European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 563-571

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

journal homepage: www.elsevier.com/locate/ejpb

Research paper

Physicochemical properties and biocompatibility of N-trimethyl chitosan:
Effect of quaternization and dimethylation

Anchalee Jintapattanakit *°, Shirui Mao ™, Thomas Kissel ®, Varaporn Buraphacheep Junyaprasert ®*

2 Department of Pharmacy, Faculty of Pharmacy, Mahidol University, Bangkok, Thailand
b Department of Pharmaceutics and Biopharmacy, Philipps-Universitit, Marburg, Germany
€School of Pharmacy, Shenyang Pharmaceutical University, Shenyang, China

ARTICLE INFO ABSTRACT

Article history:

Received 11 December 2007
Accepted in revised form 8 June 2008
Available online 17 June 2008

The aim of this research was to investigate the effect of degrees of quaternization (DQ) and dimethylation
(DD) on physicochemical properties and cytotoxicity of N-trimethyl chitosan (TMC). TMC was synthe-
sized by reductive methylation of chitosan in the presence of a strong base at elevated temperature
and polymer characteristics were investigated. The number of methylation process and duration of reac-
tion were demonstrated to affect the DQ and DD. An increased number of reaction steps increased DQ and
decreased DD, while an extended duration of reaction increased both DQ and DD. The molecular weight
of TMC was in the range of 60-550 kDa. From the Mark-Houwink equation, it was found that TMC in 2%
acetic acid/0.2 M sodium acetate behaved as a spherical structure, approximating a random coil. The
highest solubility was found with TMC of an intermediate DQ (40%) regardless of DD and molecular
weight. The effect of DD on the physicochemical properties and cytotoxicity was obviously observed
when proportion of DD to DQ was higher than 1. TMC with relatively high DD showed reduction in both
solubility and mucoadhesion and hence decreased cytotoxicity. However, the influence of DD was insig-
nificant when DQ of TMC was higher than 40% at which physicochemical properties and cytotoxicity

Keywords:

N-trimethyl chitosan
Degree of quaternization
Degree of dimethylation
Solubility

Mucoadhesive properties
Cytotoxicity

were mainly dependent upon DQ.
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1. Introduction

N,N,N-trimethyl chitosan (TMC) is a partially quaternized deriv-
ative of chitosan first synthesized by Muzzarelli and Tanfani [1] in
an attempt to increase solubility of chitosan in water at neutral and
basic pH values. The increase in solubility is achieved by replacing
the primary amino group on the C-2 position of chitosan with qua-
ternary amino groups [2]. It has been shown that TMC can decrease
the TEER of Caco-2 cell monolayers and increase the transport of
several hydrophilic compounds, peptide and protein drugs both
in vitro (Caco-2 cells) [3-6] and in vivo (rats and pigs) [7-9]. Up
to date, TMC has received considerable attention in drug and gene
delivery not only in peroral route [10] but also in ocular [11], intra-
nasal [12-14], buccal [15,16], pulmonary [17,18] and rectal [19]
routes.

It is well known that polymer structure is a main factor influ-
encing its physicochemical properties. Several research groups
have studied the structure-physicochemical property relationship
of TMC and reported that the properties of TMC depend on degree
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of quaternization (DQ) at 2-amino groups and degree of O-methyl-
ation at 3- and 6-hydroxy groups (DOs and DOg, respectively)
[6,20,21]. The best permeation enhancement of peptide and pro-
tein drugs is achieved when using TMC with DQ ca. 48% [6]. More-
over, high DO5; and DOg found in TMC with high DQ decrease the
solubility of the polymer [20]. Although mucoadhesive properties
and cytotoxicity of TMC with different DQ have been explored,
the results are controversial. Synman et al. [21,22] found that the
mucoadhesive properties of TMC decreased with an increase in
DQ, whereas Sandri et al. [15] reported the opposite results.
Regarding the cytotoxicity, Thanou et al. [23], Amidi et al. [13]
and Florea et al. [17] indicated that TMC was non-toxic even at
high DQ. However, Mao et al. [24] found that TMC with DQ of
40% exhibited time- and dose-dependent cytotoxic responses
which increased with increasing molecular weight. Similar results
had been found by Kean et al. [25] who showed that the cytotox-
icity of TMC increased with increasing DQ. These discrepancies
may be attributed to different degrees of dimethylation (DD) of
TMC. TMC with the same DQ but different in DD may show differ-
ent properties in the mucoadhesion and cytotoxicity. In general,
the mucoadhesion and cytotoxicity of TMC can probably be attrib-
uted to the interaction between positively charged groups of TMC
and anionic components (sialic acid) of the glycoproteins in mucus
layer and on the surface of epithelial cells [24]. We hypothesized
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that an increase in DD aside from DQ may affect the interaction of
polymer and mucus layer/epithelial cells, resulting in the reduction
in mucoadhesion and cytotoxicity. However, to the best of our
knowledge, no experimental data are available to support this
hypothesis. Therefore, the influence of the DQ together with the
DD on the mucoadhesive properties and cytotoxicity was simulta-
neously elucidated.

