CHAPTER V

RESULTS AND DISCUSSIONS

5.1 Characterization of chitosans

hitosa r this study were presented in
Table 5.1. HMW and MM Waehitosans were C(@y available and used without
further purification. LMW and« XMV produced from selectively

tlvely

the correlation between

degrees of acetylation (DA) 3 ; 52 10%f absorbance A)3y0/Ajso was used and

5.1
The relation «;'_—‘ --------- encet T stru ﬂ* unit that remained the
same and the measured g to the vibration of the

structural unit which was eymmated after deacetylatlon process. The absorbance band
at 1420 cm -H deformation and
the charactenstjﬂsan mmﬂ mmjsen to measure the
extent of ti ﬁ) m ese bands
to estimate ﬁy)laﬁfﬁ ﬁmﬁeﬁﬂ tﬁﬂ"\i 1 ranges of
degrees of acetylat1on from Nuclear Magnetic Resonance (NMR) technique than the
use of 3450 cm™ which represented the vibration of —OH groups as the reference
band. The results on the degrees of deacetylation (DD) shown in Table 5.1 indicated
that the degrees of deacetylation of all chitosan samples were in the range of 84 to

88%. Mao and coworkers [57] have suggested that chitosans with the degrees of

deacetylation between 80 and 90% were suitable for uses in biomaterial applications.



78

To characterize the molecular weight of chitosan samples, two methods were
used and the molecular weights calculated from two different basis, viscosity-
averaged and weight-averaged, were compared. The most commonly used equation
relating intrinsic viscosity, [n], with viscosity-averaged molecular weight, M,, is
Mark-Houwink equation; [n] = KM,", where a and K are constants that are

independent of M, over a wide range of values. Recently, Terbojevich and coworkers

[50], proposed the constants K = 3.5x10° —;- 0.76, found a good agreement in My

values obtained by viscometry weights from light scattering
Ae used in this work and the

method. The constants K = :
viscosity-averaged molec i ‘m were found to be in the

range of 4.8k to 880k.

Interestingly, the vi aged 1 ﬁ"’ ar,weights were much lower than
weight-averaged molecul “obtaing € rrheation chromatography
(GPC). Since GPC techniqu iredianole cight andards having a certain
range of molecular wei fuait fiolec lar ‘Weight distribution, weight-

standards used. Pullulans, which

have been used as conventional

averaged molecular weight '
are highly flexible and uncharget
standards in this .tTTWT‘Tm 93 chitosans, which are

more rigid and chargedi pe gorously overestimated

molecular weights [58-60]. The stiffness of chitosan chain§ might result in a shorter

1’:2:;1 t:;}:amimﬂ%’wﬁyfﬁ:ﬁ although they have
i boliuck) g @l&&l BATBED Y coses o

deacetylatlon but they were markedly different in their molecular weights. All
chitosan samples were used to study their influence of molecular weight on chemical,

physical, and biological properties of collagen and chitosan scaffolds.
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5.2 Chemical characterization of scaffolds
5.2.1 Fourier transform infrared (FT-IR) spectrophotometric analysis

The FT-IR spectra obtained from type I collagen was shown in Figure 5.1. In
the spectrum of pure collagen, five characteristic absorption bands at the frequencies
of 3439, 3300, 1660, 1550, and 1274 et gre observed. Generally, amide I bands

. 2ns coupled to N-H bending
e ——

the N-H bending vibrations

J4 cm™) is the combination

\\. =

coupled to C-N stretching
peaks between N-H deforfia ons. The other two bands,
arising from the stretchi of a medium to weak

intensity, appear at 3324 g

vibrations of hydroxyl and f{iee et appear at 3450 and 3324 cm’,
2 - 0, and 1381 cm™ indicates C=0
stretchmg, —NHz bendmg and,C O stietchingof primary alcohol groups. The last one
' ’ : en chitosan monomers
[7, 45, 61]. The FT-IR=spectr , and HMW chitosans

depicted the same char eristic absorption bands. This ™

selective enzym E[ ﬁ m W chitosan had an

effect only on th@jz i] ﬁtﬂ cﬁtj molecular level.
i Ve Ghdeh | o) 'éhl T IaTa AT Tl X TR

composmo?ls, shown in Figure 5.2, depicted similar characteristic peaks of the parent

