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Regioselective Succinylation and Gelation Behavior of Glycol Chitosan
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Abstract: Chitosan is normally acylated and subsequently conjugated with drugs for biomedical applications. This
study examined the relationship between the succinylation and gelation behaviors of glycol chitosan. Glycol chito-
san was acylated with succinic anhydride under a wide variety of reaction conditions, such as different molar ratios
of succinic anhydride to glucosamine, different methanol content in the reaction media, and different reaction tem-
peratures. Among these reaction parameters, the methanol content in the solvent played an important role in deter-
mining the regioseletive succinylating site. N-succinylation and N-N cross-linking occurred regardless of the
reaction conditions. However, O-succinylation was observed under specific conditions, i.e. a methanol content > 0.6
(v/v) and a reaction temperature > 25 °C. O-succinylation accelerated the N-O cross-linking of glycol chitosan, and
led to gelation. The N-succinylated glycol chitosans were water-soluble, whereas the N- and O-succinylated glycol
chitosans formed a gel. These physico-chemical structural differences in the succinylated glycol chitosans would
definitely influence subsequent drug-conjugation reactions and consequently the drug loading and release kinetics.
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Introduction

Chitin and chitosan have many valuable characteristics
such as immuno-stimulatory ability, anticoagulant property,
antibacterial action, wound-healing promotion ability, etc.
Especially chitosan has recently been studied as a novel car-
rier material in drug or gene delivery systems."'’ But in
such applications, chitosan has shown some inherent limita-
tions of, for instance, the lack of water solubility'! and the
need of linker for higher drug loading. Various chemical
modifications of chitosans have thus been adopted in order
to widen their uses in various medical applications. Among
such modificaitons, acylation is the easiest and most effec-
tive method to obtain the water solubility and the novel
functionality that can be used for the conjugation of drugs.
For example, carboxylic anhydride,™" cyclic anhydride,'*'*
n-fatty acid chloride,'® and n-fatty acid anhydride!” have
been used for the acylation of chitosans in previous works
on the preparation of novel drug or gene delivery systems.

*Corresponding Author. E-mail: crpark@snu.ac.kr
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However, the acylation behavior itself has not been sys-
tematically studied and hence the relationship between the
acylation behavior and gel formation behavior has not been
clearly understood. It is thus the aim of this work to investi-
gate the acylation behavior, with viewpoints of not only the
degree of acylation but also the regioselectiveness which
can influence physico-chemical properties of the acylated
chitosan. In this study, we used a glycol chitosan instead of
chitosan to obtain water solubility, and succinic anhydride
as an acylating agent. The glycol chitosan has two possible
acylation sites as shown in Figure 1: N-acylation on C(2)-
NHS, group (A) and O-acylation on either C(3)-OH or C(8)-OH
groups (B). We tried to identify acylation sites and to find
their correlation with cross-linking and gelation behaviors.

Experimental

Materials. Succinic anhydride (97 %, Aldrich, USA) and
methanol (99.9 %, Mallinckrodt Baker Inc., France) were
used as purchased without further purifications. Glycol chi-
tosan (Sigma, USA) that has the degree of deacetylation of
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ca. 85 % and the degree of polymerization of 2,500 with the
nominal molecular weight of 2.5 x 10° was purified three
times with methanol and dried in vacuo.

Succinylation of Glycol Chitosan. Glycol chitosan (0.2 g)
was dissolved in 10 mL distilled water, and succinic anhy-
dride was dissolved in methanol of a specified amount of
10, 15, and 20 mL, respectively. Two solutions were then
mixed and stirred at a specified temperature of 10, 25, and
50 °C for 24 h, followed by dialysis against distilled water
for 2 days, and lyophilization. The amount of succinic anhy-
dride was varied in range of 1~15 equivalent mole to gluco-
samine of glycol chitosan. The sample was coded as T V'V
M AAROQO, in which T means the reaction temperature,
M the amount of methanol, and R the molar ratio of succi-
nic anhydride to glucosamine.