In this present study, TMC with different DQ and DD was syn-
thesized and characterized. The influence of synthesis process
resulting in different DQ and DD was also investigated. The
mucoadhesion of TMC was determined using a mucin particle
method. The biocompatibility of TMC was characterized by MTT
assay using a L929 fibroblast cell line.

2. Materials and methods
2.1. Materials

Chitosan (400 kDa, degree of deacetylation 84.7%) was pur-
chased from Fluka (Steinheim, Germany). Type Il mucin from pro-
cine stomach and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were obtained from Sigma (Deisenho-
fen, Germany). Dulbecco’s modified Eagle’s medium (DMEM) was
supplied by Gibco (Eggenstein, Germany). Tissue culture materials
and plates were from Costar (Bodenheim, Germany). All other
chemicals and solvents were of analytical purity.

2.2. Synthesis of N,N,N-trimethyl chitosan chloride

TMC polymers differing in DQ and DD were prepared by reduc-
tive methylation of the parent chitosan with CHsl in the presence
of NaOH using the procedure described by Polnok et al. [26] with
some modifications. Briefly, in the reaction step 1, a mixture of
chitosan, Nal, 15% NaOH was mixed with N-methylpyrrolidinone
while maintained in a water bath at 60 °C. Subsequently, CHsl
was added to the mixture and the reaction was carried out in the
presence of a reflux condenser. Prior to the precipitation of the
product from the solution mixture at the end of first reaction step,
additional CHsl and 15% NaOH were added. The reaction was fur-
ther continued (addition step). In some instances, the precipitated
polymer obtained from the first reaction step was mixed with Nal,
NaOH in N-methylpyrrolidinone. CH3l was added to the mixture
and the reaction was carried out in the presence of a reflux con-
denser (second reaction step). The product (N-trimethyl chitosan
iodide) was precipitated and converted to N-trimethyl chitosan
chloride according to the previously described processes [20].
The reaction conditions of each polymer are summarized in Table
1. For ease of discussion, the abbreviation TMCx-y was used to de-
scribe the polymers where x represents the DQ in percent and y,
the DD in percent.

Table 1

The reaction conditions in the synthesis of TMC polymers

Polymer Reaction Reaction Addition Addition
step 1¢ (h) step 2° (h) step 1€ (h) step 2 (h)

TMC10-40 1 - - -

TMC20-20 1 - 0.5 -

TMC20-60 1.5 - - -

TMC40-10 1 1 - -

TMC40-40 1.5 - 1.5 -

TMC80-10 1 - 1 1

2 Twelve milliliters of 15% NaOH added with 12 ml CHsl in N-methylpyrrolidi-
none containing 2 g chitosan and 4.8 g Nal.

b Twelve milliliters of 15% NaOH and 0.6 g NaOH added with 9 ml CH;l in N-
methylpyrrolidinone containing precipitated product from first reaction step and
4.8 g Nal.

¢ Added with 12 ml of 15% NaOH and 6 ml CHzl.

2.3. Characterization of TMC polymer

2.3.1. Degrees of substitution

TH NMR spectra of TMC polymers were recorded on JEOL GX 400D
(Tokyo, Japan) by dissolving samples in D,0 at 80 °C with suppres-
sion of the water peak. The degrees of substitution corresponding
to %DQ, %DD, %D03 and $DOg were calculated from the data obtained
from 'H NMR spectra using the Eqs. (1)-(4) [20] as described below:

%DQ = {%xa x 100 (1)
%DD = [[(C[l]f])z] x %} x 100 (2)
%D0; = [% x %} x 100 (3)
%D0s = [w x %} x 100 (4)

where [(CH3)s3] is the integral of trimethyl amino group at 3.3 ppm,
[(CH3),] is the integral of dimethyl amino group at 3.0 ppm, [(3-
OCH3)] is the integral of methyl group for 3-hydroxyl group at
3.5 ppm, [(6-OCHs3)] is the integral of methyl group for 6-hydroxyl
group at 3.4 ppm and [H] is the integral of the 'H peaks between
4.7 and 5.7 ppm.

2.3.2. Determination of molecular weight

Weight-average molecular weight (M,,), number-average
molecular weight (M,) and molecular weight distribution (M,/
M,,) of TMC were determined by a gel permeation chromatography
(GPC) (Water Corporation, Washington, USA) at 30 °C. The GPC
equipment consisted of ultrahydrogel linear column (MW resolv-
ing range = 1000-20,000,000), Waters 600E pump and Water
2410 refractive index detector. The eluent was 0.5 M acetate buf-
fer. The standards used to calibrate the column were pullulans
(MW 5900-788,000).

