 28 and 56 day after degradation

were observed by SEM. The SEM images are shown in Figure 5.16. Although the gelatin

in the nanofibers dominated the initial degradation, the effect of hydrolytic degradation

on the nanofibers was indistinct in a day. As time passed, dissolved nanofibers showed an

almost similar morphology to origin nanofibers. The electrospun mats maintained their

fibrous structure. It is considered that the gelatin was mixed homogeneously with PCL

in the nanofibers. After 1 week, the nanofibers started to degrade and some fibers were

broken down. The surface of the nanofibers became rough with a continual degradation

process. The degradation of gelatin molecular chains results in the increase of nanofibers

surface roughness, therefore accelerating the infiltration of water into the nanofibers.

The uniform degradation process also indicates the entanglement of gelatin and PCL

chains.

5.2.5 Proliferation and Viability of Fibroblasts on Nanofibers

The nanofibers containing 0.5 wt. % and 6 wt. % of HNT were seeded with 3T3 fibrob-

lasts to compare the cell behavior in the present lower and higher concentration of HNT

in the PCL/Gel nanofibers. The cells were cultured 14 days as the maximum in order

to evaluate the compatibility of nanofibers with living cells. MTT proliferation assay

was performed after 1, 3, 7 and 14 day culture time. As can be evident in Figure 5.17,

the nanofibers with lower concentration of HNT (0.5 wt. %) exhibited similar cell prolif-

eration as well as nanofibers without the HNT (PCL/Gel).

The increased cell density was also confirmed with live/dead staining of fibroblasts

growing on the nanofibers and evaluated by fluorescence microscope. Fibroblasts at the

beginning of culture time kept more rounded morphology, while in three days cells proved

well spread fibroblastic morphology. Just a few dead cells were observed for HNT doped

nanofibers. Nanofibers with higher concentration of HNT (6 wt. %) did not show such

a fast proliferation rate compared to lower HNT samples. However, the cells appeared to

be viable in 14 day which was not obvious for lower HNT concentrations. It is clear that

the HNT from different sources did not affect significantly the cell behavior but it slightly

influenced the proliferation and viability of cells on nanofibers.
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Figure 5.16: SEM micrographs of degraded nanofibers: PCL/Gel (first row), PCL/Gel

nanofibers containing 0.5 wt. % of HNT NZ (second row), PCL/Gel nanofibers containing

1 wt. % of HNT SK (third row) and PCL/Gel nanofibers containing 9 wt. % of HNT SA

(fourth row) after 1, 7 and 56 days.
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Figure 5.17: MTT proliferation test of NIH-3T3 cells on the PCL/Gel nanofibers contain-

ing different fraction of HNT (0.5 wt. % and 6 wt. %) from different sources (HNT SA,

HNT SK and HNT NZ). MTT test was measured 1, 3, 7 and 14 day after nanofibers

seeding.
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Chapter 6

Conclusion

Novel gelatin nanofibers modified with oxycellulose were successfully prepared by elec-

trospinning technology. The salt of oxidized cellulose and its concentration significantly

affected the polymer mixture spinnability, the fiber diameter and the physical properties of

resulted nanofibers. Hydrolytic stability of the nanofibers was enhanced by the crosslink-

ing process with combination of both chemical carbodiimides and physical dehydrothermal

treatment methods. These nanofibers revealed inhibitory effect against E. coli and ex-

cellent biocompatibility to human adenocarcinoma cells. These nanofibers could serve as

a good ground for development of lung disease models with potential use in drug testing.

In further study, biocompatible electrospun PCL/Gel nanofibers reinforced with three

different sources of halloysite nanotubes were successfully prepared by using the tissue-

friendly solvent, acetic acid. It was revealed that the addition of HNT significantly af-

fected the polymer mixture spinnability, the fiber diameter, surface structure and the

thermal and mechanical properties of the resulting nanofibers. Fiber diameter as well as

porosity and water uptake of nanofibers were gradually decreased with increasing HNT

concentration. Due to excellent homogeneous distribution of HNT SA in the nanofibers,

these homogeneous nanofibers exhibited the best thermal stability. Nanofibers includ-

ing HNT exhibited fast weight reduction up to 7 days with a next slight change up to

56 day during the hydrolytic degradation. Based on the ATR-FTIR and SEM, it was

considered that the gelatin was spun homogeneously with PCL into the nanofibers. Cyto-

toxicity using NIH-3T3 mouse fibroblasts of prepared nanofibers revealed the nanofibers

non-toxic. The different source of halloysite did not affect the cell behavior. To sum up,

the PCL/Gel nanofibers modified with halloysite purchased from Sigma-Aldrich exhib-

ited the best hydrolytic, thermal and mechanical properties. Therefore, halloysite used

as additive in biocompatible nanofibers represents a promising candidate in the tissue

engineering and/or as drug carrier or signal molecules on whole spectrum in medicine.
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