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Abstract

Derivatives of partiallyN-deacetylated chitin (DAC) were prepared via ring-opening reactions with various cyclic acid anhydrides in
lithium chlorideN,N-dimethylacetamide (LiCI/DMACc) system. Some cyclic acid anhydrides such as succinic, maleic, glutaric, and phthalic
anhydrides gave successfully water-soluble DAC derivatives. From the enzymatic studies, the glycosyl bond of succinyl and maleoyl DAC-
20 (20% DAC) was rapidly degraded by lysozyme or chitinase, though that of phthaloyl DAC-20 was not. The ester linkage of succinyl
DAC-20 was stable against lipase for five days at room tempera@ui®99 Elsevier Science Ltd. All rights reserved.
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1. Introduction would increase with decreasing degree of crystallinity and
the reaction in the amorphous region would proceed more

Chemical modification of chitin is difficult in general, smoothly than that in the crystalline region. Therefore, for
because chitin is a highly crystalline material with a strongly the products obtained under heterogeneous conditions it
hydrogen-bonded network structure. A number of water- would be difficult to control the degree of substitution
soluble chitin derivatives have been reported. Carboxy- (DS), solubility, and other properties. Under alkaline condi-
methylchitin and dihydroxypropylchitin were prepared tions further, soméN-deacetylation of chitin was unavoid-
through alkali chitin suspension under heterogeneous condi-able and the amino group was also substitutBigN-
tions (Tokura, Nishi, Tsutsumi & Somorin, 1983). Diethy- dimethylacetamide (DMAc), a polar aprotic solvent,
laminoethylchitin was also prepared using an alkali chitin containing lithium chloride (LiCl) allows a range of organic
solution under homogeneous conditions (Kurita, Inoue & reactions including typical alcohol modification reactions
Koyama, 1989). Chitin sulfate was prepared under hetero- such as esterification and carbamate formation. Chemical
geneous conditions in pyridine (Nishimura, Nishi & Tokura, maodifications of cellulose in the LICI/DMAc system have
1986a), and chitin phosphate was prepared under homogebeen studied by numerous workers (Dawsey, Fornes &
neous conditions in methanesulfonic acid (Nishi, Nishi- Gilbert, 1992; Samaranayake & Glasser, 1993; Suzuki,
mura, Ebina, Tsutsumi & Tokura, 1984). A number of Kurata & lkeda, 1992). Further, chlorination (Sakamoto,
water-soluble chitosan derivatives have also been Tsung & Furuhata, 1994), bromination (Tseng, Lee,
previously reported (Kurita & Ishi, 1995). For example, Furuhata & Sakamoto, 1995), acylation (Terbojevich,
N-trimethylchitosan ammonium iodide was prepared Carraro & Cosani, 1988), and carbamoylation (McCormick
under heterogeneous conditionsNrmethyl-2-pyrrolidone & Lichatowich, 1979) of chitin were also studied in the LiCl/
(Domard, Rinaudo & Terrassin, 1986), and disaccharide DMAc system which gave a homogeneous reaction mixture.
substituted chitosan was prepared via redudthagkylation Previously, we had synthesized (1-carboxyethyl)chitosan
under homogeneous conditions in acidic water and metha-as an analog of polymericN-acetylmuramic acid
nol (MeOH) mixed solvent (Yalpani & Hall, 1984). Under (Shigemasa et al., 1995). McCormick and Dawsey reported
heterogeneous conditions, generally, the reactivity of chitin the preparation of cellulose derivatives via a ring-opening

reaction with cyclic reagents in the LiCI/DMAc system
* Corresponding author. (McCormick & Dawsey, 1990). Hirano and coworkers
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have synthesized soni(carboxyacyl)derivatives of chit-
osan with some cyclic acid anhydrides in aqueous AcOH
and MeOH (Hirano & Moriyasu, 1981; Yamaguchi, Arai,
Itoh & Hirano, 1981).

Herein we report the preparation and characterization of
water-soluble derivatives of partially deacetylated chitin
(DAC) via ring-opening reactions with cyclic acid anhy-
drides in LiCI/DMAc.

