
D
u

J
Z
a

b

a

A
R
R
2
A
A

K
C
P
1

B

1

u
u
n
p
a
m
c
a
c
a
T
c
b
N
c
o
t
a
s

0
d

Journal of Pharmaceutical and Biomedical Analysis 50 (2009) 587–590

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

etermination of the pattern of acetylation of low-molecular-weight chitosan
sed in biomedical applications

olanta Kumirskaa,∗, Mirko X. Weinholdb, Janelle C.M. Sauvageaub, Jorg Thömingb,
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a b s t r a c t

The microstructure of chitosan, a linear copolymer of glucosamine and N-acetylglucosamine units widely
used in biomedical applications, is closely dependent on the conditions of its preparation. Knowledge of
the structural differences between chitosan preparations is very important in determining the properties
of chitosan and essential for structure-activity analysis where biological systems are concerned. Determi-
ccepted 30 September 2008
vailable online 8 October 2008

eywords:
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nation of the pattern of acetylation of chitosan samples (PA parameter) by 13C NMR spectroscopy hitherto
required depolymerization of the native chitosans. The present study has demonstrated that this step is
not necessary for determining PA of low-molecular-weight chitosan samples.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Chitin, a natural product consisting of N-acetylglucosamine
nits linked by �-(1 → 4) bonds, is one of the most abundant nat-
ral polysaccharides in the world. Synthesized by an enormous
umber of living organisms, this biopolymer is as a structural com-
onent of the exoskeletons of crustaceans, the cuticles of insects,
nd the cell walls of fungi and yeast [1]. Industrially, chitin is used
ainly as a raw material for the production of chitosan, which

an be regarded as a deacetylated derivative of chitin. However,
s the N-deacetylation reaction rarely goes to completion, most
ommercial and laboratory products tend to be copolymers of N-
cetylglucosamine (GlcNAc) and glucosamine (GlcN) units (Fig. 1).
he term chitosan includes not only the polymers derived from
hitin by N-deacetylation [2], but also those derived from chitosan
y N-acetylation [3]. The ratio of the two repeating units (Glc-
Ac and GlcN), and their distribution along the polysaccharide
hain may depend greatly on the source and preparation conditions

f chitosan [4]. It has been suggested that the chitosan prepara-
ions obtained by N-deacetylation under heterogeneous conditions
dopt a blockwise pattern and they are insoluble in water [5]. The
pecific biological features of chitosan – biodegradability, biocom-
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atibility, antibacterial activity, lack of toxicity and allergenicity, the
bility to reduce cholesterol levels (LDL) – make it a very attractive
iomaterial for diverse applications in pharmaceutical and medi-
al fields [6–9]. It not only improves the solubility of poorly soluble
rugs but also substantially enhances fat metabolism in the body
10]. It has been shown that conjugates of some kinds of anti-
ancer agents with chitin and chitosan derivatives display good
nticancer activity, with a concomitant reduction in the adverse
ffects of the original drug [11]. For medical applications, various
orms of chitosan-based products are available: finely divided pow-
ers, films, membranes, gels, coatings, suspensions and hydrogels.
he potential implementation of chitosan in medicine can only be
xplored, however, if its usable forms are properly developed and
repared. Most of the above applications depend strongly on the
egree of acetylation (FA) and probably also on the pattern of acety-

ation (PA) [12]. Structural analysis of chitosan provides an insight
nto structure–property relationships and helps to predict its effect
n the natural environment and/or in synthetic products.

As mentioned above, the distribution of GlcNAc and GlcN units
long the chitosan chain can be characterized by the parameter PA
PA = P�) [13,14]. If the statistics are consistent with the Bernouillian
odel for polymers, the values PA = 0, 1 and 2 respectively indicate
he perfect block, the random distribution, and the alternating dis-
ribution of N-acetyl groups along the chitosan chain (Fig. 2). The
attern of acetylation can be determined by 13C NMR spectroscopy
15], but its analysis requires a sufficiently good resolution of the

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:kumirska@chem.univ.gda.pl
dx.doi.org/10.1016/j.jpba.2008.09.048
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ig. 1. The theoretical and natural structure of chitin and chitosan (FA—degree of
cetylation).

ignals. So far, limited depolymerization of chitosan with nitrous
cid has been recommended to enhance the resolution of the NMR
pectra [15,16]. Depolymerization of chitosan with nitrous acid is
homogeneous reaction: the number of broken glycosidic bonds

orrelates roughly with the stoichiometric amount of added nitrous
cid. The mechanism of this reaction involves the deamination of
-glucosamine units to form 2,5-anhydro-d-mannose [17]; artifact
ignals may appear in the spectrum as a result (Fig. 3). The aim of
he present study was to show that the depolymerization of low-

olecular-weight chitosan samples is not a necessary step in PA
nalysis using 13C NMR.

. Experimental

.1. Materials

Chitosan A and B were purchased from Chipro (Bremen, Ger-
any), chitosan S, U, W and Y were received from Bioneer

Horsholm, Denmark). D2O and DCl were obtained from Deutero
mbH (Kastellaun, Germany), and NaNO2 from Fluka (Seelze, Ger-
any). All chemicals used were of analytical grade.

