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In this study, chitosan nan y electrospinning technique. It is an

objective of this research to investi ea@ilit@itom nanofibers fabrication via
the electrospinning technique inVestigate \ erial attachment and cells viability of Gram-

positive Brevibacillus agri s netobacter baylyi strain GFJ2 on the

electrospun nanofibers. T anofibers was found to be

unsuccessful. Only sprayed deoplg gre obts - i\ p obtain nanofibers, either the
addition of polyvinyl alcohol a ydrolysis of chitosan is needed.
Formability, morphology and size diswribution of the electrospun nanofibers using various
preparation conditions are reported,! & results‘ef bacterial attachment and viability, it has

".’h:-!l'

been proven that attachment of Gram-negative ‘on chitosan is more effective than Gram-

posmve bacteria. Fluorescence m;cuﬁédﬁ csults showed the optimal of incubation time of

\.
hydrolysis time results in |n , ftr. on the surface by the role of

ion. Moreover, the chitosan in

nanofibers form showﬁ ﬁﬁ ﬁaiﬁng iw ‘%ﬁwrﬁ]ﬁ ﬁ.gigfﬁlms
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CHAPTER I

INTRODUCTION

Chitosan is a high-molecular=weight polysaccharide, which is obtained by
deactylation of naturally occurring chitin‘derived from skeletal of arthrpods and
mollusks. It is generally prepared by ;J)artial dcaeetylation of chitin in a hot alkali
solution. Because of severalunique anci interesting biological properties such as bio-
compatibility, bio-degradability,” toxicity, chitosan has been considered for the
development of membranes, gely beads ahd fibers for fiber industries [1, 2].

Electrospinning technique: has b;:len' investigated extensively to easily and
inexpensively produce” naposealed ﬁberigf}_u"ljhe electrospun nanofibers have been
investigated for many applications, sucly flé templates, reinforcement, filtration,
catalysis, biomedical and ‘phammaceutical ffdﬁﬁlications, and electronic and optical
devices [3-5]. Especially in the area of ﬁltrgftign,_electrospun nanofibers have shown
distinctive characteristics and superiority. In recent years, filtration process has
received increasing interest in industries. Immobilization-of bacterial cells onto the
filtration media has also been developed for the application in biofiltration. Some
researchers have studied“and developed support materials, particularly with regard to
porosity and the shape of the material including fibers. Thus,the chitosan nanofibers
fabricated by electrospinning techniques could result in higher, efficiency of cells
immobilization andv¢an be used as support materials in the futures Nevertheless, it has
been known that it is difficult to produce chitosan nanofibers via electrospinning
technique because of the repulsion of cations. Many polymers such as PVA or PEO
have been mixed with chitosan, as the spinning aid, to shield this repulsion and the
composite fibers could be spun. However, durability and compatibility of these

spinning aids toward the use as biofiltration might not be as good as chitosan [6, 7].



Interaction between chitosan and bacterial cell is due to its cationic nature to
bind with sialic acid in phospholipids. Nevertheless, some researchers have suggested
that the mechanism of the chitosan-bacteria interaction depends on whether the
bacteria are Gram-positive or Gram-negative [8, 9]. Furthermore, the selection of the
appropriate support materials has been largely fortuitous and has relied upon the
organism’s own ability to attach to the surface. Cells have been enclosed in a polymer
matrix which is porous enough to allow the diffusion of substrate to the cells. Because
of these limited attention has been paid 6 the efficiency and control of the
immobilization of live cells-on support materials-or to the physiological activity of
individually immobilized bacteria:

;

In this research, chitosan nanofibers, as well as nanofibers of chitosan blended
with PVA, were fabrigated'by electrospﬁming. Effects of various factors, including
chitosan molecular weight and blending f;a_tio, on formability and morphology of the

fibers as well as the application in ¢ell immobilization were investigated.



Objective of this thesis are as follows:

1.1.1 To study the feasibility of pure chitosan nanofibers
fabrication and to compare the formation of electrospun
nanofibers using pure chitosan to that with the addition of

poly (vinyl alcohol) (PVA) and to that using hydrolyzed

. Literature reviews of the

preV1ous works related to this research are also presented.
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Chapter VI, the last chapter, shows overall conclusions and recommendations

for future research.



CHAPTER Il

BACKGROUND AND LITERATURE REVIEW

2.1 Chitosan

Chitosan is a cationic polymer comprising of copolymers of B-(1-4)-linked D-
glucosamine (deacetylated unit) and N-%petyl-D-glucosamine as shown in Figure 2.1.
Chitosan is obtained from.ehitin, which is a natural polysaccharide found particularly
in the shell of crustacgan; cuticles of insects and cell walls of fungi. Chitin is the

: : .
second most abundant pelymerized carbon found in nature.
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Figure 2.1 Chemical structure. of chitin and chitosan,

Hirano (1996) presented about the production and consumption of chitin and chitosan,
as well as their practical applications in biotechnology. The applications include the
use as: 1) cationic agents for polluted waste-water treatment, 2) agricultural materials,
3) food and feed additives, 4) hypocholesteolemic agents, 5) biomedical and
pharmaceutical materials, 6) wound-healing materials, 7) blood anticoagulant,
antithrombogenic and hemostatic materials, 8) cosmetic ingredients, 9) textile, paper,

film and sponge sheet materials, 10) chromatographic and immobilizing media, and



11) analytical reagents. It has been proved to be biologically renewable,
biodegradable, biocompatible, non-antigenic, non-toxic and biofunctional. The term
chitosan has been used to describe a series of polymers of different degrees of
deacetylation defined in terms of the percentage of primary amino groups in the
polymer backbone. The degree of deacetylation of typical commercial chitosan is
usually between 70% and 95%, with molecular weight between 10 and 1000 kDa. The
properties, biodegradability and biological role of chitosan are dependent on the
relative proportion between of N-acetyl-atinc.and D-glucos amine residues. In
preparing chitosan, ground-shells are deéproteinated-and demineralized by sequential
treatments with alkali and aeid,-after which the extracted chitin is deacetylated to
chitosan by alkaline hydrolysis at high temperature. Production of chitosan via this
process is inexpensive, easy and ¢an prowide additional control over chitosan final
properties. In additiongChitosan moleculé‘has amino and hydroxyl groups which can
be modified chemically providing highj":_cilemical versatility. Morever, it can be
metabolized by certain human enzymeé;-' especially lysozyme. Therefore, it is
considered biodegradable. Chitosan is alls':?q‘ a bioadhesive material. The adhesive
property of chitosan in a swollen state has sﬁown to persist well during repeated
contact between chitosan and the substrate','.l fﬁfﬁling that,.in addition to the adhesion
by hydration, many- other—mechanisms; such as hydrogen bonding and ionic

interactions might also have involved.

Khor et ald (2003 ) reviewed] the) extraction of “chitincfrom shellfish sources.
More than 40 years have lapsed since this biopolymer had aroused the interest of the
scientific community around.the world_ for .its-potential biomedical applications.
Chitin, together with its variafits;'especially iits deacetylated counterpart chitosan, has
been shown to be useful as a wound dressing material, drug delivery vehicle and a
candidate for tissue engineering. The promise for this biomaterial is vast and will
continue to increase as the chemistry to extend its capabilities and new biomedical
applications are investigated. It is interesting to note that a majority of these works
has come from Asia. Japan has been the undisputed leader, but other Asian nations,
namely Korea, Singapore, Taiwan and Thailand have also made notable

contributions.



Dutta et al. (2008) summarized all the known methods of formation of
chitosan based films with antimicrobial properties and discussed their subsequent
applicability in the area of food preservation. Active biomolecules such as chitosan
and its derivatives have a significant role in food application area. Chitosan-based
films have proven to be very effective in food preservation. The presence of amino
group in C2 position of chitosan provides major functionality towards
biotechnological needs, particularly, in foed applications. Chitosan-based polymeric
materials can be formed into fibers, films, géls; spenges, beads or even nanoparticles.
Chitosan films have shown-petential to-be used as-a-packaging material for the quality
preservation of a variety of feed..Chitosan has exhibitcd microbial activity in a wide
variety of pathogenic and#'speilage microorganisms, including fungi, and Gram-

positive and Gram-negative'bacteria.
2.2 Electrospinning Process

2.2.1 General description of electrospinning:'!'p(qcess

The process, of electrospinning, 'ﬁahi'ély utilizing electrostatic forces to
generate polymer fibers; can-be traced back to the process of electrospraying, in
which solid polymer droplets are formed rather than fibers. In fact, a number of
processing parameters must be optimized in order to generate fibers as opposed to
droplets. A typicalielectrospinhingappatatus ¢an belused:ito form fibers, droplets, or
a beaded structure depending on the various processing parameters, such as distance
between, source, and collector .or ,applied, poténtial.. In ,recent “works, a greater
understanding of “processing ‘parameters ‘has led'to the-formation-of fibers with
diameters in the range of 100-500 nm, typically referred to as nanofibers. A typical
electrospinning set up is consisted of a capillary through which the liquid to be
electrospun is forced; a high voltage source with positive or negative polarity, which
provides electrical charges to the liquid; and a grounded collector (Figure 2.2). A
syringe pump, gravitational force, or pressurized gas are typically employed as a

mean to force the liquid through a small-diameter capillary forming a pendant drop at



the tip of the capillary. An electrode from the high-voltage source is then immersed

in the liquid or can be directly attached to the capillary if a metal needle is used.

High Voltage
Power Supply

ypical electrospinning system.
u':s ¥
Upon the application of the‘potentl?iﬁom the hlgh-voltage source, charges are

==
-
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injected into the liquid. Increas&ﬂg the e}Eﬁ"lc field strength causes the repulsive

‘-L.

interactions between, like chaf’ges* m the“r i'iqma and ?uses the attractive forces
A

between the oppost f to begin to exert tensile

forces on the liquid, ;C:Ij)ngatmg the pendant drop at th‘é tip of the capillary. As the
electric field strength is increased further, a point will be reached at which the
electrostatic fordesibalance outthersurfacetensionof the liquid. If the applied voltage
is increased beyond this point a fibér jet will be ejected from the apex of the cone and
accelerates. toward the grounded collector. .. Huang _et, al, (2003) recognized an
electrospmnmg technlque for thefabrication of polymer nanoﬁbers Various polymers
have been successfully electrospun into ultrafine fibers in recent years, mostly from
polymer solution in solvent and some in melt form. Potential applications based on
such fibers, including their uses as reinforcement in nanocomposite, have been
realized. Comprehensive reviews have been presented on researches and
developments related to electrospun polymer nanofibers including processing,

structure and property characterization, applications, and modeling and simulations.



Nowadays, the development of the nanofibers has led to resurgence in interest
regarding the electrospinning process due to potential applications in filtration,
protective clothing, and biological applications such as tissue engineering scaffolds

and drug delivery devices as schematically shown in Figure 2.3.

Military Protective Clothing Application in Life Science
e Minimal Impedance to air e Drug delivery carrier
e Efficiency in trapping e Haemostatic devices
aerosol particles ¢ Wound dressing
e Anti-bio-chemical gases

Cosmetic Skin Mask \

Filter media
e Skin cleansing Polymer e Liquid filtration
e Skin healing Nanofibers e Gas filtration
e Skin therapy with e Molecule filtration
medicine \
| Tissue Engineering Scaffolding
Nano-sensors 214 ¢ Porous membrane for skin
e Thermal sensor — » Tubular shapes for blood
*  Biochemical sensor il vessels and nerve regenerations
Fluorescence optical e Three dimensional scaffolds for
chemical sensor T bone and cartilage

régenerations

Figure 2.3 Potential applications of electrospun polymer nanofibers (Huang et al.,

2003).

Ma et al, (2005) prepared.cellulose nanofibers ,membrang “by electrospinning
as affinity membrane. Cellulose acetate (CA) solution (0.16 g/ml) in.a mixed solvent
of acetone/DMF/trifluoroethylene (3:1:1) was electrospun into nonwoven fiber mesh
with the fiber diameter ranging from 200 nm to 1 um. The CA nanofiber mesh was
heat-treated at 208 °C for 1 h to improve strucglral integrity and mechanical strength,
and then treated in 0.1 M NaOH solution in H,O/ethanol (4:1) for 24 h to obtain
regenerated cellulose (RC) nanofiber mesh, which was used as a novel filtration

membrane.