as the evidence that the

molecules for all different molecular weight chitosans. For example, the intensity of
amide I peak at 1658 cm’! started to decrease slowly when increasing the proportion
of chitosan. In addition, the interaction between collagen and chitosan could be still
identified by amide I band and carboxylic bands presented in the range of 1600-1700
cm’'. The small shifts could be observed on amide I band between the results from
collagen/chitosan blends and that of pure collagen which might be simply attributed to
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local modifications leading to small variations of the rotation and vibration
frequencies. Moreover, the characteristic vibrations of a three-fold a-helix at 1637
cm’! which was often attributed to a C—O group of imine type involved in hydrogen-
bonding with water were still observed suggesting that the collagen molecules
involved in collagen/chitosan blends were not denatured by the addition of chitosan
[62]. On the other hand, the characteristic intense peak of chitosan, such as glycosidic

linkages at 1152 cm™, appeared more clé en the composition of chitosan in the

blend was increased. For the speetra of sdudominate blends, the high proportion
of chitosan was shown by afi“inerease slyeosidic linkage bands at 1152 cm™
and by an decrease of th pntribution of collagen and
chitosan in the blendir COOH, of collagen were

deprotonated to form monium groups, —NH,, of

chitosan were protonated at pH of blending solution
less than 3.6. This caus tion between polyanionic
collagen and polycationic ena corresponded to the
condition in the experiment, _ : : an blending solutions were
prepared using 0.5 M acetic md" H= 27N er, the H-bonding interaction in
collagen and chitosan _complex‘cd&ﬂ:g courr hen pH of blending solution was

approximately 5.8. A S8 oniy 2 sart of carboxylie>and ammonium groups
would be dlsassoc1ate action. The rest of carboxylic
and ammonium groups h1ch could not be disassociated would form H-bonding
interaction. As Efi m d chitosan in the
experiment coul@' ﬁle ?T'ﬁ rﬁmj and chitosan in the
experiment were, therefore, considered as purely elestrostatic interagtion without any
i S TRV S bbb b A b e P
spectra of ale collagen to the FT-IR spectra of the collagen/MMW chitosan (50/50)
scaffold (line 50/50 in Figure 5.2c). The comparison between FT-IR spectra of

chitosan obtained from substraction and pure chitosan was shown in Figure 5.3. The

results revealed that there was no peak generated or disappeared after blending.

Figure 5.4 showed the peak analysis obtained from Peak Fit software (version
4.12) of amide I band of collagen/MMW chitosan (70/30) scaffold. One could also
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notice the appearance of a new band at 1600 cm’ attributed to the free amino band of
chitosan and the total disappearance of the carboxylic band (1697 cm’) at the
shoulder of amide I band. This implied that, under such conditions, the carboxylic
groups of collagen which could not be accessible are now completely consumed. This
evidence gave rise to chitosan content at 30%. It was interesting to note that this
composition was close to the theoretical value of 28.5% calculated from purely
electrostatic interaction between polyanior ollagen and polycationic chitosan.
Purely electrostatic polyanion/; : 1 (E @ plex in collagen and chitosan

blends occurred when all cafboxyi en 1omcally interacted with

In addition, ther intensity at 1320 cm’!
representing the vibration
between —COOH of coll
This was because dehydrothgfn ent, ySic
small crosslinking extent t g ld..ﬁéﬁ te&. *T-IR technique. This result

d Domard [63].

| be formed by condensation
°r dehydrothermal treatment.
osslink, possessed such a

: : AT

was in good agreement with the widrk of Tara:
JP”"%"’-’)‘ j‘ -' V

In conclusion,<th .';;;::::;_:.:::::;:;;:_-.ae,,,,,_.M s/between collagen and

different molecular weigh -f‘ cristic absorption bands

without any appearance of new peaks and disappearance ofthe original bands of their

parent molecules 4 ﬁ ﬁﬂﬁ\iﬁﬁ )jﬂ were only physical
interactions be ﬁ i olecules in the blends. Hence,
they could exert their characteristics iridividually duging in vitro culture studies. Thus

e el amammmm ngnae

5.2.2 Differential scanning calorimetric (DSC) analysis

The DSC curve of collagen/XLMW chitosan scaffolds with various blending
compositions (Figure 5.5) showed a characteristic transition band attributed to the loss
of bound water. It could also be observed that as the proportion of collagen increased

the transition band shifted toward higher temperature since the water in collagen
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polymer was more strongly bound than that in chitosan. The water transition
temperatures of collagen/XLMW chitosan scaffolds were found at 113.0, 114.2,
111.7, 107.3, 105.3, 108.6, and 106.7°C for scaffolds containing 0, 10, 30, 50, 70, 90,
and 100% of chitosan, respectively. Moreover, DSC analysis showed the
decomposition temperature at 210.3 and 265.6°C for pure collagen and XLMW
chitosan scaffolds, respectively. The DSC curves of collagen/XLMW chitosan

:

scaffolds at blending ratio of 90/10 owed similar thermal characteristics
to pure collagen and XLMW cl / ly. The results were in good
agreement with the work of HAJ

orkers [7].
—

5.3 Physical characteri

Compressive mi agel/ " was shown in Figure 5.6.
In the case of pure compOne Te ‘.-_:'f' ive ulus of pure collagen was
¢ HMW and MMW chitosans.

