CHAPTER 11

THEORY AND LITERATURE REVIEW

2.1 Tissue Engineering

As a result of do reasmg number of organ-lost
patients, tissue engineering.hasbeen of te S| \. edical personnal and biomaterial
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i) Implantatlon freshly ise reulturcd cell)

ii) Implﬁzﬁrﬁ ngﬁ ﬂl d scaffolds, and

iii) In sifitissue regeneratlon‘.
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dlmenswnal (3D) matrices [28].
2.1.1 Scaffold on Tissue Engineering

Tissue engineering approach involves seeding the cells into the scaffold. The
cells then proliferate, migrate and differentiate into specific tissue while secreting

extra-cellular matrix components (ECM) required to create the tissue. Therefore, the
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scaffold design is one of the essential factors in producing artificial tissues and

organs [29].

There are many crucial requirements of a successful scaffold for tissue

engineering application [1] as follows.
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Table 2.1 Type 8f cells and appropngte scaffold pore size.

Scafﬂdmlﬁ q

(um)

15-100 Fibroblast 11
20-125 Fibroblast (adult mammalian skin) 30
100-350 Osteoblast 31

50-200 Hepatocyte 32




2.1.2 Scaffold Formation Techniques

As scaffold characteristics mentioned earlier, the scaffold fabrication
technique should provide a scaffold with controlled porosity and pore size, since
both are important in organ regeneration and also affect the mechanical properties of

the scaffold. Many scaffold formation techniques have been studied to be

appropriate for each material. 5 ”#/

2.1.2.1 Thermally Induce F Separation (LaRSy™

TIPS is a popular teehinudy / séal ‘-i on. For theory, the polymer

pha d polymer-poor phase. The
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solution is cooled below nt, After cooling, the polymer
solution is separated into
latter phase is then refovgt lays until complete solvent
sublimation giving high 0 now, TIPS technique was

used to fabricate from bo 'SV nat] ers.

Poly(L-lactic acid) (P (DL-lactic-co-glycolic acid) (PLGA)
scaffolds had been_ fabricatéd 3]~ The effect of polymer
concentration, solveén —_f_— kane (solvent) and water
(non-solvent) and qu - 0 zeavere studied. It was found

that quenching temper ure was a 81gn1ﬁcant effect. A slow cooling rate generated a
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FOr natural polymer dissolving in water, freeze drying term was used to call
this technique instead. It was a bio-clean method having ice as a porogen, no any

organic solvent remaining in scaffold after ice crystal sublimation.

Mabhidally et al. [34] prepared porous chitosan by freeze-drying technique.
Various forms of scaffold were produced including porous membranes, blocks, tubes
and beads. The effect of chitosan concentrations and freezing temperatures were

studied on pore size of scaffolds. They found that freeze-drying is a proper method



for fabrication various forms of chitosan scaffold. By varying freezing conditions,
mean pore diameter, measuring by SEM photographs, were fabricated within the
range 1-250 um. However, the mechanical strength of porous scaffolds were lower

than that of non-porous control.

ical application. In production, the

Schoof et al. [35] developed a fre}ze-drying process to manufacture collagen

collagen suspensions were ] and space-dependent freezing
e, hal solidification was applied
during the freezing. They fa ; c

g -/ al solidification and stationary
pTQ / 2gen sponges., with a homogeneous pore

freezing condition could

structure. The ice-crystal gorj e adjusted between 20-40 um

. WS
by varying the solute eénce Sion.

2.1.2.2 Solvent Casting andfPa

This method involves refovin g ap DY solvent leaching. Pore size and

% porosity of scaffold could. . ontrolling size and amount of the

porogen.

T oy

Mikos et al. [3r ha sing ]\ﬁ:l as porogen. The process
1r.

ip step, PLLA was dissolved in chloroform and then added
F-.