2. Experimental
2.1. Materials

Partially DAC (DAC-20, degree of deacetylation
(DDA) = 20%) from shrimp shell was purchased from
Wako Pure Chemical Industries Co. Ltd. Partially acety-
lated chitosan (PAC-96, degree Nfacetylation= 96%)
was prepared from DAC-88 (crab shell, supplied by Sunfive
Co. Ltd.) by N-acetylation ( Hirano & Yamaguchi, 1976).
Hen egg-white lysozyme [EC 3.2.1.17] (50 000 units Hg
and chitinase from Bacillus sp. PI-7S (0.04-0.06
units mg ) were purchased from Seikagaku Kogyo Co.
Ltd. Lipase [EC 3.1.1.3] from porcine pancreas
(41 units mg?Y) was purchased from Sigma chemical Co.
Other reagents were purchased from Nacalai Tesque, Inc
and used without further purification unless specifically
noted.

2.2. General methods

IR spectra were recorded as KBr pellet on a Shimadzu
FT-IR 4200 spectrophotometeltd and *C NMR spectra
were recorded at 6C in D,O on a JEOL JMN-GX270
spectrometer, sodium 3-(trimethylsilyl)propanesulfonate
being used as an internal standard. In the evaluatioiof
NMR spectra of various DAC-20 derivatives prepared in
this article, the proton number of each signal was estimated
on the assumption that the proton number of —NH(C@®)C
at 6 1.94-2.04 was 2.4. The DS of the water-insoluble
product could be estimated B4 NMR using 5.5 mol T*
DCI/D,O as solvent. This solvent was especially useful to
dissolve products of lower DS. The DS was defined as
follows:

DS = number of substituted grotmumber of

monosaccharide residudR).

The molecular weight of chitin derivatives was deter-
mined by gel permeation chromatography (GPC) with pull-

ulan as standard on a Shimadzu LC-6A apparatus (column,

Asahipak GS-220H, GS-310H, and GS-510H; eluent,
0.1 mol I'* phosphate buffer solution (pH= 7.4); flow
rate, 1.0 ml min*; column temperature, 5G). The 1.0%
(w/v) DAC-20 solution was prepared as follows: DAC-20
(3.0 g) was added to 300 ml of 5% (w/v) LiCI/DMAc solu-
tion, and the mixture was stirred at room temperature for 3 h
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to give a clear solution. The solubility of chitin or DAC in
5% (w/v) LiCI/DMAc would depend on the DDA and the
molecular weight of chitin or DAC. Higher DDA of DAC
(DAC-50, 88 and 100) or relatively higher molecular weight
of chitin did not dissolve in this solvent though the boundary
value of the molecular weight of undissolved chitin is
unclear in this study.

2.3. Typical procedure

Cyclic acid anhydride (100 mmol) was added to 200 ml
of the 1.0% (w/v) DAC-20 (2.0 g, 10 mmol as MR) solution.
In the case of succinic and maleic anhydrides, these reaction
mixtures became dark brown by the addition of triethyla-
mine (EgN, 10.2 g, 10 mmol), and then turned to a gel
within 30 min. In contrast, the reaction mixtures of phthalic,
tetrahydrophthalic,cis-5-norbornylendo2,3-dicarboxylic,
cis-1,2-cyclohexanedicarboxylic, or trimellitic anhydride
and DAC-20 were white suspensions or gels. After stirring
for 24 h, the reaction mixture (containing a gel) was poured
into MeOH (100 ml). The precipitate was filtered, followed
by dispersing in 200 ml of water. The product was precipi-
tated from the solution or suspension by adjusting the pH to
1-2 with 3mol 't HCI. The precipitate was filtered,

washed with MeOH, and dried in vacuo at’60to give a

protonated product (H type). To obtain a sodium salt of
product (Na type), the product was dispersed in 200 ml of
water, followed by adding an adequate amount oftNRO,

to give a clear solution of pH 8-10. The solution was
dialyzed against deionized water for three days and lyophi-
lized. In this procedure, further, the absence of C-2 proton
(6 2.8 ppm) having free amino groups would suggest that
both the hydroxy group and amino group are substituted
with carboxyacyl groups. We, however, could not evaluate
the DS of the hydroxy group and the amino group fré
NMR spectra, independently.