.p-pf' ]

approximately two times greater than™

Considering scaffolds of collagt itosan, when increasing HMW

further increase of chitosan cor 5 resulted in a decrease in the

|

compressive modulus of the scaffolds. As the fraction of chitosan was as high as 90%,

the compressive m‘aﬁmﬁﬁi mom olds. But, for the
scaffolds of colae tos _ and MMW), the
compressive modulus was started to décrease at the Jow concentratiansof chitosan and

was furth ) ieale Wk pporbonlof chcn Digfs simitrto

the previoss work of Taravel and Domard [44] reported on the mechanical and

biological properties of collagen and chitosan blends. They proposed that the presence

of chitosan induced softening to collagen scaffolds.

It could be noticed that the molecular weight of chitosan had a significant
effect on the compressive modulus of scaffolds. The scaffolds made from collagen

and HMW chitosan had higher compressive modulus compared to those of lower
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molecular weight ones. This may be attributed to the more ordered structure of the
higher molecular weight chitosan. In addition, pure chitosan scaffolds with higher
molecular weight had an advantage in compressive modulus since the longer
polymeric chains accounted for better stiffness over the shorter ones [63]. On the
other hand, the scaffolds composed of XLMW or LMW chitosans had lower
compressive modulus and were more flexible relative to scaffolds containing MMW
or HMW chitosans. Indeed, the com
less than half of the values of
to what could be expected,

odulus of pure chitosan scaffolds was

As a consequence, in contrast

e o‘iappﬁly 30% of HMW chitosan in
scaffolds could increase 0 -- Prossive \‘“r\-x ofiuthe scaffolds since at this
chito ~

blending composition co , / /

electrostatic system [6

[itheoretically form purely

- san chain were mainly

incorporated in the formatién ¢ m 15 e a 1 : e Since the amino groups in

chitosan chain were more javaila \ weight of chitosan was
J’d #all ,"

higher, HMW chitosan could form poly: \ ple better than other chitosan

samples. This also confirteg thali'.k chit '. hains really interacting in a
collagen/chitosan polyelectrolyte ' o i chaved like some polymer blends
rather than three-dimensional -nsisves _ : esult, HMW chitosan could
participate in the fornjas nof oflagen and chitosan complex better than XLMW,
LMW, and MMW chitosans. X

1y
5328“"'““’?'[?3‘3’3?&17]5%3’]1‘]‘3

The swelhng ability of a scaffold is an important aspectto evaluate its
ety 8 Dl B LIA-30M HAA2 8] B Yo e
determmedqby using phosphate buffer saline and the swelling ratios represented the
amount of water uptake to the dry weight of scaffolds. The swelling characteristics of
collage/LMW, MMW, and HMW chitosan scaffolds at various blending
compositions were shown in Figure 5.7. The scaffolds containing high collagen
concentration revealed a rapid increase in water swelling and reached a high
equilibrium swelling ratios, in the range of 6-8, within a few hours. The initial

swelling rates of scaffolds having more chitosan content than 50% were slow and,
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additionally, low equilibrium swelling ratios were observed comparing to scaffolds
with high collagen concentrations. When increasing the proportion of chitosan to
70%, the equilibrium swelling ratios were slightly different from pure chitosan. At
this blending composition, collagen/HMW chitosan scaffolds showed obviously low
swelling ratio compared to scaffolds containing LMW or MMW chitosans. Since a
large number of scaffolds were used to elucidate their dynamic swelling properties.
For this reason, the dynamic swelling behz collagen/XLMW chitosan scaffolds
XLMW chitosan obtained.