2.3.3. Intrinsic viscosity measurement

Intrinsic viscosities [n] of TMC were determined in 2% acetic
acid/0.2 M sodium acetate (2% HAc/0.2 M NaAc) using an auto-
mated Ubbelohde capillary viscometer (Model Schott AVS-360,
Germany) with a 0.63-mm capillary diameter at 25 £+ 0.1 °C in trip-
licate. Solution concentrations were adjusted in order to obtain rel-
ative viscosity value in the range of 1.1-1.5 which was suitable for
the calculation of [n] [27]. Six different concentrations were tested
for each sample and each concentration was measured five times.
The running times of solution and solvent were used to calculate
the specific viscosity, reduced viscosity and inherent viscosity. In
order to obtain the most accurate values, [1] was determined as
an average of extrapolating both Huggins (#sp/c ~ ¢) and Kraemer
(Minh ~ ) plots on the ordinate at c=0 [28].

2.3.4. Determination of potentiometric titration curve

Potentiometric titration curve of TMC was constructed by dis-
solving 20 mg of polymer in 2 ml of 0.1 N HCI solution. A titrant
was a solution of 0.1 N NaOH. Under continuous stirring, titrant
was added stepwise and the volume of added NaOH and pH values
of solution were recorded thoroughly [11].

2.4. Estimation of water solubility

The pH dependence of the water solubility of TMC was esti-
mated using turbidity measurements. The test sample was dis-
solved in 0.1 N HCI solution. With the stepwise addition of 0.1 or
1.0 N NaOH solution, the transmittance of the solution was re-
corded on a Shimadzu UV-160 Spectrophotometer using a quartz
cell with an optical path length of 10 mm at 600 nm. The test
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was performed at room temperature [29]. In order to investigate
the effect of ionic strength, the solutions of 0.1 N HCl and 1.0 N
NaOH solutions were adjusted by sodium chloride (NaCl) to
achieve the desired ionic strength of 0.05, 0.15 and 0.5 M.

2.5. Mucoadhesion by mucin particle method

Mucoadhesive properties of TMC were evaluated by using the mu-
cin particle method developed by Takeuchi et al. [30]. Submicron-
sized mucin (ss-mucin) suspension (1% w/v) was prepared by sus-
pending and continuously stirring mucin type IIl powder in 10 mM
Tris buffer, pH 6.8, for 10 h. Mucin suspension was then incubated
at 37 °C overnight. The size of mucin was reduced by ultrasonication
(Branson 1200, Connecticut, USA) until particle size was around 300-
400 nm. It was then centrifuged at 4000 rpm for 20 min to extract
submicron-sized mucin particlesin the supernatant portion. The par-
ticle size and zeta potential of the precisely size-controlled ss-mucin
were 400 + 12 nmand —16.1 £ 1.8 mV, respectively.

One milliliter of 1% w/v ss-mucin suspension was mixed with
different volumes of 1 mg/ml polymer solutions under mild mag-
netic stirring. Then the particle size and zeta potential values were
measured using a Zetasizer Nano ZS (Malvern Instruments, Herren-
berg, Germany) equipped with a 4 mW HeNe laser at a wavelength
of 633 nm at 25 °C. Scattered light was detected at a 173 °C back-
ward scattering angle. The viscosity (0.88 mPa S) and refractive in-
dex (1.33) of water at 25°C were used for data analysis. All
experiments were performed in triplicate.

2.6. Cytotoxicity testing (MTT assay)

In vitro cytotoxicity of TMC was evaluated using a MTT assay
according to the method described by Fischer et al. [31]. A mouse
connective tissue fibroblast cell line, L929 (DSMZ, Braunschweig,
Germany) was plated into 96-well microtiter plates at a density
of 8000 cells/well. After 24 h incubation, culture medium was re-
placed by 100 pl of serial dilutions of the polymers in serum-sup-
plemented tissue culture medium and the cells were incubated for
3 h. Subsequently, polymer solutions were aspirated and replaced
by 200 pl DMEM without serum. Twenty microliters sterile-fil-
tered MTT stock solution in phosphate-buffered saline (PBS), pH
7.4 (5 mg/ml) were added in each well reaching a final concentra-
tion of 500 g MTT/ml. After 4 h incubation, unreacted dye was aspi-
rated and the formazin crystals were dissolved in 200 pl/well
DMSO. Absorption was measured at 570 nm with a background
correction of 690 nm using a Titertek Plus MS 212 ELISA reader
(ICN, Eschwege, Germany). The relative cell viability (%) compared
to control wells containing cell culture medium without polymer
was calculated by [Altest/[Alcontrol X 100 (n = 4). The ICsq was calcu-
lated as a polymer concentration which inhibited growth of 50% of
cells relative to non-treated control cells.