Characterization. '"H-NMR spectra of succinylated gly-
col chitosan were recorded on a Bruker, Avance 500 MHz
spectrometer. The sample was dissolved in D,O to make
1 wt% solution at room temperature. From 'H-NMR spec-
tra, the degree of succinylation (DSu) was determined from
the ratio of peak area of succinic H to that of C(2)-H in gly-
col chitosan. The succinylation sites were determined from
NMR spectra. Elemental analysis was performed with EA1110

(CE Instrument, Italy), from which the degree of succinyla-
tion was also determined by calculating the C/N ratio.

Results and Discussion

Regioselective Succinylation Behavior. Succinylation of
glycol chitosan (GC) was carried out under 45 different
kinds of reaction conditions. The regioselective succinyla-
tion behavior was accordingly identified with 'H-NMR spec-
tra, and Figure 1 shows typically observed spectra.

Depending on the regioselective reaction site, there can be
two kinds of succinylated glycol chitosans (SGCs), i.e. C(2)-
N-only succinylated glycol chitosans (N-SGCs) and both
C(2)-N- and either C(3)-O- or C(8)-O-succinylated glycol
chitosans (N,0-SGCs). In both types of SGCs, multiple peaks
due to the succinic protons can be found at 2.48 ppm
(-NHCOCH,CH,COO-) and 2.62 ppm (-NHCOCH,CH,COOH)
(see Figures 1(b) and (c)), which can not be found from the
control sample of GC (see Figure 1(a))."* However, if there
occur cross-linking reactions between unreacted C(2)-NH,
groups and C(2)-NHCOCH,CH,COOH of neighboring N-
SGC molecules or N,0-SGC molecules (all denoted N-N
cross-linking), then there should appear a singlet peak at up-
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Figure 1. Chemical structure and the corresponding 'H-NMR spectra of (a) glycol chitosan, (b) N-succinylated glycol chitosan, and (c)

N,O-succinylated glycol chitosan.
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field. This could be confirmed by the predicted 'H-NMR
spectra by the ChemDraw for the model compounds. So,
the singlet peak showing up at 2.43 ppm in Figures 1(b) and
(c) can be attributed to the protons of N-N cross-linking
(-NHCOCH,CH,CONH-). In Figure 1(c), a broad peak is
additionally recognized at around 2.56 ppm. From the observa-
tion that the integrated area of the peak at 2.62 ppm is
smaller than that of the peak at 2.48 ppm, and the sum of the
integrated areas of both peaks at 2.62 ppm and at 2.56 ppm
is nearly the same with that of the peak at 2.48 ppm, it can
be reasoned that the peak at 2.56 ppm results from O-succi-
nylation causing N-O cross-linking between C(2)-NHCOCH,-
CH,COOH and either C(3)-OH or C(8)-OH groups (all denoted
N-O cross-linking).

Figure 2 shows '"H-NMR spectra of all SGCs synthesized
in this study. As shown in Figure 2(a), all SGCs prepared at
10°C, i.e. T10 series samples, are selectively N-succiny-
lated, irrespective of the variations in the amount of methanol
and the molar ratios of succinic anhydride. It is worthwhile
to mention that all these samples are water-soluble irrespec-
tive of N-N cross-linking. This indicates that N-N cross-
linking does not lead to the gelation of SGCs. In contrast to
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Figure 2, 'H-NMR spectra of the glycol chitosans succinylated
under various reaction conditions.
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the case of T10 series samples, T25 series and TS50 series
samples exhibit both N-N and N-O cross-linkings depend-
ing on the amount of the added methanol. It is particularly
interesting to note in these two series samples that the pres-
ence of methanol of 15 and 20 mL in the reaction system
results in both N-N and N-O cross-linkings (see Figures 2(b)
and (c)). Here again, we can recognize that molar ratios of
succinic anhydride and reaction temperatures are not so
influential. In the case of temperature effect, it seems that
the lower temperature the more favorable N-succinylation.
Further, that such samples are all gelled during dialysis,
which implies that N-O cross-linkings tend to give rise to
the gelation of N,O-SGCs.

