CHAPTER IV

RESULTS AND DISCUSSION

This chapter was divided into 3 parts. The first part concentrated on the synthesis
and characterization of negatively charged chitosan, iV-sulfofurfuryl chitosan (SFC) and
positively-charged  chitosan,  1V-[(2-hydroxyl-3-trimethylammonium)propyl]chitosan
chloride (HTACC). The ability of SFC and HTACC as well as unmodiified chitosan to
form multilayer thin film was determined and explained in the second part. And the last
part was cedicated to the evaluation of alternating bioactivity of the assembled
multilayer film against a number of selected proteins having different charge and size.

4.1 Synthesis of Charged Derivatives of Chitosan

4.1.1 Synthesis of A*-Sulfofurfuryl Chitosan (SFC)

y-sulfofurfuryl chitosan or SFC, the negatively charged derivative of chitosan,
was synthesized by reductive alkylation between amino groups (NHz) of chitosan and
b-formyl-2-furansulfonic acid, sodium salt at room temperature vi= Schiff base under
mild condition, ‘h NMR signals of two furan protons a 6.3 and 6.7 ppm in Figure 4.1
confirmed the attachment of the heterocyclic component. Furthermore, there was a new
signal appearing approximately at 4.4 ppm corresponding to the two protons of
methylene group that links between the amino group of chitosan and the furan ring,
However, the signal could not be clearly observed when the low equivalent of FFSA to
amino groups was used. A signal from aldehyde proton of FFSA at 95 ppm was not
observed in all spectra indicating that there was no FFSA residue left in SFC. The
chemical equation of reductive alkylation between chitosan and FFSA was shown in
Scheme 2.3,



28

L e W
a b
a b c 2,3,4,5,6
d) LL W
c) J

3
b AR \Ju |
- J4 - LJW

LN T . G O S (LS L PO 5L S SO P PO . NN R

LI S T B ) T B TR [ PR L

R e
Chemical shift (ppm)
Figure 4.1 *HNMR spectra of SFC obtained using the mole ratio between FFSA and
NH: of chitosan ofa) 0.7. b) 4, ¢) 2, and d) 4 (solvent: :0, 25 °C).

Using equation 4.1, %DS of sulfonate group, can be determined by the relative
ratio between the peak integration of the two protons of furan group and the peak
integration of the proton H-2 to H.¢ of chitosan (chemical shift 3.1-4.1 ppm). From
Table 4.1, %DS of sulfonate group on chitosan was apparently elevated from 48 to 63
when the FFSA equivalent was increased from 0.7 to 2 %DS was not much further
increased using 4 equivalent of FFSA, therefore, 2 equivalent of FFSA was suggested as
the optimal ratio for preparation of SFC to be used for multilayer assembly.

06DS = {[H-a, HHb] x U2}/ {[H-2, 3,4 5.6]x 15} x 100 (4))
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Table 4.1 Degree of substitution (%DS) of sulfonate group on chitosan after reacting
with FFSA inacetic acid/MeOH (L:1, viv) for 18 has determined by {H-NMR.

Integration
Equivalentof — [H] from [CH] from 0405
FFSA FI-2,3456 =CH- CH=
of chitosan of furan
0.7 8.8 17 48
1 8.1 1.6 49
2 84 2.0 60
4 8.0 2.0 63

For comparison, FT-IR spectra of chitosan and FFSA were displayed together
with the one of SFC. The appearance of peaks at 1233 cmr1 0f 0=S-0 stretching and
1040 ¢+ of S0 stretching in FT-IR spectrum of SFC signified the presence of the
sulfonate salt and sulfonic acid functionality, respectively.
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Figure 4.2 FT-IR spectra of FFSA chitosan and SFC
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4.1.2 Synthesis of A™-[(2-hydroxyl-3-trimethylammonium)propyljchitosan chloride
(HTACC)