L
salt particles j Elﬂ (ﬂlﬂ ﬁﬂe&] é'xfﬂﬁ)n, the polymer/salt
composite was lgached in water for 2 day

s to remove the porogen completely. They
e RS R
Porositie§ in the ﬁe 20- H;IO e'sizes"n g 30120 pum have

been achieved by this technique.

involved 2 steps. The

2.1.2.3 Internal Bubbling Process (IBP

A new approach to fabricate porous matrices was developed from an attempt
to extent the upper limit of pore size by freeze-drying. Chow er al. [37] produced
open-pore matrixes by loading CaCOs crystals into chitin solutions. The mixture was

cast to form gels and then submerged in 1IN HCl solution to produce gaseous carbon



dioxide and CaCl, giving rise to highly open-pore matrixes. They found this method
was suitable for chitin porous matrix formation because it could solve the problem of
insolubility in most solvents of chitin. The obtained matrixes were uniform large
pore sizes ranging from 100 to 1000 um depending on the amount of CaCQ; added

into the chitin solution. In addition, the matrixes showed good water vapor

. Wd mechanical strength.
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pproach involving gas as a

permeability and water uptake abilit

2.1.2.4 Gas Forming

To avoid the u 3 16V

porogen was develop _ pONg 3]"The process began with the

formation of poly \b\ OrePLGA solid discs using

compression molding. SRS [ gith CO, gas under high
pressure (5.5 MPa) for . € -' \\\ svand then the pressure was
decreased to atmospheric £ {68 iTtin i1v;po "\‘x within the polymer matrixes.
Scaffolds with porosities 0f 8% i d: . si p to 100 um could be obtained

using this technique. However, 1 ight take place from some residual

porosity after compression moldmig i 9. dominant heterogeneous pore

-
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2.1.2.5 Fiber Bonding E m
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This te¢hni 1 ?wﬁ]ﬂ ume ratio giving a
desirable as sﬁgﬁ!ﬁnm al. [39] fabricated PGA scaffolds by fiber
bonding.techaigue. PG . i ﬁ: mi)ig the solvent
was eacﬁgld] aﬁﬁmw;l; j] Elh lea\}ihg an
interpenetrating network of PGA and PLLA. The composite was then heated to
above the melting temperature of both polymers leading to bond the fibers at their
Junctions. The PLLA was then dissolved in methylene chloride to give a porous

scaffold of PGA. Although this technique could produce interconnected pores, the

remaining organic solvent from incompletely removing could be toxic to cells.



Each technique has its advantages, but none can be employed to fabricate for
all tissues. Therefore, things to consider depend on the properties of polymer and its

intended application.

Up to now, both natural (collagen, gelatin and chitosan) and synthetic (PGA ,
PLLA and their copolymer PLGA) materials have been studied for use as tissue

were lack of cell adhesion, and their

i a three-dimensional architecture.
Moreover, some polyesterserelease acidi€ de roducts which are harmful to

host tissue. In addition, theh¥d Sis; \\\; Aw.COJ olymers have been shown a
of
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durmg polymer erosion.
Nowadays, many res€a ention to develop natural

polymers as a scaffg ies, chitosan is one of

Chitosan, derived from. '?‘J a, T abundant aminosaccharides, is a

o T .
copolymer of mostly™) _}} o N-acetyl-glucosamine
units. Chitosan cari, B if bfdihg to a crystallization

arrangement, o.-, - ancﬂ -forms depending on the sourc@(Figure 2.1). The different
chain arrange ﬁ ﬁ ﬁ ﬁﬁmﬂgi . The a-form, found
in shrimp and ﬁ is ﬁ here the molecules
are aligned in an anti-parallel fashion. This typewof arrangemefit gives the most

compleﬂm w’q @ﬁﬂeﬁ)m Nhﬁ aa m %‘lﬂa ao chitosan are
packed ink parallel pattern, resulting in a weaker intermolecular force and less stable

than a-form. The last form, y -form, is a mixture of a- and B- forms having both

parallel and anti-parallel arrangements [40].
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a-form chitosan

