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The physicochemical and rheological properties of a water-soluble chitosan (WSC) derivative were characterized
in order to facilitate its use as a novel material for biomedical applications. The WSC was prepared by conjugating
glycidyltrimethylammonium chloride (GTMAC) onto chitosan chains. Varying the molar ratio of GTMAC to
chitosan from 3:1 to 6:1 produced WSCs with a degree of substitution (DS) that ranged from 56% to 74%. The
WSC with the highest DS was soluble in water up to concentrations of 25 g/dL at room temperature. An increase
in the polymer concentration gradually increased both the pH and conductivity of the WSC solutions. The
rheological properties of the WSC solutions were found to be dependent on the salt and polymer concentrations
as well as the DS value. In the absence of salt, the rheological behavior of the WSC was found to be typical of
that for a polyelectrolyte in the dilute solution regime. However, the addition of salt decreased the viscosity of
the polymer solution due to the reduction of electrostatic repulsions by the positively charged trimethylated
ammonium groups of the WSC. In the concentrated regime, the viscosity of the WSCs was found to follow a
power-law expression. The lowest DS WSC had the more favorable viscoelastic properties that were attributed
to its high molecular weight, as confirmed by the stress relaxation spectra and intrinsic viscosity measurements.
The effect of DS on the degree of interaction between WSC and the lipid egg phosphatidylcholine was investigated
by FTIR analysis. Overall, the lower DS WSC had enhanced rheological properties and was capable of engaging
in stronger intermolecular physical interactions.

Introduction based drug delivery systems. Following preparation, residual
acid may remain within the drug formulation and in turn reduce
Chitosan is an abundant natural polysaccharide that isthe biocompatibility or nontoxicity of the delivery system as
extracted from the exoskeleton of arthropods and the cell wall well as accelerate the degradation of some dt®ig$ Therefore,
of fungi and may also be obtained synthetically by the the presence of residual acid may limit the use of chitosan-
deacetylation of chitit:? Chitosan is a linear copolymer of  based drug delivery systems. However, the material may be
B-(1—4)-2-amido-2-deoxyp-glucan (glucosamine) arft(1—4)- chemically modified as a means to enhance its aqueous solu-
2-acetamido-2-deoxp-glucan (acetylglucosamine) with well-  bility at neutral pH. For example, Sashiwa et?&akecently
characterized physical, mechanical, and biological propértfes.  reported preparation of water-soluble chitosan (WSC) deriva-
The biodegradation, biocompatibility, and nontoxic properties tives by reaction of chitosan with ethyl acrylate and further
of chitosan have also been establisfiedd.Chitosan has been  substitution of the intermediate with aliphatic diamines or
tried as a biomedical material for a wide range of applications aminoalkyl alcohols. Chen et &l. prepared water-soluble
including wound healing and tissue engineering as well as geneglycated chitosan derivatives by incubation of an aqueous
and drug delivery! Drug delivery systems including nanopar- suspension of chitosan and excess galactose followed by
ticles, micelles, gels, and fims have been prepared from subsequent borohydride reduction of the intermediate Schiff
chitosant"1* Studies have also reported that chitosan can bases produced. This water-soluble glycated chitosan deriva-
effectively inhibit the proliferation of various tumor cells in vitro  tjve was explored as an immunoadjuvant in combination with
and in vivols1¢ the light-absorbing dye indocyanine green (ICG) for treat-
Chitosan is not soluble in media at physiological pH (i.e., ment of metastatic breast and prostate turfdtéWater-soluble
pH = 7.4) but is soluble in an acidic environment (below a N,N,Ntrimethylated chitosan chloride was prepared by reacting
pH of 6.5) due to the protonation of its amine groupK4{p- methyl iodide with the amine groups of chitosan under alkaline
6.5)17 A 1% (v/v) acetic acid, lactic acid, or hydrochloric acid conditions in order to obtain trimethyl derivatives with subse-
solution is often used to dissolve chitosan. In this way, an acidic quent replacement of the iodide counterions with chloride ions
solution is usually employed for the preparation of chitosan- by the addition of sodium chloric®. This chitosan deriva-
tive was explored for use in gene delivery and found to have
* Correspondence sent to Dr. C. Allen, Leslie Dan Faculty of Pharmacy, an improved ability to complex DNA in comparison to
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activity?®=30 and were found to inhibit the proliferation of
various cancer cell line%:32

Cho et al.

(Perklin-Elmer, Connecticut, U.S.A.). All spectra were an average of
64 scans at a resolution of 4 ctnand were repeated in triplicate. A

In this study, we report on the synthesis and characterization background spectrum containing no sample was subtracted from all

of a series of water-soluble quaternary ammonium chitosan
(WSC) derivatives. The chemical composition, molecular
weight, ionic strength, and degree of substitution (DS) of the
materials were determined using FTIR] NMR, pH, and
conductivity measurements. The water solubility of the WSC
derivatives was measured at 25. The rheological properties

of the derivatives as a function of the DS of the material, salt,
and polymer concentrations were examined, and the results wer

developed films from chitosan and egg phosphatidylcholine
(ePC) for use in localized drug delivetyThe stability of the
chitosan-ePC films was found to be largely dependent on the
presence of interactions between the polymer and lipid com-
ponents. Therefore, to demonstrate the potential utility of the
WSC materials, with varying DS, blends of WSC and ePC were
characterized by FTIR measurements. Overall, the findings from
these studies establish many of the compositiproperty
relationships of this series of WSC materials, which may in
turn facilitate their tailored use in biomedical and pharmaceutical
applications.