2.3.1. Succinyl DAC-20 (1)

The yield of succinyl DAC-20 of DS= 1.3 was 2.8
(77%) from 2.0 g of DAC-20M,, = 170 000. The yield of
succinyl DAC-20 of DS= 0.6 was 0.26 g (94%) from 0.2 ¢
of DAC-20; M, = 170 000. IR (cm?): 1740, vc_o; 3500,
von 'H NMR (D,0): 8 1.94 and 2.00 (br s, 2.4 H,
—NH(CO)MHj), 2.46 (br s, 2.5 H, —O(€0)CH,-),
2.62 (br s, 25 H, —8,COONa), 3.6-4.2 (br m, 5.8
H, H-2, H-3, H-4, H-5, and H-6 of MR).*C NMR
(D5O): 6 24.9 (—NH(COKLH,), 32.9 (-O(G0)CH,-),
34.5 (-CH,COONa), 57.6 (C-2 of MR), 63 (C-6 of
MR unsubstituted), 65.4 (C-6 of MR substituted), 74—
75 (C-3 and C-5 of MR), 82.7 (C-4 of MR), 104-105 (C-1
of MR), 177.2 (-NHCO)CHg), 178.0 (—OC=0)CH,-),
183.3 (—CHCOONa). Anal. Calc. for G H1740sN: C,
47.32; H, 5.48; N, 4.31. Found: C, 47.15; H, 5.76; N, 4.00.

DS = Proton number 0f62.46 and 262/4.
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2.3.2. Maleoyl DAC-20 (2)

The yield of maleoyl DAC-20 of DS= 1.3 was 2.14 g
from 2.0 g of DAC-20;M, = 120 000. IR (cm?): 1740,
ve—o; 3500, vo_p *H NMR (D,0): 6 2.00 (br s, 2.4 H, —
NH(CO)CH3, 3.2—4.3 (br m, H-2, H-3, H-4, H-5, and H-6 of
MR), 5.88 (br s, 1.3 H, O(EO)CH=), 6.68 (br s, 1.3 H,
=CHCOONa). *C NMR (D,0): & 24.9 (~NH(COLH,),
57.6 (C-2 of MR), 62.7 (C-6 of MR), 74.8 and 77.0 (C-3
and C-5 of MR), 83 (C-4 of MR), 104.2 (C-1 of MR), 120.1
and 121.0 (-O(EO)CH=), 1452 and 147.0
(=CHCOONa), 168.2 and 169.3 (—O©®)CH=), 177.1
(~NH(CO)CH,) and=CHCOONa).

DS = Proton number 0f565.88 and 638/2.

2.3.3. Glutaryl DAC-20 (3)
The glutarylation of DAC-20 with 4-dimethylaminopyr-
idine (DMAP) and E4N did not proceed. Using 1,8-diaza-

bicyclo[5.4.0]undec-7-ene (DBU) as base, the reaction wasy 77 H,
successfully proceeded and the mixture colored orange. The(—NH(CO)CH,),

yield of glutaryl DAC-20 of DS= 0.8 was 0.63 g (100%)
from 0.4 g of DAC-20. IR (cm?): 1740, vc-o; 3500, vo_p.
'H NMR (D,0): 8 1.87 (br m, 1.71 H, —CH-CH,—CH,-),
2.00 (br s, 2.4 H, —NH(CO)Bs;, 2.2 (br m, 1.5 H,
—O(C=0)CH,-), 2.44 (br m, 1.5 H, —8,-COONa), 3.5—
4.4 (br m, H-2, H-3, H-4, H-5, and H-6 of MR}*C NMR
(D,0): & 23.8 (—CH—CH,—)CH,-), 24.9 (-NH(COLHs>),
35.9 (-O(G=0)—CH;,—-), 39.2 (-€H,—COONa), 57.7 (C-2
of MR), 62.7 (C-6 of MR unsubstituted), 65.3 (C-6 of MR
substituted), 72.5-76.1 (C-3 and C-5 of MR), 83.0 (C-4 of
MR), 104.2 (C-1 of MR), 177.2 (~NHZO)CH;), 178.3
(—O(C=0)CH,—-), 184.7 (-CHCOONa). Anal. Calc. for
Ciig Hi70;N:C, 48.67; H, 6.15; N, 4.90. Found: C,
48.20; H, 6.07; N, 4.25.