B-form chitosan

and [3-form chitosan.
\

vable mat rom an exoskeleton of crustacean,

)
cuticle of insects, and cell wall of fam: S= ous researchers have been made an
effort to investigate itg advantages. Surpri: ggod properties found in it

including biodegrad y-and biocompat 7 '—-,‘,':'j s degraded by enzymes

and give non-toxic roduets . epor@l that chitosan are cell-
stimulating [13], blood alnticoagulability, a&selerate wound healing [14], and has

hemostatic ca‘qﬁlﬂ ﬂrﬁﬂjﬂﬁ W%ﬁxﬁ'sﬂ@m has been used

increasingly in iomedical application such as a wound healing agent, bandage

materialg ski i : i n, ml: s and drug
deliveryﬂeﬁjﬁﬁﬁmm:r\g mﬂ:‘lﬁgﬁz solvents, it
can be easily processed into various forms, for example, film, powder, gel, bead,
fiber, and sponge. Chitosan can be hydrolyzed by chitosanase and lysozyme, an
important enzyme in the human body fluid. The degradation leads to cleavage at
(I—>4) B-linkages of N-acetylglycosamine. The N-acetylglycosamine moiety in
chitosan is a structural feature also found in the glycosaminoglycan, one compound

of the ECM affecting cellular movement, shape, proliferation and differentiation

[14]. Many usages of chitosan are given in the following.
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Biagini ef al. [14] prepared gel from N-carboxybutyl chitosan for use in
wound management. The gel facilitated diffusion of substances and cell
proliferation. As a result, the wound healing with N-carboxybutyl chitosan was better
orderly structure and vascularization within 7 days without noticeable scars and

inflammatory cells at dermal level.

Mahidally et al. [34] re | Ef fabrication chitosan into various

devices for tissue engineeri membranes, blocks, tubes, and

beads. They suggested ingricalzoren bical scaffold for space filling

implants for soft tissue appli planar seaffolds for skin or articular cartilage,

porous beads for cell exp : \\\

lar shape for blood vessels.

apes of chitosan scaffolds.

San solution injected into the

knee articular cavity ‘of used - ansighi ant, increase in the density of

uggesting that the chitosan could be

potentially beneficial to the Woul {E{ ular cartilage.

Haipeng et al. ,___W I ]
a scaffold for nerve tepai
chitosan, glutaraldehy@cross inked

their derived-chitosan as
" taraldehyde-crosslinked

osan-gelatin cOpjugate, a chitosan-gelatin

mixture, chitosan coated with polylysine (GAP), and a chitosan-polylysine mixture

cri v o DS FHBF me ct ov
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Without 1ffer from chitosan source, the results indicated that cells more readily

attached to higher deacetylated chitosan.

Ma et al. [11] fabricated bilayer structure of film and sponge from chitosan
imitating the structure of normal skin. The film was prepared by casting method
giving the film thickness of 19.6 um, thereafter a chitosan sponge was formed on

film by freezing and lyophilization. Human neofetal dermal fibroblasts were seeded
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in the chitosan material remaining stable in shape and size during the cell culture and

would be good alternatives to some collagen materials.

Shanmugasundaram et al. [45] found that the scaffolds using collagen and
chitosan in the form of interpenetrating network (IPN) could be utilized as a

substrate to culture Hep-2 cells. It

was also used as an in vitro model to test
anticancerous drugs. i}

Mi et al. [46] deve AgSD)-incorporated chitosan

membrane by using a & to improve the traditional
treating acute burn we &bilayer chitosan membrane
used as a wound dressi 1 and sponge-like porous layer.
The asymmetric chito

dressing of AgSD. The

ate-release controlling wound

culture assay of the AgSD-
incorporated chitosan membrafie shawed: )ng-tetm inhibition of the growth of

1 |+
bacteria and decreased potential silver ioxi

2.3 Photo-Crosslinking
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A critical fa \v ----------------------- pe retention. Principally,

pore size is an import ac . 'ﬁe pore size should remain

somewhat constant durm% the usage period. Nehrer et al. [20] reported that a proper
pore size to e wever biopolymers
usually swell ﬂ guﬁ Tﬂﬂﬁ?ﬁﬁve nﬁcultles in retaining the
shape o m needs to be
malntaxédﬁoﬂra ﬁﬁiﬁm ﬂﬁ mgﬁmplantation

Shanmugasundaram et al. [45] reported that chitosan was mechanically weak and
quite unstable to maintain a predefined shape for transplantation as a result of

swelling.

Crosslinking seems to be the best approach to overcome these problems [47].
As shown in numerous papers up to date, chemical and physical crosslinking have
been used to improve the properties of biological biomaterials. Physical crosslinking

involves the use of photo-oxidation, dehydrothermal treatments, ultraviolet radiation
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[21], and ionic interaction. Overall procedures aim to avoid using toxic chemical

agents [25,48,49,50].