Experimental Section

Materials. Chitosan (92.5% purity) was purchased from Marinard
Biotech, Inc. (QC, Canada). Glycidyltrimethylammonium chloride
(GTMAQC), silver nitrate (AgNQ), acetone, ethanol, methanol, acetic
acid (AcOH), sodium acetate (AcONa), and sodium chloride (NaCl)

were reagent grade and purchased from Sigma-Aldrich Chemical Co.

(ON, Canada). Egg phosphatidycholine (eP€99% purity) was
obtained from Northern Lipids, Inc. (BC, Canada).
Characterization of Chitosan. The degree of deacetylation (DDA)

spectra. In addition, to confirm the successful conjugation of GTMAC
to chitosan,'H NMR spectra were obtained on a Mercury 400
spectrometer (400 MHz foiH) in D,O containing a small amount of
CDsCOOD at 25°C. The DS of the WSCs was calculated using
an established titration method and eq 1 provided béfoRriefly,

0.1 g of WSC was dissolved in 100 mL deionized water (0.1 g/dL),
and the conductivity of the WSC solution was measured as a
function of the volume of 0.017 M silver nitrate (AgNCadded using

. ) ] & digital conductivity meter (Control Co., TX). The volume of 0.017
analyzed using several rheological models. Previously, our group), AgNO;

V* agnos, that resulted in the lowest conductivity for the
WSC solution was employed to calculate the DS using the following
equation:

DS(%)=
1.7 x 10 V¥ 00
- - x 100
W,,(9) — (1.7x 10 SV*AgNO3 X Marmiac)
x DDA
(Mg x DDA) + m,o(1 — DDA)
1)

The numerator term is equivalent to the total number of moles of
GTMAC conjugated to chitosan within 0.1 g of the WSC. The term in
the denominator takes into account the average number of moles of
deacetylated residues within the sample that were available for
conjugation. SpecificallyW, is the weight of WSC in 100 mL (i.e.,
0.100 g);mctmac is the molecular weight of GTMAC (i.e., 151 g/mol);
mg is the molecular weight of glucosamine (i.e., 161 g/mol); emd
is the molecular weight of acetylated glucosamine (i.e., 203 g/mol).
1.7 x 107 corresponds to the number of moles of AgN® 1 mL of
solution.

Measurement of Water Solubility of WSCs. Series of WSC
solutions were prepared by the addition of WSC to water such that the

of chitosan employed as the starting material for synthesis of the WSC ¢oncentration ranged from 0.2 to 20 g/dL. The transmittance of each
derivatives was 92% as determined by FTIR analysis using a method so|ution was measured at 600 nm using a-iN&ible spectrophotom-

described in detail elsewhere by Miya etfallhe FTIR spectrum of
chitosan was obtained using a universal ATR spectrum-one Perkin-
Elmer spectrophotometer (Perklin-Elmer, Connecticut, U.S.A.). The
molecular weight of chitosan was determined by intrinsic viscosity
measurements in 0.25 M acetic acid/0.25 M sodium acetate &€25
The molecular weight was found to be approximately 2.20° g/mol
using the Mark-Houwink—Sakurada (MHS) equation. The empirical
constants for the MHS equation wefe= 1.49 x 1074 anda = 0.79,

as proposed by Kasaai et®al.

Synthesis of WSCs.The WSC was synthesized using an estab-
lished method that is outlined in Schemé®Briefly, 5 g of chitosan
powder was suspended in deionized water, and then 1 mL of AcOH
(i.e. ~0.5% v/v) was added to the suspension as a cat#lyEhe
chitosar-AcOH mixture was stirred for 30 min prior to the dropwise
addition of GTMAC with continuous stirring. The mole ratio of
GTMAC to chitosan was varied from 3:1 to 6:1 to produce WSCs with
different DS as listed in Table 1. The reaction mixture was stirred
at 100 rpm at 5660 °C for an 18-h period. Following the reaction,
the undissolved polymer was removed by centrifugation of the mix-
ture at 4000 rpm for 20 min at room temperature (Centrifuge 5804T,
Eppendorf, Germany). For purification, the solution was filtered,

eter (Helios Gamma, Thermo Spectronic, U.K.). According to Park et
al. % the WSC is considered insoluble when the transmittance of the
polymer solution is less than 50% of the transmittance for deionized
water.

Preparation of WSC Solutions for Physicochemical and Rheo-
logical Measurements Stock solutions of WSC (15 g/dL) were first
prepared by dissolving the polymer in aqueous solutions that ranged
from 0 to 0.1 M in terms of concentration of NaCl. The solutions were
stirred (Corning, U.S.A.) at 100 rpmf@& h atroom temperature. The
stock solutions were then further diluted to prepare a series of solutions
that varied in terms of concentration of polymer, from 0.02 to 15 g/dL,
by the addition of NaCl buffer. All WSC solutions were degassed for
3 h at room temperature and then stored &C4overnight.

Physicochemical Characterization of WSC SolutionspH and
conductivity measurements were used to characterize the physicochem-
ical properties of the WSC solutions as a function of sat@d M)
and polymer (0.0215 g/dL) concentrations. The pH for each WSC
solution was recorded at room temperature after being stabilized for
10 to 20 min. The conductivity (Control Co., TX) was determined for
each WSC aqueous solution at 25. Additionally, the conductivity
was theoretically determined using the following equafibn:

methanol was added to remove the excess GTMAC, and the WSC was

precipitated in acetone. The purification process was repeated three

times, and the purified WSC was dried in a vacuum oven at@5
for 5 days with subsequent grinding of the product to obtain a fine
powder.