.2. NMR sample preparation

All chitosan samples were divided into two portions of 25 and
00 mg. The 25 mg portions were prepared directly for NMR analy-
is. Each was dissolved in a solution of 1 mL of 99.9% D2O and 5 �L of
Cl by means of sonification (15 min, 60 ◦C) and then lyophilized.

hese steps were repeated twice to enable labile hydrogen to be
eplaced by deuterium. Next, the deuterium-containing chitosan
amples – 5 mg for 1H NMR and 20 mg for 13C NMR experiments –
ere dissolved in a solution containing 0.7 mL of 99.95% D2O and

ig. 2. The scheme of (a) the perfect block (PA = 0), (b) the random distribution
PA = 1) and (c) the alternating distribution (PA = 2) of N-acetylglucosamine (�) and
lucosamine (�) units along a chitosan chain (FA = 0.5).
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ig. 3. The parts of the 13C NMR spectra of (a) native and (b) degraded chitosan S
amples obtained during the present study. As shown in (b), artifact signals (*) are
isible in the spectrum of the degraded sample besides the signals typical of chitosan
signals C-1 to C-6 in a and b).

�L of DCl (pD 3–5). The samples were transferred into 5 mm NMR
ubes. In the case of the 13C NMR analyses acetone was added to
he prepared samples as the internal standard. The 100 mg por-
ions of chitosan were depolymerized. Each was dissolved in 10 mL
f 0.07 M HCl with stirring at room temperature for 24 h. Then, fol-
owing the addition of 5 mg NaNO2, the solution was stored for 4 h
nd thereafter lyophilized. The depolymerized samples were pre-
ared for NMR analysis according to the procedure described above.
0 mg of these samples were used for each 13C NMR experiment.

.3. NMR spectroscopy

The one-dimensional 1H and 13C NMR spectra were recorded
ith a Varian Mercury 400 MHz spectrometer (Palo Alto, USA) in
2O solutions. 1H NMR spectra were recorded at 80 ◦C, the 13C NMR

pectra at 60 or 70 ◦C. At these temperatures the solvent peak (HOD)
id not interfere with any of the signals due to chitosan. Normal
arbon spectra are not quantitative due to NOE effect and different
elaxation times of different carbons (carbons with long T1’s may
e saturated, which results in reduced intensity). Accordingly, all
3C NMR spectra were recorded with inverse-gated proton decou-

ling by using the WALTZ-16 sequence, which suppressed the NOE
ffect. Moreover, to achieve full relaxation of all the carbon atoms,
n acquisition time of 3 s, a delay time of 5 s, and a pulse width
60◦) of 7.1 �s were applied. 32 and 30 000 scans were acquired for
he proton and carbon spectra, respectively. Chemical shifts were
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Table 1
Physicochemical data (MW—molecular weight, FA—degree of acetylation,
PA—pattern of acetylation) of native and degraded chitosan samples. Typical
standard deviations may be as high as 2% for MW, 3% for FA and 10% for PA owing
to uncertainties during line fitting and depending on spectral quality. PA of native
samples A and B could not be determined.

Sample Native chitosan Degraded chitosan

MW (kg/mol) FA PA MW (kg/mol) FA PA

Chitosan S 9.7 0.09 0.99 3.3 0.10 0.90
Chitosan U 16.8 0.09 0.87 4.0 0.10 0.87
Chitosan W 26.8 0.10 0.91 6.2 0.10 0.90
C
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S. This means that depolymerization of such a small molecule
(9.7 kg/mol) could have a bearing on the accuracy of the PA esti-
mate. The results for chitosan U (MW 16.8 kg/mol) and chitosan W
(MW 26.8 kg/mol) were roughly the same: 0.87/0.87 and 0.91/0.90,
J. Kumirska et al. / Journal of Pharmaceuti

eported relative to internal acetone (�H 2.225, �C 31.45). The 1H
MR analysis of each sample was performed in two ways: without
nd with the addition of acetone.

.4. Determination of the degree of acetylation FA

FA was determined by 1H NMR spectroscopy using the method
escribed by Hirai et al. [18]. In order to obtain more accurate exper-

mental data, a linear drift correlation between 1 and 6 ppm was
pplied prior to signal integration in 1H NMR spectra. This proce-
ure subtracts a linear function from the baseline and improves
aselines that are offset from zero or have a linear slope [19]. Inte-
ration boundaries were set manually from an inspection of the
pectrum.

.5. Determination of the pattern of acetylation PA

The distribution of N-acetyl groups along the chitosan chain was
etermined by 13C NMR spectroscopy according to the method
resented by Vårum et al. [15]. MestRec-4.9.9.9 software for PC
as applied for processing the spectra. A linear drift correla-

ion between 0 and 110 ppm was used. A line-fitting procedure
as additionally applied. This uses the Levenberg–Marquardt
on-linear least squares and Downhill Simplex algorithms for esti-
ating the following peak parameters: position, intensity, line
idth and line shape function. Moreover, line fitting also includes

ptions for locking any of the parameters during optimization, as
ell as the ability to compare the resulting calculated spectrum as a

um of the individual components with the experimental spectrum
19]. 13C NMR data was compared with the Bernouillian statistics
or polymers [13,14].