2.7. Statistical analysis

Results were recorded as means + SD from at least three mea-
surements. Significance between the mean values was calculated
using ANOVA one-way analysis (SPSS 11.5.0 for windows). Proba-
bility values of P < 0.05 were considered significant.
3. Results and discussion
3.1. Synthesis and characterization of TMC polymers
3.1.1. The degrees of substitution

In this study, TMC was synthesized based on one methylation
reaction step followed by subsequent addition steps because it

had been demonstrated that the high DQ of TMC with a low degree
of O-methylation could be achieved as compared to the use of mul-
tiple reaction steps [26]. Moreover, it was time-saving owing to the
reduction of certain in-process procedures - precipitation, centri-
fugation and drying of the intermediate product. The degrees of
substitution of various TMC polymers are listed in Table 2.

As seen in Table 2, using a one-step reaction, TMC10-40 was ob-
tained with 13.9% DQ and the high substitution degree of DD at
39.1%. When extending the reaction duration from 1 to 1.5 h, DQ
increased to 23.4% and DD significantly increased to 65.2%
(TMC20-60). However, when increasing additional step for 0.5 h,
DQ increased to 23.0% similar to TMC20-60, whereas DD decreased
to 20.8% (TMC20-20). Similarly, it was observed that by extending
duration of additional step of TMC20-20 from 0.5 to 1 h, DQ of TMC
increased from 23.0% to 32.1% and DD from 20.8% to 33.0% (data
not shown), therefore, an increase in reaction duration increased
both DQ and DD. Comparing between TMC10-40 and TMC40-10
as well as between TMC20-60 and TMC40-40, it was obviously
seen that an increase of the number of reaction step increased
DQ but decreased DD.

Fig. 1 shows the '"H NMR spectra of TMC20-20 and TMC20-60.
The 'H signal intensity of dimethylamino group (-N(CHs),) of
TMC20-60 was stronger than that of TMC20-20. The ratio between
the integral of the N-trimethylamino group (N*(CHs)3) and that of
the N-dimethylamino group (N(CHs),) was approximately 1:3 for
TMC20-60 and 1:1 for TMC20-20. The results obtained may be ex-
plained by the less basic environment and reduction of methylat-
ing agent, CHsl in the extended reaction step of TMC20-60 which
would slow down conversion of an intermediate N(CHs), to a
N*(CHs)s. Similarly, Curti et al. [32] reported that the N-methyla-
tion of chitosan or the average DQ was strongly affected by the
reaction conditions, i.e. the alkalinity of the medium and the avail-
ability of CHsl.

From the results obtained, it could be suggested that high DQ of
TMC with low DD could be obtained by increasing the number of
reaction steps, whereas high DQ of TMC with high DD was resulted
by extending the duration of the reaction.

3.1.2. Molecular weight

A summary of the M,, and M,,/M,, determined by GPC of TMC
polymers is presented in Table 2. All TMC had a relatively wide
molecular weight distribution with a polydispersity index in the
range of 2.9-4.9.

Although a decrease in molecular weight of TMC with increas-
ing DQ was not distinctly observed as reported by Snyman et al.
[33], it was found that the molecular weight depended on the syn-
thesis procedure. It increased with the extension of reaction dura-
tion correlated to an increase in DQ and DD as seen in TMC10-40/
TMC20-60 and TMC20-20/TMC40-40. Therefore, an addition of
methyl groups to the amino groups of chitosan resulted in TMC
with high molecular weight.

On the contrary, the molecular weight decreased with increas-
ing number of reaction steps or additional steps as seen in
TMC10-40/TMC20-20 and TMC20-60/TMC40-40. Moreover, the
molecular weight of TMC40-10 prepared by two reaction steps
was markedly decreased in comparison with TMC40-40 prepared
by one reaction step followed by one additional step. This was
due to the degradation of the polymer in the strong basic environ-
ment. The results obtained are consistent with those previously re-
ported by Hamman and Kotze [34] who observed that intrinsic
viscosity, an indication of the molecular weight, of TMC increased
with increasing reaction duration and decreased with increasing
number of reaction steps. Therefore, it can be concluded that the
molecular weight of TMC is affected by the addition of methyl
groups to the amino groups of chitosan and the polymer degrada-
tion by the strong basic environment.
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Table 2
Intrinsic viscosity, molecular weight and substitution degrees of TMC polymers
Polymer [n]? (d/g) M, (x10* g/mol) My /M, DQ (%) DD (%) 30-CH; (%) 60-CH; (%)
TMC10-40 2.18 37.8 4.86 139 39.1 24 7.0
TMC20-20 2.09 28.6 3.91 23.0 20.8 113 16.7
TMC20-60 2.48 54.2 4.74 23.4 65.2 3.9 9.0
TMC40-10 1.06 6.1 3.25 424 12.4 6.1 8.0
TMC40-40 2.15 36.5 2.89 39.0 393 4.9 9.3
TMC80-10 2.01 26.6 3.50 76.6 8.5 58.0 52.0
@ [n] for the starting chitosan was 10.70 dl/g.
> M, and M, /M, for the starting chitosan were 87.2 x 10* g/mol and 3.50, respectively.
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Fig. 1. "H NMR spectra of TMC20-60 and TMC20-20, prepared in one reaction step and one reaction step with one addition step, respectively.