V-[(2-hydroxyl-3-trimethylammonium)propyljchitosan chloride or HTACC, the
positively charged derivative of chitosan was synthesized by epoxide ring opening of
glycidyltrimethylammonium chloride (GTMAC) by amino groups of chitosan under
acidic condition. In theory, GTMAC mainly reacts with amino (NH2) groups under
acidic condition but preferably reacts with hydroxyl (OH) groups under neutral and
alkaline condiition. The acidic condition causes protonation at oxygen and makes the
epoxy ring of GTMAC more reactive towards the NHz groups of chitosan. Figure 4.3
illustrates 'n NMR spectra of the synthesized HTACC. Signals corresponding to the
protons of CHz and CH appeared at 2.6 and 4.4 ppm, respectively. Furthermore, there is
a new strong CHs peak at 31 ppm, indicating that the quaternary ammonium group of
N4(CHs.s was incorporated.

C'=0 CH,CHCH-N*(CH;):
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Figure 4.3 'h NMR spectra of HTACC obtained using the mole ratio between GTMAC
and NH: of chitosan ofa) 2, b) 4, and ¢) 6 (Solvent: D:Q, 25 °C).
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%DS of GTMAC on chitosan was calculated from the relative ratio between the
peak integration of proton from the quaternary ammonium group at 3.1 pom of GTMAC
and the methyl protons of acetamide group at 2.1 ppm of chitosan [12] using equation
4.2, 1t should be noted that the amount of methyl protons in acetamide group could be
relatively determined from %DD of chitosan which is 95% in this case. From Table 4.2,
%DS of quaternary ammonium group on chitosan was drastically increased from 49 to
96 when the GTMAC equivalent was increased from 2 to 4. %DS was not much further
increased using s equivalent of FFSA, 4 equivalent of GTMAC was therefore suggested
as the optimal ratio for preparation of HTACC to be used for multilayer assembly.

O6DS = {[H-JI9} / {[H-T)/3} x 5/100 x 100 (42)

Table 4.2 Degree of substitution (%DS) of quaternary ammonium group on chitosan
after reacting with GTMAC at 70.°C in acstic acid for 24 h as determined by 'H-NMR.

Equivalent of Integret 0
GTMAC T i &
of chitosan of GTMAC
2 0.2 59 49
4 05 288 9%
6 05 30.6 100

The success of HTACC synthesis could also be verified by the decrement of the
N-H scissoring peak at 1599 crrf'ofamino groups of chitosan and the appearance of C-H
bending peak at 1482 cm'1corresponding tothe methy| groups of quaternary ammonium
groups as shown in Figure 4.4,
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Figure 4.4 FT-IR spectra of chitosan and HTACC.

413 Solubility of SFC and HTACC

The solubility test was performed according to a method of Hitoshi et a1 [7)
Solid sample of charged derivative of chitosan (60 mg) was dissolved in water (20 mL).
The pH of the solution was adjusted with 0.5% wiv aqueous HCL and NaOH. SFC
showed the solubility only in the alkaline region range (pH 8-13), and the insolubility in
the acidic (pH < 7) and the neutral region (pH 7).  contrast, HTACC having
quaternary ammonium groups showed the solubility in the entire pH range.
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4.1.4 Adsorption of Charged Derivatives of Chitosan

4.1.4.1 Effect of Adsorption Time and Concentration

To select the acsorption time & which acsorption of each polyelectrolyte hes
reached 1t equilibrium in-situ monitoring of acsorption wes aperated using QCM
messurement. One side of the quarz orystal wes in permarent contact with
polyelectrolyte solution and the frrequency change wes recorckd continuously. Houre 45
showed frequency shift of quartz crystal e to SFC ackorption. The greater frequency
shift wes oloserved when the higher concentration of SFC was Used. The simlar trend
Was also realized for the aosorption of HTACC. Such a trend may stem from the fact
tret the higher polyelectrolyte concentration generally promotes the physical adsorption
Inmultilayer fashion which cloes not persist after the thorough rinsing Is applied. As a
result, the magnituck of frequency change shown in Fgure 45 should not correspond
with the actuel quantity of polyelectrolyte thet acsorted on the cuariz crystal becatse
rinsing) wies not applied inthe experiment. Accorciing to the ceta displayed in Table 4.3
the acksorption seermed to reach saturation in about 30 minutes, the period of tie [ater
Used for nrutilayer assembly:

According to the aosorption isotherms of SFC and HTACC shown in Figure 46,
the concentration of 2 mymL and 3 ny/nL. seerred to be sufficient for SC ad
HTACC to reacn its ackorption equiliriumy respectively.
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Figure 45 Insitu monitoring of frequency
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shift (Hz) as a function of time of SFC

without Nl at pH8 heving ciferent concentraton: () 3 gL, (5) 2 L, el 0
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Table 4.3 Frequency shift (Hz) and ackorption tie & equilibrium (min) of SFC and
HTAQC otained fromin-situ ronitoring by QCM
Polyion and concentration  Frequency shift, AR (Hz)
Lmymiof SFC %
2mym_of SFC 147
3myLof SC 1)
Ly of HTACC 169
2 mymiof HTACC 453
3mymLof HTACC 1219
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Figure 46 Adkorption isothers of SFC andl HTACC determined by conventional
mock of QOM

4.1.4.2 Effect of lonic Strength

Tre effect of fonic strength on the polyelectrolyte acsorption wes stuclied sing
QOM measurement in conventional mock. Frequency changes de to acsorption were
rreasured inalr after immersing the quertz orystal in polyelectrolyte solution for 20 min
washing and drying, Frequency shift shown in Table 44 inclicates thet the aount of
polyelectrolyte adsorption increased when NaCl wes acked This result can be explained
[y the fact thet polyelectrolyte tends to acopt coil-like conformation in the presence of
NaCl oL to a relaxation of intra-chain and inter-chain electrostatic repulsion in polyrer
solution. Tre aosoroed layer of coil-ike polyelectrolyte wes therefore thicker then one
of polyelectrolyte tht favorably exists inthe extended form inthe atsence of Nadl.

T mcr™ncix
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Table 4.4 Frequency shift (Hz) after adsorption of SFC and HTACC nessured by
converttional mock of QOM

Polyions ift, A
2mymLof FC )%
2mymLof FC 10

3mymLof HTACC 0 R
3mymLof HTACC 10 145

4.2 Alternative Layer-hy-layer Adsorption

4.2.1 Confirmation of Multilayer Formation

QOM was Used to confirm the multilayer fonmetion by onitoning frequency
change & a function of a nunber of deposition. Progressive increase of QOM
with & nuroer of deposition step (shown in Fgure 4.7) evicently indicated stepwise
cenosition of al three: polycation-polyanion pairs (chitosan-PSS, PAHSFC ad
HTACCPAA). It was assumed that the thickness of each layer corresponced with the
amourt of acsored polyrrer which can ke directly calculated from the frequency
chage. The frequency change associated with the thickness of multilayer film built up
from HTACC and PAA wes the lonest. This can e explained & a conseguence of
HTACC & a strong polyelectrolyte being ackorted first & a thin layer. At pH 7, tre
second layer acksorption wes neinly oriven by electrostatic attraction: betveen NI-I}+
oroup of HTAGC and GO0 group of PAA yielaing a relatively thin layer of HTACC
Although PAA s a weak polyelectrolyte, its acsorption depends strongly on the
thickness of the first deposit [ayer of HTACC at neutral pH where COOH groups are
essentially fonizeg to GO0 grous. At pH4, chitosan which is a weak polyeation bears
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both NH3+and NHi. The ackorption of PSS which is astrong polyelectrolyte wes drven
[y both electrostatic attraction between NH3+ groups and SO3 groups and hydrogen
bonaing between S03'and some NFT groups of chitosan. As a result, the overall layers
of chitosanPSS pair seemed to be thicker then HTACC-PAA pair. The Situation for
chitosantPSS pair is quite similar to tret for HTACC-PAA pair dle to two facts: (1) the
stepwise ackorption aocurs between a pair of strong and weak polyelectrolytes, (2) the
adsorption s mainly drven by electrostatic interaction.  For thet reeson, the overall
thickness of muitilayer asseroled from chitosan and PSS wes not rmuch larger than the
ore of multilayer assembled from HTACC and PAA Unlike other two polyelectrolyte
pars, the increent of frequency change dle to PAH and SFC deposition are
unexpectedly high suggesting thet the relatively thick multilayer film wes fonmed As a
result of incomplete: sulbstitution of j\VAsuifofurfuryt groups a NH2 position of chitosan,
SHC bears bath so.* and NH2 groups. At pH., the ackorption of SFC on PAH [ayer and
vice versa ves then controlledl by both electrostatic interaction and Hbonding, The
unioue comination of PAH andl SEC then gave nise to the presumably thick rutilayer.