Furthermore, there was no sighifieait di lling behavior observed from
- T —

blended scaffolds containi aitosans. Because collagen-

based scaffolds reveale ithe reliable swelling data

g process. In order to verify

ersed in 0.05 M phosphate

16 measurements were carried
8, :

were not obtained in the a
the equilibrium swelling
buffer saline (pH 7.4) at 373

out.
""J""'J'

.thﬂrﬂ"l f_'_‘

As shown in Figure e elling ratios of collagen/chitosan
scaffolds with different molecuia:

into two groups. Thk‘ fil f the blends eontaining ¢hitosan less than 30%

»san_could be clearly distinguished
/ Wy
showed good swelling » operty s: ollz gen. The other group of

which the swelling ratlo ere as low as that of pure chitosan was the blends having

chitosan compo Eﬁﬁ e gel-like structure
after swollen in % it nﬂﬁﬂm‘ﬁ ‘j)ﬁ and high molecular
weight chitosan had lower swelling ability than that.ef low moleculat..Welght chitosan,
i.e. the etﬂhﬁ:;]salﬂﬂn m&dwna Ia’/m ﬂM an was 31%
higher than that of HMW chitosan. This might be the effect of low molecular weight
chitosans that could be bound by surrounding water molecules more than the higher
molecular weight ones. The collagen/chitosan scaffolds with the blending
compositions of 100/0, 90/10, and 70/30 for all four molecular weights were selected
to test the morphology and further biological characterization because of their

excellent swelling ability. If the scaffolds were capably swollen, the pore sizes were

allowed to in crease in diameter. The excellent swelling ratios could facilitate the cells
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not only attach but also penetrate inside during in vitro culture studies. Those blends
were considered to have high surface area and thus the cells can attach and grow in a

three-dimensional fashion.

5.3.3 Morphology

Morphology of pure collagen’ revealed by SEM photographs
illustrated in Figure 5.9, indicat: cture with three-dimensional
interconnection throughout thé"s f chitosan molecular weight,

the interconnection of pores increasing the proportion of

chitosan up to 30% (Fig . _ . the \o\ no significant difference
in morphology between colfagefi afd goliage \ caffolds was noticed except a

NN
. BN,

;N op olutes as it changed to ice,

This could be caused by the

lla gen/chitosan solution was

~ creating more concentrated ‘areg 3 Sidee the tesults from DSC thermographs
proved that water molecules -c-- e ‘bund by collagen than chitosan
molecules, the generated ice crystats i 7 _ of-co lagen dominate solution were
found to have a smalle; C:’::.'.‘.T.T.::.T.'..:.:.‘.:.:.:;:;:;e:.-;:;:.;:;:;.:;.: “iower collagen contents.
This caused a slightly enlarge : f?'» an ratio in the blends.

Pore size m f ch was suitable for
 fibroblast mﬁltrH[ ﬁ‘ %ﬁﬂ ﬁﬁﬁﬂ%} For scaffolds at
blending composmon of 90/10 (colldgen/chitosan)was shown in @igure 5.10, the
morpholo) WAk sce RO bive s abdckdfrudrigk Vit e e weight of
chitosan bca:ame higher. The results could also be observed from either blending
composition of 70/30 (Figure 5.11) or pure chitosan scaffolds (Figure 5.12). There
was markedly different in the morphology of scaffolds fabricated from various

molecular weight chitosans. The more ordered structure could be obtained from
HMW chitosan.



86
5.4 Biological characterization of scaffolds
5.4.1 Biodegradation
The specific degradation by lysozyme of collagen and different molecular

weight chitosans can be beneficial in tissue engineering application since lysozyme is

addition, lysozyme was reported to

presented in certain human body flui

be synthesized during active p [66]. Thus lysozyme, released

/ailable for the degradation of

from phagocytic cells includ

dermal regeneration tem hitosan. To evaluate the
biodegradation of the in lysozyme containing

phosphate buffer saline ffolds has already been

studied [44, 46, 67-69] were performed under
accelerated conditions using'lo ‘ i yme activity as well as high
enzyme concentrations. To i | serim cond tion, , long-term in vitro studies

using physiological pH and ibed in section 4.3.6.1 have

rarely been studied. To di atic degradation and sample
dissolution, the dissolution of 4 either collagen or chitosan in
scaffolds could be neglé - well known that Both collagen and chitosan
were insoluble in water. £herefore it d --}o of these scaffolds was

mainly considered.