3.1.3. Intrinsic viscosity

Based on the fact that [n] is closely related to polymer-chain
conformation, the dependence of [1] upon the molecular weight
gives information concerning the conformation and the extension
of the polymer according to the Mark-Houwink equation

(] = KMy

where K and a are empirical constants for given solute-solvent sys-
tem and temperature, [n] is the intrinsic viscosity and M, is the so-
called viscosity-average molecular weight which can be substituted
with the weight-average molecular weight, M,,. The Mark-Houwink
exponent a is used as a parameter to determine the conformation of
a polymer. Polymers in the shape of a sphere, random coil or rod
have exponent a values of 0, 0.5-0.8 and 1.8, respectively [35,36].

The intrinsic viscosities of TMC in 2% HAc/0.2 M NaAc at 25 °C
are given in Table 2. Regardless of the substitution degrees, it
was found that the [n] of polymer solution increased with an in-
crease in the M,, of the polymer. This is consistent with the previ-
ous report by Snyman et al. [33] who observed that the decrease in
absolute molecular weight was correlated well with the decreased
[n] of TMC polymers.

Fig. 2 shows the plot of log [n] versus log M. The values of 0.39
and 2.14 x 10~* were obtained for a and K, respectively. The value
of Mark-Houwink exponent a suggested that TMC behaved like a
spherical structure, approximating a random coil. The result is

inconsistent with the observation of Synman et al. [22] who re-
ported that TMC possessed a rod-shaped conformation. This dis-
crepancy could be due to the difference in experimental
conditions such as ionic strength, solvent, temperature, and pH va-
lue of solution [37,38].

In general, the polymer conformation and the polymer-solvent
interactions depend on the number of positive charges (NH;*) of
chitosan which are related to the degree of deacetylation. Low va-
lue of deacetylation degree results in a rigid conformation, leading
to a higher degree of expansion of chitosan [28]. In the buffer of 2%
HAc/0.2 M NaAc (pH 4.5), chitosan with deacetylation degree of
85% exhibits random coil structure [39]. TMC being a cationic poly-
electrolyte with pK, value of about 6.5 (data shown below), all
non-quaternized amino groups are protonated at low pH of the sol-
vent. In this case, electrostatic repulsion forces of the protonated
amino groups were hindered due to pendent methyl groups of
TMC, leading to the condensed conformation.

3.1.4. Potentiometric titration curves

A potentiometric titration is one of the simplest methods used
to determine the degree of deacetylation of chitosan [40,41]. Re-
cently, it has been used with data from elemental analysis to deter-
mine DQ of TMC polymers [11].

In this study, a titration curve was generated by dissolving TMC
in HCI solution and then titrating potentiometrically with NaOH
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Fig. 2. Intrinsic viscosity of TMC in 2% HAc/0.2 M NaAc at 25 °C as a function of My,
determined by GPC.

solution. The potentiometric titration curve of TMC40-40, a repre-
sentative example, is depicted in Fig. 3a exhibiting two inflection
points. The first of which corresponds to the neutralization of the
free acidity, while the second indicates the complete deprotona-
tion of the protonated non-quaternized amine groups. The differ-
ence between the two inflection points along the abscissa
(shown in Fig. 3b) yields the moles of OH™ required to deprotonate
the protonated non-quaternized amino groups of TMC and reflects
the amount of -NH,, —NH(CH3) and -N(CHs), in the titrant solu-
tion. Assuming that the rest of the sample is -N*(CH3); and —NH-
COCHs, the DQ value of the specimen could readily be obtained [11].

Since TMC was composed of not only quaternized amines but
also mono- and di-methylated amines, it was found that the differ-
ence between the two inflection points was affected by DQ and DD.
Number of OH™ required to deprotonate the protonated non-quat-
ernized amino groups increased with increasing DD (2.47 mmol
OH /g polymer for TMC20-20 compared to 2.63 mmol OH /g poly-
mer for TMC20-60). When considering DD in the range 30-40%,
number of OH™ required decreased linearly with the increase of
DQ with regression coefficients of 0.98. Moreover, it was observed
that at DD/DQ ratio <1, number of OH™ required decreased with
increasing DQ with a linear correlation of 0.99. Therefore, DD

0 1 2
0.1 N NaOH (ml)

b 60 .