600
—O— (chitosan-PSS)

_— E —0O— (PAH-SFC) /J

—¥— (HTACC-PAA)
r / |

::|gure 4.7 Frequency change ootained from QOM analysis &s a function of a nunter of
e,
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4.2.2 Multilayer Assembly

Un to now;, most stuclies on polyelectrolyte muitilayers have been accomplished
on silicon or glass substrates. Due to a focus on future biomedical applications, studying
polyelectrolyte muitilayer on polyneric sulstrates appears increasingly inportart. Since
converttional polymers are usually uncharged, surface pretreativent IS necessary to
oenerate charged groups on polymer surface. In this study, plasertreated PET, a
polymeric suistrate bearing hyoroxyl and carboxyl grous on the surface, wes used & a
Sustrate for muitilayer formetion. The pre-trestiment caused the water contact angle of
the plasmertreated PET surface to crop from 67° to aout 53,

Figure 48 Chenical structures of PET (f) ad plesmes et PET (right)

Inthis section, multilayer assembly of three pairs of polycation-polyanion on
plasmextreatedl PET substrates in the presence of IMNaCl wes investigated (chitosan:
PSSa pH4, PAHSFC a pH 8 and HTACG-PAA & pH 7). Chemical structures of all
polyelectrolytes are iflustrated in Houre 49,
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Figure 4.9 Polycations and polyanions used for uitilayer assembly.

For PET suiostrate, which showed a negatively charged surface & appropniated
pH the first adsorption cycle wies carried out in polycation solution (chitosan, PAH o
HTACC). The plasatreated PET should e able to ackorb polycation via ionic
Interactions between -COO' andl -NHs+or HHoonging between -OH and -NH2 If the
total rurrer of layer is oo, the fast layer ackorted i polyeation. And if the tota
nuher of [ayer is even, the last layer ackored is polyanion.

4.2.3 Stratification of Multilayer Film

If the concept of altermetive acsorption is valid, the surface property of the
multilayer film should altermetively change. In other word, the nruitilayer film snould
e stratifid W\Ater oontact angle ceta shown in Fgure 4.10 confimred thet the
assembled film wes stratified The nuber appearing on the hoizontal scale of
reoresented the nuter of ceposition. If the nurmboer of [ayer is odd, the charge of the
outerost layer is positive. If the number of layer is even, the charge of the outermost
layer is negetive. Each indivical layer should ke relatively thicker then the sapling
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ceth of contact angle measurerent (a few Angstrom) so thet the wettahility of the
rmultilayer film was strongly cependent on the lest layer cieposited and the infiuence of
the undertying layers wes not otserved. The assebled film having the ood nuber of
ceposited [ayer (positively-charged surface) wes cleary rore hydrophonic then the one
having the even number of deposited layer (negatively-charged surface)

100 [
oo
I 606
0
0 |

9367109 2367109 2367109
(Chitosan-PSS)  (PAH-SEC)  (HTACC-PAA)

Figure 4.10 VAéer contact angles of the muitilayer thin film

ATR-IR technioue wes Used to characterize function groups of multilayer film
Foure 411 dlisplays ATRIR spectra of nuitilayer filrrs. The asence of new signals
tret are characteristic peaks of polyelectrolytes inall samples implied thet the thickness
of multilayer may ot reach the sapling cepth of ATRHIR technicue which is in the
rage of 1-2 pm The larger number of cposition is cefinitely required to e able to
Oktect the existence of ackorbed multilayer film
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Figure 411 ATR-IR spectra of treated PET and mulfilayer fils: (a) treated
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4.3 Protein Adsorption