The biod%uﬂilm n{ﬂg :]eﬂ lj Collagen scaffolds

incubated in lysozyme had the hi ghest weight seduction and were completely
oo G Pt ) e o
reduced degradatlon of scaffolds in lysozyme solution. This suggested that the
physical interaction between collagen and chitosan possessed more steric hindrance
effect to specific cleavage sites of lysozyme than that of the pure collagen [44]. It is
well known that, in human serum, either collagen or chitosan are mainly
depolymerized by lysozyme [67]. This was because lysozyme is a mucolytic enzyme
with antibiotic properties and a typical globular protein, incorporating many

secondary structure consisting of fourteen turns, an assortment of large and small a-
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helices, a few short of B-sheets, and four disulfide bonds. In addition, lysozyme
indicated a single cleavage site between Typ-108 and Val-109 of N-terminal of
protein fragments. Type I collagen, which is the helical protein, generally appeared
the amorphous region where lysozyme could penetrate and depolymerize at N-(1-
phenlyalanine)-4-(1-pyrene)butyramide(Py-Phe) [70]. For chitosan, the general
mechanism is that lysozyme degraded chitosan, the heteropolysaccharides, by

section 5.2.1. Lysozyme contains a hexamer ding site [68], and hexasaccharide

sequences containing 3-4 or fhore-ac
—

degradation rate of chitovy :

were sustained after 3 we 3 '\. XLMW, LMW MMW,
and HMW chitosans, respe Fo ",* \ \ chitosan, the remained
weights were approximat€ly J4%6; ': h? 1d 82% for XLMW, LMW, MMW,
collagen/chitosan scaffolds i ed as increasing the fraction of
chitosan and it was true for fou yeights of chitosan. The pattern
of degradation of collag ) nd in-thisstudy could be explained
3 igh initial mass loss, the
degradation rate of the sai scaffolds having higher
chitosan content, % osans, as shown in
Figure 5.13c-5. ﬁ ﬂﬂﬁmm %Jufﬁ %occur in scaffolds
containing either MMW or HMW chitésan at 30% aad 50% after 3gyeeks due to the
lack of eyl ol eGepsotor 52194 bibdipel TH Jack f dobsccutive N-
acetmninog?ucosamiﬂe residues wés élso responsibie for the sldw degradation of
scaffolds. However, scaffolds having XLMW or LMW chitosans showed the fast
decreasing degradation rate although the chitosan contents were as high as 30%
relative to those scaffolds with MMW or HMW chitosans. This might be due to
HMW chitosans having more glycosidic linkage which served as specific cleavage

by followmg mechanism-of e

rnples generally slowed down fe

sites for lysozyme than that of the LMW chitosans. For this reason, HMW chitosan
could resist to lysozyme degradation better than the other chitosans. On the other
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hand, the chains of XLMW and LMW chitosans were much shorter resulting in a less
resistance to lysozlyme degradation than the case of scaffolds with MMW or HMW

chitosans.

Moreover, another aspect to explain the degradation of collagen/chitosan

scaffolds was a difference in hydrophobicity and crystallinity of chitosans presented

several factors such as i C e accumulated products,
partial enzyme inactivatiofi. 8, conclhu sidid not correspond to the
experiments performed i : 'F 07 \ ution was freshly changed
everyday during degradai & bloed circulation in physiological
condition. The most reagt explandil s "\ decreasing in enzymatic
accessibility as the proportiod o @1 oy 7. p the residual substrate increases.

This is in a good agreeméent Wi * resulte at scaffolds containing XLMW or

-

han those consisting of MMW or HMW

LMW chitosans can be digested!faster

chitosans since the MMW or HMW lorm more stable crystalline region

than lower molecular Wi

Y]

Because of low mystallinity and relatively weak*thtermolecular forces, low
molecular wei it ¢ ﬁn W tible.to.lysozyme than high
molecular wei:l:@uﬂs ﬁ EJd nced' b sEI:‘jafliﬁycurves of scaffolds
with MMW or HMW chitosans whichfshowed the plateau region after 3 weeks when

the propePlolor bithsuhbreab b 3. b biphons beoh ofchitosan

was hydrol%lzed more quickly than the crystalline region. Moreover, the degradation

rate of scaffolds composed of 30% XLMW chitosan was appreciably promising to the
biodegradation time required for healing acute skin wounds which was ‘about 25 days
[73]. A more rapid degradation rate would reduce the scaffold within a few days to
the liquid state, rendering its ineffectiveness as a skin substitutes. On the other hand, a

scaffold that degraded minimally within 3-4 weeks would hinder the wound healing
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process [73]. The results proved that the addition of chitosan could prolong the

degradability of scaffolds which was the vital characteristic for skin substitutes.

5.4.2 1929 and Detroit 551 cell adhesion and proliferation tests

The extracellular matrix is composed of glycosaminoglycan and collagen. This

for maintenance of hemostatis and

matrix controls the proliferation

regeneration of damaged tissuess. grix, with controlling functions like

those of the normal extrac int for the reconstruction of

i mgiand regenerative medicine.
Cell adhesion and proli oriéial for a scaffoldite support and guide tissue

regeneration. L929 cells =~-\~,'- d'eultured in DMEM medium.

