CHAPTER III
RESULTS AND DISCUSSION

The goal of this research is to introduce charged functional groups to the surface

of chitosan films. The first method iny he reaction between amino group (-NH,)

of chitosan with methyl iodids (Mel) to 0oL ely-charged quaternary ammonium
group. The second method is-{o-attach a ﬂontaining a negatively-charged
) \\ no- and S-formyl-2-furan sulfonic

acid (FFSA) followed®y rg o by NaBHy. Adsorption of selected proteins having
i g rt‘\:\!\‘\\ -\- ace-modified chitosan films

cteristic of surface-modified

3.1  Determination of % d gree f j g ation (%DD) of chitosan by 'H
NMR e

Percentage '_g_ -------- ton Ot Arting

bsan by charge functionality
can be calculated froma nume available per chain of chitosan which
is generally expressed as degree of deacewation (%DD). %DD is defined as the

percentage of gliic ﬂﬁmrﬁﬂlﬁw ﬂﬂﬁe determined by NMR
g to 'H NMR spectrum o

analysis. Acco @ an original chitosan film shown in Figure

3.1, there is.a broad, sign ‘;3 e v : U and H¢_and a
signal gvﬁﬁaﬁgﬁlﬂimlﬂmmmﬂilgaﬂr H, is at 2.95
ppm. lntggrations of methyl protons from acetamides (-CHs of GlcNAc, § 1.84 ppm)
and proton (-CHNH; of GIcN, & 2.94 ppm) are shown in Table 3.1.
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(solvent: 1% CF;
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Table 3.1 Informati CF‘-,-,'--?=vs‘-m-'--"-“-“ﬁ“'-"-"-‘"'”“;'."1 sed in this study.
LY 3 o

= . ,
/' &(ppm) Integration Relative Amount of units
-CHNH, of GleN ¢ a2 10/1
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4

@Wﬁﬁﬁ‘ﬂ ﬁ’ﬂ;@&ﬁﬂ@swnéfﬁ of 87.72% was

calculatéd based on the data in Table 3.1 using the following equation.

r

%DD = Amount of GlcN unit in chitosan

The total amount of GlcN and GlcNAc units in chitosan

= (10/1) x100% = 81.72%

(4.2/3) + (10/1)
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The methods for modifying the surface of chitosan film are outlined in Scheme

3.1 and 3.2. The first method involves the reaction between amino group (-NH,) of
chitosan with methyl iodide (Mel) to form positively-charged quaternary ammonium
salts. The second method is to attach a molecule containing a negatively-charged
sulfonate group by the reaction between the amino group of chitosan and
5-formyl-2-furan sulfonic acid (FFSA). Characterization of the modified chitosan films

A’] -IR. air-water contact angle measurement.

//

were carried out by means of NMR

XPS and zeta-potential.
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Ct MecOH solution), the chitosan
films swelled up ang Shrank, resulting in scat d Bhcross the film piece. Only

selected smooth areas

the fi were, however, usedﬁr surface modification.

- Prepaﬁi um W&l mm &l
AL VS Fatetalk (L ko (130

From 'H'NMR of chitosan film after quaternization illustrated in Figure 3.2, the signal

at 3.2 ppm was assigned without ambiguity to the protons of three methyl groups of the
quaternary ammonium salt. Other signals were assigned after examination of the 2D
homonuclear '"H-'H correlation (Figure 3.3). The signals at 3.25, 2.90 and 2.65 ppm
assigned to the trimethyl, dimethyl and methyl amino groups, respectively are not
correlated with any chitosan protons. A weak peak at 3.35 ppm was assigned to methyl
protons connected to oxygen (from hydroxyl group at 6™ position of chitosan) as a

consequence of O —methylation. Similar peak assignments were previously reported by
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others [11.29]. The fact that QAC formation can be demonstrated by a bulk

characterization technique like NMR implies that the surface modification proceeded
quite deep into the film.
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Percentage of degree of substitution (%DS) of quaternary ammonium group can

be determined from the relative ratio between the peak integration of 9 protons from 3

methyl groups of the quaternary ammonium salt with the peak integration of 5 protons

of chitosan (3 3.4- 3.8 ppm). Calculation based on the data in Table 3.3 using Equation