Characterization of WSCs. FTIR measurements were per-

Conductivity (S/cm)= ZNili (2)
|

where N; is the equivalent concentration (mol/&mand A; is the
equivalent conductance of tlih ion (Scnm?/mo1l).4; is dependent on

formed to analyze the chemical composition of the WSCs synthesized the concentration of each electrolyte added. Thus, the effect of the
at room temperature. The FTIR spectra of the WSCs were obtained concentration of ionsc() on 4; can be accounted for by using the
using a universal ATR spectrum-one Perkin-Elmer spectrophotometer Debye-Hilkel-Onsager equation for a symmetrical (i.e., contain'&nBV
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Scheme 1. Reaction Scheme for the Conjugation of GTMAC to the Chitosan Backbone.
COCH3
CHZOH OH NH CHZOH
+ H2C_CH _CHQ—N _CH3 Cr
o l
CH,OH NH
CHITOSAN GlycidylTriMethylAmmonium Chloride
(GTMAC)
COCH3
CHZOH OH NH CHZOH
Catalyst: 0.5%(v/v) AcOH —|
~600C , 18h
50 ~600C C|H3
CH,OH HN—CHZ CH —CHjy III —CH;.Cr
CH;
Table 1. Composition of Reaction Mixtures Employed for lated using the following equatiofi:
Preparation of WSCs with DS of 56% (G:C = 3:1), 67% (G:C 4:1),
and 74% (G:C = 6:1) . A/ G (w) + G(w)
: s c—a s (o) =——"—— 4)
chemical G:C=31 G C=4:1 G:C=6:1 w

chitosan (C) 59 59 5¢ whereG'(w) is the storage modulu§'" () is the loss modulus, ang

AcOH 1mL 1mL 1mL is the frequency applied. Assuming that the Edderz rule ¢(y)|y=o

GTMAC (G) 13.8 mL 18.4 mL 27.6 mL = |n*(w)|)** applies for the WSC solutions, the zero shear viscosity

water 200 mL 195.4 mL 190.8 mL may be determined by the three-parameter Carreau rifodel

Viotal 214.8 mL 214.8 mL 214.8 mL

Table 2. Values for the Equivalent Conductance of lons in the
Infinite Dilute State (A°) at 25 °C as Obtained from Coury3® for the
Calculation of 1, in the Debye—Hiikel—Onsager Equation (eq 3)

cation 2% (S-cm?/mo1l) anion 22 (S-cm?/mo1l)
H+ 349.6 OH~ 199.1
Na* 50.1 Cl- 76.35
(CH3)aN* 44.9

cations and anions of equal charge) electrolyte as folf§ws:

A=20— (A +BA)c? ®3)
where the constantd’ andB' are 60.2 and 0.229, respectively, for a
solution containing both cations and anions of unit charge ama?

is the equivalent conductance at infinite dilution, and tfiealue for
each ion in the WSC solutions is listed in Tablé?Zhe concentrations

of HT and OH ions were determined from the pH values measured
for the WSC aqueous solutions. Sind® was unknown for the
positively charged trimethylated ammonium ions (WSCHs)sN*),

the value of a structurally similar ammonium ion (i.e., the tetramethy-
lammonium ion (CH)4NT, 44.9 Scn?/mo1l) was used to approximate
the conductivity of the WSC aqueous solutions.

Measurement of Rheological Properties of WSC SolutionsThe
viscosities of the WSC solutions were measured as a function of
polymer concentration (0.02 to 15 g/dL) and in the presence of salt
(0 to 0.1 M) at 25°C. An Ostwald viscometer was used to measure
the viscosity of the dilute WSC solutions with polymer concentra-
tions below 0.5 g/dL. When the concentration was greater than
0.5 g/dL, the viscoelastic properties of the WSC solutions were

_ o
[1+ ()1

wheret; is the longest relaxation timey) is the steady shear rate, and
nis a dimensionless power index that characterizes the shear-thinning
behavior of polymeric systems. The viscosities measured were used to
calculate the reduced viscosifyd in the concentrated regime as
follows:#2

(%)

Mpo— s

nsC

wherernpois the zero shear viscosity of each solutiggis the viscosity

of the solvent, andC is the polymer concentration. However, in the
dilute regime, the viscosities of the solutions were too low to be
measured using the rheometer. Thus, the viscosity tgymds replaced

by flow time () to calculategreqs as shown in the following equatidfi:

775P

S (6)

Nred =

Msp_ th—1g
C tC
wheretp andts represent the flow times of the polymer solutions and
solvent, respectively. In addition, the data obtained for the complex
moduliG' andG" data were analyzed with several different rheological
models in order to understand the molecular behavior of the WSCs
under the various solution conditions.
Preparation and Characterization of WSC—ePC Films. WSC-

ePC films were prepared according to a method described previously
in the literature, without the use of acetic aéiBriefly, 200 mg of

pure ePC was dissolved in ethanol and added to a 2% solution of WSC
(3:1, 4:1, or 6:1 (mol/mol) GTMAC/chitosan). The WS@PC mixture
was stirred, placed in a Teflon-coated dish and left to dry at room
temperature. The interactions between WSC and ePC were analyzed
by FTIR analysis as described above.