»

after seeding. The results showed

A

no significant difference befve flagen,.gollage san, and chitosan scaffolds.

; of chitosan did not have a
dramatic effect on initial ce esigﬁf-_%{' ¥/

g e
e - A

Figure 5.15a-5.15c¢ represt e 1€ lts.ofithe mitochondrial activity (MTT)
assay for cell prolife .-,v-f. RS-sunnlementedimedium at 5,24, and 72 h
after seeding. L929 ce d
chitosan scaffolds to compare their cell behavior. The "2
viability of proljferafi ‘ﬁ u)s-(ﬂi t assays (n = 6). As what
would be expeﬂ,ﬂﬂu ?:Efjth ﬁ:j fj ﬁniﬁcant differences
between the cell adhesion on whether collagengcollagen/chitosan, and chitosan
seaffoldsp4005) % W Tk bl il e behabiprchu Y dbherved for al
scaffolds r!gardless of the blending compositions and molecular Weight of chitosan.

For scaffolds of pure LMW, MMW, and HMW chitosans, it should be pointed out
that 1929 cells did not proliferate on these pure chitosan scaffolds in this study. It was

£ :
onizol), collagen/chitosan, and

erage percentage of cell

indicated by the very small increase in cell viability obtained after 72 h of seeding.
This might be due to the inhibition of fibroblast migration by very high affinity
between positively charged chitosan and negatively charged surface of cells. For pure
collagen scaffolds, the percentage of cell viability at 72 h after cell seeding was about
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1.6 folds of 5 h after seeding. The scaffolds with 30% chitosan expressed the most
significant increase in relative cell viability among the three different molecular
weight of chitosans. At this fixed chitosan composition, scaffolds blended with LMW
chitosan showed the highest increase in relative cell viability at 72 h with significant
difference (p<0.05). The results revealed that the incorporation of chitosan into
collagen scaffolds at this blending composition could progressively promote L929 cell

proliferation. In addition, for scaff; aining 30% of LMW chitosan, the

percentage of cell viability wa antly Cieased, P<0.01, relative to control.
The results evidenced that 1oW Tholec '@ns can better accelerate and

promote L929 cell proliferati h holecni ones.

The effects of chi . cell behay e explained as follows.

Collagen, when crossli Sme spegific sell binding amino acids which
interact with cell surface in si : 18 ght be consumed [5]. Addition
of chitosan may provide mu 6ino groups }- ell adhesion and proliferation
due to the affinity between posit ' ¢ 26 , I MOI groups at physiological pH
of chitosan and negatively charged .;-:' 1embr faces [57, 74]. The influence of

AT T, ‘d . . e
different molecular weight onﬂﬁt’&“ Jity'miay be explained as the synergistic
interaction between - ‘.' -lllllh"-ll-ﬁll llllllllllllllllllll \L .' om cells which can

i i .
maintain the optimal envisonment s€ of pure chitosan, the growth

of 1929 cells might be iithibited by the extremely high a ity of cells with chitosan.

S;?:;z:/iﬁ;:}%mﬁmw %fwﬁﬁl ﬂ ;ﬁ—,non 0f L929 on the
Tam e ﬁaﬂlﬁoﬂl«} UM ARTII AR e ot

prohferatlon the effects of serum component were investigated. Cells were seeded
onto scaffolds with mimic conditions except the presence of serum in medium. The
results, depicted in Figure 5.16a-5.16¢, showed similar characteristic of cell behavior
with a slight difference in the relative cell viability since cell response was delayed
with the absence of serum in medium, Scaffolds containing 70% of collagen and 30%
of LMW chitosan still predominantly stimulated L929 proliferation. The results
confirmed that 30% of LMW chitosan presented in collagen-based scaffolds had the
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better synergistic effects with growth factors or some secreted protein from cells. Our
cell proliferation results corresponded with the work on the effect of chitin and
chitosan on the proliferation of human dermal fibroblasts in vitro reported by Howling
and coworkers [8]. The proliferation test was observed in human dermal fibroblast
cultured for 3 days in medium containing soluble fraction of chitosan. They found that
low molecular weight chitosan (Ma, = 13,000 measured by intrinsic viscosity and

iferation activity than high molecular

weight chitosan (May = stimulation was observed in

fibroblasts cultured in medium contaiz 'w molecular weight chitosan.
The mechanism by which ' san strongly. stifmulated L.929 proliferation could
be explained as LMW chit6Sanahight srum components such as growth factors

and either protect them @ esent them to cells in an

activated from. Bound ggoWti' | drs_could be slowly teleased by the action of

‘el e

J’J‘ Er ¥

I'*"QKIJ o
bl

..lil'-g-f = -*"