3.1 indicated that %DS was increased by increasing the mole equivalent of Mel in the
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reaction. It should be noted that the calculated values are %DS of the whole film should

presumably be lower than the actual %DS in the surface region.
%DS = {[CH;)/ [H]x 5/9} x 100 . (3.1)

Table 3.3 Percentage of degree of substitution (%DS) of quaternary ammonium group

on chitosan films after reacting with Mel in MeOH for 8 h as determined by '"H-NMR

Equivalent of

%DS.
Mel
3 0.5
6 3.9
12 5

Contact angle méa as’1 \~ as a characterization tool to
ariable the relative extent of charge formation.

e
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determine effects of experime

\ onium chitosan synthesized by

As reported by others [1
) et
homogencous reaction showed “‘i V'in water having a broader pH range in

comparison with chitosa: face hydrophilic of chitosan films

should be increased ‘ﬁ"—"""— Y')

As mentionedmrlier in the experimental sectiom the water contact angle was
promptly measured withinsseconds after #dter dro ﬁdft the film surface. The
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3.2.1. Effect of reaction time

The water contact angle data of QAC film shown in F igure 3.4
suggested that the surface of modified chitosan films became more hydrophilic after the
Quaternary ammonium groups were introduced. The contact angle has decreased from
79.6° for the unmodified film to its minimum of 63.2° after 8 h of reaction at 40 °C

using 0.46 M Mel (3 equivalent) in MeOH.

Contact angle (degree)
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Figure 3.4 Corfélation between a1r-\‘gater contact angle of QAC ﬁlm and reaction time
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3.2.2 Effect of Mel:NH; ratio

As can be seen from Figure 3.5, the stoichiometric ratio of 3 for
Mel: NH2 group of chitosan is enough to attain the maximum quaternization on the

surface. An excess amount of Mel did not significantly increase the extent of reaction.
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Figure 3.5 Correlatlogstween air-water contact angle QAC film and Mel: NH; ratio
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X-ray pﬂotoelectron spectrdscopy was msed to confirfa/ the existence of
quaﬁeQ%ﬁoﬂ:ﬁ@:@m&w a%%&a’r]fa) &lgure 3.6), only
signals flom Cis (285 eV), Ni, (402 eV) and Oy, (530 eV) of chitosan are visible. After
the reaction with Mel (Figure 3.7), there were peaks appearing at ~619 eV and ~630 eV
which were assigned to the I34, (a counter ion), verifying the presence of quaternary
ammonium groups on the film. The absence of signal of I35 on the unmodified chitosan
surface (as a control surface) after exposure to Nal solution evidently suggested that the
appearance of [33on the surface of QAC film was truly a consequence of ionic attraction
between the quaternary ammonium group and iodide counter ion but was not caused by

non-specific adsorption of iodide ion from Nal solution.
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Table 3.4 XPS atomic composition of chitosan and QAC films

Surface Atomic compositon (%)
c 0] N |
Chitosan 69.8 253 4.9 -
QAC-film 63.0 28.6 6.8 1.6

Table 3.4 lists XPS atom ' Sifion of chitosan and a selected QAC film

having the contact angle of 0 1.7, /WS assumed that this surface-modified

: &mary ammonium group on the
Yol of mately 1.6% if all amino groups of

chitosan film contained. the-ma

surface. Theoretically, 1

12%) a \i luted by quaternary ammonium groups
which bind stoichiom® ally o ith i e.£ou \\ :
4

chitosan (based on ¢

Taking the dafa infl aBlef34, %) ~% 87.72° 96N of 4.9% and a = 1, %DS of
‘ I .

\\

37.2% can be calculated using 1—.. 0

%n is the percent mole ¢ ) - amino@oups in chitosan.