2.2.2 Electrospinning of chitosan

Geng et al. (2005) produced electrospun chitosan nanofibers from aqueous
chitosan solution using concentrated acetic acid solution as a solvent. A uniform
nanofibrous mat with average fiber diameter of 130 nm was obtained. The
concentration of the aqueous acetic acid higher than 30% was prerequisite for
chitosan nanofiber formation, because more concentrated acetic acid in water
progressively decreased surface tension of thé chitosan solution and concomitantly
increased charge density—of jet without significant effect on solution viscosity.
However, acetic acid solutionhigher than 90% did not dissolve enough chitosan to
make spinnable viscous gonceéntration: Only chitosan of a molecular weight of
106,000 g/mol produced bead-free chitosan nanofibers, while low- or high-molecular-
weight chitosans of 304000/and 398,000;g/m01 did not. Average fiber diameters and
size distribution decreased /with increaé’in;g electric field and more bead defects
appeared at 5 kV/cm or more. -

o

Bhattarai et al. (2005) presented COD%:FOﬁJable chitosan/PEO nanofibers with an
average diameter from a few microns dowﬁ to 40 nm. that were fabricated by
electrospinning. Th¢ sianoftbers-can be deposited as a riofiwoven membrane or as a
highly aligned bundle. Rheological study combined with SEM characterization
revealed that the spinnability of chitosan solution was substantially improved when
the solution visCosity was reducediIntroducton’ofiTtitonX-100™ as a surfactant and
DMSO as a cosolvent into chitosan solution allowed the solution to be spinnable at
high chitosan/PEO.ratios,.and. substantially. improved the spinnability,of the solution
and the" fibrous' structure 'of’ as-spuit*nanofibers. The-nanofibrous’ membrane of
chitosan/PEO with a ratio of 9 to 1 retained good structural integrity in water and
exhibited better adhesion of chondrocytes than its cast film counterpart. SEM images
further confirmed that chitosan/PEO nanofibers promoted the adhesion of
chondrocyte (HTB-94) and osteoblast (MG-63) cells
and maintained characteristic cell morphology and thus cell phenotype, and may serve

as a potential candidate for bone tissue engineering.
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Lei et al. (2006) prepared nanofibers with average diameters between 20 and
100 nm by electrospinning of 82.5% deacetylated chitosan (M, = 1600 kDa) mixed
with poly(vinyl alcohol) (PVA, My, = 124-186 kDa) in 2% (v/v) aqueous acetic acid.
The formation of bicomponent fibers was feasible with 3% (v/v) acetic acid
containing up to an equal mass of chitosan. Finer fibers, fewer beaded structures and
more efficient fiber formation were observed with increasing PVA content.
Nanoporous fibers could be generated by remoying the PVA component in the 17/83
chitosan/PVA bicomponent fibers with 1 M INaOH (12 h). Fiber formation efficiency
and composition uniformity-improved:significantly - when the molecular weight of
chitosan was halved by alkalinc-hydrolysis (50 wt % aqueous NaOH, 95 °C, 48 h).
The improved uniform diseribution of chitosan and PVA in the bicomponent fibers
was attributed to better mixingmostly due to the reduced molecular weight and to the

increased deacetylation/of the ¢hifosan.

Homayoni et al. (2009)- studigd' ‘the problem of chitosan with the
electrospinning technique. Because of éf;it(;)s{an high viscosity, which limits its
spinability, the problem could-be resolved 'inlrough the application of an alkali
treatment which hydrolyzes chitosan chaihéﬁﬁd'so decreased its molecular weight.
Solution of the treatéd-chitosan-1m70=90% acetic acid- aqueous solution produced
nanofibers with appropriate quality and processing stability. Decreasing the
concentration of acetic acid in the solvent increased the mean diameter of the
nanofibers. Optimam nanofibets’are achieved Wwith'chitosan,which was hydrolyzed for
48 h. The diameter of theése nanofibers (140 nm) was strongly affected by the
electrospinning..conditions, as.well, as by .the Concentration of the, solvent. FTIR
investigations proved that neithei the alkali treatment not-the eléctrospinning process

change the chemical nature of the polymer.
2.3 Cell Immobilization
Attachment of cells onto a solid surface is probably the mildest among cell

immobilization techniques. In its simplest form, it is also one of the processes that

does not result in a high-value added product. The success of the technique depends,
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in the first instance, upon the properties of the cells themselves. The natural evolution
of species has produced many organisms that are capable of adhering to surface.
Some techniques in waste water treatment, e.g. the trickling filter system, have made
use of this property for decades. In adsorption, there is generally an initial weak
attachment of the cells, which can be easily reversed. This is followed by
development of stronger (multiple attachment) binding. Extracellular material
produced by the cells is often an important factor in fixing the cells to the adsorption
substrate. This step may be followed by ~“asnatural entrapment of the cells in a

biopolymer matrix.

For industrial procegsses; the seléction of the appropriate support material has
been largely fortuitouS and has/relied mainly upon the organism’s own ability to
attach to the surface. The morg recent act%'ve interest in the adsorption process has led
to study and development of all’kinds of’ sil_pi)ort materials, ranging from simple crude
mineral substances to complex ion—exchdngé derivatives of organic polymers. In
addition, the physical form of-“the supp'értN has received considerable attention,
particularly with regard to porosity and slgrapljé: of the material. Techniques for the
immobilization of cells can be classified 'V'i"r'lt‘(')“ two. methods, i.e., attachment and

entrapment.

2.3.1 Entrapment method

Entrapment method employs a variety of matrices thatthave been used for cell
immobilization such as natural pelymeric gels-(e.g. agar, casrageenan, alginate,
chitosafi’ and cellulose derivatives) and synthetic polymers (€.g. polyacrylamide,
polyurethane, polyvinyl) Entrapment in natural polymeric gels has become a preferred
technique for cell immobilization because of the toxicity problems associated with
synthetic polymeric materials. The use of natural gels is, however, limited by their
mechanical strength and the lack of open spaces to accommodate active cell growth
resulting in their rupture and the release of cells into the growth medium. The

advantages accruable from such bio-structures are reusability, non-toxicity,



12

mechanical strength for necessary support and open spaces within the matrix for

growing cells, thus, avoiding rupture and diffusion problems.
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2.3.2 Attachment méihod J
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Attachment method has utilized synthetic foams‘such as polyurethane foams
and nylon sponge as_a substrate for immobilization. Recently, stainless steel sponges
have also been deseribed as a suitable synthetic/ material| for fungi immobilization
(Ignacio et al., 2006). One of thesadvantages found for the use;of stainless steel
sponges, is ithat 'dyesdo not adsorb_onto it. Also, natural supports (i.e., organic
materials) can be used to immobilize fungi by the attachment method. Neverthless,
the use of natural supports can cause problems in a bioreactor. For example,
degradation and loss of the supporting material may lead to blockages in the waste
stream and a constant flow of wastewater may lead to permanent losses of enzymes

from the fungal extracellular matrix.
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2.4 Background for Bacteria Used in This Research

For individual bacterial cell, Gram was a scientist who invented a technique
called Gram staining by which bacteria can be divided into two groups based on the
chemical and physical properties of their cell walls. The difference in Gram-reaction
of these two groups of bacteria is thought to be due to a difference in the structure of
their cell walls. Gram-positive cell walls consist of many layers or peptidoglycan and
do not posses a lipid outer membrane. Gtatasnegative cell walls on the other hand
have only one or a few-layers of peptidoglyean but posses an outer membrane
consisting of various lipid cemplexes. The term Gram-negative or Gram-positive
refers to the staining proeedurc’ used \to determine the cell wall composition of
unknown bacteria, which h€lps determining the appropriate antimicrobial treatment
by physicians. It doessot refer fo the e}:ectrical charge of the bacteria. Both Gram-
negative and Gram-positive bacteria are ri'kgzcg:atively charged. The characteristics listed
in Table 2.1 are generally presented for thbl;-'ibetween differences of Gram-positive and
Gram-negative bacterial. Schematic crosé"§¢qt§0ns of these structures are shown in

#e i A

Figure 2.5. —

d .l

Table 2.1 Characteristics-of Gram=positive-and-Gram=negative bacteria.

Components ' Gram- positive ' Gram- negative
Peptidoglycan 60<100% 5420%
Lipid content 0.2% 10-20%
Polysaechanide 35=60% 15-20%
Thickness 20-80 nm. 10 nm.
Teichoic acid Accessory polymers No
covalently linked to
Peptidoglycan
Cell wall 1 membrane layer 2 layers




14

Gram-positive Gram-negative
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Acinetobacter is a G m-g%ativéi@e&terium that is readily found throughout
the environment including rin&iiig"'and s&fﬁd@fdwa‘ger soil, sewage and various types
of foods. Acinetobacter is alse cammonly?ﬁnnd,as a harmless coloniser on the skin

of healthy people andiusually poses very few risks. In thlé’ study, Acinetobacter baylyi

strain GFJ2 was 1sol'&t/ed from fruit peel. Acinetobacter cb}f]s are short, measuring 1.0-
1.5 by 1.5-2.5 microns. elliptoid during growth. They often become more coccoid
during the stationary phasew Cells are foufid in pairs or small clusters. The groups
form smooth, pale colonies on solid medias ACinetobacter is strictly aerobic, catalase
positive, and oxidase negative. It issthe last properly that can be,used to distinguish
Acinetobacter fronmother infective bacteria. These bacteria can use various selection

of organic materials as source for carbon.
2.4.2 Brevibacillus agri
Brevibacillus is a Gram-positive bacteria related to Bacillus. Bacillus is a

genus of rod-shaped bacteria and a member of the division Firmicutes. Bacillus

species are obligate aerobes, and test positive for the enzyme catalase. Bacillus
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includes both free-living and pathogenic species. Under stressful environmental
conditions, the cells produce oval endospores that can stay dormant for extended
period. The cell wall of Bacillus is a structure on the outside of the cell that forms the
second barrier between the bacterium and the environment, and at the same time
maintains triangle shape and withstands the pressure generated by the cell's turgor.
The cell wall is composed of teichoic and teichuronic acids. The role of the

cytoskeleton in shape generation and maintenance is important.

Kongpol et al. (2009)-presented’ about-a-Brevibacillus agri strain 13, which
was isolated and characterized as*a Gram-positive organic-solvent-tolerant bacterium
able to grow at 45 °C."Tt ca tolérate hié&) concentration (5% and 20%, v/v) of various
organic solvents with a'B}Qad sange of leg P oy when the'organic solvent was provided
as a nonaqueous layer,-.-"fAlthough it—rcan*tolerate a number of aromatic solvents, it
cannot utilize them as_ @ sele ca}bon sbu;ce The surface characteristics of cells
exposed to organic solvent were mvesﬁgated using the bacterial adhesion to
hydrocarbon test, a contagt angle measﬁ"rement € potential determination, and
fluorescence microscopy analy51s4and comﬁafed with that of non-exposed cells. The
results showed that, although it has a h§/dropfuhc cell surface, it has a unique
indigenous cell surfaee—eharaeferrsﬁe—m—wlneh—thﬁ‘eﬂs—wn stabilize solvent-in-water
emulsion by adhermg ‘to the solvent—water interface of the solvent droplets. The
tolerance and predilection of B. agri strain 13 toward organic solvents may suggest its

potential applicationjag a wholescelll biocatalyst] for |the biotransformation process of

water-immiscible substrate(s).
2.5 Interaction between Celltand Chitosan

Hong et al. (2001) presented the bacterial activities of six chitosans and six
chitosan oligomers with different molecular weights (Mws) against four Gram-
negative (Escherichia coli, Pseudomonas fluorescens, Salmonella typhimurium, and
Vibrio parahaemolyticus) and seven Gram-positive bacteria (Listeria monocytogenes,
Bacillus megaterium, B. cereus, Staphylococcus aureus, Lactobacillus plantarum, L.

brevis, and L. bulgaricus). Chitosan generally showed stronger bactericidal effects
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with gram-positive bacteria than gram-negative bacteria. The minimum inhibitory
concentration (MIC) of chitosan ranged from 0.05% to > 0.1% depending on the

bacteria and Mws of chitosan.