45 .
3 . 4
T 301 *
S *
° * ,z

*
151 ;0 e
0 M“ W‘ "Nm...
0 1 2

0.1N NaOH (ml)

Fig. 3. The results from potentiometric titration of TMC40-40 showing (a)
potentiometric titration curve and (b) first derivative curve.

would affect the number of OH™, leading to an error for calculation
of DQ. For an accurate result by this method, DQ should be deter-
mined and compared within almost the same value of DD or at DQ
much higher than DD. In addition to the use of this method to
determine DQ, the pK, of all TMC polymers can be evaluated to
be in the range of 6.1-6.4. During titration, the solution of TMC
with DQ < 24% became cloudy when the pH >6, which was not
found in higher DQ of TMC (discussed in detail in Section 3.2).

It is well documented in the literature that results obtained
from pH-potentiometric titration are influenced by several factors.
Balazs and Sipos [42] reported that the moisture content of the air-
dry chitosan samples and the ash content caused variations in the
values of degree of deacetylation. The precipitation of chitosan
during titration also resulted in an error in the determination of
deacetylation degree [40]. The precipitated chitosan reduced the
concentration and could cover the surface of electrode, and thus
the electrode would lose its accuracy. From the limitation of pH-
potentiometric titration and the results obtained in this study, it
was found that this method would not be suitable for characteriza-
tion of TMC polymer.

3.2. Solubility of TMC polymers

3.2.1. Effect of degree of quaternization

Fig. 4 shows the pH dependence of the transmittance of the
TMC with different DQ. As seen in Fig. 4a, the water solubility of
TMC with DQ of 13.9% (TMC10-40) was high at acidic pH but de-
creased at pH a little over neutrality. The solubility of TMC10-40
in basic pH was abruptly decreased when increasing concentration.
In addition, it was observed that the solubility decreased with
increasing DD in the basic region, especially when DD/DQ > 1 (data
not shown). In contrast, the solubility of TMC with DQ of 42.4%
(TMC40-10) was high and retained over a wide pH range (Fig.
4b). The water solubility of TMC was substantially decreased with
DQ of 76.6% (TMC80-10), as seen by the low % transmittance (Fig.
4c). However, the solubility of the high DQ of TMC was not pH-
dependent (Fig. 4b and c).

The results were comparable to the finding obtained from
potentiometric titration mentioned before. The lower solubility
of the high DQ of TMC (TMC80-10) was expected due to high de-
gree of O-methylation at the 3- and 6-hydroxyl groups [20]. How-
ever, the opposite result was found in the low DQ of TMC as
reported by Kotze et al. [43] who indicated that TMC with low
DQ of 12.6% was highly soluble over a wide pH range even at high
concentration of 10% w/v. This discrepancy may be from different
DD of TMC. It is possible that the water solubility of TMC polymers
with low DQ and relatively high DD decreased in an basic solution
because they included about 65-75% of non-quaternized residues,
mainly in forms of -N(CHs),, -NH(CH3) and —NH,. The high pen-
dent methyl groups hinder intra- and/or intermolecular interac-
tions resulting in the decreased solubility of the TMC with low DQ.

3.2.2. Effect of ionic strength

The effect of ionic strength on the water solubility of TMC was
also investigated. Fig. 5 shows pH dependence of water solubility
of TMC10-40 as a function of ionic strength. For TMC with low
DQ (<24%), ionic strength did not affect the solubility of polymers
at pH lower than their pK, 6.5, after that the solubility decreased
with increasing pH and ionic strength of the medium and the de-
crease was more pronounced in the higher ionic strength solution.
On the other hand, the ionic strength did not affect the solubility of
TMC with DQ higher than 40% (data not shown).

It is known that ionic strength affects the hydrodynamic behav-
ior of chitosan and its derivatives. Yang et al. [44] reported that vis-
cosities of N-alkylated mono-/disaccharide chitosans with low
substitution degree decreased with an increase in ionic strength,
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Fig. 4. The pH dependence of water solubility of (a) TMC10-40, (b) TMC40-10 and (c) TMC80-10.

while change in solubility of high substitution degree of chitosan
with ionic strength was not marked. Holme and Perlin [45] also ob-
served that ionic strength had an effect on the solubility of N-sul-
fated chitosan. Generally, in high ionic strength solutions, the
concentration of the counter-ions is raised which screens the pro-
tonated amino group of chitosan and in turn the solubility becomes
reduced [46]. This may provide some evidence to support the find-
ings in our experiment.