Bioconpatihility of the assembled filims wes cetermined in tems of protein
acsoption. The proteins used In this investigetion  incluce alloumin, fibrinogen,
lysozyme and y-glooulin whose physical properties are listed in Table 45. All proteins
ae vaned in size, charge as well as conformetional stability uncer the expennental
condition (pH 7.4). The armount of protein ackorption on the muitifayer film surface ves
cktermined by bicinchoninic aoid (BCA) assay. A calibration curve using albumin & a
stanchrd is cisplayed in Appencix B
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Table 4.5 Physical properties of proteins used inthis investigation
Physical Property Albumin - Hbrnogen— y-Globulin -+ Lysozyme

Mess (Da) 000 30000 16500 14600
Isoelectric point 43 b5 65 111
(oH wnits)

Acsorption of albumin (BSA) on multilayer films wes shown in Fgure 4.12
Albumin protein is a carboxylic acickrich protein. s carboxylic acid group is converted
to a negatively crarged carboxylate ion & pH 7.4, As expected, the acsorbed aount of
BSA onthe multilayer having the oo nurioer of layer (7 and 9) andl positive charge ies
higher thet the one having the even nuer of layer (6 and 10) andl negative charge
Such a trend can ke explained by the fact thet the adsorption wes pronoted by
electrostatic attraction between the positively-charged surface of the outermost layer and
BSA On the other hand, the adsorption of negatively crarged BSA wes suppressed on
the negatively charged surfece heving PSS, SFC or PAA as the top layer de to the
electrostatic repulsion.
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Figure 4.12 The amount of BSA aosorption per surface area (fig/en? of treated PET,
(chitosan-PSS)n, (PAHSFO)n, and - (HTACGPAAN assermblies on treated PET
Substrates in the presence of IMNaCl

Simlar to aloumin, fibrinogen (FIB) exhibited an acsorption trend in altemete
feshion corresponding with the surface cherge of multilayer film The significartly high
quantity of asorbed BSA in comparison with the one of ackoried AB is dle In large
art to the variation in size of protein. Not only can BSA, & a small protein, ackorb on
the top surface, it rray also absort insice the top layer. This may ke the reason why ook
even effect of BSA ackorption wes not so strong in the: cases of chitosan-PSS ard
HTACG-PAA whose indivicial layer is uite thin I is most likely tht the aojacent
unceriying layer having the opposite charge to the top layer plays apan In asortion.
The closer to the interface of the top layenthe adjacent uncerdying layer, the lesser the
chare cersity. Under such circunstance, the influence of crarge charactenistic of the
top ayer on protein acsorption becoes weak: Because the assumed permegtion into the
top layer of the assermioledl film wes somewhat limited for the large protein like AB, the
oclo-even effect wes ouite significant inckpencent of the system
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Figure 4.13 Tre amount of AIB adsorption per surface area (py/em?) of treated PET,
(chitosanPSIn, (PAHSFCn, andl' (HTACCPAAN assemblies on treated PET
Suiostrates inthe presence of IMNad,

With a i value of 6.5, y-gloulin (GLB) should ke positive in cherge & pH 74
In conpanison with BSA and HB, GLB should exhibit it acsorption in a reverse
anvey, The cita shown in Figure 4.14 incicatied thet it 1S not the case for three systens.
Having pi very close to 7.4, GLB ey not ke strongly charged As a result, electrostatic
Interaction is o longer a ejor anving force for acsorption. |t is thus believed thet the
V\eakle)]imdargeardtm mockerate size of GLB are responsible for the asence of odd
even effect

Lysozyme (LYZ) is selected as another positively-charged protein for adsorption
stucy. LYZ is quite a small protein having the lowest mess among all studied proteis
Tre amount of ackorbed LYZ per surface area hes reached &s high & 30 py/om2 Tre
expected altermete acsorption wes onserved on PAHSFC and HTACCPAA gstans.
Tre erzymatic activity of LYZ toaarcs chitosan perheps acoount for peculiar trend in
the chitosan-PSS system
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Fgure 4.15 The amourt of LYZ ackorption per surface area (py/om?) of treated PET,
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