A similar effect of methanol on a selective N-acylation
has been reported, although the mechanism has not been
clarified. However, our results are somewhat different with
those of earlier works. That is, earlier works reported that
when methanol of 30-50 mL was added to a reaction system
at room temperature, N-acylation took place®'"*!* exclu-
sively. However, our result is that N,O-succinylation occurs
exceptionally when methanol of 15 mL is added. The role
of this particular amount of methanol in N,O-succinylation
is not clear at this stage.

The degree of succinylation (DSu), measured by both 'H-
NMR spectroscopy and elemental analysis, is listed in Table I.
There is slight difference in the measured values between
the two different techniques. The DSu value is in range of
0.3-1.0, but common values are about 0.4, nearly indepen-
dent of reaction conditions. When a DSu value is differenti-
ated into the proportions of the pure N-succinylation and the
cross-linkings of both N-N and N-O types, we can recog-
nize in Figure 3 that, as the molar ratio of succinic anhydride
increases, the proportion of pure N-succinylation decreases
whereas that of the cross-linkings increases in both T25 and
T50 series samples.

Regioselective Succinylation and Gelation Behavior.
To find a relationship between the gelation behavior of
SGCs and the regioselective succinylation, we divided the
total degree of cross-linkings including both N-N and N-O
types into its components, i.e. N-N and N-O succinylations,
respectively. It is clearly seen from Figure 4 that both the
degree of total cross-linking and the degree of N-O cross-
linking exhibit a similar changing tendency with increasing
molar ratio of succinic anhydride. It is worthwhile to note
that the degree of N-N cross-linking remains at a nearly
fixed value irrespective of the amount of succinic anhy-
dride. We found that the gel is spontaneously formed, irre-
spective of reaction temperature, when the molar ratio of
succinic anhydride exceeds the value of 5 for T25 series
sample and 8 for T50 series sample (boxed area in Figure 4).
Recalling that N-N cross-linked SGCs are all water-soluble,
we can easily learn that the degree of N-O cross-linking is
the most influential factor in the gelation of SGCs. Earlier
Hirano ef al. reported that the gel of SGCs is formed when
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Table L. Degree of Succinylation as Determined from 'H-NMR Spectroscopy and Elemental Analysis

Molar Ratio of Succinic Anhydride
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Sample Code RO1 RO5 RO8 R10 RI15
T10M20 0.39(0.40) 0.37(0.39) 0.44(0.46) 0.43(0.42)
T10M15 0.43(0.39) 0.38(0.40) 0.44(0.42) 0.46(0.43) 0.41(0.45)
T10M10 0.44(0.42) 0.46(0.50) 0.45(0.47) 0.43(0.44)
T25M20 0.38(0.49) 0.40(0.49) 0.38(0.45) 0.40(0.49) 0.39(0.45)
T25M15 0.35(0.25) 0.37(0.28) 0.44(0.27) 0.28(0.36) 1.01(0.45)
T25M10 0.35(0.50) 0.33(0.47) 0.34(0.47) 0.35(0.52) 0.45(0.50)
T50M20 0.37(0.52) 0.37(0.57) 0.36(0.53) 0.36(0.52) 0.52(0.51)
T50M15 0.43(0.29) 0.37(0.25) 0.41(0.31) 0.36(0.31) 0.62(0.22)
T50M10 0.32(0.46) 0.35(0.50) 0.36(0.46) 0.37(0.47) 0.36(0.47)
*Parenthesized values are determined from elemental analysis.
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Figure 3. Degree of succinylation of (a) T25M135 series and (b) TS0M15 series samples as a function of the molar ratio of succinic anhy-
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Figure 4. Degree of N-N ([J), N-O (O), and total ( & ) cross-linking of (a) T25M135 series and (b) TSOM15 series samples as a function
of the molar ratio of succinic anhydride to glucosamine of glycol chitosan.

the gel of SGCs can be easily formed, without using any
kind of catalyst like carbodiimide, when the amount of

water-soluble N-SGCs go through a condensation reaction
in the presence of carbodiimide.”” But our result shows that
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methanol is 15 mL in the reaction system. This finding may
be easily utilized to increase the drug loading because a
drug can be loaded by both chemical conjugation with suc-
cinic carboxyl groups and physical uptake within the gel.