Mred = (7)

characterized by a stress-controlled rheometer with a cone and plate

geometry (AR-2000, TA instruments, DE). Small-amplitude oscil-

latory shear tests were performed in the linear viscoelastic zones (LVZ),

where the complex modut' andG'"" are independent of the magni-
tude of strain applied. The complex viscosity*(w)) may be calcu-

Results and Discussion

Synthesis and Characterization of WSCThe WSC deriva-
tives were synthesized using a method previously describe&ﬁ)\&
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highest for the WSC prepared using a 6:1 mole ratio of

—— Chit . .
....... G:g°f"§:"1 GTMAC to chitosan. As AgN@was added to the solutions of
—— G:C=41 WSC, the conductivity gradually decreased. The reduction in
T~ . — G:C=61 conductivity may be explained by the following chemical
& ¥ \m T Nt reaction:
8 ....... \//-\/\\ "\./\,"..//—_/l\\ \ / ~ —~
] e e '\w'/ f‘/ WSC-(CH);N"CI” (ag)+ Ag'NO;  (ag)<>
: ~~Methyl band e WSC—(CH,),N*NO, ™ (aq)+ AgCl (8)
=
The dissociation of the chloride salt of the WSC produces the
S o positively charged trimethylated ammonium derivative and Cl
NH, scissoring band ions, while the AgNQ@ solution includes A and NG~ ions.
s s ‘ ‘ The CI- and Ag" ions combine to form an insoluble solid that
1800 1600 1400 1200 1000 800 precipitates and in turn results in a reduction in the conductivity
wave number (cm™) of the solution. The addition of the aqueous (—\g},\@lytion to
Figure 1. FTIR spectra of water-soluble chitosans (WSCs) with the WSC only decreases the conductivity until a minimum value

varying degrees of substitution (DS). is reached. A further addition of the AgNQesulted in an
increase in the conductivity of the solution. The DS values for
each of the WSCs were calculated from eq 1 using the critical

Seong et a#® Briefly, the derivatives were obtained by reacting volume ¢/*agno;) Which is defined as the volume of AgNO
chitosan with GTMAC as shown in Scheme 1. Synthesis of required to reach the minimum conductivity value (Figure 3a).
the quaternary ammonium chitosan derivative required the As shown in Figure 3b, the calculated percentage of DS
addition of a small quantity of acetic acid in order to in- increased with an increase in the ratio of GTMAC to chitosan
crease the rate of reaction and to ensure the targeted conjuinitially employed for synthesis (i.e., DS 56% for 3:1, 67%
gation of the epoxy group of GTMAC to the amine group of for 4:1, and 74% for 6:1 GTMAC/chitosan (mol/mol)).
chitosan. Studies have shown that this epoxy group may be Water Solubility of WSCs. To determine the water solu-
opened more easily in an acidic environment, which in turn bility of the WSCs having DS of 56% or 74%, the transmittance
results in an increase in the reaction ##élso, in an acidic of the polymer solutions was measured by Wsible spec-
environment, the epoxy group of GTMAC mostly reacts with troscopy as a function of the polymer concentration. As shown
the amine groups<NH,) of chitosan, whereas under alkaline in Figure 4, the transmittance was greatly dependent on the
conditions, conjugation predominantly occurs to the hydroxyl polymer concentration. When the polymer concentration was
groups OH) on the chitosan backboR&he DS of WSC can less than 1 g/dL, the transmittance was constant regardless of
vary depending on the reaction conditions such as temperaturethe DS. However, increasing the polymer concentration above
reaction time, and concentration of polyni&?®In the present 1 g/dL abruptly decreased the transmittance of both 56% and
study, the DS of WSC was controlled by varying the molar 74% DS WSC solutions. Above polymer concentrations of
ratio of GTMAC to chitosan (i.e., from 3:1 to 6:1 GTMAC/ 6 g/dL and 12 g/dL for the WSCs with DS of 56% and 74%,
chitosan). respectively, the transmittance could not be measured owing

The FTIR spectra for chitosan and the synthesized WSCst0 the high viscosity of the solutions. For this reason, the
are included in Figure 1. The peak corresponding to the methyl €xperimental results were fitted using a polynomial equa-
band of GTMAC at 1475 cm was present in the spectra for tion (solid line in Figure 4), and the curves were extra-
all WSCs but not in the spectrum for the unmodified chito- polated to 50% transmittance in order to estimate the solubility
san. Also, the band at 1550 cithat corresponds to the pri- of the WSCs in water. In this way, the water solubilities of the
mary amine group on chitosan was shifted~4563 cnrl, 56% and 74% DS WSCs were estimated to be approximately
and the peak areas were decreased in all spectra obtained fot5 g/dL and 25 g/dL, respectively. Solutions were prepared at
the WSCs. In this way, the FTIR analysis confirmed the polymer concentrations above the estimated solubility in order
successful conjugation of GTMAC to the amine group of to evaluate the accuracy of the estimated values. Indeed, the
chitosan. 56% and 74% DS WSCs were found to be only partially soluble

To further confirm the success of the reactidh, NMR at concentrations of 20 g/dL and 30 g/dL, respectively.
analysis of chitosan and 56% DS WSC was performed ig-CD  Therefore, the conjugation of GTMAC to the chitosan backbone
COOD-D,0 solution. The peak positions of each functional Provided a significant increase in the water solubility of the
group in chitosan and WSC are shown in Figure 2. From the material.
obtained NMR spectra, peaksdat= ~1.9 ppm (COCH; from Physicochemical Characterization of WSC SolutionsAs
chitin) andd = ~3.5— 4.0 ppm (C-3,4,5,6) were observed for shown in Table 3, the pH values for the WSC solutions
both chitosan and WSC. However, peaks at 3.1 and 3.3 ppmdecreased with increasing percent DS of the material. However,
were only found for WSC, which represents th& N(CHs)s the pH values for the WSC solutions were found to increase as
and—N—CH,— (labeled as c in Figure 2) groups in GTMAC, the concentration of polymer and NaCl increased. Thus, the
respectively. In addition, the C-2 peak at 3.1 ppm shifted to unreacted amine groups-lH) in the backbone of the WSCs
2.9 ppm following the chemical reaction. These distinct differ- may be partially ionized in solution. The chemical reaction for
ences between the NMR spectra for both materials further the ionization of the amine groups in chitosan may be expressed
confirm the synthesis of WSC. as follows?

