CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Chitosan 2N | ’, /

Chitosan, a linear.cationic | s a structure similar to cellulose.
onyersion of chitosan generally is
achieved by treatment i eentrated sodium or potassium hydroxide to remove

some or all of acetyl gzolips ' i e san mainly consists of 2-amino-

2-deoxy-D-glucose (Glg De: . \ amount of 2-acetyl-2-deoxy-
D-glucose residues. mdu £f GIcN \ \\ is generally referred to the
percent degree of deaCetylati oﬂ& OD. It been observed that the degree of

acetylation of chitosa é&;J ysical and chemical properties as well as
biological activities of ¢ ‘-.—*-"" sile strength of chitosan films, enzyme binding

and immunological act1v1ty [ -r- Various teehniques can be used for determination of

L0 ..rf
% DD such as IR | ' titgation [4]. The structures of

chitosan and chitin @re's
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Figure 2.1 Structures of chitin and chitosan.



Chitosan is dissolved in inorganic acids such as HCl, HNO3; and organic
acids preferably acetic acid and formic acid. Pure chitosan precipitates from

solutions if the pH rises above 6.

Cﬁitin, the secound-most abundant natural polymer, is harvested mainly from
the exoskeleton of crustaceans such as crabs krill, lobsters and shrimp. Chitin and
chitosan have recently been mte\{\!‘a % for uses in various medical and
pharmaceutical apphcatlon ttractive chemical, physical and
mechanical propertles ce ,ynter molecular hydrogen bonding,

: 'Wing properties in chitosan
'bréﬁg\aial skin, wound dressings,

similar to cellulose, i

for the developmen

physical barriers t dhesions and suture materials. The

polycation structure

healing and is then used or:{{bme bro lications such as artificial skin,

_.——

wound dressing and sutures, H,omwg,zi@cated in the literature that chitosan

am;éjlgulatlon systems.

has the capacity t &tlvate both complement .
pacity %_

In 2000 and 2 02 Takeshi, et ¢ ation of polymer layer-by-layer

assemblies having alternatmo bioactivity. Dextran sulfate and chitosan were selected

as polymer ly Heparin, which is

another weﬂnﬁﬂlg mmiﬂﬂi ctivity, was also used

in aﬁeﬁyﬂi a & ﬁly with chitosan. Its b16&ct1v1ty was analyzed [5], [6].
S TN TR

fIn 2002 Johan and Petti prepared thin chltosan fllms by glutaraldehyde
crosslinking of chitosan onto APTES coated surfaces. Biocompatibility of the
supported thin film was analyzed after incubating in serum or plasma. Polyclonal
antibodies towards a few selected serum proteins were used to detect the binding and
activation of complement factors and the intrinsic pathway of coagulation proteins.
The adsorbed amounts of serum and antibodies were quantified by sihéle wavelength

null ellipsometry. However, acetylation turned the chitosan coating into a strong



alternative pathway activator. Large amounts of fibrinogen and other plasma proteins
bound to chitosan but not to acetylated chitosan. The present results confirms that
chitosan can activate the complement cascade and that the activation depends on

degree of acetylation [7].

Recently, attempts have also been made to improve blood compatibility of

chitosan with physical blends, sur odification and synthesis of blood
d the preparation of sulfonated
derivative of chitosan to improy ility. The method involved the

chemical modification=@ egatively-charged modifiers

containing sulfonic. ceent / s hav -~ that ionomers containing
sulfonic acid have 7, i-cont t\ esponses including anticoagulant
nonthrombogenic, red on fent activity, and anti-calcification properties.