Fierro et al. (2007) showed the effect of chitosan immobilization of
Scenedesmus spp. cells on its viability, growth and nitrate and phosphate uptake.
Scenedesmus sp. (strains 1 and 2) and Scenedesmus obliquus immobilized in chitosan
beads showed high viability after the” smmebilization process. Immobilized
Scenedesmus sp. strain l-had-higher growth rate than its free living counterpart. The
immobilized cells accomplished 70% nitrate and 94% phosphate removal within 12 h
of incubation while the free-living ccells removed 20% nitrate and 30% phosphate
within 36 h of treatment. Blank chitosan beads were responsible for up to 20% nitrate
and 60% phosphate uptake at the end-of 1,;he experiment. Chitosan is a suitable matrix
for immobilization of microalgae, parti%;_uiérly Scenedesmus sp., but this system

should be improved beforg being necd for water quality control.

#

Hui et al. (2004) studicd about thc,;_bé;‘étericidal activity of chitosan acetate
solution against Escherichia coli and Stapﬁyldé()ccus aureus was by evaluating the
enumeration of viable-organisms—at different icubationn times. Morphologies of
bacteria treated with cthitosan were observed by transmission electron microscopy
(TEM). The interaction of chitosan with synthetic phospholipid membranes was
studied. Results showed that ‘chitosan «ncteased| the «perfeability of the outer
membrane, inner, membrane and ultimately disrupted bacterial cell membranes, with
the release, of cellular contents. This damage.was" likely. caused. by, the electrostatic
interaction ' between' NH;' | gfoups®of “chitosan écetate’and 'pliosphoryl groups of

phospholipid components of cell membranes.

Chung and Chen (2007) investigated the bacterial activity of chitosan by
assessing the mortality rates of Escherichia coli and Staphylococcus aureus based on
the extent of damaged or missing cell walls and the degree of leakage of enzymes and
nucleotides from different cellular locations. Chitosan was found to react with both

the cell wall and the cell membrane, but not simultaneously, indicating that the
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inactivation of E. coli by chitosan occurs via a two-step sequential mechanism: an
initial separation of the cell wall from its cell membrane, followed by destruction of
the cell membrane. The similarity between the bacterial profiles and patterns of
chitosan and those of two control substances verified this mechanism. The bacterial
activity of chitosan could be altered by blocking the amino functionality through
coupling of the chitosan to active agarose derivatives. These results verify the status

of chitosan as a natural bactericide. 4
'/,

»

il

Desai et al. (2009) fabrlcated ﬁﬁnoﬁbrous filter media by electrospinning of
chitosan/PEO blend solu /t}gns onto a spunbonded non-woven polypropylenesubstrate.
They demonstrated the y{pfj chltosalx based nanofibrous filter media to effectively
filter out heavy metal 10 pathogemc fnrcroorganlsms and contaminant particulate
media from both ait nd ‘ter medla Heavy metal binding, anti-microbial and
physical filtrations efficienc es -of th_ese cl tosan based filter media were studied and
correlated with the surfacgchg mlstl"y and ph sical characteristics of these nanofibrous
filter media. Filtration efﬁcu‘ncy of the nanoﬁbfr mats was strongly related to the size

S

of the fibers and its surface chltosan conteﬁ‘e:_Hexavalent chromium binding capacity

‘\. l__

up to 35 mg chromlum/ g chltosan was exhiblted by chltgsan -based nanofibrous filter

media along with a Z—ji log reduction in E. coli bacteria. Aﬂter 6 h of contact time, the

chitosan blend fibers d1d show 2-3 log reduction in E. . coli. Air and water filtration

efficiencies of the nanoﬁbrous filter media were measured using aerosol and PS beads
suspended in Wwater respectively. It was shown that the nano-fibrous filter had high
efficiencies which correlated with the fibrous media size and shape. These results
indicated (the radvantage:~of=-chitosan j nanofibers pin filters ,ands its commercial

applicability.



CHAPTER Il

EXPERIMENTAL

This section involves the equipment and chemical reagents used in the
research. The main experimental procedures will be explained in 4 parts: 1)
preparation of solution for electrospinningy 2) chitosan nanofibers fabrication by
electrospinning technique, 3) characterization 6 the obtained chitosan nanofibers, 4)

characterization of nanofibers-and cell attachment-on chitosan nanofibers.
3.1 Chemical Reagents

. Chitosan (Bielifey Thailand; Mw~100 kDa, 400 kDa and 760 kDa)

. Poly(vinyl alcehol) (Ajax Finecﬁ_e;n, Australia; Mw~ 80 kDa)

. Glacial acetic acid (Analytical gréde" BDH, England)

. Sodium hydroxide (Analytical grade Merck Ltd., Thailand)

. Sodium chloride (Analytical grade“Merck Ltd., Thailand)

. Potassium dihydrogen phosphate (Analytlcal grade; Merck Ltd., Thailand)
. Potassium hydrogen phosphate (Analytical grade; Merck Ltd., Thailand)

. LIVE/DEAD" BacLight™ Bacterial viability kit (Model L7012,

0 9 AN L Bk W N =

Molecular Probes, Invitrogen Corporation, USA.)

3.2 Preparation of Electrospinning Solution

3.2.1 Hydrolyzed chitosan

For a set of experiments to verify the effect of chitosan hydrolysis on the
formation of nanofibers, chitosan with molecular weight of 760,000 g/mol was used.
Hydrolysis was done by using 50% NaOH solution. The mixture of 1:25 (w/v)
chitosan/NaOH solution was heated at 95°C for various period of time, in the range of
0-48 h. Each sample was strained and rinsed with distilled water before being dried at

60°C for 6 h. The electrospinning solution was then prepare by redissolving the
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hydrolyzed chitosan in 90% wt. acetic acid solution under magnetic stirrer until the

solution became clear and homogeneous.
3.2.2 Preparation of chitosan/PVA blend

For the fabrication of chitosan/PVA composite fibers, predetermined amount
of chitosan was firstly dissolved in 90% wt. acetic acid solution under magnetic
stirring overnight at room temperature. At'thc.same time, an aqueous solution of 10%
wt. PVA was prepared -at-80°C. Then, chitesan-selution and PVA solution were
blended together at predetesmimed blending ratio, under constant stirring by a
magnetic stirrer, until homogeneous sqlution of Chitosan/PVA was obtained. The
blending chitosan to PVA selution is shown in Table 3.1

_—

Table 3.1 The blending chitosan to-PVA sj‘tleution

Chitosan 100kDa Chitosaﬁj_:‘l_OOkDa Chitosan 760kDa
CS content | PVA content | CS-content _E_VA content | CS content | PVA content
(Y%ow/v) (Yow/v) o ewlv) < (%W V) (Yow/v) (Y%ow/v)

0 010 0 o0 —Jn 0 0.10
0.004 0.08 0.003 0.08 " 0.002 0.08
0.008 0.06- 0.006 0.06 -~ 0.004 0.06
0.012 0.04 0.009 0.04 0.006 0.04
0.016 0.02 0.012 0.02 0.008 0.02
0.020 0 0.015 0 0.010 0

3.3 Electrospinning of the Prepared Solution

A typical electrospinning set up was consisted of a capillary through which the
solution to be electrospun was forced; a high voltage source with positive polarity,
which injects charge in to the solution; and a grounded collector (see Figure 2.2).
Electrospinning of the prepared solution was done according to the procedure

described in literatures. Briefly, the solution was placed into a 10 ml syringe with a
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stainless steel needle (diameter of 25mm). Then, the electrical field with a potential of
25 kV across the distance of 10 cm between the tip of the needle and the collector
plate was supplied to the solution, which consequently produced ultrathin fibers

travelling from the needle to the collector.
3.4 Characterizations

3.4.1 Characterization of electrospinning soluion

Two main factors have.been reported to affect electrospinability of the
solution, 1i.e, viscosity and gonductivity of the solution. The viscosity of the
electrospinning solution was measured by a Brookfield Viscometer (model DV-II+
Programmable) at the gondition of shear %ate equal to 1.00 rpm and the spinning time
of 1 minute. On the other hand, the el:i'lde(a:'trical conductivity of the solution was

measured by conductivity meter (model LC‘1'16, Mettler Toledo Instruments, China).

s Iy
v oll o o

, =,
3.4.2 Characterization of electrospuii fibers

d .l

The morpholégy—of the-electrospun fibers - was-observed under a scanning
electron microscope V(JEOL model JSM-6301F and HITACHI model S3400). The
diameter of the electrospun nanofibers was measured with SemA fore image analyzing
program. For€ach expériment)) avérage fibér) diametercand:size distribution were

determined from the data of about T00 measurements of the randomly selected fibers.
3.5 Cell’Attachment
3.5.1 Mineral medium

The mineral medium was used for screening, isolation and cultivation of

bacterial cells. The mineral medium was comprised of media and trace element.
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1. Media

The media was prepared from:

Na,HPO, 1.4196 g
KH,PO4 1.3609 g
MgS04.7H,0O 0.0985 g
CaCLH,0O 0.0059 g
All components we ‘ 'yi&}dlstllled water and adjusted pH to
7 by 1N NaOH. The min 121°C for 15 minutes.

CuSO4H20
COC12.6H20
MOO3

i .
Trace elemer 'nz’h om the media as a stock

solution. All compon s were dissolved in 100 ml ofdistilled water. The solution

AL o) AL PN\ 101 B
WRARSN TR NN INYAE

Stock I 4 ml
Distilled water 96 ml
Trace element(0.1%) 0.1 ml
Yeast(0.1%) 0.1g

AmS(1mM) 0.1 ml

Sucinate(4mM) 0.1 ml
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MMSAY medium was dissolved in 100 ml of distilled water and its was

autoclaved at 121°C for 15 minutes.

IV. Luria Bertani medium (LB)

Trypton 10g
Yeast Extract Sg
NaCl 10.g

LB medium was dissolved in 1-liter of distilled water and adjusted to pH 7.0.
Then it was autoclaved at 124°CA0r 15 minutes.

\

|
3.5.2 Starter preparation and inoculation

The streak plate smethod is a raﬁfpid'—‘ and simple technique of mechanically
diluting a relatively large concen.tratioﬁ-:'of ~microorganisms to a small, scattered
population of cells. It isused to obtain iéél’altﬁd colonies on a large part of the agar
surface, so that desired species ¢an then be bTrGﬁ:ght into pure culture. Proper streaking
of plates is an indispensable tool-in microbiblégy: In most cases, a closed inoculating
loop is used for streaking plates. Streak plates are made ftom a broth culture, an agar
slant or from an agar plate. A loopful of inoculum is transferred from the source and
put on the agar surface. A small spot is spreaded during the initial transfer. The first
phase of the streaking pattetn is,begun, Several basic pattern are shown in Figure 3.1.
The three-phase’ streaking pattern'is recommended-for' beginners because it is most
likely to give satisfactory results with suspensions.having a widé.fange of microbial
density.Single drop from the loop as.it was rubbed along thé,agar 'surface can be
developed into separate colonies in the inocubator for 20 hours. Acinetobacter baylyi
strain GFJ2 was incubated at room temperature while Brevibacillus agri strain 13 was

incubated at 45°C.
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Figtwe 841 Stteak plate pattern.

i

To inoculate a'Single colony onto_hroth medium, the sterilized inoculated loop
was used to pick a single colony in the streak plate and place into the broth medium.
The incubated medium was placed into an mcubator shaker with 250 rpm operated at
room temperature for 20 hours for Acmetobacter baylyi strain GFJ2 while
Brevibacillus agri strain 13 was shaken at745°C 250 rpm for 20 hours. After that,

bacteria grew in saturated manner in the broth medlum ThlS is called a starter which

was used as a bacter1a1 stock

3.5.3 Bacterial immobilization

Cell immeobilization onto the electrospun chitosan nanofibers was tested by the
following procedure. A blank. aluminum. foil.was used.as .a control reference. All

samples were sterilized'under UV radiation prior to test'with bacteria.