Taken together, the data from Figs. 4 and 5 imply that the
charge density of TMC, represented by DQ, would be an important
factor determining its water solubility and the optimum value was
an intermediate DQ of 30-40%. In addition, DD obviously affected
the solubility properties of TMC when DQ was lower than 24%.

3.3. Polymer-mucin interactions
In this work, mucoadhesive properties of TMC were evaluated

by using the mucin particle method based on the change in surface
properties of mucin particle, particle size and zeta potential, by the
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Fig. 5. Effect of ionic strength on the water solubility of 5 mg/ml TMC10-40.

adhesion of the polymer. It was expected that the suspension of ss-
mucin particles when mixed with a polymer solution, would in-
duce the ss-mucin particles to aggregate, if the polymer had a
strong affinity to them. Procine gastric mucin type III, a commer-
cially available mucin, was chosen in this study. Leitner et al.
[47] stated that there is no significant difference in the results ob-
tained with native mucus and hydrated commercial mucin.

The interaction was determined at pH 6.8 in Tris buffer where
chitosan was insoluble and lost mucoadhesive properties. Fig. 6
shows evolution of particle size and zeta potential of ss-mucin par-
ticles versus added volume of 1 mg/ml TMC40-40 solution. Two re-
gions could be defined. In region I, polymer did not affect the size
and zeta potential of ss-mucin. Increases in size and zeta potential
were observed in region Il where the aggregation occurred after
the zeta potential of ss-mucin exceeded the critical zeta potential
of ss-mucin (ca. —7 mV). This finding can be explained by DLVO
theory [48]. It was also found that all polymers with different DQ
and DD exhibited equal volume of 0.4 ml in region I, indicating that
this region was polymer structure independent. This could be ex-
plained from the same conformation of TMC polymers. The slope
of zeta potential profiles in region Il and an extrapolated critical
volume (V) of polymer used to neutralize negative charge of ss-
mucin to zero could be used as indices of mucin-polymer adhesive
bond strength of TMC polymers. The stronger the mucoadhesive
bond strength, the higher the value of slope as well as the lower
the V. value was observed.

By referring to the results of ss-mucin-polymer interaction
studies (Table 3), it can be deduced that TMC exhibited mucoadhe-
sive characteristic and the rank order of mucoadhesive bond
strength of TMC was TMC80-10>TMC20-20 > TMC40-40 >
TMC40-10 > TMC10-40 > TMC20-60. Within the same molecular
weight of polymer, it was found that the mucoadhesion of TMC de-
pended on the proportion of DD to DQ. The mucoadhesive bond
strength of TMC linearly decreased with increased ratio of DD/
DQ, as shown in Fig. 7. At the same DD of 40%, the mucoadhesive
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Fig. 6. Change in observed particle size and zeta potential of ss-mucin particles
when mixed with the various volumes of 1 mg/ml TMC40-40 solution. Concentra-
tion of ss-mucin suspension was 1% w/v at pH 6.8.

bond strength of TMC40-40 was twofold higher than that of
TMC10-40. Similarly, at the same DQ of 20%, the mucoadhesive
bond strength of TMC20-60 was threefold lower than that of
TMC20-20. The results obtained could be explained by the electro-
static interaction between positively charged amino groups of TMC
and the negatively charged sialic acid residue of mucus glycopro-
teins or mucins. When increasing DD, the high number of methyl
pendent groups acted to shield the positive charges of TMC which
reduced the interaction between polymer and mucin and hence
the decreased mucoadhesive properties.

Furthermore, it was observed that the interaction between ss-
mucin particles and TMC was molecular weight-dependent. The
interaction decreased with decreased molecular weight (TMC40-
40 and TMC40-10). No apparent change in surface properties of
ss-mucin was detected with 40% DQ TMC derived from chitosan
25 kDa (data not shown). Indeed, the molecular weight of polymer
is one of the important factors on mucoadhesive property which
has been found in the polymer having the molecular weight above
100,000 g/mol [49]. Taken together, the data obtained suggest that
mucoadhesive properties of TMC were influenced by the combina-
tion of positive charge density, steric hindrance of pendent groups
on polymer and molecular weight.