Conclusions

Succinylated glycol chitosan was prepared by reacting
glycol chitosan with succinic anhydride under various reac-
tion conditions. It was found that, when methanol content in
the reaction system is below 10 mL, N-selective succinyla-
tion was favored irrespective of different reaction condi-
tions. But, when methanol of above 15 mL was added into a
solvent at above 25 °C, both N- and O-succinylation occurred.
As for gelation behavior, the degree of N-O cross-linking
turned out to be the most influential factor. When we utilize
the extended knowledge of the regioselective succinylation
and the gelation behaviors of SGCs, it may be possible to
up-load more drug on to a drug-carrier based on SGCs.

References

(1) E. Khor, Chitin: Fulfilling a Biomaterials Promise, Elsevier,
Amsterdam, The Netherlands, 2001.

(2) Y. H.Kim, S. H. Kim, C. R. Park, K. Y. Lee, T. W. Kim, 1. C.
Kwon, H. Chung, and S. Y. Jeong, Bioconjugate Chem., 12,
932 (2001).

(3) Y. 1. Son, J. Jang, Y. W. Cho, H. Chung, R. Park, 1. C. Kwon,
L Kim, J. Y. Park, S. B. Seo, C. R. Park, and S. Y. Jeong,

Macromol. Res., Vol. 16, No. 1, 2008

J. Controll. Relaease, 91, 135 (2003).

(4) H. Zhang, M. Oh, C. Allen, and E. Kumacheva, Biomacro-
molecules, 5, 2461 (2004).

(5) K. Kim, J. Kim, S. Kim, H. Chung, K. Choi, I. C. Kwon, J.
H. Park, Y. Kim, R. Park, I. Kim, and S. Y. Jeong, Macromol.
Res., 13, 167 (2005).

(6) K. Y. Lee, Macromol. Res., 13, 542 (2005).

(7) K. Wong, G. Sun, X. Zhang, H. Dai, Y. Liu, C. He, and K. W.
Leong, Bioconjugate Chem., 17, 152 (2006).

(8) J. H. Park, Y. W. Cho, Y. J. Son, K. Kim, H. Chong, S. Y.
Jeong, K. Chot, C. R. Park, R. Park, I. Kim, and I. C. Kwon,
Colloid Polym. Sci., 284, 763 (2006).

(9) D. Kim, C. Choi, Y. Jeong, M. Jang, J. Nah, S. Kang, and M.
Bang, Macromol. Res., 14, 66 (2006).

(10) J. W. Bae, D. H. Go, K. D. Park, and S. J. Lee, Macromol.
Res., 14, 461 (2006).

(11) Y. W. Cho, J. Jang, C. R. Park, and S. W. Ko, Biomacromole-
cules, 1, 609 (2000).

(12) J. Cha, W. B. Lee, Y. W. Cho, C. Ahn, I. C. Kwon, and C. R.
Park, Macromol. Res., 14, 573 (2006).

(13) S. Hirano, Y. Ohe, and H. Ono, Carbohyd. Res., 47, 315 (1976).

(14) S. Hirano and T. Moriyasu, Carbohyd. Res., 92, 323 (1981).

(15) R. Yamaguchi, Y. Arai, T. Itoh, and S. Hirano, Carbohyd.
Res., 88, 172 (1981).

(16) C. L. Tieh and M. Lacroix, J. Controll. Release, 93, 1 (2003).

(17) S. Hirano, Y. Yamaguchi, and M. Kamiya, Macromol. Biosci.,
3, 629 (2003).

(18) E. Fernandez-Megia, R. Novoa-Carballal, E. Quinoa, and R.
Riguera, Carbohyd. Polym., 61, 155 (2005).

61