%N is the percent mmole of nitrogen (both amino atﬁ ide groups) found on
eriuged) IV TN 1117

Al :
%X is the percent mole of hélide atom foufid on the surfa

WSS AT

Characterization of functional groups on the film surface before and after
quaternization was performed by ATR-IR. In general, the sampling depth of ATR-IR is
about 1-2 pm (deeper than XPS technique). Results are shown in Figure 3.8.
Absorption peaks in Figure 3.8(a) at ca. 1650 and 1590 cm™ were assigned to the
carbonyl stretching of secondary amide (amide I) and N-H bending vibration (amide II)

of the primary amine in glucosamine unit, respectively.
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intensity of the hai g peaks 6f) chitosan at 1590 cm™

correspondingly decrgased. The peaks at | ¥ observed on the spectra of
all QAC films are theg'naracte e C-N

both C-N stretching signals increased qwith increasing equivalent of Mel in
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In this part, the negatively-charged chitosan film was prepared by means of

tching. The relative ratio of

attaching  FFSA on the chitosan surface. Similar to the preparation of
positively-charged chitosan film by surface quaternization, the preparation of
negatively-charged chitosan by sulfonation was also carried out under heterogeneous
condition. Since the sulfonation was conducted in MeOH which could be extensively
absorbed by the chitosan films, the depth of surface modification was so great that the

reaction can be monitored by 'H NMR. Figure 3.9 shows 'H NMR spectrum of
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N-sulfofurfuryl chitosan prepared under heterogeneous condition (SFC film). The
signals of two furan protons at 6.3 and 6.6 ppm evidently confirm the attachment of
N-sulfofurfuryl moiety. Furthermore, there was a new signal appearing approximately
at 4.4 ppm corresponding to the two protons of methylene groups that links between the

amino group of chitosan and the furan ring. The analysis of the 'H-'H homonuclear

correlation shown in Figure 3.10 also supports these assignments.

Wz

%}-—

/l

F.gureasﬁw %ﬁcﬂﬁ@ﬂ:ﬁ%’c}'}wﬂ f}%c) 5 equivalent

of FFSA (solvent:1%CF;COOH in D0, 25 °C).
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%DS of sulfonate g €an be de temﬁeﬁ y the rel ratio between the
dJ )|

peak iAo PO IS S v dock L h Tk

chntosan?o the furan ring of FFSA and the peak integration of the proton H; of chitosan.

Using equation 3.4, %DS can be calculated and are shown in Table 3.6.

amino group of

%DS = {[CHp)/ [H]x 172} x 100 (3.4)
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Table 3.6 Percentage of degree of substitution (%DS) of sulfonate group on chitosan
films after reacting with FFSA in MeOH for 24 h as determined by 'H-NMR.

) Integration
Equivalent of
H-2 %DS.
FFSA -CH; of - NCH,-fur
of chitosan
l s TR
3 r 3.3 7.6
5 | / 34 7.7
— - —
%DS of sulfon : 0P o1 s S.ap parently elevated from 4.4 to
7.7 when the chitosa & / 1S \ - to 1:6. Once again, it should
be noted that the calc Cd v / \ \ e film should presumably be

\\\

atlon as a function of reaction

lower than the actual %D i er contact angle measurement

was used as a tool to fol
time and FFSA concéntrafios ased onthedass | otion that the higher content of

sulfonate group, the iower t

]
1l

ﬂﬂﬁl’mﬂﬂﬁﬂmﬂﬁ
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3.3.1 Effect of reaction time

The contact angle data shown in Figure 3.11 reveal that the longer

the reaction proceeded, the more hydrophilic the surface became.
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3.3.2 Effect of FFSA: NH; ratio

Contact angle data of chitosan films after surface sulfonation
illustrated in Figure 3.12 suggests that as high as 5 equivalents of FFSA (compare to
-NH, groups) was necessary to achieve the maximum extent of reaction. This

assumption agrees quite well with %DS previously estimated by '"H NMR analysis.
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Figure 3.12 Correlation between air-water contact angle and FFSA: NH, ratio using
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The XPyspectrum of a seleefed SFC filmdhaving contact argle of 62.0+1.9 is

presenfed Fieb @) 1t Fied kbsiiniedthal s Khube-hidhified chitosan film

contained the maximum density of sulfonate group on the surface. The spectrum shows

peaks representing carbon, oxygen, nitrogen and sulfur atoms. The appearance of the
Sy peak at 168 eV directly confirmed the substitution of FFSA. Moreover, this

spectrum exhibited a peak of Nays at 1072 eV, indicating the existence of sodium as a

counter ion for sulfonate group.
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Table 3.7 XPS ato ,

v i o,
Surface (%)