The DS for each WSC was quantified using a titration method
that depends on conductivity measurements in the presence R—NH;" + H,0 <> R—NH, + H,0" 9
of varying amounts of 0.017 M AgN$(Figure 3a)}® Prior
to the addition of AgNQ, the initial conductivity was The dissociation constanK§) of a conjugate acid may b&DV
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C-1,HOD
|
a) p
CH,0H
—0
0%CH po-
3 2
NH,
| C3456 c2
lIFI I l | -",‘\\/ﬁ I;‘.I -&-CHg , from chitin
_____________________,JV'I ‘.W '\_* I
T L T L T L L T T T T T 1
55 50 45 40 35 30 25 20 15 10 05 pm
C.1,HOD FN(CHg)3
b) i CH;0H
CDzcoOD | °
4 /5
.0 OH 1 0_
. 3 2 b « ciH3
\ HN—CH,~CH —CHQ—I\II*—CHs.cr
i OH CH;
ﬂ R 1 9
| C3456 | 1Lec2 } -C-CHg, from chitin
]AJ Aw \ ....‘ L
. —————————————— T . ————
55 50 45 40 as 30 25 20 15 10 05 ppm
Figure 2. H NMR spectra for (a) chitosan and (b) WSC.
defined by the following equatiof: whereAn, andB are 1.17 mot?2 L¥2 and 0.329 A! mol~1/2
L2 at 298.15 K, respectively. The ionic radilRy) is a fitting
[R—NH,][H 3O+] parameter and is between 3 and 10 A. The combination of egs
Ka=—————— pK;=—logK,  (10) 13 and 14 clearly shows the effect of the ionization of chitosan

[R—NH;']

Equation 10 can be rearranged in the form of the Hendefson
Hasselbalch equatiéh

[—NH,]
[R—NH;]

Equation 11 is only valid under ideal conditions (i.e., the ionic
strength of the solution is zero). Under nonideal conditions, the
dissociation constant for chitosan may be determined as follows:

pH=pK,+ lo (112)

aR—NH,3H.0+

12
AR—NH (12)

a

wherea is the activity of each ion and can be written in terms
of units of molality (and activity coefficienty of the solute
species (i.e.ar-nHst = Yr-NHs" [R—NH3™]). Thus, eq 11 can
be modified by combining with eq 12 as follows:

pH=pK, + | g—[ N —logy
(0] (0] _NH.+
a [R NI |3+] R—NH;

At a constant temperature, the activity coefficient of an ion
(yi) can be calculated using the Debydiickel equation as
follows:#°

(13)

_ -AZAIs

1+ BRy/Ig 1)

log y,

on the pH value of the solution as follows:

[~NH,]

AZen s
[R—NH;']
3

1+ BRy/Ig

Thus, the pH increases due to the consumptionoidrs during
the ionization of chitosan’s amine groups and the increase in
ionic strength Ks) of the solvent. From our results, the higher
pH values observed for the WSC with the lower DS may be
explained by the higher number of free Nigroups on the
polymer backbone (i.e., the *Hions were consumed by the
ionization of NH, groups). Furthermore, increasing the polymer
concentration enhances both the ionic strength (i.e., a higher
number of—TN(CHz)z groups and Cl ions) and the number
of NH> groups, causing an increase in the pH of the solution.
The conductivity of the WSC solutions was measured at 25
°C and compared to the theoretical values that were calculated
using egs 2 and 3. As shown in Figure 5, the theoretical values
obtained for conductivity were in good agreement with the
values obtained by experimental measurement. Dissolving WSC
in deionized water generates charged trimethylated ammonium
(—(CH3)3N™) and CI ions; thus, an increase in the polymer
concentration and DS increases the number of ions in solution
(Figure 5a). In a similar manner, an increase in the concentration
of NaCl also results in an increase in the conductivity of the
solutions due to an increase in the number of ions (Figure 5b).
Rheological Properties of WSC Solutions.The dynamic
mechanical properties of a polymeric solution are generally
dependent on its concentrati¢ft*® In the dilute regime, theéDV

pH = pK, + log (15)
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260
100
® DS56%
240 O DS 74%
90
E 220
g <
2> A 0]
£ 200 Q
b3 o]
g < E 70 +
2 IS
S 180 2
o g
— 60r
160
50 | 50% water transmittance
140 : ™
0 5 10 15 20 ~15% ~25%
40 L I | L Lol 1 P T A
0.017 M AgNOa (mL) 10" 100 101 102
(a) Polymer concentration (g/dL)
Figure 4. UV-—visible absorbance measurements for WSCs with low
7% and high DS. The experimental data were fit using a polynomial
function (R? = 0.99) in order to obtain the theoretical curve. The water
solubility of WSCs at room temperature was determined via extrapo-
lation of the fitted curve to 50% of the transmittance measurement
70 b obtained for water under these conditions (as described in the
Experimental Section under Measurement of Water Solubility of
WSCs).
g Table 3. Measured pH Values for the WSC Solutions with DS of
o B 56%, 67%, and 74% as a Function of Polymer Concentration and
o lonic Strength
DS=56% DS=56% DS=56% DS=67% DS=74%
0 M NaCl 0.02 M NaCl 0.1 M NaCl 0.1 M NaCl 0.1 M NaCl
60 | C (g/dL) pH pH pH pH pH
0.02 6.25 6.79 6.89 6.72 6.47
0.05 6.46 6.84 7.19 6.86 6.61
0.07 6.64 7.07 7.23 6.87 6.74
55 . . . . . . ‘ 0.1 6.71 7.22 7.38 7.16 6.77
25 30 35 40 45 50 55 6.0 6.5 0.3 7.18 7.32 7.57 7.30 6.97
0.5 7.24 7.62 7.80 7.44 7.24
[GVIC] (mol/mol)
(b) DS of 56% was found to be highly dependent on the concentra-