In 1997 Gregorio, et al. . N-benzyl sulfonated derivatives of

sodium disulfonate in thg'presence of so; fum cyanoborohydride. One-dimensional

and tw_o-dimensional NMR spez ~were used for the characterization of the

)

qe“derivative of chitosan by
reacting the polyme lm-furansulfonic acid to obtain
the sulfonated chitos#n<derivative. In vitsd blood conﬁtibility of the sulfonated

chitosan w vuaﬂ anﬂlmesumg ah rént-platelets and the extent

of platelet ac?fl'ation. The sulfonated chitosan aReared to possesipon-thrombogenic
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OH OH i o
o /&o HC SOy Na*
HO oTio 0 + |

NH, NH,

T 5-Formyl-2-furansulfonic acid,
sodium salt (FFSA)

SO3Na*

Flgure23@u1ﬂ1‘3 ﬂfJ mlﬁ ﬂlﬁl:lm‘;l chitosan [9].
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In 2002 Preeyanat, et al. prepared chitin from the shells of rice-field crabs
(Somanniathelphusa dugasti) which was converted into chitosan and then sulfated
with chlorosulfonic acid in N,N-dimethylformamide to give water-soluble sulfated

chitosan. The sulfated chitosan preparation showed strong anticoagulation [10].
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Figure 2.4 Reaction sc ¢ synthesis of sulfated chitosan [10].
Other numesou erials have b oat artificial surfaces in an

attempt to Y patibility ”m«-‘f ith naturally occurring
bioactive or bioinertqws al Al_maddmonal advantage using

the polysacchande in gman could be its non mammalian source, which eliminates

meeREe I Iy
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When charges are present in macromolecular solution near a surface, several
features show up that do not play a role in uncharged systems. If the polymer is
charged, the mutual repulsion between the segments opposes accumulation in the
surface region. In addition, the surface carries a charge, there is an electrostatic
contribution to the segment surface interaction that either promotes or counteracts

the adsorption, depending on the types of charges. The structure aspects of



adsorption must imply changes in their shape. The usual description of
conformations at an adsorbing interface, first proposed by Jenkel and Rumbach and
depicted schematically in Figure 2.5 is in terms of three types of subchains: trains,
which have all their segments in contact with the substrate, loops, which have no
contacts with the surface and connect two trains, and tails which are non adsorbed

chain ends [11].

In polyelectrolyte nteractlons play a very important
role. Since this interacti trength depending on charge
densities (for both th | ! .‘Mns) and salt concentrations,
the adsorbed amoun#dc] Stion, ese two variables. The ionic strength of
polyelectrolyte soluti ek djusted by | of salts (e.g. KNO;, NaCl,
MnCls). The magnit " cha _. “solvent, ies and interactions between
ionic species (inter-and intie ; > A s of polyelectrolyte and the
substrate) in the sol aried with, » ; alt added. The conformation

of an adsorbed polyele€trolyte 12 is markedly dependent on the ionic strength of

the solution from whic dsor ..:;'_: ace. For strong polyelectrolyte
systems, polymer chains ad_s,gi‘B -‘avar:y ormations (trains with few loops and
tails) especially orbed amount at low salt

segments in loops of fails are supp ang polyelec@lytes behave essentially like

neutral polymer. Incredsing ionic strengthyis related to decreasing the solvency, and

promotes nﬂeusﬁu'a ‘ﬂl,&jﬁé}‘ﬁ Fw E\Ji’q ﬂmﬁmore loops, tails and

eventually exténded chains as the ‘adsorbed amount and layer thlckness increase. At

R T
completely screened, a more random coil-like confo aller radius of

gyration is more favorable than the extended chain.
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Figure 2.5 Pictori

tails and trains (L:

2.3 Layer-by-layer Ad

)

The surface mod C%f},?ﬂ;crof aterials

-

significant for biomedical H'ﬁa“ tions;—DE
y AT T

ties. fdoaunm?e

ultrathin films can faintain the original mechanic: jperties and/or fine structures

engineered for spegific bioaffini surface with polymeric
g s

of the substrate. If the poly nble inﬁl aqueous biological phase,

then the coating is easily performed by methods such as dip-or spin-coating.
g " o n.).’ p &I p P g

However, ﬂnﬂﬁl@’n?{lﬁwﬁwglﬁ' ﬂo?d be immobilized by
chemical bonds between the polymers and the substrat¢ material. There are
limifati in<the,la a dcc ntrel.o lﬁt i lﬁg'ti n of the film
TS TV TRY

The fabrication of ultrathin polymer films on material surface is important
for various scientific applications such as in biomedical fields [12], biosensor
electronic parts [13], membrane [14] in order to modify or improve the intact
characteristic of surfaces, which can be exposed to various environments. The

effective coating of surface with polymers thus results in a potentially drastic change
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in surface affinity. In most case, the material characteristics seem to be governed by

the chemical composition of surface.