DS = Proton number 0f61.87,2.2 and 244/6.

2.3.4. Phthaloyl DAC-20 (4)

The yield of phthaloyl DAC-20 of DS= 0.6 was 0.61 g
(100%) from 0.4 g of DAC-20M, = 110 000. IR (cm™):
1740, vc—o; 3500, vo-. *H NMR (D,0): 6 1.78 (br m, 2.4
H, -NH(CO)M3), 3.3-4.3 (br m, H-2, H-3, H-4, H-5, and
H-6 of MR), 7.1-8.0 (br m, 2.35 H, —Ph—}3C NMR
(D,0): 6 24.8 (—-NH(COLH,), 57.4 (C-2 of MR),
65.8 (C-6 of MR), 74-78 (C-3 and C-5 of MR), 83
(C-4 of MR), 102 (C-1 of MR), 124-146 (-Ph-), 177
(~NH(CO)CH,), 178.9 (-OC=0)Ph-), 180.0 (—Ph-
COONa).

DS = Proton number 0f57.1-8.0/4.

2.3.5. Tetrahydrophthaloyl DAC-20 (5)

The yield of tetrahydrophthaloyl DAC-20 of DS 1.2
was 1.28 g (78%) from 0.8 g of DAC-264, = 110 000. IR
(cm™): 1740,v¢—0; 3500,v0-4. *H NMR (D,0): 6 1.93 and
2.01 (br m, 2.4 H, —=NH(CO)85), 2.37 (br, 4.5 H, —€l,-),

239

3.08 (br s, 1.0 H, —~O(€E0)-CH < ), 3.4-4.3 (br m,
H-2, H-3, H-4, H-5, and H-6 of MR and>CH-
COONa), 5.74 (br s, 2.4 H, 4€4=CH-). *C NMR
(D,0): 8 25.0 (-NH(COLH,), 28.6 and 29.2 (—Cj+), 42.8
(-O(C=0)-CH<), 44.8 (-CH-COONa), 127.6 and 129.3
(~CH=CH-), 177.2 (-NH(CO)CH), 179.1 (-OC=0)-),
184.1 (-COONa).

DS = Proton number of65.74/2.

2.3.6. 2-Carboxy-4-norbornylcarbonyl DAC-20 (6)

The yield of 2-carboxy-4-norbornylcarbonyl DAC-20 of
DS = 0.9 was 1.06 g (72%) from 0.8 g of DAC-2M,
190 000. IR (cmY): 1740, vc—o; 3500, vo_. 'H NMR
(D,0): 6 1.30 (br s, 1.73 H, —8,-), 2.01 (br s 2.4 H,
—NH(CO)H5), 3.08 (br s, 2.29 H>CH-), 3.26 (br s,
-0O(C=0)-CH < and > CH-COONa), 3.4-4.4 (br
m, H-2, H-3, H-4, H-5, and H-6 of MR), 6.21 (br s,
—-H=CH-). ¥C NMR (D,0): 6 249
49.3 (CH-), 515 (-O(G0)-
CH<), 54.2 (CH-COONa), 137.8 (€H=CH-),
182.8 (-OC=0)-), 184.8 (€OONa).

DS = Proton number 0f86.21/2.