Figure 3. (a) Conductivity of WSCs as a function of volume of AgQNO3
added at 25 °C. (b) The percent of DS determined as a function of
the molar ratio of GTMAC to chitosan, [G]/[C].

tion of salt (Figure 6a). In the absence of Nafzhq increased
when the polymer concentration decreased belw This
follows the typical rheological behavior for a polyelectrolyte

solution at low ionic strengtP?=52 The relationship between

macromolecules are separated from each other in solvent. Thusthe viscosity and concentration of a polyelectrolyte in the dilute
the physical properties are mainly controlled by the hydrody- regime can be described by the Fuoss equation as foi®fs:
namic volume and the conformation of the polymeric mol-
ecules® However, in the concentrated regime, the rheological Mg A
properties are greatly dependent on the number of intermolecular Med ™ = 1+ BGY2
entanglements between the macromolecules. The boundary
between the dilute and concentrated regimes is determined by\/vherensp is the specific viscosityC is the concentration of
the critical concentrationGc), which is the concentration at  electrolyte, andA andB are the empirical constants. From eq
which the polymer chains start to entangle. 16, the viscosity of the polyelectrolyte solution is inversely

A dilute solution is defined as having a polymer concentration proportional to the square root of the polymer concentration (
(C) that is less tharCc, while a concentrated solution has a ~ C~12), In the dilute regime and in the absence of salt, the
concentration that is greater thaix.*® Figure 6 shows the  viscosity of a polyelectrolyte solution is known to increase with
viscosity of all WSC solutions in terms of DS and salt a decrease in the polymer concentration. This behavior can be
concentration over a broad range of polymer concentrations (i.e.,explained by the higher Coulombic repulsions between the
0 to 10 g/dL). TheCc was determined from the crossover point charged groups (due to a decrease in the shielding effect) which
of the two independent slopes for the dilute and concentrated causes an increase in the volume of the polymer back¥one.
regimes. The values fd€c were found to gradually decrease However, in the presence of salt, the viscosity was found to
as the DS and salt concentration were increased with a valueincrease exponentially with an increase in the concentration of
for Cc between 1 and 2 g/dL for all solutions investigated. In WSC (Figure 6a). BelovCc, the power-law relationship was
the dilute regime, the reduced viscosityef) of the WSC with Nred ~ CO18004 (or pg, ~ C118:0.041) when the concentratio&DV

(16)
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Figure 5. (a) The effect of the DS on the conductivity of WSCs as Figure 6. The reduced viscosity (17req) as determined by varying the
measured in the presence of 0.05 M NaCl and (b) the effect of NaCl (a) salt concentration in a 56% DS WSC solution and (b) DS of WSC
concentration on the conductivity of WSC with a DS of 56%. All in the presence of 0.10 M NacCl. All measurements were performed
measurements were performed at 25 °C. The theoretical conductivity at 25 °C.

was predicted from egs 2 and 3.

between the calculated and theoretical values may be explained
of NaCl ranged from 0.02 to 0.1 M. In the concentrated regime by the consideration of two factors. First, as proposed by

(C > Cc), the power-law index was 3.26 0.15 for#qvs C Amiji, 56 intermolecular hydrophobic interactions-CHs) in-
and 4.26+ 0.15 forysy vs C regardless of the salt concentration crease the contact between the polymer molecules. Second,
(Figure 6a). electrostatic repulsion forces exerted by the quaternary am-

The effect of DS on the viscosity of the WSC solution in the monium ions may not be completely screened by the salt anions.
presence of 0.1 M NaCl is shown in Figure 6b. The power-law Thus, the intramolecular electrostatic repulsions may result in
index was 0.15+ 0.02 (or 1.15+ 0.15 fornsp vs C) in the an increase in the molecular size (or volume) of the individual
dilute regime and 3.0# 0.16 (or 4.074 0.16 forzs, vs C) in polymer molecules, which eventually leads to an increase in
the concentrated regime regardless of the DS value. Thethe degree of physical contact between the macromolecules. The
dependence of the viscosity on the polymer concentration hasformation of these physical contacts may result in a higher
been previously studied in the concentrated regime. For example power-law index value~4.0). Hwang et a¥’ measured the
Dobrynin et ak® theoretically predicted a power-law index value  viscosity as a function of chitosan concentration in 0.1 M AcOH/
of 3.75 from the relationship between thg, and the polymer 0.1 M NaCl at 25°C. From their results, the viscosity increased
concentration for semidilute entangled solutions of a polyelec- exponentially with an increase in the chitosan concentration with
trolyte in the presence of excess salt. The power-law index a power-law index of 3.94 (i.eys, ~ C%9%). Desbriere®
values obtained in our study were slightly higher (i.e., 4.07) reported an exponent of 5.2 (i.e;sp ~ C>9 for a chitosan
than the reported theoretical value of 3.75. The difference solution in 0.3 M AcOH/0.1 M AcONa. CDV
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Figure 8. Reduced viscosity (7eq) of 56% and 74% DS WSCs
measured as a function of WSC concentration in the presence of 0.1
108 M NaCl. The intrinsic viscosity ([#]) was determined by extrapolating
® DS56% the nreq to @ WSC concentration of O g/dL.
o DS74%
—— Carreau model
56% and 74% DS WSCs may be explained by the molecular
weight of each polymer. The molecular weight of each WSC
102¢ was determined by measuring the intrinsic viscosity in 0.1 M
@ NaCl at 25°C. As shown in Figure 8, the intrinsic viscosity
S [#] was taken to be the-intercept of the plot of reduced
1‘_: Viscosity ¢req versus polymer concentration. From the plot,
[n] was found to be 3.63 dL/g and 3.10 dL/g for the WSCs
10t ¢ with DS of 56% and 74%, respectively. The difference in
intrinsic viscosities can be explained in terms of the electrostatic
repulsion forces and molecular weight. The electrostatic repul-
sion forces can be generated by the positively charged trim-
ethylated ammonium ions on the WSC chain. The repulsion
L e st forces expand the molecular volume of a polyelectrolyte as
107 o 10 10 10 10 outlined in the following equatioPf
o (rad/s)
3
(b) _10 ,, (Ry*+Ry)
[7] =5 ANy —F—— a7
Figure 7. (a) Storage modulus (G'), loss modulus (G"), and (b) 3 MP
complex viscosity (r*) of the 56% DS and 74% DS WSCs (15 g/dL
aqueous solution) as a function of frequency. whereNa represents Avogadro’s numbélp is the molecular