Na

wmmw frs |
m’latﬂlmlj m&mgg/ }Ulf'])ﬁ ﬂs 0f 20.9% can

be calculated using equations 3.2 and 3.3.
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The ATR-IR spectra of SFC films prepared from different concentration of

FFSA are shown in Figure 3.14. The presence of a signal from S=O stretching in the
range of 1050-1200 cm™ confirmed the success of surface sulfonation which have

proceeded to the depth of at least 1-2 um.
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3.4 Charge characteristic by zeta-potential measurement

Since the zeta potential can be related to the surface charge density,
measurement of the zeta potential readily represents the electrostatic properties of the
surface. The zeta potential was determined using distilled water as flow fluid. Results
are shown in Figure 3.15. The QAC film has positive zeta potential whereas all SFC
film exhibit negative values. In addition, the amount of negative charges on SFC film

increased with increasing amounts ¢

l-’ ,‘ / eagent from 0.5, 1 and 5 equivalents of the

is found to be negative. Ng m«..._;; laatl FOL i unexpected charge characteristic

total amino groups in chitosan f ential of neutral chitosan film however
can be made at this point. Ng » s, Ka c Al '- ers have previously reported a
L PET fiber [23]. When the PET

negative value of zeta pgi ; § 6
/ i acid and dimethylamino ethyl

was grafted with anionig#! /

methacrylate (DMAEM 4 \ 3 and +66.2 mV, respectively.

o ——

Zeta potential (mV)

,ﬁmn mmmmﬁﬂm
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3.5  Protein adsorption of surface-modified chitosan films

To address the hypothesis that charged surface can affect protein adsorption,
adsorption of charged proteins on surface-modified chitosan films were investigated.
The proteins used in this investigation include albumin, fibrinogen, lysozyme and
ribonuclease (RNase) whose physical properties of these proteins are listed in Table 3.8.
All proteins are globular proteins and vary in size, charge as well as conformational
stability under the experimental con

S\ ,’/ 4 buffers),

Table 3.8 Physical properties-of proteins investigation
Yy prop ) =3 £

———

lysozyme RNase
14,600 13.680

B 3x3  4x3x2
111 9.4

Mass (Da)
Dimensions(nm)

Isoelectric point

(pH units)

Diffusion coefficient

{(m? s")

1.04 x10"'°  1.26 x10™"

The amountiof .“:\-', face was determined by

bicinchoninic acid (B@.) assay. A calibration curve g albumin as a standard is

displayed in Appendix B Zhe color intensity of protein solution after adding BCA
working souifldipb ) oo bndeflaibnib ardci fluco.
N

o

PRSI NI N8
q ds on isoth 1S a relationship between the concentrations of

adsorbate in solution and the surface coverage of the adsorbent at constant temperature

Adsorption isotherms of all proteins were determined in order to seek for the adsorption
capacity of a surface and the optimum concentration for comparative adsorption studies.
The initial concentration of each protein was varied in the range of 0.1 - 2 mg/ml. The

charged chitosan films used for these studies were the ones having the lowest contact

angle values; 62.0+1.9 for QAC and 61.0+1.7 for SFC film.
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Adsorption isotherms of albumin (BSA) on SFC, QAC and chitosan films are
summarized in Figure 3.16. BSA adsorbed the least on the SFC film. followed by
chitosan and QAC film, respectively. Similar to albumin, the fibrinogen (FIB) showed
a greater adsorption capacity on QAC film than chitosan and SFC (Figure 3.17). Such a
trend was governed by the electrostatic attraction and repulsion between the charged

surface and the negatively-charged BSA and FIB. All isotherms showed that a

, Vatration is sufficient to reach the maximum

Y

——

concentration of 1 mg/ml of protein

adsorption capacity in all case

w

N

Adsorbed protein
(ng/cm2)