In this research, two strains of bacteria, i.e., Brevibacillus agri strain 13 and
Acinetobacter baylyi strain GFJ2, were used to test the cell immobilization onto the
electrospun chitosan nanofibers. In order to prepared the bacterial cells, 5 ml from
broth medium were used for the cell proliferation in a 100 ml of medium (1%
inoculum). The incubation was done for 20 h, under constant shaking at 250 rpm at

45°C for Brevibacillus agri strain 13 and at room temperature for Acinetobacter
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baylyi strain GFJ2. After that, the medium was centrifuge at 5000 rpm for 15 minutes.

The high density cells were placed into 20 ml of medium solution.

For the test of bacterial attachment, 100 ul of the bacterial cells solution was
dropped onto 1.5x1.5 cm” piece of the testing sample in the agar plate. The agar plate
was then taken into an incubator. The incubating temperature was 45°C for
Brevibacillus agri strain 13 and room temperature for Acinetobacter baylyi strain
GFJ2. After the predetermined ncubation pCu©din the range of 0-48 h, the sample
was taken out and rinsedswith-0.5 ml 0.1 M, pH=7.04) phosphate buffer to remove
unattached cells, twice. In order 6 determine the bacterial cells attached on chitosan
nanofibers, the optical deasityof the i:pitial bacterial cell solution and that of the
washed solution was mcasured by s_pectr_op.hotometer at'600 nm (ODggp). The Colony
Forming Unit (CFU)* was calculated}‘ from a standard calibration curve for

Acinetobacter baylyi strain GFJ2 and Bréﬁcib'acillus agri strain 13. Finally the sample

was dried before subjectedito the "observatit;‘ri via SEM.

)
ald ¥ K

3.5.4 Bacterial viability = e

Conventional ‘::i_nethods for examining cell Viabii:ity and morphology utilize
different ﬂuorescentl"dgles to preferentially stain viable or dead cell. The LIVE/DEAD
BacLight Bacterial viability kit provides a novel two“color fluorescence assay of
bacterial viability by, utiliz&mixtures, SY.TO9 _green fluorescent nucleic acid stain and
the red fluorescent'nucleic acid stain , propidium iedide to differentiate between cells
with intact (viable) and compromised (dead or injured) membranes./The LIVE/DEAD
BacLight kit has been, investigated extensively to easily, reliably and quantitatively
distinguish live and dead bacteria analysis with a fluorescence microscopy [10]. It not
only helps to monitoringcell viability and morphology but also proves reliable for

both gram-positive and gram-negative bacteria.

Viability testing of cells attached onto the electrospun chitosan nanofibers
tested by Live/Dead” Baclight™ Bacterial Viability Kit (model L7012). This kit is

well suited for microscopic and quantitative analyses.
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The Bacterial Viability kit consists of two nucleic acid stain, i.e., the green-
fluorescence 3.34 mM SYTO9 dye solution in DMSO (Component A) and the red-
fluorescence 20 mM Propidium iodide dye solution in DMSO (Component B). For
preparation of the dye stock solution, two dye components were combined at the ratio
between Component A and Component B of 1:1 in a microfuge tube. The dye mixture
was added with 3uL for each mL of 1M NacCl, and mixed thoroughly.

A\ ’,%he dye solution was dropped onto

ﬁﬁ plate. The sample was then
\

incubated for 15 minutcs. i . i0n was room temperature in the dark

For the test of bacteri

1.5x1.5 cm? piece of t

for both Brevibacillus a

‘j‘,
. . . Y .

incubation period, t \ served in a fluorescence
orescence from both live (green

microscope (Olympu

fluorescence) and dea were detected using excitation
wavelength of 470 nm. T en and red channel was detected at the
wave length of 510-540 n Aﬁq cﬁvely. For each experiment, the
populations of both live bacter%‘% . ria were determined from the data of

) G
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CHAPTER IV

RESULTS AND DISCUSSION

This chapter is divided into 5 parts: 1) electrospinning of pure chitosan, 2) the
effects of chitosan hydrolysis and PVA addition on electrospinability, 3) morphology
of chitosan nanofibers fabricated by electrospinning technique, 4) bacterial cell
attachment on chitosan nanofibers, 5) viability'ofbacterial on chitosan nanofibers.

7

4.1 Electrospinning of Purg.€hitosan
“i‘

For the electrospinning of pure chitosan, usings of chitosan solution with the
concentration of 2%, 145% and 1% for th;‘ cpitosan molecular weight of 100, 400 and
760 kDa, respectively, the results are shoevn'in Figure 4.1. It should be noted that the
concentration of chitosan in the soltition 1nvest1gated was the highest concentration
that allowed to be electrospun. The solutlons ~with the concentration higher than these
values were too viscous to be spmnable The JSEM images in Figure 4.1 reveal that
only sprayed droplets, were obtained in all condltlons. No,fiber was found. Generally,
the formation of dropiets or fibers is controlled by viscosity of the solution [11, 12].
However, for chitosah, which is a cationic polysaccharide with amino groups at the
C2 position, the repulSive interaction among the polycations on the chitosan chains
has been thought to prevent)sufficient chain eéntanglement réquires for the formation
of fibers via electrospinning [13]. It was presumed that the jet of chitosan solution
was stable for a.shoert peried after.being,ejected from, the.tip,of the needle. After that,
the jet broke up, while"the 'solvent eévaporation'took place, resulting-in the formation
of particles. All attempts to produce pure chitosan nanofibers from the raw chitosan
failed. Therefore, other approachs, i.e., the use of hydrolyzed chitosan or the use of

PVA as the spinning aid, were further investigated.
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solution prepared by ua‘ng chitosan vlecular wei@t of 100 (a), 400 (b) and 760

kDa (c), respectively.  »
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4.2 The Effect of Chitosan Hydrolysis and PVA Addition on Electrospinability

The processing parameters, as well as solution parameters play important role
in the formation of the fibers by electrospinning. In relative order of their impact on
the electrospinning process, viscosity and conductivity of the solution are considered
to be important factors. Very different results can be obtained using the same kind of
the solution and the same electrospinning set up if the viscosity and conductivity of
the solution are changed. Therefore, the efféctscof chitosan hydrolysis and PVA
addition, on viscosity and-eonductivity-of the solution were firstly investigated. The
discussion of each effect'is previded in the following subsections.

|
4.2.1 Viscosity of hydrolyzed chitosan and chitesan/PVA'solutions

In preliminary experiments, solutilit'znas: of pure chitosan with molecular weight
of 100, 400 and 760 kDa was found to héVe'Viscosity of 65, 164.27 and 210.73 cP,
respectively. As mentioned in the previbﬁg‘; section, these solutions could be not
electrospun into fibers. Only cellections —ﬁf Jf';pherical beads were found on the
collector. After being hydrolyzed, chitos'aﬁ":'c*'dlild form.a solution with increased
viscosity, as shown-mm—Figure 4:2.the wiscosity of the solutions of chitosan
hydrolyzed for 6 to 48 h were increased to 229.63 and 1951.10 cP, respectively.
However, for the chitosan being hydrolyzed for 6 and 12 h, the electric force could
not initiate the fofmation 0f fibers, fin the=sitilarmanneryas:that for pure chitosan.

This might alsosbe the result of low Viscosity as seen in Figure 4.2.
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Table 4.1 Viscosity of chitosan/PVA solution

30

PVA 100 kDa chitosan 400 kDa chitosan 760 kDa chitosan
Content | Chitosan o Chitosan S Chitosan S
Viscosity Viscosity Viscosity
(Yow/v) Content Content Content
(cP) (cP) (cP)
(%ow/v) (Y%ow/v) (%ow/v)
0.10 0 825.0011.0,_.: ,ﬁ : 825.00+1.00 0 825.00+1.00
0.08 0.004 | 1079.00: "\ 0.003" 61.00+6.00 |  0.002 | 1204.83+2.67
0.06 0.008 ‘:’i”*’ff' 33+1.53 0.004 1015.67+2.52
_..-f = .
0.04 0.012 428.00 /% | 536.30+2.31 ] 0.006 685.50+8.81
0.02 0.016 290 iﬁ/ﬂm 5(5ﬂ:0.96 0.008 463.10+4.43
0 0.020 5.0 2 'O 0 64 2.51 0.010 210.73+£1.46
y ﬂ/ : N
1400 -
seeper 100kDa
1200 - == =400kDa
1000 —/r—760 kDa

Viscosity {cP)

PVA content {%w/v]

Figure 4.3 Viscosity of the solution of chitosan/PVA at different of chitosan

molecular weight.
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4.2.2 Conductivity of hydrolyzed chitosan and chitosan/PVA solution

The conductivity of the hydrolyzed chitosan solution was affect by hydrolysis
time, while that of the chitosan/PVA solution was affected by both PVA content and
the molecular weight of chitosan. The conductivity of the hydrolyzed chitosan
solution is shown in Figure 4.4. For short period of hydrolysis, the conductivity of the
solution was not significantly changed. However, after 24 h of hydrolysis with NaOH,
the conductivity greatly increased. When-theé hydrolysis time was increased, the
resistance of groups impesed by the arrangement-of the C2 and C3 substituent in the
sugar ring that affected the.deacetylation of the polymer chain was increased, in
addition to the increasc i the positive charge of polymer chain [14]. Consequently,

the conductivity of the'hydiolyzed chitosan solution was greatly increased.

4500 +
4000 A
3500 A
3000 A
2500 -

2000 A
1500 -

Conductivity (uS/cm)

1000 -
500 +

0 I I I T T T T 1
) 6 12 18 24 30 36 42 48
Hydrolysis time (h)

Figure 4.4, The conductivity of hydrolyzed chitosan solution.

For the addition of PVA as the spinning aid, it was found that the conductivity
of blended solution was decreased by the content of PVA. This might be due to the
strong interaction of hydrogen bond occurred between chitosan and PVA molecule in
the blended solution tesulting in decreased amount of free ions in the solution. Thus
the conductivity of the solution with the addition of PVA was decreased. On the other

hand, increasing the molecular weight of chitosan would result in the decrease in the
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conductivity. It would be explained by the role of the intermolecular interactions.

Increasing in molecular weight, chitosan could have block arrangement of acetylated

and deacetylated units and might reduce available sites of amino groups on the

chitosan molecule [15], resulting in the decreased in conductivity. The results are

shown in Table 4.2 and Figure 4.5.

The addition of cationic would increase the conductivity of polymer solution

and resulted in higher number of charges in'the solution so that charge repulsion may

obstruct the entanglement-of polymer chains. Thus-the fiber jet of higher conductivity

solution could be subjected torhigher tensile foree in the presence of an electric field

than a fiber jet from a solution with low 'i:onductivity.

i

Table 4.2 The conductivity of ¢hitosan/PVA solution,

4
PVA content _':Co‘ﬁductivity (uS/cm)
(Y%ow/v) 100 kDa chif‘osan f‘400 kDa chitosan 760 kDa chitosan

0.10 = = 7 747
0.08 1389 ° S0 1034
0.06 1451 3137 | 1103
0.04 2020 1824 1391
0.02 3421 2610 2250

0 4850 3280 2300
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Figure 445 The condﬁctivi:t,}; of chitosan/PV A solution.
4.3 Morphology of Chitosan Na.nofiberS-.E_aQricated by Electrospinning

Technique il F /N
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4.3.1 Morphology of electrospur -hydrolyzea"bhitosan

Electrospinniﬁg- of hydrolyzed chitosan solution was conducted using 10 cm
tip-to-collector distance and 25 kV of applied electric field. The solutions were
prepared using.the, highest-amount, of .the hydrolyzed chitosan.dissolvable into 90 %
acetic acid, which dépended on the-durationi of the'hydrolysis period that chitosan had
experienced. As shown in Figure 4.6, for a hydrolysis period in the'range of 0 - 48 h,
the maximum soluble*amount of hydrolyzed chitosan increased with the hydrolysis

time.