. ] ) weight of the polymerR, is the radius of gyration of uncharged
Small-amplitude oscillatory shear tests were preformed in the macromolecules (or af-condition), andRg is the Bjerrum
linear viscoelastic zone (LVZ), where the complex modsili  radius, which corresponds to the expansion of the molecular
and G" are independent of the magnitude of deformation yolume by repulsion forces. The molecular weight of a polymer

applied. As shown in Figure 7, the rheological properties were can be determined from intrinsic viscosity]f using the Mark-
dependent on the DS value of the WSC at a concentration of Houwink—Sakurada (MHS) equation as follows:

15 g/dL at 25°C. At lower DS, an increase in the complex

moduli (Figure 7a) and viscosity (Figure 7b) were observed. In [7] = KM® (18)

the high-frequency zone (HVZ), the viscosity gradually de-

creased with increasing frequeney)( corresponding to shear-  whereM is the molecular weight and and o. are empirical
thinning behavior (Figure 7b). The slope (or shear-thinning constants that vary depending on the types of polymer, solvent,
power index) in the HVZ increased with an increase in the DS and temperature. The electrostatic repulsion forces control the
(i.e., 0.45 for 56% DS and 0.57 for 74% DS). This result molecular conformation of polyelectrolyt€s The molecular
indicates that the lower DS WSC solutions have a larger number conformation can be obtained from the MHS constargt.e.,

of physical contacts between the macromolecules, which in turn oo = 0.5 for sphere, 0.50.8 for random coil, and 1.8 for rod
restricts the motion of each macromolecular chain. Therefore, shapef! For high electrostatic repulsion forces, thevalue

for solutions containing a lower DS WSC, a longer time is increases for linear polyelectrolytes as demonstrated previously
required to replace the broken entanglements that occurred fromfor sodium poly(styreng@-sulfonate) (NaPS%) as well as

the applied strain. Thus, non-Newtonian (or shear-thinning) chitosarf® At an ionic strength of 0.1 M, the higher DS WSC
behavior is more prevalent for the WSC with lower DS. The has stronger electrostatic repulsion forces than the lower DS
variation of the number of physical interactions between the WSC. The stronger electrostatic repulsion forces result EDzi/
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greater expansion of the molecular volume of the polymer chains 0.20
and a higher value fom. Thus, it is expected from eqs 17 and —e— DS 56%
18 that the high DS WSC would have highey] [values. o DSTA%
However, the high DS WSC had lowey][values than the low 0.16 I
DS WSC as shown in Figure 8. Therefore, from eq 17 it may
be postulated that the loweg][may be owed to the reduction
in molecular weight Mp). Further evidence of the lower
molecular weight for the WSC containing higher DS is provided
from consideration of the entanglement concentrations as shown
in Figure 6b. The entanglement concentration was 1.45 g/dL
for the 56% DS WSC and 1.60 g/dL for the 74% DS WSC.
From the literature, lower molecular weight polymers require a
higher concentration to form an entanglem&ithus, from the
entanglement concentration and the intrinsic viscosity measure- 0.04
ments, the higher DS WSC had a lower molecular weight than
the low DS WSC. Studies to evaluate the degradation of the 5
WSC during the reaction procedure are in progress. 0.00 CGeeee 00
In this study, the exadt anda values were not known for 10° 10 10° 102 107 10° 10 10° 10° 10 10°
the aqueous solutions of the WSCs. Thus, rheological parameters T(s)
were employed to determine the molecular weight distribution rigyre 9. Relaxation curves of WSCs (56% and 74% DS) predicted
(MWD) based on theoretical calculatioffs®® Thimm et al®® from eq 18 and the experimental data shown in Figure 6a.
demonstrated the relationship between the relaxation time
spectrum (7)) and the MWD of polystyrene. Wood-Adams
et al%® also reported a correlation between the MWD &i{d) theno values were 20 Pa.s from the Carreau model and 22 Pa.s
for polyethylene. In this study, the rheological properties were from the area of the relaxation spectrum. Therefore, the two
converted into the stress relaxation spectrum in order to standards confirm the values obtained for the calculated
determine the molecular weights of the WSCs. The complex relaxation spectra.
moduliG' andG" measured in LVZ were employed to calculate The effect of DS on the normalized stress relaxation spectra