7 \\Y
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o
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1.5 2
tntration (mg/ml)
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: Yo ) :
Figure 3.16 Adsorptié: -ar-'. and modified chitosan films.
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Figure 3.17 Adsorption isotherms of FIB on unmodified and modified chitosan films.
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For lysozyme (LYZ) (Figure 3.18), an increase in the initial lysozyme
concentration in the adsorption medium led to an increase in the amount of adsorbed
LYZ on all tested samples. A concentration of | mg/ml was also a value that was on a
plateau region of LYZ adsorption isotherm. The amount of LYZ adsorbed on
positively-charged QAC film was unexpectedly higher than that adsorbed on SFC film.
This outcome implied that protein adsorption may not only be influenced by the

charge-charge interactions between t odified surface and proteins (attraction vs

repulsion). but also by the siz s postulated that LYZ was readily

absorbed into the bulk bec I ion and relatively high diffusion
coefficient in compariso 1 Gihe i ially in the case of highly swollen
QAC film. The greater Ao ' other proteins on all tested
substrates warranted the a§8u | swe blajed a significant part in protein
adsorption. QAC was fo fter soaking in PBS at ambient
temperature for 7 h, wherea$ p ¢ Ims A ell up to 113.3% and 62.5%,
respectively. This is thesfe hy the a adsorbed LYZ was very high despite

the same charge between i é film. In addition, the adsorption isotherm
eristic which may be an evidence

indicating that the adsorbed lay ; i0layer. In addition to the swelling, the

fact that LYZ can self-associate in imers and higher oligomers,
particularly at pH 6: d higl] ) \ay-be another reason why the
adsorbed amount o@LYZ W and thﬂ adsorbed layer was not

monolayer[30-32]. ¢ a

oA NRNIHENDD o v v o

increase in the é‘Hsorbed amount of RNase on-eagh, modified chitosan film follow an

anicp i b o § e 4100 s Wi Bihdr s meymi. As

consequéhce of negatively-charged RNase, its adsorption on QAC film was the least ,

followed by chitosan and SFC film, respectively. The amount of adsorbed RNase was
however higher than those of other proteins when protein concentration was raised to 1
mg/ml. Even though RNase is a small protein, its diffusion coefficient is not quite high.
This may be the reason why relatively high protein concentration (higher than 1 mg/ml)
was required to drive. It was also believed that the adsorption isotherm is not
Langmuir-type. Similar to LYZ, the 2-step adsorption characteristic caused the amount

of adsorbed RNase to increase.
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Figure 3.19 Adsorption isotherms of RNase on unmodified and modified chitosan

films.
3.5.2 Effect of surface charge on protein adsorption

The adsorbed amounts at quasi-steady state with respect to adsorption
isotherm plateau are plotted in Figure 3.20-3.23. The results demonstrate that the
influences of the type and the amount of charge on protein adsorption appear to be

substantial in all cases.
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3.5.2.1 Albumin (BSA) and fibrinogen (FIB)

Albumin (BSA) and fibrinogen (FIB) were selected as models of
negatively-charged proteins. Adsorbed amounts of BSA on SFC films having water
contact angle of 71.2+2.6, 67.8+3.8 and 62.0+1.9, obtained from chitosan films reacted
with 0.5, 1 and 5 equivalent of (FFSA (compared to amino groups of chitosan),

respectively are shown in Figure 3.20. Since the SFC film bears the same charge as

BSA, electrostatic repulsion, tl s_an important role in the adsorption.
Increasing the equivalent of FF osan film which corresponded with
the charge density of sulfgnate gt mn in BSA adsorption. For QAC

the maximum adsorbe@

reacted with Mel (12 ¢

as prepared from chitosan film
gle of 61.0+1.7. The amount
alent of Mel. The more the Mel

| 1y
used, the higher the quantify .' iB \

able 3.8). Its isoelectric point is close

to that of BSA; thgrefore it i ~:i__ Otein that bears positive charges at this
experimental pH. Actording to the results shos wn in g ire 3.21, the electrostatic

3 . 3 L)
interaction between FI(B at between BSA and the films.