3.4. Cytotoxicity

The effects of polymer structure on L929 cells were investigated
by testing cell viability via MTT assay. The concentration of TMC
resulting in 50% inhibition of cell growth, ICsy value was evaluated.
The results are summarized in Table 4. TM(C80-10 was particularly
toxic with an ICsq of 10 pg/ml. For 40% DQ TMC, a decrease of
molecular weight of TMC has caused reduction in toxicity of
TMC40-10 compared to TMC40-40. However, TMC10-40 and
TMC20-60 were shown to be completely non-toxic with
ICs0 > 1 mg/ml. These appear consistent with the conclusion earlier

Table 3
Characteristics of the interaction between ss-mucin particle and TMC polymers
(mean = SD, n=3)

Polymer Slope (mV/ml) V& (ml)
TMC10-40 58+04 3.0£0.2
TMC20-20 13114 1.4+0.1
TMC20-60 46+04 3.7+05
TMC40-10 7.6+0.9 2.1+0.1
TMC40-40 11.3+£03 1.7£0.0
TMC80-10 153 +2.0 1.3+0.1

2 The extrapolated volume of 1 mg/ml polymer solution used to neutralize neg-
ative charge of 1% w/v ss-mucin to zero.
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Fig. 7. Correlation between the ratio of DD/DQ of TMC and mucoadhesive bond
strength measured by the mucin particle method. Each point represents mean + SD
of three experiments.

Table 4
Cytotoxicity of TMC polymers on L929 fibroblast cells following 3 h incubation as
determined by MTT assay (n=4)

Polymer ICs0 (pug/ml)
TMC10-40 >1000
TMC20-20 24
TMC20-60 >1000
TMC40-10 14
TMC40-40 12
TMC80-10 10

drawn by Mao et al. [24] and Kean et al. [25] who reported that
cytotoxicity of TMC increased with increasing molecular weight
and DQ of the TMC. Haas et al. [50] reported that the cytotoxicity
on COS-1 cells of TMC with a low DQ (4%) and intermediate DQ
(10% and 18%) was less than that of chitosan, meanwhile TMC with
high DQ of 66% appeared to be more toxic.

Considering the effect of DQ and DD, it was found that cytotox-
icity of TMC was influenced by the proportion ratio of DD to DQ.
The cytotoxicity of TMC began to decrease when DD/DQ ratio
was higher than 1 and TMC showed non-toxic property when ratio
of DD to DQ was about 3:1. Since the cytotoxicity of TMC would
probably be a consequence of its relatively positive charge
[31,51], this phenomenon could be explained by the steric effect
of methyl pendent groups of dimethylamino groups which
shielded a proportion of the positive charges present on TMC
decreasing the interaction of the positively charged amino groups
of TMC with the anionic compartments of glycoproteins on the cell
membrane. Due to high positive charge density of TMC40-40, the
amount of methyl pendent groups from dimethylamino groups
was insufficient to shield its positive charges, leading to low cell
viability. Similarly, Mao et al. [24] reported that grafting PEG (poly-
ethylene glycol) on TMC polymer chain can improve the biocom-
patibility of TMC, and the extent of which is substitution degree
and PEG molecular weight-dependent.

Taking data from cytotoxicity and mucoadhesion in consider-
ation, it was observed that cytotoxicity data fairly correlated with
mucoadhesive bond strength. These confirmed that the electro-
static interaction between the positively charged amino groups
of TMC and the negatively charged residues in mucus layer and
on cell membrane was the predominant mechanism for mucoad-
hesion and cytotoxicity of TMC.

4. Conclusions

This work reports the effects of DQ and DD on the physicochem-
ical properties of TMC in terms of solubility, mucoadhesive proper-
ties and cytotoxicity. The synthesis of TMC polymers by using one
methylation reaction step with subsequent multiple addition steps
resulted in the high DQ and large molecular weight. Furthermore,
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it was found that an increase in the number of reaction steps in-
creased DQ and decreased DD, whereas an extended duration of
reaction increased both DQ and DD. The results also showed that
M,, of TMC was in the range of 60-550 kDa and TMC in 2% HAc/
0.2 M NaAc was present in a spherical structure, approximating a
random coil. The charge density of TMC, represented by DQ, was
an important factor to determine its water solubility and the opti-
mum value was an intermediate DQ of 40% regardless of DD and
molecular weight. However, DD obviously affected the solubility
properties of TMC when DQ was lower than 24%. Cytotoxicity of
TMC correlated with mucoadhesive bond strength showed to be
dependent upon the ratio of DD to DQ. The high DD in TMC led
to a decrease in both mucoadhesivity and cytotoxicity and the ef-
fect of DD was evidently observed when DD/DQ > 1. Non-toxic
TMC was observed at DD ca. threefold higher than DQ.

In summary, the effect of DD on the physicochemical properties
and cytotoxicity was obviously observed when DD/DQ > 1. TMC
with relatively high DD possessed reductions in solubility, muco-
adhesive properties and hence decreased cytotoxicity. However,
the influence of DD was marginal when DQ of TMC was larger than
40% at which physicochemical properties and cytotoxicity was
mainly affected by DQ. The results from this study represent help-
ful information on the synthesis of suitable properties of TMC.
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