FE

Since the scaffolds fabricaied i ‘thi‘s Wi ere aimed to be used in skin tissue

lysozyme on chitosan, suppi§ level of mitogenic signals

[75-77].

engineering, the proliferation._tes ated using Detroit 551 human
dermal fibroblasts.

expressed the better repr

Detroit 551 cells ,_p"n ite-passage cell line,
_ mal wound healing than
L929 cells (continuous l 1 lme) In the further study, ' W chitosan with M, =
4.8k was taken ﬁr ﬂ: t. Detroit 551 cells
were cultured onﬁnuﬂ ﬁ:ﬁlﬁ Lﬁ i9 cells. Figure 5.17
showed the results of MTT assay®for initial esll adhesion omltured in FBS-
supplemetd et 15 afet bdink V1 resh btk shghiftd the case of

L929 cells.quither molecular weight nor blending composition significantly affected
the initial cell adhesion of Detroit 551 cells. Figure 5.18a — 5.18c indicated the results

of Detroit 551 cell proliferation cultured in FBS-supplemented medium at 5, 24, and
72 h after cell seeding. The percentages of relative cell viability were lower than those
of 1929 cell proliferation. This was because Detroit 551 cells had lower activity than
L1929 cells. After 5 h, there was no significant difference among pure chitosan

scaffolds. Considering scaffolds with 30% chitosan, the percentages of relative cell



92

viability of scaffolds containing XLMW or LMW chitosans were slightly greater than
those of scaffolds containing MMW or HMW chitosans at 24 h after seeding. At 72 h
after seeding, it was remarkably noticed that scaffolds composed of 30% XLMW
illustrated the highest relative cell viability, indicating an excellent stimulation on
Detroit 551 cell proliferation. This proved our hypothesis that chitosan with a very
low molecular weight could vigorously stimulate cell activity. Interestingly, relative

cell viability at 72 h of scaffolds co % XLMW chitosan was significantly

increased compared to the oth ollagen scaffolds. The results
might imply that there cou »-shift i ve concentration of chitosan

toward the lower conce aximal “stimutlation when the molecular

In order to verify ' : 1a '- dermal fibroblasts on the scaffolds,
collagen, collagen/XLMW #€hi A ) .I i XLMW chitosan scaffolds after
culture periods of 72 10,
exhibited the affinity and
of 72 h. The figures showed eIl whit

well in collagen and collagen/XLM

morphology. Figure 5.19
affolds after culture periods
hr Spot proliferated and distributed
itosan seaffolds, whereas cell proliferation
was inhibited in XLMW-_chitosan scaffold, FOr DUre MW chitosan scaffold, the
cells showed signs of iacre MW iing-off of some cells
leading to death. Furthe 'ore, cells on XLMW chitosan séaffold were found to have a
reduction in cell wﬁ m ty to pure chitosan,
resulting in the \%Z ﬁm llﬁﬁlﬁ ﬁl’fﬁo agreement with the
results of relative cell viability reportéd in sectiones,4.2. The results confirmed that
scaﬁ'olds’abﬁa aﬂa)avli’ mou mf}l’&%q()a b&loglcal active
than pure %ollagen or chitosan, and possibly had more potential as wound healing

agents or dressing materials.
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5.4.3 Detroit 551 cell spreading area observation

Figure 5.20-5.25 showed the SEM micrographs of spreading behavior of
Detroit 551 human dermal fibroblasts on the collagen, collagen/XLMW chitosan, and
XLMW chitosan scaffolds. Collagen/XLMW chitosan scaffold with blending

composition of 70/30 was selected to observe its interaction with Detroit 551 cells

since it could promote the highest c ion among all scaffolds. Pure collagen
and XLMW chitosan scaffolds_

negative controls, respecti

ince they served as positive and

@ing area on these materials,

scaffolds were serially se€tioncde# ‘4.3.6.3. Figure 5.20 -5.22

showed the SEM microgf@ / \‘\\.\'}\ 0

.-\ : Seaffolds. The micrographs
ca \-\ emained viable and also
maintained spindle morphlogy afigr 7. i te eollagen scaffolds, Detroit 551
cells could penetrate through the & j " f (Eigure 5.20). Cells could be
observed on the scaffold from geli s 7' de: | figute 5.20a) toward bottom side
(Figure 5.20d). The similar @bscr¢ation cafbe found in the case of scaffolds
containing 30% XLMW chitosan (& For pure XLMW chitosan scaffolds,

Detroit 551 could migrate approXimately 2 0% of seaffold thickness (Figure 5.22).