2.3.7. 2-Carboxycyclohexylcarbonyl DAC-20 (7)

The yield of 2-carboxycyclohexylcarbonyl DAC-20 of
DS = 1.2 was 1.6 g (64%) from 1.2 g of DAC-20/, =
50 000. IR (cm™Y): 1740,vc_o; 3500,v0_1 *H NMR (D,0):
6 1.42 and 1.71 (br s, 8.3 H, +G-), 2.02 (br s, 4.8 H,
—NH(CO)M3), 2.74 (br m, 2.33 H, > CH-), 3.2-4.2
(br m, 6 H, H-2, H-3, H-4, H-5, and H-6 of MR). In
this case, the total proton number of H-2, H-3, H-4, H-5,
and H-6 até 3.2-4.2 was assumed 6 as a base signal,
because the signal of —NH(COWG) at 6 2.02 was
partially overlapped with two neighboring signals &t
1.71 and 2.74C NMR (D,0): & 24.9 (-NH(COLHs,),
26.4 and 28-31 (—Cj+), 45.9 (-O(G0O)-CH<), 47.7
(>CH-COONa), 57.7 (C-2 of MR), 62.5 (C-6 of MR),
74-78 (C-3 and C-5 of MR), 82.9 (C-4 of MR),
104.2 (C-1 of MR), 177.2 (—NH{O)CHy), 179.5
(-O(C=0)-), 184.5 (€OONa).

DS = Proton number 0f62.74/2.

2.3.8. 2,4-Dicarboxybenzoyl DAC-20 (8)

The yield of 2,4-dicarboxybenzoyl DAC-20 of DS 1.0
was 1.29 g (73%) from 0.8 g of DAC-204,= 110 000. IR
(cm™%): 1740,v¢c-0; 3500,v0_ *H NMR (D,0): 6 1.92 and
2.04 (brm, 2.4 H, -NH(CO)83), 3.4-4.2 (br m, H-2, H-3,
H-4, H-5, and H-6 of MR), 7.4—8.5 (br m, 3.0 H, —Ph33C
NMR (D,0): & 24.8 (—NH(COLH,), 57.7 (C-2 of MR),
104.0 (C-1 of MR), 129-146 (-Ph-), 176.4 (-@0)—
Ph-), 177.3 (-NHTO)CHs), 179.1 (-Ph€OONa).

DS = Proton number 0f67.4-8.5/3.
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Table 1

Preparation of various DAC-20 derivatives. (Solvent 5% (w/v) LiCl in DMAc, 10 ml per 100 mg of DAC-20; temperatt@z,tibe, 24 h)

Entry DAC-20 (mg) Anhydridé Equiv Basé Equiv Product

Yield® (%) DS

1 600 Succinic 10 DMAP 10 88 11 1
2 2000 Maleic 10 BN 10 60 1.3 2
3 400 Glutaric 6 DBU 5 100 0.8 3
4 100 Glutaric 10 DMAP 10 90 0
5 400 Glutaric 6 EN 5 90 0
6 400 Phthalic 6 BN 5 100 0.6 4
7 800 THP 6 DMAP 5 78 1.2 5
8 800 Nolb 10 EN 10 72 0.9 6
9 1200 Cycl 6 EN 5 64 1.2 7

10 800 Trimellitic 6 EiN 5 73 1.0 8

2 Equiv, mol equivalent of anhydride per MR of DAC-20; THP, tetrahydrophthalic; Neigsh-norbornylende2,3-dicarboxylic; Cyclgis-1,2-cyclohex-
anedicarboxylic anhydride.

® DMAP: 4-dimethylaminopyridine; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene.

°Yield(%) = ((weight of product)x (M,y of MR of DAC-20) x 100)/((weight of DAC-20)x (M, of MR of product)).