Nevertheless, it was found that the solution prepared from chitosan that had
been hydrolyzed for 0, 6 and 12 h could not be spun into fibers. Only spherical
droplets were found on the collector. By increasing the hydrolysis time up to 24 h,
nanofibers with average diameter of 117.4 nm could be generated. The prolonged

period of hydrolysis time to 36 and 48 h resulted in the decreased fiber diameter of



34

39.2 and 25.2 nm, respectively, as shown in Figure 4.7. These behaviors can be
explained by the role of NaOH in the further deacetylation of chitosan polymeric
chains. When the hydrolysis time was increased, in addition to the increase in the
positive charge of the polymers chain, the molecular weight of chitosan was also
decreased, which enabled chitosan molecules to align more effectively in the
electrical field during the electrospinning process [16, 17]. It was also suggested that
the average length of the polymeric chain of chitosan after hydrolysis may be below
the required length for entanglement coupling” formation. Regarding electrospinning
parameters, the chitosan coneentration affected spinability of the solution by affecting
on the viscosity of the solution, which was directly related to chitosan chain
entanglement. On the othewhand, the conductivity of the solution influenced the fiber
size and fiber morphology: Increasing éorllductivity was resulted in decreased fiber
diameter and nonuniferm fiber morpho%ogy, which leaded to a dramatic bending

instability as well as a bpoad diameter dist_fjbﬁtion.

=
=]
1

Chitosan content {%wt)
o B [ VS R N oy~ 00 W

0 6 12 18 24 30 36 42 48
Hydrolysis time (h)

Figure 4.6 Maximum solubility of chitosan hydrolyzed for various period of hydrolysis.
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Figure 4.7 SEM micrographs of nanofibers formed from electrospinning of
hydrolyzed chitosan dissolved in 90% (w/v) acetic acid. The hydrolysis time was
varied from O h (a), 6 h (b), 12 h (c), 24 h (d), 36 h (e) and 48 h (f), respectively.



36

4.3.2 Morphology of electrospun chitosan/PVA composite

The electrospinning of chitosan/PVA composite was done using the condition
of 10 cm tip-to-collector distance and 25 kV of applied electric field. SEM
micrographs of nanofibers formed from the solution with various chitosan/PVA
blending ratio spun under the same condition are shown in Figure 4.8-4.10. It was
found that, for the solution with low PV A content, the electric force could not initiate
the formation of fibers, in the similar manfier as«that for pure chitosan. The fibers
could be seen at moderated-or high ‘€ontent-of PVA. The fact that the spinning
solution with high chitosan centent could not be electrospun into nanofibers may be
the result from the intcraction between Polycationic group of chitosan that prevented
molecular entanglement of polymer Chains needed in the formation of continuous
fibers. Nevertheless, as'the charge densﬂsy was increased, a higher elongation forces
were imposed to the jet of the solution forfned by the electrical field. Since the overall
tension in the fibers depended - upon self--répulsmn of excess charges on the jet,
excessive charges leaded to smalt fibers [l‘rﬂ7; 18]. Thus, the average diameter of the
fibers tended to be small with leirge= number%ffead formed when the chitosan content
was increased. However, size of the beéa’él‘*&écreased in compensation with the
increased in non-uniformity-of fiber drameter. the resulis for average fiber diameter
and fraction of the prbduct that was formed into fibers areréhown in Table 4.3. For the
addition of PVA as the spinning aid, the hydroxyl functional groups was also give the
strong interactiontof hydrogen bonddbetween! chitosansand=PVA molecule in the
blended solution; These behaviors were closely related to the result of viscosity and

conductivity.
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Table 4.3 The effect of chitosan content and molecular weight of chitosan on

electrospun fiber morphology.

100 kDa chitosan 400 kDa chitosan 760 kDa chitosan
Chtiosan | Average Fiber Chitosan | Average Fiber Chitosan | Average Fiber
content | diameter | percentage | content | diameter | percentage | content | diameter | percentage
(Yow/v) (nm) (%) (Yow/ | (%) (Yow/v) (nm) (%)
0.004 81.7 91.6 8.0 0.002 88.5 98.4
0.008 62 82.0 1. 0.004 82.2 90.0
0.012 49.5 46.0 53. 0.006 58.0 82.4
/AN *
0.016 39.5 12. 0.008 42.8 45.2
o
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In the electrospinning of nanofibers, molecular weight is also one of the most
effective variables to control morphology and diameter of the fibers. It has been
reported that low molecular weight polymer tends to form beads more than fibers,
while high molecular weight polymer generate fibers with larger average diameter
and less beads. In this study, the morphology of the fibers formed using different
chitosan molecular weight were compared. In generally using 100 kDa chitosan, thin
nanofibers were generated with large beads. When the molecular weight was
increased to 400 kDa and 760 kDa, respectively,the average diameter of the fibers
was increased. Size of the beads was décreasing in-compensation with the increased

and non-uniform fiber diameter. Fhese behaviors werc Closely related to viscosity and

spinnability of the solution. |

i

4.4 Cell Attachment on Chitosan Nanofibers
4.4.1 Cell attachment on hydralyzed chitoé_?qn panofibers

4.4.1.1 Effect of incubation time=" A

In order to .iﬁyestigate the effect of incubation,itime on the attachment of
bacterial cells, chito"sah hydrolyzed for 6 and 48 h werc ¢hosen. The Colony Forming
Unit (CFU) was calculated from a standard curve of either Acinetobacter baylyi strain
GFJ2 or Brevibacillus agri* strain 13. The initial optical density (ODggo) of the
bacterial cells solution/for Acinetobacter baylyr strain GFJ2land for Brevibacillus agri
strain 13 was about 0.85 and 1.0,#which was cerresponding toy 1.8981 x 10" and
1.47600x 10° CFUy tespectively.| The total numbet’ of‘bacterial cells attached on
hydrolyzed chitosan nanofibers are shown in Figure 4.11 and 4.12 for A. baylyi GFJ2
and B. Agri 13, respectively.
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Figure 4.12 Total CFU of Gram-negative Acinetobacter baylyi strain GFJ2 attached
onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 6 (___) and 48
h(....) after various incubation time. The dotted line represents the CFU value of the

free cells.
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Similar trend was found for both of Gram-negative and Gram-positive
bacteria. The amount of bacterial cell attachment was increased when the incubation
time was increased. At incubation time of O h, (i.e., right after when cells were
exposed to chitosan samples) most of both bacterial cells was easily washed away.
Nevertheless, some of the cells could adhere to chitosan sample even right after their
explosure to chitosan. At 6 and12 h of incubation, increased bacterial cells attachment
on the surface was obsearved. When the congact time between chitosan fibers and the
bacteria was prolonged to 24 and 48 h, the attachment of gram-negative Acinetobacter
baylyi strain GFJ2 bacteria-on the chitosan sample had reached the stable stage, which
was very closely to the CEW of the free cells. On the other hand, gram-positive
Brevibacillus agri strain 13 bacteria continued (o increase toward the value of free
cells. It is possible that the'microgrganism may be induced to attach to chitosan by
altering the physical and chemical proper:ties by ionic attraction of bacterial cells and
the chitosan surface. Chitosan is a catiénic polysaccharide that acts as a glue to
initiate bacterial-surface interactions. Incyéas'ing the contact time between chitosan

fibers and the bacterial cells tends‘to increas'fthh_e interaction rate.

4.4.1.2 Effect of hydrolysis time of Chitosair © =

To compare the bacterial attachment on hydrolyzed chitosan nanofibers at
various hydrolysis times, the incubation time of 12 and 24 h were chosen. The results
showed that the Aumber ©Of bothotypes ©of bacterial“cells attached on the surface
increased whengthe hydrolysis time of chitosan was increased. The results are shown
in Figure 4,13-4.16. These.results.could,be due to-a significant rol€ of a surface area-
to-volume ratio. 'As previously mientioned, the hydrolysis-time of 0,'6-and 12 h could
produce chitosan nanofibers, but spherical particles were generated. On the other
hand, the hydrolysis time of 24, 36 and 48 h could be resulted in nanofibers. The fiber
diameter decreased as the hydrolysis time was increased. The results showed that
amount of bacterial cells that were able to attach on the fiber mats was greater than on
particles. This was the result from high surface area-to-volume ratio of fiber mats

available for the bacterial cells to attach. Moreover, hydrophilicity of chitosan was
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increased after chitosan was hydrolyzed. The hydrophilicity is one factor influencing

the bacterial cells response to a substrate [19, 20].
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Figure 4.14 Total CFU of Gram-negative Acinetobacter baylyi strain GFJ2 attached
onto electrospun chitosan fibers, formed from chitosan being hydrolyzed for various

period of time. The incubation time of the cells was 12 h.
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Figure 4.16 Total CFU of gram-negative Acinetobacter baylyi strain GFJ2 attached

onto electrospun chitosan fibers, formed from chitosan being hydrolyzed for various

period of time. The incubation time of the cells was 24 h.

To further confirm the attachment of bacterial cells onto the prepared chitosan

nanofibers, the scanning electron microscopy was employed. SEM micrographs of the
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samples, after certain period of incubation time, are shown in Figure 4.17-4.24. At 0
and 6 h of incubation time, most cells were formed as individual cell on the fibers.
Only two to three cell colonies were appeared on the SEM image. When the
contacting time between chitosan fibers and the bacteria was prolonged to 12 h, the
number of Gram-negative A. baylyi strain GFJ2 bacteria observed on the sample
increased exponentially, in much greater extent than that of Gram-positive B. agri
strain 13 bacteria. After the incubation time of 24 and 48 h, both types of bacteria
were found fully covering the chitosan. These results suggested that the interaction
between bacteria cells -and-¢hitosan~was related to the chemical and physical
properties of cell wall. Tt has-bcen known that chitosan easily carries more positive-
charged amino groups in_more acidic Solution or when the degree deacetylation of
chitosan is high [21]*The hydrolysis pré)cess could significantly increase the degree
of deacetylation of chitosan, Wthh probably lead to increased positive charge (NH3")
of polymer chains. Increasing of NH; group of chitosan resulted in increased free
amino group to interacts withcell waq “via negatively charge of phospholipid
components of cell membranes [2‘2]. Héts_\;__eygr, Gram-positive cell wall does not
posses a lipid outer membrane but =Gram—neéatt;i{'\"/e cell wall posses an outer membrane
consisting of various, lipid complexes [23].; Thi’s difference is responsible to different

attaching behavior of Gram=positive-and-Gram=negattve cells to chitosan.
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Figure 4.17 SEM micrographs of Gram-positive Brevibacillus agri strain 13 attached

onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 6 h, after

various incubation times.
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Figure 4:18 SEM micrographs of Gram-positive Brevibacillus agri strain 13 attached

onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 12 h, after

various incubation times.
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Figure 4319 SEM micrographs of Gram-positive Brevibacillus agri strain 13 attached

onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 24 h, after

various incubation times.
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Figure 4:20 SEM micrographs of Gram-positive Brevibacillus agri strain 13 attached

onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 36 h, after

various incubation times.



51

E W'] AINTUNAT ‘V'I El’]@*il

Figure 4:21 SEM micrographs of Gram-positive Brevibacillus agri strain 13 attached

onto electrospun chitosan fibers, formed from chitosan hydrolyzed for 48 h, after

various incubation times.
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Figure 4.22 SEM micrographs, gﬁramw e Acinetobacter baylyi strain GFJ2

.r-i/‘

attached onto elect{S&)un chitosan ﬁbers formedﬂc}rlt san hydrolyzed for 24 h,
times ] .j‘

after various incubati

-t

T
AUEINENITNYINS
AMIAINTAUMINGIAY



53

Sum D839 18 38 SEI

48 h
etobacter baylyi strain GFJ2
josan hydrolyzed for 36 h,

AUEINENITNYINS
ARIAN TN INAE

Figure 4.23 SEM r@crograpﬁ@ﬁf:@rakﬁfm‘% Acin
attached onto electr?'l 1

after various incubation/times.