For the fabrication of chitosan scaffold, there are reports of crosslinking by
both physical and chemical means. Li ef al. [22] reported methods of using alginate
to physically crosslink with chitosan in order to improve mechanical and biological

properties for bone tissue engineering d that the compressive modulus of

that of pure chitosan, as a result

of the strong ionic bondingbetween arfiine groups™of chitosan and carboxyl groups

, ach and proliferate well. In vivo

study showed that the chi \\\ d rapid vascularization and
scaffold

For chemical tre stutz -‘ Iehyd \ tmely used since it is an

\

dehyde " crosslinking found in drug

inexpensive, water-sol Imber of possible reactions that
allow crosslinking. M
delivery applications [23,2 s cytotoxicity showing cell-growth

inhibition even at low concentra ial caliﬁcation in applications,

many researchers att Lﬁ:---.n‘—-..m;ﬁin‘.—_};7 5

2.3.1 Azides m m
Among CSF ‘Ejgﬂitﬂ Ts_ ), widely used in
0 1nduc1ng crosslinki

biochemistry, argjcapable ng which numerous researchers are

NIRRT T

Petite et al. [S1] developed a collagen-crosslinking method by using an azide
instead of glutaraldehyde as a crosslinking agent. They reported the incorporation of
acyl azide into collagen which carboxyl groups of acyl azide react with free amino
groups of collagen. The thermal stability of the collagen increased, as measured by
differential scanning calorimetry. The denaturation temperature (Tg4) of pericardial

collagen treated with acyl azide was raised to 83.4°C. The chemical solubilization
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and enzymatic digestion resistance of acyl azide treated tissue was identical to that

prepared from glutaraldehyde.

Ono er al. [53] presented a photo-crosslinkable chitosan, obtained from
chitosan conjugated with p-azidebenzoic acid and lactobionic acid (Az-CH-LA) for
e 2.2). The lactose moieties was introduced
in order to increase water-solubili t neutral pH. Az-CH-LA was photo-
crosslinked by UV irradi 7 msoluble hydrogel within 60 s.
ed to the fibrin glue. The

biological adhesive for soft tissues (Fi

Biological adhesive tes

crosslinked chitosan gel w. tive in sealing air leakage from

d .\%\

pinholes on isolated sma c131ons on isolated trachea.

Furthermore, it sho

1broblasts, coronary endothelial
cells, and smooth musele vivp 1est, all mice studied survived for at least 1

1 I3

month after implantation a potential for serving as a

new tissue adhesive.

T
rigure 3} Ok Eﬁoljel“ﬂ AN Y

Jameela et al. [23] reported the preparation of photo-crosslinkable chitosan as
a drug delivery matrix (Scheme 2.1). A crosslinker, 1-chloro-2-hydroxy-3-
azidopropane, was synthesized by the reaction of epichlorohydrin and sodium azide
in water. Then it was coupled onto chitosan to obtain photo-crosslinkable chitosan.
Drug delivery testing was prepared by casting the films containing drug, such as

theophyline. The films were further crosslinked by UV light. IR spectra indicated
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complete surface crosslinking within 2 h of irradiation. In drug delivery testing in
simulated gastric and intestinal fluids, the release of the drug from the crosslinked
films was slower than that from the uncrosslinked films which released completely
in a short time. In conclusion, it was possible to use the crosslinked films as drug

delivery matrix.

HOH,C

~o0 0 o
Hm O— h 00—
NH; NHCH,CHCH,N;
OH

Zhu et al. [53] gprese ot o !' mmobilization of chitosan/heparin
complex with 4-azidobe 7
(PLA) surface to enhance
Chitosan (CS) was reacted
PLA film surface by UV irradiai
that these PLA

0k ing agent on polylactic acid
ian cell adhesion and growth of PLA.
S before it was immobilized on to

in was modified by. They found

T —— e e e

"—L;-lIlﬁ-lllIllL_IIlllll_llllll.ll_.’li}'ii;’i:‘-’i.:'v,_‘ esion and activation.