Layer-by-layer assembly, which can be achieved by the alternate immersion
of certain substrate into oppositely charged polymers, is a promised methodology
that uses electrostatic interaction, which was first introduced by Decher in 1991 [15]

, as a versatile method for prep l d multilayer films (Figure 2.6). One of
the most important prop i'e\\ s comes from the fact that they

exhibit an excess of aw pos’we zmme charges [16]. The outmost

layer usually showed an¥ polymer. Many compounds

were used for laye - polyelectrolytes and other

macroions including articles [12,17,19,20, 22 1.

The process; in i plest; form, i se*entially dipping a charged
substrate into dilute gous' ﬂ ‘ y charged polyelectrolytes and
allowing the polymer fg . e of the substrate surface. The
sequential adsorption of olyelectrolyte allow the buildup
of multilayer film structure. THi¢ rather well-controlled thickness have
been obtained wrrtﬁ the mtr(')"ductlon of er jeonditions and number of

deposition. In ex lv ing growth conditions; ners observed that salt has the
strongest influence IJ ckness) per cycle. Polymer

concentration, moleculélr weight and deposmon time are known to be less important

”a“ab‘““ﬁ UHANYNINYINT

Recen y, many research publications reiE,.c.)rted the use o{}he layer-by-layer
s QBT ORI YIRS Qe cloosse
interaGtions between cationic and anionic polyelectrolytes to modify and to improve

surface properties of materials for biomedical applications.

In 1994 Yuri, et al. prepared densely packed charged virus sandwiched in
multilayer films of charged polyelectrolytes by successive adsorption of poly(styrene
sufonate) (PSS) and poly(allyamine hydrochloride) (PAH). It was demonstrated that

the surface created by particle deposition was smooth. Very precise data on the



12

thicknesses of sublayers were derived from suitable model fitting [18]. In the same
year, they prepared multilayer films by means of alternate adsorption of positively
charged globular protein (myoglobin or lysozyme) and anionic poly(styrene
sulfonate). Regular growth alternate adsorption was analyzed by UV spectroscopy
and quartz crystal microbalance (QCM) [19].

Figure 2.6 Schem i' yer adsorption of polyanion

il
I 1
and polycation ontj positively charged substrate.

AUEINENINYINT
ARSI AT

anti-i?rununoglobulin G (anti-IgG) on solid substrate. The deposited films were
characterized using atomic force microscopy (AFM), scanning electron microscopy
(SEM) and fourier transform infrared reﬂection;absorption spectroscopy. Both types
of films fabricated are attractive for biosensing applications. Not only they can
provide ordered, functional protein layers within a polyelectrolyte matrix for sensing

investigations, they can also serve as useful functional films for applications where

an increased binding capacity of the film is sought [20].
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In 1999 Donald, et al. studied the formation of thin polymer films on models
of tissue surfaces using polyelectrolyte multilayer techniques in order to evaluate the
feasibility of using such technique to build barrier materials onto the surfaces of
tissue to improve postsurgical healing, or on the surfaces of tissue-engineered

implants. By incubated heterogeneous surface with a polycation (alginate), followed
by a polyanion (polylysine), layers of polyelectrolyte were deposited onto surfaces,
as confirmed by ellipsometry m&wf yct angle measurement. Surfaces that
were treated with m lt@“ﬁ' e ﬂd elatin, fibroblast extracellul

i ult — 131 g racellular
matrix, and fibrillar Wagena [21_}=wime year, they also prepared