54

&

» . R

$3400 5.0V 9.6mm x10.0k SE: 01H5/2010 128
. ‘i-.*"‘:- ’ .
Chitosan G’ o Se— 12 h
 — ”

dJi 7&..
attached onto electrosﬁln chitosan fibers, formed | m-—Thitosan hydrolyzed for 48h,
. ’
AP

AULINENTNYINT
AMIAINTAUMINGIAY



55

4.4.2 Cell attachment on hydrolyzed chitosan film

To verify the advantage of chitosan in form of nanofibers, it was compared, in
term of cell attachment, with the hydrolyzed chitosan film. Both Gram-negative and
Gram-positive bacteria were investigated. At 0 and 6 h of incubation time, most cells

were loss with the washing, which indicated poor attachment to the films. Only two to

three cell colonies were appeared ce. When the contact time between

.

chitosan films and the bac 12 h, increased number of Gram-

it nﬁositive B. agri strain 13 were
ered the surface. After the

types of bacteria cells were

negative A. baylyi strai
found attached on tlﬁ/ ,
incubation time of 24 a

increased to the poi > covered with cells. SEM

micrograph of A. bay attached on chitosan films
that were prepared fro

Figure 4.25-4.30.

period of time are shown in
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Figure 4.25 SEM micrographs of

attached onto chit film, forme m chitosan hydr ed for 24 h, after various

incubation times.
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Figure 4.27 SEM micrographs
attached onto chit film, forme itosan hydr ed for 48 h, after various

incubation times.
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Figure 4.30 SEM micrographs.o im-possitive Brevibacillus agri strain 13 attached

5}1, after various incubation
i

In ordﬁ compéresthe amount of bacterial cell attached on chitosan films and

nanofibers, the 1 %@n%ﬂ%fﬁin@ W&J aﬁ:ﬁ'he comparison results

are shown in F%ure 4.31-4.34. Similar trend for.both of Gram-negative and Gram-

positivﬁ}ﬁﬂ@nah@ ﬂ %ﬁlw %%%@oﬂeﬂn%}@elynachmem than

chitosanfilm. These results could be explained by the role of surface area-to-volume

onto chitosan film,

times.

ratio for cell attachment. The structure of chitosan nanofibers has higher surface area-

to-volume ratio than chitosan film.
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Figure 4.31 Total CFU ofiGram-positive Brevibacillusagri strain 13 attached onto
electrospun chitosan fibersfand chitesan films, at 12 h of incubation time, formed

from chitosan hydrolyzed for various pericﬁﬁdds' of time.
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Figure 4.32 Total CFU of Gram-positive Brevibacillus agri strain 13 attached onto
electrospun chitosan fibers and chitosan films, at 24 h of incubation time, formed

from various chitosan hydrolyzed for various periods of time.
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Figure 4.34 Total CFU of Gram-negative Acinetobacter baylyi strain GFJ2 attached
onto electrospun chitosan fibers and chitosan films, at 24 h of incubation time, formed

from various chitosan hydrolyzed for various periods of time.
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4.4 .3 Cell attachment on chitosan/PVA nanofibers

The capability of cells attachment on chitosan/PVA nanofibers, as a function

of chitosan content,

was investigated by using molecular weight of chitosan of 760

kDa. The incubation time of 12 and 24 h were chosen for investigation of cell

attachment for both Gram-negative and Gram-positive bacteria. The results,

4.38.
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Figure 4.37 Total CFU of Gram-positive Brevibacillus agri strain 13 attached onto

chitosan/PV A nanofibers with various chitosan contents, at 24 h of incubation time.
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Figure 4.38 Total CFU of Gram-ne‘gati\}e ‘Acinetobacter baylyi strain GFJ2 attached
onto chitosan/PVA nanofibers with vari(;llusﬂ'chitosan contents, at 24 h of incubation
time.
4

At 2.44 %wt/wt of chitosan content m the fibers, it was found that most of
bacterial cells, for both types of bacicria, we?_e;_a}t_tached on surface. When the chitosan
contents was increased to 6.25, 13.04 and 28.57 Y%wt/wt, the number of bacterial cell
attached on the surfacé was decreased. These results could-be explained by the role of
chitosan content and molecular weight of chitosan. As previously discussed, at high
chitosan contents, the ‘electrospinning yielded not only fibers but also beads.
Decreasing chitosan contents in the electrospinning solutions could generate more
fibers and less beads, resulting in increased surface area-to-volume ratio. High surface
area-tosvolume rato ‘of the ‘fiber mats made it available for the ‘bacterial cells to
attach. Moreover, as it has been known that the positively charged chitosan interacts
with negatively charged cell surface, the amino groups (NH;") as the active functional
group was found to be essential factor affecting the bacterial cells attachment [22-24].
Chitosan is a cationic polysaccharide with amino group at the C2 position. The

addition of chitosan contents would also increase the number of NH;" groups leading

to the free amino group that could alter cell permeability. Due to outer membrane
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damage, it involves changes in the hydrophilicity and charge density of the cell

surface.

To prove the effect of molecular weight on chitosan/PVA nanofibers, the
chitosan with molecular weight 100 kDa, 400 kDa and 760 kDa were investigated,
using 24 h for incubation time and Gram-negative Acinetobacter baylyi strain GFJ2

bacteria. The results are shown in Figure 4 .39.
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Figure 4.39 Total CFU of Gram-negative ACinetobacter baylyi strain GFJ2 attached
onto chitosan/PVA nanefibers, at 24 h ineubation time, formed from various PVA

contents (%wt/wt) and molecular weight of chitosan.

These results could) beyconfirmed that molecular - weight-of chitosan affected
bacterial cells attachment. Closely relating to viscosity and spinability, molecular
weight of chitosan affected the behavior of chitosan such as chain conformation,
solubility and degree of substitution. High molecular weight chitosan could have
block arrangement of acetylated and deacetylated units. Intermolecular interactions
may reduce available sites on the chitosan molecule. The number of amino groups
(NH3") as the active functional group was low and resulted in reduced available sites

for the bacterial cells to attach on the chitosan surfaces.
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4.5 Viability of Bacterial Cells Attaching on Chitosan Nanofibers

In the immobilization by attachment, the bacterial cells were bounded to the
carrier material via reversible surface interactions. The forces involved are ionic and
H-bonding interaction as well as hydrophobic forces. Due to low amount of free
amino groups on its surface, chitosan could be considered as neutral and there is a low
possibility of interaction through H-bonding or ionic forces. As the amount of free
amino groups were increased, the ionic and H<bonding forces becomes more relevant.
These behaviors are closely-related to eells viability-on chitosan. In this sections, the
viability of attaching on chitgsat ptepared by various is presented.

“i‘
4.5.1 Viability of bacterial gells attaching on hydrolyzed chitosan nanofibers

4.5.1.1 Effect of incubation time /

In order to determing the bacterial V{‘ablllty on hydrolyzed chitosan nanofibers
at various incubation times, the hydrolysis ttﬁﬁéjof 6 and 48 h were chosen. The initial
optical densities (ODgg) of bacterial cells sléliitféﬁ (ive., free cells) for A. baylyi strain
GFJ2 and B. agri strain-3-were 0:85-and 1.0, which-were corresponding to the colony
forming unit of 1.8981x 10" and 1.4760 x 10° CFU, respectively. The percentage of
live cells attaching on hydrolyzed chitosan nanofibers is shown in Figure 4.40-4.41.
The florescenc€ images ot dyedilive cellsi(green)rand dead cells (red) on hydrolyzed

chitosan are shown in Figure 4.42-4.45.
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Figure 4.41 Percentage of live cells for Gram-negative Acinetobacter baylyi strain
GFJ2 attached onto electrospun chitosan fibers, formed from chitosan hydrolyzed for

6 and 48h, after various incubation times.
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Similar trend for both of Gram-negative and Gram-positive was found. The
percentage of live cells attaching on the hydrolyzed chitosan was slightly increased
when the incubation time was increased to 12 h. When the incubation time between
chitosan fibers and the bacteria cells was prolonged to 24 h, the percentage of live
cells attaching on the sample was slightly decreased. Nevertheless, the fraction of live
cells was relatively high. It is possible that the microorganism may be induced to
attach by altering the physical and chemical properties according to ionic attraction of
bacterial cells and the chitosan surface. Chit0sar is a cationic polysaccharide that acts
as a glue to initiate bacterial-surface intéractions. Inereasing the contact time between
chitosan fibers and the bactenal e€lls tends to increase the interaction rate. However,
the carbon sources could bepresumed to limit in this study. When the incubation time
was prolonged to 12 h; mueh of the,carbon sources was still available for cells. After
the incubation time up£o 24 h,the carborr SQUICE for bacterial cells was decreased. In
addition to the comparison of the percen’tage of viable cells for both Gram-positive
and Gram-negative, it was found that the survival of Gram-positive bacteria on
chitosan was less than Gram- negative ‘i’ his result could be explained by the
difference in chemical properties of their eel—l Walls Gram-positive cell walls do not
posses a lipid outer, membrane while Gram “negative cell walls posses an outer
membrane consisting-of various-lipid-complexes {25;26]. When the positive charges
on amino groups of chitosan interacted with negatively charged bacterial cells wall, it

leaded to the leakage of intracellular constituents.
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Figure 4.42 Fluorescence micrograph of Gram- positive B. agri strain 13 attaching on
the electrospun chitosan nanofibers, that were prepared from chitosan hydrolyzed for

6 h, after various incubation time. The green fluorescence indicated live cells, while

the red fluorescence indicated dead cells.
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Figure 4.42 (continued).
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Figure 4.43 Fluorescence micrograph of Gram- negative A. baylyi strain GFJ2
attaching on the electrospun chitosan nanofibers, that were prepared from chitosan
hydrolyzed for 6 h, after various incubation time. The green fluorescence indicated

live cells, while the red fluorescence indicated dead cells.
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Figure 4.43 (continued).
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Figure 4.44 Fluorescence micrograph of Gram- positive B. agri strain 13 attaching on
the electrospun chitosan nanofibers, that were prepared from chitosan hydrolyzed for
48 h, after various incubation time. The green fluorescence indicated live cells, while

the red fluorescence indicated dead cells.
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Figure 4.45 Fluorescence micrograph of Gram- negative A. baylyi strain GFJ2
attaching on the electrospun chitosan nanofibers, that were prepared from chitosan
hydrolyzed for 48 h, after various incubation time. The green fluorescence indicated

live cells, while the red fluorescence indicated dead cells.
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4.5.1.2 Effect of hydrolysis time of chitosan

To compare the effect of hydrolysis time of chitosan on cells viability, the
incubation time of 12 and 24 h were chosen. It was found that the percentage of live
cells for both types of bacteria attaching on the surface increased when the hydrolysis

time of chitosan was increased. The results are shown in Figure 4.46-4.47. The trend
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attaching on elé¢ctrospun chitosan ﬁl}ers prepared from chitosan being hydrolyzed for
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Figure 4.48 Percentage of live cell for Gram-negative Acinetobacter baylyi strain
GFJ2 attaching on electrospun chitosan fibers, prepared from chitosan being

hydrolyzed for period time, after the incubation time of 12 h.
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Figure 4.49 Percentage of live/cell for Gram-negative Acinetobacter baylyi strain
GFJ2 attaching on <€lecirospun _,chitosan (fibers, prepared from chitosan being
hydrolyzed for period time, after the incugation time of 12 h.

v';.r.’.'..

The results were not only explained .-by the surface area-to-volume ratio
available for cells attachment on the surface but also due to a significant role of the
cationic behavior of chitosan. Although the degree of deacetylatlon is the one of the
most important chem;cal characteristics of chitosan, the 1nﬂuence of molecular weight

on the viscosity of chitosan solution also played a significant role.