Considering the SEM - ontatplanes of scaffolds shown

in Figure 5.23-5.25, the O}nogeneous distribution of cells"was also observed in both
collagen and col 1 : i sponded to that seen in
cross-sectional pﬂmﬁc m mmr T dermal fibroblasts
could mi ut.30% m i e edge ( 5.25). Cells
were foug;:)m‘I (L)j ﬁ gﬁfﬁe ‘ mﬁﬁ, ﬂm disappeared

when looked toward the center of the scaffold (Figure 5.25b-5.25d). In addition, the

fibroblast spreading area on collagen/XLMW chitosan scaffold was comparable to
that on pure collagen scaffold, and much higher than that on pure XLMW chitosan
scaffold. The ability of chitosan to support cell survival could be attributed to its
chemical properties. In other words, the resemblance of chitosan to the components of
proteoglycans might be conductive to cell adhesion and proliferation. However, there

were not many fibroblasts on the pure XLMW chitosan scaffold. The growth of
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fibroblasts might be inhibited by the extremely high affinity of fibroblasts with
chitosan. This corresponded to the results of cell proliferation reported in section
5.4.2. The activity of living fibroblasts was found to be relatively higher when seeded
on collage/XLMW chitosan scaffold as compared to pure collagen scaffold. The
results ensured that collagen/XLMW chitosan scaffolds looked very promising to be a

biocompatible material for dermal regeneration.
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Table 5.1 Characteristics of chitosans used in this study.

Chitosan DD*(%) M]°(ml/g) M,° M,Y(Da)
XLMW 86.13 22.1 4.8k 49k
LMW 87.91 176.1 74k 180k
MMW 84.43 531.2 320k 460k
HMW 85.83 1,170.8 880k 1,450k
_— -«.,\l[
* Degree of deacetylation was determin ed DY FISIR 57 Y /‘

® Intrinsic viscosity was measured bystbl Slohde visconibie!

¢ Viscosity-averaged molecular weig """'." alculated f _._-_ sic viscosity using the classical
Mark-Houwink equation [] = KMy r“/ ostar \\H and a = 0.76 [52].

4 Weight-averaged molecular weighi#fvas / / ‘ : meation chromatography technique.

ﬂ‘lJEl’JVIﬂVI?WEJ"Iﬂ‘i
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Figure 5.2 FT-IR spectra of various blends between type I collagen and (a) XLMW,
(b) LMW, (c) MMW, and (d) and HMW chitosans (collagen to chitosan

ratios were indicated for each spectrum).
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Figure 5.3 FT-IR spectra obtained after substraction of the normalized collagen
spectra to the collagen/MMW chitosan (50/50) spectra (dark line) and
FT-IR spectra of pure MMW chitosan (dash line): (a) 4000-400 cm” and
(b) 2000-500 cm™
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Figure 5.5 DSC thermographs of collagen/ZXLMW chitosan scaffolds carried out at
the heating rate of 20°C/min. Different blending compositions as follows:
(a) 100/0, (b) 90/10, (c) 70/30, (d) 50/50, (e) 30/70, (f) 10/90, and (g)
0/100.
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Figure 5.13 Lysozyme biodegradation of scaffolds made of collagen blended with
(a) XLMW, (b) LMW, (c) MMW, and (d) HMW chitosans: (A) 100/0,

(#) 90/10, (m) 70/30, and (®) 50/50 (ratios of collagen/chitosan).
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Figure 5.19 SEM micrographs of cell morphology on collagen/XLMW chitosan
scaffolds: (a) 100/0, (b) 70/30, and (c) 0/100.
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Figure 520 SEM micrographs O vross-dectiona plane of collagen scaffolds at

position (a) 1 (celisee ) 2, (c) 3, and (d) 4 (bottom side).
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Figure 5.21 SEM micrographs oﬂ‘sf‘os& o onal ane of collagen/XLMW chitosan
(70/30) scaff olds*%imsmo a (cell seeding side), (b) 2, (c) 3, and
d)4 (bottom sidey = 2 @-
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Figure 5.22 SEM micfogga hsnof 168 roSsssectio al plane of XLMW chitosan
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Figure 5.23 SEM micrographs qfﬁbnz{ lal plang 6 collagen scaffolds at position
(a) 1 (edge offscaffoidy. (1) 2.e)8, and (d) 4 (center of scaffold).
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Figure 524 SEM micrographs gf Hor izohtal plane’ of collagen/XLMW chitosan
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