9 Determined by'H NMR; DDA of those products was ca. 20%.

2.4. Enzymatic degradation analysis. As the two signals of methylene proton of succinyl
. ) o group (—O(G-0)-CH,—CH,—COONa, é 2.49 and 2.62)
Enzymatic hydrolysis of DAC-20 derivatives was \yere changed to singlet and shifted upfield (disodium succi-
performed according to the method described previously pate (NaOOC—-8,-CH,—COONa),s 2.41) by the hydro-
(Shigemasa, Saito, Sashiwa & Saimoto, 1994). A typical |ysis, the degradability of succinyl group could be estimated
pro_cedgre is as follows: the hydrolytilc reaction of DAC by *H NMR analysis as the following equation: Cleavage
derivatives [substrate]= 9.1mgml ", [enzyme] = (%) = Peak area of disodium succinatg 2.41) x 100/
0.33mgml* (lysozyme, 16 500 units mf; chitinase, {Peak area of succinyl grou (2.49 and 2.62) disodium
0.083 units mT') was started by adding an enzyme solution succinate § 2.41)}.
(0.1 ml) to 1.0 ml of distilled water (pH 7) containing 1% To 1 ml of lipase (1 mg) in BO solution (pD= 7), was
(w/v) DAC derivatives at 37C, followed by measuring the  534ded 9 mg of succinyl DAC-20 (DS 1.3,M, = 170 000)
viscosity of the solution with a Visconic ELD rotational 5nd the solution was stood for five days at@G7After this,
viscometer (Tokyo Keiki Co. Ltd) at the prescribed time.  the solution was analyzed as described earlier. Although
lipase is known to degrade some esters (Benzonana &
Esposito, 1971), lipase had little effect on the succinyl

2.5. Ester linkage cleavage of DAC-20 derivative by lipase , X -
DAC-20 lipase under the aforementioned conditions.

To evaluate the biodegradable property of the functional
group of DAC-20 derivatives, the cleavage of ester linkage

of succinyl DAC-20 by lipase was estimated Hy NMR 3. Results and discussion

The preparation of various DAC-20 derivatives via ring-

oH o=<0>=o O_CCII)_R3_E_O_ Na+ opening reaction with cyclic acid anhydri(_je are sh_own in
/&&/ R; o Table 1 and Scheme 1. Under these reaction conditions, the
HO o TLiCIDMAe . HO 0 reaction proceeded smoothly and gave water-soluble
NHR, Base NHR, products. In all cases, the solution was colorless and trans-
parent before adding the base. Each reaction mixture had a
R; =H, Ac characteristic color which was also observed when the
corresponding anhydride and base without DAC-20 were
Ry =H, Ac, —C—Ry—C-O'Na* mixed in organic solvent such as DMAc or chloroform
R;= —CH,CH,— —HC=CH— —(CHy),— (CHCL).

3.1. Succinylation of DAC

1 2 3
[5/ é/ 6/ ég’/é/ Table 2 shows the effect of theKp of the base on the

& Nat succinylation of DAC-20. The products using pyridine as a
4 5 6 7 8 base or without a base showed low DS even atC1The
succinylation of DAC-20 proceeded successfully with 4-
Scheme 1. dimethylaminopyridine (DMAP: ia = 9.7). Fig. 1 shows
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Table 2
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Effect of pK, of base on succinylation of DAC-20.(Solvent: 5% w/v LiCl in DMAc, 10 ml per 100 mg of DAC-20; succinic anhydride, 10 equivalent per MR of

DAC-20; time, 2 h)

Entry DAC-20 (mg) Basd (PK2) Temperature®C) Yield® (%) DS

1 200 — — 110 95 0.1
2 200 Pyridine 53 110 90 0.2
3 200 DMAP 9.7 110 97 0.6
4 600 DMAP 9.7 25 90 0.6

210 equivalent per MR; DMAP: 4-dimethylaminopyridine.

P Yield (%) = (weight of product)x ((My, of MR of DAC-20) x 100)/((weight of DAC-20) [(Myof MR of DAC-20) x (1-DS) + My, of MR of succinyl

DAC-20x DS]).
° Determined by"H NMR; DDA of those products was ca. 20%.

the time-courses of succinylation of DAC-20 and 968
acetylated chitosan (PAC-96). Under the reaction condition,
the DS of succinyl group increased with increasing reaction
time and reached 1.1-1.3 within 20 h. The effects of the
amount of succinic anhydride on the succinylation of
DAC-20 and PAC-96 are shown in Fig. 2. The low amount
of succinic anhydride (below two equivalent) gave water-
insoluble product whose DS was below 0.2. The products
above 0.4 of DS are water soluble.