The electrostatic repu 1!. clearly decreases the amount-of adsorbed FIB on SFC film

having increasing char é’dﬁsity which wa i E: fﬁ:t' of FFSA equivalent.
From the electﬁiu : th %J m-n aﬂér ) ﬁ; ﬂ‘ok place on QAC film
having lower waller contact angle obgained from the reaction that was carried out using

o @ VORI S J V176
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Figure 3.21 Comparison of FIB adsorption on unmodified and modified chitosan films.
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3.5.2.2 Lysozyme (LYZ) and Ribonuclease (RNase)

Lysozyme (LYZ) and RNase are selected to be models for
positively-charged proteins (Table 3.8). They both are small proteins considering only
charge-charge interaction; the quantity of adsorbed protein should theoretically be
more on SFC film than those on chitosan and QAC film. That was not the case,

however. The proteins appeared to adsorb on the QAC film (Figure 3.22).

SFC films adsorbed larger a it of LYZ than chitosan film did. The amount
of adsorbed LYZ on SFC fil .." e @ional to the charge density of the

angle as well as the equivalent of

FFSA used. The amount of preteiir ad orption Waswieduced as the higher equivalent of
FFSA was used. It is pes he at \:\'-" protein is not only driven by
charge—charge attractiyefb | ' hydrog ‘ ding, On the other hand, QAC films

showed unusual trend o " Fhet as more .YZ adsorbed on QAC film than

i ; ' X S\implies that the unfavorable
~charge-charge repulsi AL h 7'.,\ ary ammonium group on QAC
41l cau Sing protein diffusion into the film.

Air-water contact angles of/@l1 tésted substr: ¢ available in Table B-2, Appendix B.

i
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u:ﬂi %ﬂﬂzm{w EJ ’] ﬂ 7;-3.,(§h)

19) RN B

2D &5

o2 Asorbed LYZ
ﬁ(uglcmz)

SFC-film Chitosan film QAC-film

Figure 3.22 Comparison of LYZ adsorption on unmodified and modified chitosan

films.
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Ribonuclease (RNase), an enzyme which degrades RNA, is ubiquitous in living
organisms and is exceptionally stable. As RNase carries a slight positive charge,
electrostatic interaction was a driving force for adsorption on SFC film. Subsequently,
adsorption was slightly improved on various SFC films when charged density
increased. However, the adsorbed amount of RNase on SFC film was not significantly

greater than that on chitosan film. For QAC film which carried the same charge as

’/ on both charged surface and charged

RNase, adsorption occurred mdepe
protein. §

1:12 (8 h)

1:3 (8h)

1:3(2h)

Adsorbed RNase
(ug/cm2)
N

QAC-film

. \'
Figure 3.23 Compar nn@diﬁed and modified chitosan

films.
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charge LYZ and RNase on positively charged supface was obtaingd [33]. They used a
semi c@w qtaﬁaﬁﬂﬁms&é%’}@ H &}Q ﬁt&ej by varying the
applied interfacial potential. It was also found that at pH 9.9, more protein adsorbed as
the surface-rendered more positive charges. The results obtained by Bos et al. are
consequently in accordance with our results. On the contrary, another publication that
was reported by Ladam ef al. showed different trend [34]. LYZ and RNase adsorbed on
positively charged PEI-(PSS-PAH); less than the one adsorbed on a negatively-charged
PEI-(PSS-PAH); polyelectrolyte film due to electrostatic interaction. However. the

reason of unusual results in this study is directed to the noticeable swelling of the
QAC-film.
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In comparison with others, the adsorbed amount per unit surface area obtained

in this study is much greater than that on other types of surface. For example,
Krisdhasima et al. [35] obtained a maximum adsorbed amount of 0.14 ng/ cm’ for BSA
on hydrophilic silica surfaces with a bulk concentration of 1 mg/ml at pH 7. However,

the adsorbed amount obtained in this study is 1.91 pug/ cm” at the same pH value.
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