C-BSA) and immunoglubulin G
ene (PS) latex particles. The

assembled multilayer o
(IgG) by assembling

regular, controlled, ste

In 2000 Guy, et _a.l_t_,,gz_{ﬁst‘irg d the interaction between poly(styrene
sulfonate) (PSS) ~a¥&1 @m&mm human serum albumin

dependent adsorptia , eﬂj simply termed “protein

adsorption” was the result,of antagonist cempeting interactions that were mainly of

soswinips$) 1116113 NEI 1113
AT R

cyclic voltammograms obtained from the Au electrodes modified with the
Gox/dendrimer multilayers revealed that bioelectrocatalytic response was directly
correlated to the number of deposited bilayers, that is, to the amount of active
enzyme immobilized on the Au electrode surface. A new approach to construct a

multilayered enzyme films on the Au surface for using as a biosensing inteitace was

described [24].
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Figure 2.7 Examples of polycations and polyanions used for multilayer assembly.



In view of alternate layer-by-layer assembly of cationic chitosan with
oppositely charged polyelectrolytes, the following related publications have been

reported.

In 1998 Yur. et al. prepared biocompatible molecular surfaces by an
alternate assembly of cationic chitosan and anionic PSS at pH 4. Film growth and its
by the QCM method. In addition,

ed by non-contact atomic force

ted with thin layer of
polyacrylonitrile). ultrathin self-assembled

polyelectrolyte in gas diquid and ic v sepafati ibed [25].

|||||

anti-and procoaguladon activities, respectively. The lave “hy-layer assembly of these
y , .’tg" crobalance (QCM). They
also investigated the‘j:fluence of salt concentration in th
on the ass ﬁ led to thicker films. This study
demonstrate ﬁ u ﬁ ﬁ‘@ ﬁnﬁt &l;r] ﬂ ‘(;trolled [5]. Later in
2002, Takeshl et.al. continued their study oghmultllaycr sys@s They varied

concapjipr bR Tk QLS A G T ey Py povero fim

thickress increased upon increasing NaCl concentration. There was a critical

polymers was quarn

e polymer aqueous solutions

concentration for the alternating activity; above a concentration of 0.5 M NaCl, both
anti-and procoagulation could be observed on the dextran sulfate and chitosan
surfaces, respectively. They also studied the formation of assembled film from a
combination of chitosan and heparin, but the activity was different from that of the

former system. They suggested that the polymer species and/or the assembly
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conditions are key factors for realizing the alternating bioactivities of films prepared

by the layer-by-layer assembly [6].

2.4 Blood Compatibility

The term “biocompatibili es many different properties of the
aterial screening refer to their in
vitro cytotoxicity a ior. Artificial surfaces were in

contact with blood tn{ - of biologic ems through the adsorption of

protein and cells. I re of adsorbed protein layer
determined all adv t impair the use of artificial materials in medical
devices: thrombus adhesion, platelet activation,

initiation of coagulati iVation ¢ mplement system that in turn results

Human bleod (S major components are red

blood cells, which ca to the %dy; white blood cells, which

have major roles in disease prevention asg immunity; and platelets, which are key

elements inﬁ ucﬂlﬁgl%&ms% Jﬂﬂtﬁm suspended in blood

plasma, a yeilowish liquid that cgmprises about 55 % of human blood. When the
bl i i a.t e, \ij\i container, and
thﬁ‘;ﬁ::[ ﬁﬁlﬂemﬂﬁ;tlmﬂe e ‘EI plasma at the
top.

The plasma is the river in which the blood cells travel. It carries not only the

C

oxyge

blood cells but also nutrients (sugars, amino acids, fats, salts, minerals, etc.), waste
products (CO>, lattic acid, urea, etc.), antibodies, clotting proteins (called clotting
factors), chemical messengers such as hormones, and proteins that help maintain the

body’s fluid balance.
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Figure 2.8 Pictorial uéaﬁon of himan blood;

ki

Many specific fu f thhs of. blood are carried out by proteins found in plasma.
Human plasma contams a .n‘umber _tSf, proteins such as albumin (Alb),
immunoglubulins (Ig), complement facte JZ"flbrmogen (Fg), Fibronectin (FN),
coagulation factors (activates:-and ‘down }‘eggla.lors) and lipoprotein (LP). These