0.12 +

TtH(t)/Mm,

0.08 -

the stress relaxation spectruni(¢)) from the following (in order to compare the spectra on the same §)akeshown
equationt” in Figure 9. For the 56% DS WSC, the spectra included a small
shoulder at approximately 0.2 s, but the overall shape was
cooN o far y2 2 _ monomodal. The 74% DS WSC showed a symmetrical mono-
G (0) =VG (@) + Clo) = modal curve which indicated that the main relaxation mode is
f°° (07 + HHEO—ZE—d(In7) (19) independent of the DS value of the WSC. The relaxation time

- 1+ (w7)? (v) showed a power relationship with the molecular weigdiy (

of the polymer: 7 ~ MA. The exponeni was between 3 and
where w is the frequency and is the relaxation time. The 3.4 depending on the molecular weight of the polyftétood-
conversion of the complex modu’ andG" to theH(z) was Adams et af? explained that an increase in the molecular weight
performed using the NLREG software pack&$@o verify the of the polymer results in an increase in the area under the curve
calculated relaxation spectra in our study, two standards wereof tH(z) d Inz, corresponding to the zero shear viscosity, and
employed. First, theG' and G" values, measured by small shifts the entire curve to longer relaxation times. In our study,
oscillatory shear tests, were compared to the theoretical valuesthe mean relaxation time,,, which corresponds to the relaxation
that were calculated from the relaxation spectra. Second, thetime at the peak in the spectra (i.e., %6103 to 10 s), was
zero shear viscosityyf) determined from the Carreau model greatly dependent on the DS value of the WSC with,aof
in eq 5 was compared to the area of the relaxation spectra usingl.9 s for 56% DS and &, of 0.02 s for 74% DS. The 56% DS
the following equatior$® WSC had a larger area under the spectra or a higher zero shear
viscosity (192 Pa.s) than the 74% DS WS€2Q Pa.s). The
longer relaxation time for the 56% DS WSC may be attributed
to the higher molecular weight of the polymer, which supports
the results obtained from the measurements of the intrinsic
Figure 7a shows the complex mod@i andG" obtained from viscosity and the entanglement concentration. The high molec-
the small oscillatory shear tests (circles) and the theoretical ular weight of the 56% DS WSC resulted in enhanced dynamic
values calculated from the stress relaxation spectra (solid lines).mechanical properties such &, G, and 7o, as well as a
A good agreement between the experimentally determined andstronger shear-thinning behavior for this material when com-
theoretical values was obtained with the exception of the storagepared to the 74% DS WSC. In addition, the rheological
modulus in the low-frequency zone for the 56% DS WSC. In properties of the WSCs are dependent on the intensity of various
the low-frequency zone, the storage modulus for the 56% DS inter- and intramolecular physical interactions. The positively

*

Mo = 5@0% = [ tH() d Inx) (20)

WSC was found to be solidlike (i.65' = w%®andG" ~ 083, charged dissociated ammonium ions hinder hydrophobic inter-
However, in the same frequency zone, the 74% DS WSC actions between the CH; groups of the WSC macromolecules
displayed a more liquidlike behavioG( = w'82andG" ~ and also inhibit the formation of hydrogen bonding between

w199, The difference between the experimental and calculated the molecular chains via theOH and—NH, groups. The WSC
values may be expected since the equation for the relaxationwith the lower-percentage DS had a reduced degree of molecular
time does not account for solidlike behavior. Tipevalues for electrostatic repulsions, which in turn resulted in a better
the 56% DS WSC were 202 Pa.s from the Carreau model andenvironment for physical interactions and hence improved the
192 Pa.s from the relaxation spectrum. For the 74% DS WSC, mechanical properties of the polymer solution. CDV
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Figure 10. (a) FTIR spectra of WSC and WSC-ePC films and (b) the shift in the —NH; peak of WSC and WSC-ePC films as a function of the

DS of the WSC.

FTIR Analysis of WSC—ePC Films.In a previous report,
FTIR analysis was used to demonstrate that theHNgroups
on chitosan interact with the lipid eP€To evaluate the effect
of the functionality and DS of the WSC on the potential for
interaction with other molecules, films were prepared by
blending the WSCs with ePC. The FTIR spectra for WSC
(DS ranging from 56% to 74%) and WS@PC films are shown
in Figure 10a. The average peak position of the,Njrboups
in WSC, varying in DS, was approximately 1564 cth
However, when WSC was mixed with ePC, a significant shift
in the NH, peak was observed. Specifically, the 56% DS WSC
had the greatest peak shift for the NBroups from 1564 to
1575 cntl. The 67% DS WSC Nkipeak shifted from 1564 to
1569.4 cml, and the smallest shift was found for the 74% DS
WSC to 1567.9 cmt (Figure 10b). Therefore, the 56% DS WSC
had the greatest degree of interaction with ePC, indicating that
a lower DS WSC may be more suitable for preparing stable
film or gel systems.

Conclusion

A water-soluble chitosan derivative (WSC) that was soluble
in water up to concentrations of 25 g/dL was prepared by
conjugating GTMAC onto chitosan chains. The higher water
solubility and cationic nature of WSC makes this polymer an
attractive biomaterial for pharmaceutical use. The positively
charged WSC may be complexed with negatively charged
peptides (e.g., insulin) or DNA for development of pharmaceuti-
cal formulations or delivery systems for these molecules. In
addition, its solubility at physiological pH may enhance its
potential use for fabrication of biomedical devices. From the
WSC—ePC films prepared, the lower DS WSC had the strongest
interaction with the lipid ePC. The combination of WSC and
ePC could be used to prepare composite films for use as
implantable localized drug delivery systems. Future studies in
our laboratory will focus on evaluating the biocompatibility of
WSC—-ePC films and characterizing the use of WSC as a
biomaterial for implant systems.
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