3.2. Solubility of DAC-20 derivatives

Almost all DAC-20 derivatives (H and Na Type) did not
dissolve in organic solvents such as dimethylsulfoxide
(DMSO), N,N-dimethylacetamide (DMAc), pyridine,
CHCls, ethanol (EtOH), and acetone. Only the H type of
phthaloyl DAC-20 dissolved in DMSO. The Na form of
DAC-20 derivatives dissolves or partially dissolves in
water, though the H form of these derivatives was insoluble.
The effects of pH on the water solubility of succinyl DAC-
20 and phthaloyl DAC-20 are shown in Table 3. Both succi-
nyl DAC-20 (DS= 0.6 and 1.3) were dissolved at the pH
range from 4.5 to 11.0. A white precipitate appeared at the
pH below 4.5 and above 11. The precipitate obtained below
pH 4.5 redissolved at pH 7 by addition of 0.1 mot NaOH.

1.0

DS

0.5

120
Time /h

Fig. 1. Time-courses of succinylation of acetylated chitosan derivatives
(ACDs). ACD, 600 mg; 5%(w/v) LiCl in DMAc, 60 ml; succinic anhy-
dride, 10 equiv; DMAP, 10 equiv; temp, 25; White circle, DAC-20;
Black circle, PAC-96.

The precipitate obtained above pH 11, however, did not
redissolve at pH 7 on addition of 0.1 mofHCI. In the
case of phthaloyl DAC-20, a similar phenomena were
observed and the derivative was soluble between pH 3
and 11. The precipitate obtained above pH 11 was recovered
at a yield of 83% and the DS changed from 1.3 to 0.06.
These results suggest that the hydrolysis of the ester linkage
readily occurred above pH 11. The insolubility of these
DAC-20 derivatives at the lower pH would be caused by
the protonation of the carboxylic group.

3.3. Enzymatic degradation

Fig. 3 shows the change of viscosity of succinyl DAC-20
solution (pH 7) in the presence of lysozyme. In Fig.13,
and ), are the initial viscosity (cp) and the viscosity (cp) at
the prescribed time, respectively. Within 5 min after adding
lysozyme, the relative viscosity decreased rapidly and
reached equilibrium. The rate of decrease increased with
increasing the amounts of lysozyme. In the absence of lyso-
zyme, the viscosity was almost constant (94%). The viscos-
ity of chitosan (Hiroi, Kawahata & Fujita, 1981), chitin
(Tokura & Nishi, 1995), andO-(carboxymethyl)chitin
(CM-chitin) (Inoue, Kaneko & Tokura, 1982) is propor-
tional to their molecular weight. The rapid decrease of the
viscosity suggests that lysozyme hydrolyzes the glycoside
linkage of succinyl DAC-20 molecule.

The viscosity changes of DAC-20 derivative solutions in
the presence of lysozyme or chitinase are summarized in
Table 4. The initial viscosity of the solution and that after
15 min of hydrolysis are represented@sand s, respec-
tively. The viscosity of succinyl DAC-20 solution and
maleoyl DAC-20 solution decreased from 7.2 and 6.2 cP
to 1.2 cp for 15 min of hydrolysis at 3€ in the presence
of lysozyme (16 500 unit mf). The viscosity of succinyl
and maleoyl DAC-20 solutions also decreased in the
presence of chitinase (0.013 unit™). However, the
phthaloyl DAC-20 solution did not show the remarkable
viscosity decrease on lysozyme and chitinase addition
under the same reaction conditions. We have previously
shown that the enzymatic degradation\bficetylated chit-
osan derivatives (ACDs) by lysozyme and chitinase was
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1.0~
192}
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Succinic anhydride / equiv

Fig. 2. Effect of succinic anhydride amount on succinylation of acetylated
chitosan derivatives (ACDs). ACD, 100-260 mg; 5%(w/v) LiCl in DMAc,
10-26 ml; DMAP, 10 equiv; time, 2 h; temp, Z5; White circle, DAC-20;
Black circle, PAC-96.