3 X
Moreover, cell culture @u92 \ -fm“'! anced cell adhesion.

Obara et al. [S#]mprepared photgscrosslinkable chitosan (Az-CH-LA)

o o LI T oA o o

irradiation to AZMCH-LA containing gbroblast gr(l)gth factor-2 (Fgg-z) within 30 s.
They fﬂmﬁﬂ!fﬂ’ﬁ ﬂﬁumrﬁmj’gnﬂmﬂxydrogel were
graduallygreleased upon biodegradation of the hydrogel itself. Furthermore, FGF-2
incorporated chitosan hydrogel demonstrated a substantial effect to improve wound

healing in the mice.

Mao et al. [55] used the photosensitive hetero-bifunctional crosslinking
reagent, 4-azidobenzoic acid, to attach to O-butyrylchitosan (OBCS) for improving
the blood compatibility of silicone rubber (SR) film. The modified OBCS was

covalently immobilized onto SR film surface before crosslinking by UV irradiation.
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The results suggested that the increased blood compatibility of modified OBCS

introduced on SR film showed a potential to use as biomaterials.

Dusseault ef al. [56] developed a method to increase the strong of
microcapsules by creating the covalent links between the different layers of
microcapsule membrane. N-5-azido-2-nitrobenzoyloxysuccinimide (ANB-NOS) was
) (PLL) before further incorpolated

o induce covalent links between

used as a crosslinker to react

with cell-containing alginat
the phenyl azide group o

covalently linked microca years in a strong alkaline

buffer (pH 12), whereas s ared within 45 s in the same

)

solution. Moreover, i Jbrokenstandard microcapsules was more than
that of covalently cr ults were confirmed the

resistance to chemical { \ ly linked microcapsules.

!

Masuoka et al. | 33 L : - slinkable chitosan (Az-CH-LA)
using p-azidebenzoic acid sl

2ross! e as a carrier of fibroblast growth
factor-2 (FGF-2). The retainedEGH-2

e
& A
B

)
-

e chitosan hydrogel remained

-

biologically active, ~r'="""-“'""--"j—'——ﬁ$«i drogel upon the in vivo
; : nd-that the chitosan has a low
affinity (K4) for FG ¥-2 and prolonged the biological half-life of FGF-2.
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inactivation.
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u IW ao ify expanded
polytetrﬂuoro::’tl]'@s;ﬂF ) surface as a vascular graft using chitosan/heparin

(CS/Hp) complex. Chitosan was modified with p-azidebenzoic acid following coated

biodegradation of the :

onto ePTFE surface by UV irradiation. Heparin was further bonded to form complex
with chitosan. /n vitro blood compatibility result exhibited the reduction of platelets
adhesion and improving biocompatibility. Corresponding to in vivo experiments in
dog veins, the unclogged of these grafts was found two-weeks post implantation.
From these results, they suggested the use of chitosan/heparin complex on ePTFE

dissolving blood clot problem found in small-diameter vascular grafts.
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The azide group can be decomposed when exposed to light or UV and gives
rise to highly reactive nitrene which can react further with several chemical moieties

as discussed in the following.

2.3.2 Nitrenes

Nitrene, the nitrogen

garbene, has long been known as

intermediates in organic chel y.. Nitreué 4 molecular fragment with six
electrons on the nitrogen Which-are fo @y or photochemically from

hydrazoic acid (HN3) or e of nitrene is a singlet with
3 740 K‘\Qi\

3 \ plet with one pair and two
\‘x erate nitrenes are:

two paired sets of free €lects

electrons of parallel sp#

1) Elimination

R—N—0SO,Ar BH  + ArS0,0°
|

H

2) Breakdown. _____._ - ympounds ti:om azides

RN _ “+ N

1 ’J‘I’IEWlﬁWEJ’mi

he mos§] common method for generatmg nitrene 1ntermed1ates is by

thermol en used for
generatio )iﬂ:lﬂyiﬂ Emaﬂ ﬂenvﬁiﬁw]

Since nitrenes are too reactive, many reactions in which nitrene intermediates

are suspected probably do not involve free nitrenes. Various reactions of nitrenes
involve C-H insertion, addition to C=C bonds, rearrangements, abstraction and

dimerization as shown in Scheme 2.2.
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hy -
R-N; ——— R-N _ +2N,
RH \
\ N R-N=N-R
2 /CHZ & C=C\
[\

Scheme 2.2 Photolysis of o tion of nitrene with various
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