proteins all have yaﬁous biological roles: Alb is con&defeg a biological passivator ;

immunoglobulin G"'QgG) activates the complement system and, for example, binds
lymphocytes; the complement factors (including C3) are a part of immune defense
ending in the lysis offcells with the membrane attack complex repturing the cell
types and bacterid havegreceptors for EN, Q:macroglobulin (cxM) is a down
regulator of the coagulation cascade that ends in the formation of blpod clot in which
facter$ like highmanelecular weight kininogen| (HMWK), factoi-XIE (F XTI), factor
VII (B VII) and prekallikrein (PK) are component, anti thrombin III (ATh III) is
another potent down regulator of coagulation, as it binds thrombin, LP can act as

transport protein of such agents as cholesterol [26].
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2.4.2 Mechanism of Thrombus Formation on Polymer Surface

When artificial materials contact a living organism, severe biological
responses are induced. Particularly, thrombus is formed when blood encounters a
foreign surface as shown in Figure 2.9. The mechanism of coagulation is very
complicated, but simplicity can be classified into three processes: (1) the coagulation
Wo plemental system. The coagulation

» jé)es. One is started by Factor VII
when the tissue is dam , i 3 '.:M;he body). The other is induced

by Factor XII (Hage
within the body (i.e.

system, (2) the platelet system

system can be further cla

1 an inflammation originating

It is well kno telet \me to thrombus formation. A
foreign substrate i i d - agti latelets with the adsorbed
protein layer serving : g facto t response. The adhesion of

platelets to a biomateri zfc’:‘é*l;:\ i ved' . platelet release reaction taking

G (IgG) or immunc 4 i i 01 complex. The alternative

pathway is s ﬂwﬁﬁ % ]Ef])r adhesion of leulsg]cyﬁ anil activation of C5.

Thesélthree mechanisms of coaaulatlon are not independent. Normally,

TS T

by thromboplastins liberated from platelets or by Factor XII activation caused by
platelets stimulated by released adenosine diphosphate (ADP). Thrombin formation
caused by activation of the intrinsic pathway induces the production of a fibrin
monolayer on a biomaterial surface and the promotion of platelet adhesion and

aggregation.
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2.5 Surface Characterization Techniques

Surface characterization is a method used for analyzing chemical and
physical properties of material surface. In this research, surfaces of deposited films
were analyzed in order to confirm the layer formation and stratification of multilayer

films. Various techniques were used.

at oblique incidence

The shape and orig

direction of the polarizatio .. hcider Tistk, A d the reflection properties of the
surface Elhpsometry_ m reflected light with a quarter-
wave plate followed by ag tations of the quarter-wave plate and
the analyzer are varied until-ao-li though the analyzer. From these

orientations and tidlrexmé‘ sola ization of incident light are expressed as the

reflection from the

ﬁf e. T ; o"’e ratio of Fresnel reflection

coefficients, R, and R; for p and s- polarized light, respé tively.

ﬂummm‘swmm

Tang") " . P —— (1)

ammmmummmaﬂ

An ellipsomer measures the changes in the polarization state of light when it
is reflected from a sample. If the sample undergoes a change, for example a thin film
on the surface changes its thickness, then its reflection properties will also change.
Measuring these changes in the reflection properties allowed us to deduce the actual

change in the film’s thickness.
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light source
S oo
p \

Intensity /\u

analyzer angle
Figure 2.10 Schematic ¢ experiment.
2.5.2 Attenuated Total Refle - d Spectroscopy (ATR-IR)

The infrared beam from ;5‘ iE. Spect er is focused onto the beveled edge of

an internal reflection & reflected, generally numerous

times, through the JRE :' (Figure 2.11).