To cleatly explain the hydrelysis ofichitosan, the FT-IR spectrum of chitosan
after being hydrolyzed for various period of time shown in Figure 4.50. Chitosan
shows @) broad O strefchifig<at wavetnmber bétweer 280052900 cm™ and the
absorbtion corresponding to polysaccharide structure at wave number between 1155-
850 cm™. Another major absorption band at 1600 cm™ represents the free amino
group (-NH,) at C2 position of glucosamine. The peak at 1641 cm™ and 1324 cm’
corresponds to a CO-NH of amide I and amide II deformation to CH, group [27-30].
Noted that, for chitosan, the peak at 1600 cm™ has larger intensity than at 1641 cm’™
and 1324 cm™ which suggests effective deactylation. Decreasing of the peak at 1641
cm” and 1324 cm™ corresponding to higher deactylation. From the results, at 6, 12 ,

24, 36 and 48 h of hydrolysis, it was indicated that there was an intensification of the
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peak at 1600 cm™ while the peak at 1641 cm™ of CO-NH appeared only after 48 h for
hydrolysis time. However, the difference was shown at the peak of 1324cm™ which
indicated that when the hydrolysis time was prolonged to 48 h, it resulted in the
increased deacetylation. It is possible due to the propagation of the hydrolysis
reaction. Nevertheless, all of hydrolyzed chitosan is not fully deacetylated. The
interaction between chitosan and anionic surface active species of phospholipids from
cell wall depended on the amino group at C2 position. The presence of free amino
groups along the chitosan chain allows this#maeromolecule to dissolve in diluted
acidic solution. Increasing-free amino- groups, which also related to the increased
chitosan solubility, leaded to.the.anerease in positive charge of the polymer chains for

cell to attach on the surfaces \
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Figute 4.50 FT-IR spectra of chitosan being hydrolyzed for various period of time.

In fact, the highest of cells viability was found on chitosan hydrolyzed for 48
h. It is possible to presume in regard of biocompatibility that decreasing the molecular
weight of chitosan was able to decrease a toxicity toward bacteria. To confirm the
effect of chitosan molecular weight on cell viability, the FT-IR spectrum of chitosan

obtained at different hydrolysis times were analyzed. The peak of polysaccharide



83

structure at wave number between 896-1155 cm™ was found. It was found that when
the hydrolysis time was increased, the intensity of the polysaccharide group was
decreased and the peak corresponding to ring breathing at 849-901 cm™ appeared.
This result indicated that the saccharide structure of the molecule was opened by
dehydration of saccharide rings and cut into the polymer chain by hydroxyl groups of

NaOH. It is attributed to a complex process including dehydration of sacharide rings,

depolymerization and decompos | [] cetylated and deacetylated units of
polymers that could reduce the polym 1 gth and the molecular weight of
chitosan [31]. In additionythe-solubility'of t@zed chitosan was increased due

to the decreased molect [32]. and dead cells are shown in
Figure 4.51-4.54.

AULINENINYINT
AN TUNM NN Y



84

20.0 ym

20.0 ym

20.0 pm 20.0 pm

24 h

Figure 4.51 Fluorescence micrographs of Gram-positive B. agri No.13 attached on
electrospun chitosan nanofibers that were prepared from chitosan hydrolyzed for

various period of time, after the incubation time of 12 h.
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Figure 4.51 (continued)
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50.0 4m

24 h
Figure 4.52 Fluorescence micrographs of Gram-negative A. baylyi strain GFJ2
attached on electrospun chitosan nanofibers that were prepared from -chitosan

hydrolyzed for various period of time, after the incubation time of 12 h.
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Figure 4.52 (continued)
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24 h

Figure 4.53 Fluorescence micrographs of Gram-positive B. agri No.13 attached on
electrospun chitosan nanofibers that were prepared from chitosan hydrolyzed for

various period of time, after the incubation time of 24 h.
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Figure 4.54 Fluorescence micrographs of Gram-negative A. baylyi strain GFJ2
attached on electrospun chitosan nanofibers that were prepared from chitosan

hydrolyzed for various period of time, after the incubation time of 24 h.
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Figure 4.54 (continued) ]
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4.5.2 Viability of bacterial cells attaching on hydrolyzed chitosan film

For the comparative study of the percentage of live cells attaching on chitosan
films and nanofibers, the incubation time of 12 and 24 h were chosen. Similar trend
for both of Gram-negative and Gram-positive bacteria were found. Higher percentage

of viable cells were attaching on chitosan fibers than those on chitosan films.

Moreover, both types of bacterlal

cells attaching on the surfa %@1

time. The results are gguﬂ

Baylyi strain GFJ2 an

the increase in the percentage of live
drolyzed for prolonged period of
Gram-negative Acinetobacter

ram—pos1t1ve Brevibacillus agri

strain 13.
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attachlng on electrospun chitosan fibers and chitosan films, prepared from chitosan

being hydrolyzed for various periods of time, after the incubation time of 12 h.
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Figure 4.57 Percentage of live cells for Gram-negative Acinetobacter baylyi strain
GFJ2 attaching on electrospun chitosan fibers and chitosan films, prepared from

chitosan being hydrolyzed for various periods of time, after the incubation time of 12
h.
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surface area-to-volum ; atio. A sheet of ran il om d fibers showed the surface
il

morphology with grooves ridges and hlghly porousity formed between the nanofibers

that assisted ¢ 1 s f ibers also allowed cell
migration, nuann(zj nﬁ 1 tr ﬁ‘j‘igﬂ ﬁm microorganisms thus
enhancing cell su 0rt1 capacity”and consequently thier viab vailability of
b Db SO G| bbb 1 Bl oL i s e

porous than the films allowed oxygen diffusion from the bottom of the sheet though

the nanofibers sheet to the bacterial cells attaching on top of the sheet, in addition to
the direct diffusion to the cells. Oxygen has transferred into chitosan support via
diffusion due to difference in oxygen concentration in direction perpendicular to the
chitosan sheet. It should be noted that the observation by the fluorescence microscope
revealed multi-layers of cells on top of the chitosan sheet. For the cell attachment on

chitosan films, most of the dead cells were observed in the bottom layer close to
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chitosan. It is possible that low oxygen concentration of the cells stack caused cells to
die. Furthermore, negative charges of cells wall interacted with amino groups from
chitosan such that it resulted in damages in outer membrane of the cells, which
changed the hydrophilicity and charge density of the cell surface. The fluorescence
micrographs of live cells and dead cells on chitosan fibers and chitosan films prepared

at various conditions are shown in Figure 4.59-4.78.

50.0 ym 50.0 ym

Fiber.

Figure 4.59 Fluorescence micrographs of Gram-positive B. agri No:13 attaching on
electrospun chitosan fibers and chitosan films that were prepared from chitosan

hydrolyzed for 6 h, after 12 h of incubation.
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Figure 4.60 F luoreseﬁnce micrographs ‘of d}ram-positivefB. agri No.13 attaching on

. o — .
electrospun chltosanjﬁbers and chitosan films" that-Were prepared from chitosan
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hydrolyzed for 12 h, ang':r 12 h of incubation. m
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Figure 4.61 F luoresc%nce micrographs ‘of (’iram—positivefB. agri No.13 attaching on

. e -l .
electrospun chltosanjﬁbers and chitosan films" that-Were prepared from chitosan
. s

hydrolyzed for 24 h, aft'ér 12 h of incubation. I
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Figure 4.62 Fluoreseence micrographs of Gféfﬁ-positive B. agri No.13 attaching on
electrospun chitosan~fibers and chitosan films that Were prepared from chitosan

hydrolyzed for 36 h, after 12 h of incubation.
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Figure 4.63 Fluoreseence mié}agrdphs of "Cl}-fh'c-ffh—-i)ositive‘,.B. agri No.13 attaching on

¥ "_.‘"JIO
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electrospun chitosan~fibers and chitosan films that Were prepared from chitosan

hydrolyzed for 48 h, after 12 h of incubation.
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Figure 4.64 Fluorescence micrographs of Gram—nega ve A. baylyi strain GFJ2
g s bgrap i

attaching on electrosgﬁn chitosan fibers and chitosan f'ﬂm}; that were prepared from

chitosan hydrolyzed for 6 h, after 12 h of incubation.
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Figure 4.65 Fluorescence micrographs o’f’G‘ram—negaEive A. baylyi strain GFJ2
il * J

attaching on electrdlséun chitosan fibers and chitosan flﬁnjp that were prepared from

chitosan hydrolyzed for 12 h, after 12 h of incubation.
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Figure 4.66 Fluorescence micrographs of 'Gfém-negative A. baylyi strain GFJ2

attaching on electrosptifi chitosan fibers and chitosan films that were prepared from

chitosan hydrolyzed for 24 h, after 12 h of incubation.
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Figure 4.67 Fluorescence micrographs of éfam-negative A. baylyi strain GFJ2
attaching on electrospuifi chitosan fibers and chitosain films that were prepared from

chitosan hydrolyzed for 36 h, after 12 h of incubation.
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Figure 4.68 Fluorescence rﬁiéfégraphs c’;f-'wG;r_a{m-negapive A. baylyi strain GFJ2

attaching on electrd.sﬁun chitosan fibers and chifosan films that were prepared from

chitosan hydrolyzed for 48 h, after 12 h of incubation.



105

20,0 pm 20.0 ym

Film
2

F ]

7

E 1ber

Figure 4.69 Fluoreseence miéf()‘graphs of éféﬁ-positive B. agri No.13 attaching on
electrospun chitosan~fibérs and chitosan filins that Were prepared from chitosan

hydrolyzed for 6 h, after 24 h of incubation.
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Figure 4.70 Fluoreseence micrographs of Grarri-positive B. agri No.13 attaching on
electrospun chitosan~fibers and chitosan films that Were prepared from chitosan

hydrolyzed for 12 h, after 24 h of incubation.
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Figure 4.71 Fluoreseence miéf()‘graphs of éféﬁ-positive B. agri No.13 attaching on
electrospun chitosan~fibérs and chitosan filins that Were prepared from chitosan

hydrolyzed for 24 h, after 24 h of incubation.
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Figure 4.72 Fluoreseence micrographs of Gréfﬁ-positive B. agri No.13 attaching on

electrospun chitosan~fibers and chitosan films that Were prepared from chitosan

hydrolyzed for 36 h, after 24 h of incubation.
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Figure 4.73 Fluoreseence micrographs of Gfam-positive,,rB. agri No.13 attaching on
il r

electrospun chitoséﬁi‘tﬁbers and chitosan films that w_%rfp prepared from chitosan

hydrolyzed for 48 h, after 24 h of incubation.
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Figure 4.74 Fluorescence rﬁiéfbgraphs 6%-".-G'f2{m-negajt,ive A. baylyi strain GFJ2

attaching on electr&sﬁpn chitosan fibers and chitosan ﬁﬁnﬁ that were prepared from

chitosan hydrolyzed fr16 h, after 24 h of incubation.
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Figure 4.75 Fluorescence mlcrographs of G‘ram—nega}lve A. baylyi strain GFJ2
attaching on electrosgun—cmmﬁ that were prepared from
chitosan hydrolyzed for 12 h, after 24 h of incubation.
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Figure 4.76 Fluorescence micrographs of éfam-negative A. baylyi strain GFJ2
attaching on electrospuifi chitosan fibers and chitosain films that were prepared from

chitosan hydrolyzed for 24 h, after 24 h of incubation.
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Figure 4.77 Fluorescence micrographs of G‘ram—nega}ive A. baylyi strain GFJ2
— 7

attaching on electrd@ﬁlln chitosan fibers and chitosan fl‘l:r_n} that were prepared from

chitosan hydrolyzed for 36 h, after 24 h of incubation.
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Figure 4.78 Fluorescence rﬁiéfbgraphs 6%-".-G'f2{m-negajt,ive A. baylyi strain GFJ2

attaching on electr&sﬁpn chitosan fibers and chitosan ﬁﬁnﬁ that were prepared from

chitosan hydrolyzed for 48 h, after 24 h of incubation.
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4.5.3 Viability of bacterial cells attaching on chitosan/PVA nanofibers

In the study of cells viability on chitosan/PVA nanofibers fabricated by
electrospinning, the chitosan with molecular weight 760 kDa were chosen. The cell
attachment was investigated after 12 and 24 h of incubation for both Gram-negative

and Gram-positive bacteria. The similar trend for both Gram-negative Acinetobacter
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Figure 4.79 Pﬁﬁﬁ?mﬂﬂ Wgﬂl acillus agri strain 13
‘ nano1ipers

attaching on c@'tos ith various chitosan contents, after the
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Figure 4.80 Percentage E sfor- Brevibacillus agri strain 13

attaching on chitosan/ S Wi '. oOus chltosan contents, after the
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Figure 4.81 Percentage of live cells for Gram-negative Acinetobacter baylyi strain

GFJ2 attaching on chitosan/PVA nanofibers with various chitosan contents, after the

incubation time of 12 h.