.6. Determination of the molecular weight

The molecular weight was determined by triple detection
ize-exclusion chromatography (SEC3). Weight-averaged molecu-
ar weights (MW) were determined as described previously [20].
oth native and NaNO2 degraded samples were analyzed to monitor
he change in molecular weight during the reaction.

. Results and discussion

.1. MW and FA parameters of the original and degraded chitosan
amples

In the present work, six chitosan samples with different ini-
ial molecular weights (MW) from 9.7 to 122 kg/mol were used. All
ative and depolymerized samples were subjected to 13C NMR in
rder to perform PA analysis and to compare the resolution in the
MR spectra. The degrees of acetylation (FA) of native and degraded

amples were measured (see Table 1). The PA values were calcu-
ated with the aid of the experimental sequences FAA, FDD, and FAD
nd compared with the random Bernoullian statistics for polymers
13,14].

.2. PA parameter of the original and degraded chitosan samples

In the 13C NMR spectrum of chitosan, the carbon signals have

ifferent chemical shifts depending upon the nature of the neigh-
oring units (GlcNAc A or GlcN D). The intensities of the C-5
arbon signals were used for the determination of the experimental
equences AD, DD, AA and DA (Fig. 4). The relative experimen-
al intensities of 13C resonances in the analyzed chitosan samples

F
s
u

hitosan Y 40.9 0.10 0.87 5.1 0.10 0.95
hitosan B 98 0.02 – 6.0 0.02 0.46
hitosan A 122 0.09 – 6.4 0.08 0.79

ere normalized according to Bernoullian statistics [13,14] and pre-
ented as:

AD = IAD + IDA

IAD + IDA + IDD + IAA
(1)

AA = IAA

IAD + IDA + IDD + IAA
(2)

DD = IDD

IAD + IDA + IDD + IAA
(3)

here IAD, IDD, IAA and IDA are the experimental intensities of sig-
als AA, DD, AA and DA in the analyzed samples, respectively. In
qs. (1)–(3) FAA (FDD) is the probability that two A (D) groups are
djacent to each other and FAD the probability that one group A has
D neighbor, and vice versa. The obtained data were transformed

nto one single PA parameter (Eq. (4)) [14]

A = FAD

(2FAA) + FAD
+ FAD

(2FDD) + FAD
(4)

nd listed in Table 1.
The PA values obtained for original and degraded chitosan S,

hich had the lowest molecular weight, were 0.99 and 0.90, respec-
ively (Table 1). This indicated a random-dominated pattern of
-acetyl groups along this chain. PA of the native sample seemed to
e more accurate because, as Fig. 3 shows, many additional signals
ppeared in the 13C NMR spectrum of the depolymerized chitosan
ig. 4. The part of the 13C NMR spectrum of native chitosan S containing the C-5
ignals used for determining the experimental sequence of GlcNAc (A) and GlcN (D)
nits along the chain.
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espectively. These values also indicated a random-dominated pat-
ern (PA from 0.50 to 1). The respective PA values for native chitosan
(MW 40.9 kg/mol) and degraded chitosan Y (MW 5.1 kg/mol) were
.87 and 0.95. Even though the lines in the spectrum of the orig-

nal chitosan Y exhibited broadening, extraction of the real signal
ntensity was possible and the results were comparable. To assess
he limit of sensitivity for this method two samples with a higher

olecular weight but different FA were taken. Chitosan B (MW
8 kg/mol) displayed the lowest degree of acetylation (FA 0.02)
mong the chitosan samples analyzed; its FAA value was there-
ore difficult to measure owing to the diminished NMR AA signal.
he signal-to-noise parameter (S/N) of signal AA was less than 3,
nd the correct integration of signals AD and DA was also impossi-
le (S/N in both cases was 3). However, the resolution of a higher
cetylated chitosan sample A (MW 122 kg/mol) was still insufficient
or an accurate determination of PA. This means that, regardless
f the number of acetylated residues along the chitosan chain, a
lear pattern analysis using native samples is not possible at a
olecular weight of 122 kg/mol or higher. It was demonstrated

hat accurate information about the pattern of acetylation of a
ative chitosan sample could be extracted only for a molecular
eight < 41 kg/mol. Therefore, in order to achieve the same accu-

acy for chitosan preparations of higher molecular weights, the
amples need to be depolymerized beforehand.

. Conclusions

The pattern of acetylation PA of commercially available low-
olecular-weight chitosan preparations (<41 kg/mol) using 13C
MR spectroscopy can be estimated without initial degradation
f the native samples. The signal-to-noise ratios of the peaks DA,

13
D, AA and AD for the C-5 carbon in the C spectra of the native
hitosans used for PA determination were 15–22, 97–192, 10–32
nd 11–16, respectively. For PA analysis of higher molecular weight
amples (>41 kg/mol) limited degradation is recommended. PA is
n important parameter in the physicochemical characterization

[
[

[
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f chitosans [4,12,21–23] and should be included in the description
f chitosan samples used in biomedical applications.
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