3
N3 Wﬁﬁﬂﬁ

ARIRRQ I INYA Y

sample

Detector data treatment

Figure 2.11 Diagram of ATR-IR.
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The radiation can penetrate a short distance into the sample, thus interacts
with any functionalities existing within that depth. The depth of pehetration (dp,
defined as the distance from the IRE-sample interface where the intensity of the
evanescent wave decays to 1/e of its original value) can be calculated using the

formula in the following equation:

.............................. (2)
where A = wavelength o fadidy e IR ngle of incidence, ng, = ratio
of the refractive indices of the sz s A and n, = refractive index of the IRE.
Practically, the sa isfplaCed in ¢los \ with one of the crystal. In
this study, ATR-IR ¥ efor dentify ng’* ional groups on the surface of
multilayer films. Sampling ¢ ﬁ? Hg at \s 1-1.5 pm.

.t:‘g'f’a' B A\
P F

2.5.3 X-ray Photoelectro n.Spects b}s r‘Lr

m)s ls a ;.mm"m-—ummrﬁ lnforrnation On atomiC
/ : N
ace.In general, the sample is put

inside a high- vacuurmchamber (pressure 109 -10"® Torr)

e A
photoemlss1 ﬁ]o trons are also photo-
emitted from molecular orbitals oécupying the aalence band, but.with much lower

ety Sped i Wb b B G o cloosae

energy analyzer The binding energies, Eg, of the photoelectron are obtained via the

composition of the

, and irradiated with soft x-

Einstein relation:
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where hv is the x-ray photon energy, Ex is the electrostatic energy and ¢ is the
sample work function. Peak intensities are proportional to the number of atoms
sampled, and with the aid of appropriate sensitivity factors, atomic compositions can
be calculated, with detection limits of ~0.2 atom%. In this research, the result was

used to confirm the layer formation.

,':J t: sampling depth
1 d: moving distance
. w El,] n ?electron

0, o tékeé off angle

A aESal U ANy as

Figure 2.13 Effect of take-off angle to the depth profile.
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In XPS, take-off angle can be adjusted in order to analyze atomic
composition at each depth from the outmost surface. The higher the take-off angle is,

the deeper film layer the analysis can be carried out.

2.5.4 Contact Angle Measurement

Contact angle measuremn \ \| wme most common method of surface
-.'.. on ﬂ

tension measurement of ata, especially in the case of

polymeric materials, canbe ..,;. ith-low=eost instruments and with simple
techniques. The basis of the ﬂ ce tension by contact angle is
the equilibrium of . S , \ . .‘\ Figure 2.14 which can be
described by Young’s equatig mes more hydrophobic, 6 will be

larger if water is usedf@s aprobe u i ’\\

In this resear¢h, air atenﬁfé .
wettability and the stratificat n‘%ﬂgn}m - 1 ~

used for determining the
Saidins < 20y

. L
___ p;l:__# 7 o

SOLID

ﬂUH"J‘i’lHﬂ‘ﬁWH’]ﬂ‘i
F‘%Wﬁﬂb@ﬂ?weﬁWWﬂ‘Tﬁﬂ

Young’s Equation : Ysy - YLs =YLy c0sO

yLv: interfacial tension between liquid and vapor phases
ysv: interfacial tension between solid and vapor phases

YLs: interfacial tension between liquid and solid phases
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2.5.5 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscopy (SPM), allowing three-
dimensional topographical imaging of surface. In AFM contact mode, AFM probe is
in physical contact with the surface as it moves over the sample. Because it may be
used on any surface, AFM is much more suited to polymer surface analysis. The

essential features of AFM are sh igure 2.15. The tip of the probe, which is

commonly made of silicon a cantilever bearing a reflective

surface upon which a e sample is mounted on a
piezoelectric support, whi i 0nSe"t rface variations sensed by the
probe. As the tip is s cd”) over the surface, topological variations

cause deflections in t at-a g : recording the path of the

orders of magnitude better thap that obf ained by ¢

hI

Faia

R/

ISHENN ok
Aoy

Scanner

Image

/AB-CD)/{(A+E~C+D) x-buckling and z-detlection
'AC-BD){A+E-C+D) y-torsional deflection

Figure 2.15 Schematic diagram of an atomic force microscope.
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