117

100 ~

o N—— 3 4

70 -

60 -
50 A
40 -
30 +

Percentage of live cell (%)

20

10 - 2

0 L e I . —
0 5 10 15 20 25 30
Chitosan content {%wt/wt)

Figure 4.82 Percentage of dive ¢ells for Gram-negative Acinetobacter baylyi strain
GFJ2 attaching on chitosan/PVA nanoﬁbj“édrs”with various chitosan contents, after the
incubation time of 24 h. -

)
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At the lowest of chitosail eontent inVésfféated (i.e., 2.44 %wt), all experiments
for both types of bacterial cells indicated that :tﬁé percentage of live cells attaching on
surface was the highést:-When the chitosan content was-iicreased, it resulted in the
decrease in the Viabiiity of cells on the surface. The resulfé could be explained in the
similar manner as what have been described in previous sections. The positive
charges chitosan interacts withinegative/charges on'the surface of the cells. The amino
groups (NH;") as the active functional group was found to be effective in obstructing
the bacterial.cells attachment..[33]., The increase-of.chitosan.content would increase
the number of NH3" groups leading to“the free ainino' group that could be alter cell
permeability. Due to the damage of the outer cell membrane, the hydrophilicity and
charge density of the cell surface may be changed. The fluorescence micrographs of
live cells and dead cells on chitosan/PVA fibers fabricated with various chitosan

contents are shown in Figure 4.83-4.86.
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Figure 4.83 Florescence micrograph of G@I—Qogitive B. agri strain 13 attaching on

electrospun chitosan/PVA fibers that were prepared with-various chitosan contents,

after 12 h of incubaﬁe’ﬁ‘ time. o
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Figure 4.83 (continued). ?‘,-_
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Figure 4.84 Florescence micrograph of Grar?_—@gative A. Baylyi strain GFJ2 attaching

on electrospun chitgsan/PVA fibers that were prepared wf[h,.various chitosan contents,

after 12 h of incubatief time. ot
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Figure 4.85 Florescence micrograph of Grq;i_.l‘-po_sitive B. agri strain 13 attaching on

electrospun chitosan/PVA fibers that were prepared with-various chitosan contents,

after 24 h of incubaﬁoh_ time.



123

50.0 pm

13.04-%wt

28.57 Yot

50.0 pm



124

50.0 pm|

Figure 4.86 Florescence micrggﬁap_t_;' of Gra:ﬁjnggative A. Baylyi strain GFJ2 attaching

on electrospun chitq_sén/PVA fibers that were prepared ,wg{;kyvarious chitosan contents,

after 24 h of incubaﬁeﬁi time. :*-J
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Figure 4.86 (continued). Sk ek




126

Furthermore, to investigate the effect of molecular weight on chitosan/PVA
nanofibers fabricated by electrospinning, the chitosan with molecular weight 100 kDa,
400 kDa and 760 kDa were used. The nanofibers were tested with Gram-negative
Acinetobacter baylyi strain GFJ2 bacteria using the incubation time of 24 h. The

results are shown in Figure 4.87

100

B 2.44%wt

[028.57 %wt

Percentage of live cell (%)

..-.-r’, P_,.,

Figure 4.87 Percent‘_é_ge of live cells

f{>r Gram_me!A inetobacter baylyi strain

various chitosan contents

(%wt) and various chi@ er theﬁlcubation time of 24 h.

These ﬂuu E;l;% %%Jn‘w ‘S'J atliefgof ﬂtﬁan affected viability of

cells. Moleculat' weight of chltos%n directly related to catlonlc the behavior of

chltos W’HL ﬁ WE\I M‘Tyg ﬂ%ﬁ a ﬁstltutlon. High
molecular we itosan cou ave block arrangement of acetylated and

deacetylated units and would increase the number of amino groups (NH;") per
molecule. However, the maximum soluble amount of chitosan decreased with the
molecular weight of chitosan, leading to the reduced number of free amino groups
that are available for bacterial attachment [33]. The results regarding the micrograph

of live cells and dead cells attaching on chitosan/PVA fibers are shown in Figure 4.88
-4.90.
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Figure 4.88 Fluoreseence mlcrograph of Gram—negatjv;: A. baylyi strain GFJ2

attaching on chltosan%’f’VA nanofibers that were formed frdm chitosan with molecular

weight of 100 kDa in various chitosan contents (%wt), after 24 h of incubation.
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Figure 4.89 Fluorescence micrograph OF--Gi’am-negative A. baylyi strain GFJ2

attaching on chltosan/PVA nanofibers that were formed fgom chitosan with molecular

weight of 400 kDa in- Varlous chitosan contents (%wt), aftele 24 h of incubation.
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Figure 4.90 Fluorescence migr@éfaph of Gram-negative A. baylyi strain GFJ2

attaching on chitosqg;&)VA nanofibers that were formed if_@_m chitosan with molecular

— -

weight of 760 kDa ih-'é_qrious chitosan contents (%owt), after 24 h of incubation.
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CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

The conclusions of this research are as follows,

1.) The electrospinning of the )ntaining pure chitosan could not
. i, . .—d - . .
produce nane he -experimental range investigated. Only

2.) The chito S.cou | be fabricate electrospinning technique
prey zed or with the addition of

3.) The chitosan in diffe rentformz support material is an important factor

affecting the bacter E nd cells viability.
4.) The re Ao bacterla cells and the

physwoch@lcal prope
bacterial attachment and cells viability

ﬂumwﬂmwmm
QWWMﬂ?ﬂJ UAIINYAY

of chitosan is an important factor affecting the
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The recommendations for further experiments are as follows,

1.) The analyses of mechanical and thermal properties of chitosan would give
more understanding in the process to fabrication of the nanofibers

structure.

\

“cells attachment.

3.) The measur( ic ¢l \ distribution on the chitosan solution

4.) The meast _h' outer ¢ er cell membranes permeability
would be helpt eXplaihation of bsorption of bacterial cells on
chitosan

ﬂUEl’J'VIEWI?WEI']ﬂ‘i
ammmm UNIINYAY
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APPENDIX A

SIZE DISTRIBUTION OF FIBER DIAMETER OF
CHITOSAN/PVA COMPOSITE
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Figure A-1 Size distribution e chitosan/PVA composite at
z T ’
0.004 %w/v chitosan content, MW of chito 00 kDa.
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Figure A-2 Size distribution of fiber diameter of chitosan/PVA composite at
0.008 %w/v chitosan content, MW of chitosan of 100 kDa.
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APPENDIX B

STANDARD CURVES FOR BACTERIAL CELLS
CONCENTRATION

- d for 20h

o Inoculum)
(Shaked at 250 ai 45°C for Brevibacillus agri strain 13 and at room
temperature for Acil etobacter baylyi strain GFJ2)
A

Yoo ige/at 5000 rpm, 15 minutes
The high deénsity cells were plaged into 20 ml of bacterial solution

ﬂﬂﬂ?ﬂﬂﬂ'ﬁ@lﬂ?ﬂ‘i
VR ﬁ‘ﬁ“ﬁ‘f?ﬂ”ﬂﬂf’m“ﬂm B P

Diluted 10pul of the bacterial solution to 100ul of nutrient solution

(Serial dilutions =10 -10""* from the original medium solution)

U
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10ul of the serial solution was droped onto the agar plate and spread plate

Incubated for 20h
(45°C for Brevibacillus agri strain 13 and at room temperature for Acinetobacter
baylyi strain (GFJ2)

\

From 10ul of the serial soluti wis Coutit = ‘ = 6 colonies (CFU)

Before the dilution those 6 coloniés were i mne =10"2(1/p)
Thus the original concentration - = 6 colonies
SECE 102 107

Therefore, at OD600 : ‘ 6 x 10 CFU/ml

The standard curv.p of bacterial cells were shown in Figure B-1 and Figure B-2

for G-ram-posG@ ﬂﬂl Iwaﬂ Vilaﬁ']Wﬂ‘ndTﬂn?egatwe Acinetobacter

baylyi strain respectively.
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Figure B-1 The standard'c of Gram-positive Brevibacillus agri strain Nol3
between optical densit; . and _' olony forming units (CFU/mL) at 45°C,

24 hours incubated time
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Figure B-2 The standard curve of Gram-negative Acinetobacter baylyi strain GFJ2
between optical density (ODgo9) and the colony forming units (CFU/mL) at room

temperature, 24 hours incubated time by using the spread plate technique.
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APPENDIX C

DETERMINATION OF NUMBER OF CELLS
ATTACHED ON CHITOSAN NANOFIBERS

In order to determine the bacterialcells attached on chitosan nanofibers, the
optical density of the initial bacterial ccll solu#on.and that of the washed solution was
measured by spectrophotemeter-at 600-nm (ODgog)=Fhe Colony Forming Unit (CFU)
was calculated from a standasd Calibration curve for ACinetobacter baylyi strain GFJ2
and Brevibacillus agri Strain 13/ follo&yed.

For example, ;-é}am-negativé %cir’x'etobacter baylyi strain GFJ2 of the

hydrolyzed chitosan at G and 12h'.f0£-r incﬁpa}ion fime.

ODgoo of the initial bacterial célls's6lution is 088 =2.6545x10"* CFU/ml
100p1 of the initial bacterial gells sofiition j"‘ =2.6545x10"x (10™")
Fr - _';, ‘ : ):3
Thus, CFU of initial bacterial cels— — =2.6545x10"
P ;fa‘_:.__‘:_v_

ODygyo of the first was'gedsoiuﬁm.ﬁeﬂ—i jﬁ‘=1 .5038x10' CFU/ml

500ul of the first of wiashed solution © =1.5038x10'% (5x10™
CFU )

Thus, CFU of the first swashedsolution =7:519x10°

ODgo of the.second.washed solution is, 0.1993 =2.8823%.10'"° CFU/ml
500pl of'the second of washed solution =2.8823%-'10"x  (5x10™")
CFU

Thus, CFU of the second washed solution =1.4412x10"

Since Total CFU attachment = CFU iitial — CFU first washed — CFU  second washed

= (2.6545x10") - (7.519x10%)-(1.4412x10"°)
=2.6503 x10" cells
Therefore, the total bacterial cells were attached on the support = 2.6503 x10" cell
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APPENDIX D

FT-IR SPECTRA OF CHITOSAN
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\\ 1600 1200 800 400
1
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Figure D-2 FT-IR spectra of the chitosan hydrolyzed for 12 h.
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Figure D-4 FT-IR spectra of the chitosan hydrolyzed for 36 h.
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APPENDIX E

DETERMINATION OF FIBER PERCENTAGE

IN CHITOSAN NANOFIBERS

\//

The percentage of theﬁh__ spun ﬂ/ﬁrs was measured with SemAfore

image analyzing prongh e‘perlw determined from the data of
; . .

about the randomly selec

for 5 times was followed

For example
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Table E-1 Fiber percentage of electrospun fibers in Figure E-1.

Area Measurement

(5x5 um) Fiber Bead Percentage of fiber
(%)

1 47 3 94
5 R
B ———
R ”
> /ﬂ‘K\ m\ — %0
Average \ \\ 90
W
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APPENDIX F

MORPHOLOGY OF BARE FIBERS DIPPED IN WATER
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Figure F-1 SEl\%&nicrographs of elegtrospun chitcgm/PVA comp%sgte nanofibers with
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molecular weight of chitosan was 400 kDa.
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Figure F-6 SEM ;ﬂiicrogriﬁﬁs"'ﬁf '
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Figure F-7 SEM micrographs of electrospun from chitosan hydrolyzed for 24 h after

dipping in water for various periods of time. The molecular weight of chitosan was 76
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2h , 24h
Figure F-8 SEM microgggj—;‘héfof clectrospun from éhigosan hydrolyzed for 36 h after
dipping in water for Vgﬁd( ri0ds of time. The melecular weight of chitosan was

760 kDa. yrry//

18rmm 8

Figure F-9 SEM micrographs of eléctrospun from chitosan hydrolyzed for 48 h after
dipping.in.water for various periods of time..The molecular Weight of chitosan was

760 kDa.
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