Table 3
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Fig. 3. Lysozyme degradation of succinyl DAC-20. [succinyl DAC-20],
9.1 mg/ml; solvent, KD (pH = 7); temp, 37C; visconic ELD rotational
viscometer. Succinyl DAC-20: DS 1.3, DDA = 20%, Mn= 170 000;
White circle, [lysozyme}= 5000 units mI'* (0.10 mg mI'); White square,
[lysozyme] = 16 500 units mi* (0.33 mg ml'Y); Black circle, without
lysozyme.

Effect of pH on water solubility of succinyl DAC-20 and phythaloyl DAC-20. (DAC-20 derivatives were dissolvedd(2hing mi') and the pH of the
solution was adjusted with 0.1 M HCI and 0.1 M NaOH. White bar, soluble; black bar, insoluble)

DAC-20 pH
Derivative DS M, 1 3 5 7 9 11 13
Phthaloyl DAC-20 1.3 110 000 - _

Table 4

Change of viscosity of DAC-20 derivative solution in the presence of enzymes. (Enzy@@3 mg mi'%; time, 15 min; temperature, 3Z; solvent, HO

(pH = 7); VISCONIC ELD rotational viscometer)

Entry DAC-20 Enzyme Units mi* Viscosity chang® (%)
Derivative M, mg ml™? nd/cP 115/CP

1 Succinyl DAC-20 170 000 9.1 7.2 None — 6.8 6
2 9.1 Lysozyme 16 500 1.2 84
3 9.1 Chitinase 0.013 3.6 50
4 Maleoyl DAC-20 120 000 27.3 6.2 None — 6.0 4
5 27.3 Lysozyme 16 500 1.2 81
6 27.3 Chitinase 0.013 2.0 67
7 Phthaloyl DAC-20 110 000 9.1 4.9 Lysozyme 16 500 4.2 14
8 27.3 30.0 None — 27.9 7
9 27.3 Lysozyme 16 500 26.7 11

10 27.3 Chitinase 0.013 26.4 12

DS = 1.3, DDA = 20%.

b Viscosity change (%)= (1o — m1gm0) X 100; 115, Viscosity (cP) of reaction mixture at 15 min after adding enzyme;viscosity (cP) of DAC-20

derivative solution (9.1 or 27.3 mg mf) in the absence of enzyme.
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evaluated by the determination of the reducing groups underDawsey, T. R. (1992). InR. E. Fornes & R. D. Gilbert (EdBglymer fiber
heterogeneous conditions and by measuring the viscosity of ~ science, recent advance@p. 157). New York: VCH.

the solution (Shigemasa et al., 1994)' DAC-70 gave a Dorga;%,ﬁ.ioR?maudo, M., & Terrassin, C. (1986)t. J. Biol. Macromol,

SmOOt_h decrgase in _ViSCOSity on lysozyme addition Hamaguchi, K., & Funatsu, M. (1959). Biochem.46, 1659—1660.
(Sashiwa, Saimoto, Shigemasa, Ogawa & Tokura, 1990), Hirano, S., & Yamaguchi, R. (1976Riopolymers 15, 1685—1691.
but ACD (DDA = 10-20%), and DAC-70 were unaffected Hirano, S., & Yagi, Y. (1980)Agric. Biol. Chem.44, 963—964.
by lysozyme under the heterogeneous conditions althoughﬂ!rar‘o' g fl’} Mor:%ast; T&(’%‘G’Blpa'{lb‘z%g;jRes-f?3|231‘03§;-4 676
e e . Irano, S., Isucnida, H., agao, N. omaterials 10, — .
chitin W‘?S, degraded by chltlnase”(Shlgemasa etal, ?‘994)'Hirano, S., Hayashi, K., & Hirochi, K. (1992Larbohydr. Res225 175—
Hence, it is clear that the solubility of the substrate is an 175
important factor in determining the degradative action of Hiroi, O., Kawahata, K., & Fujita, T. (1981). Japan Patent, 33401
Iysozyme on chitin derivatives. Inoue, Y., Kaneko, M., & Tokura, S. (198 Rep. Progr. Polym. Phys. Jpn.
Hamaguchi and Funatsu reported the Iysozyme—catalyzedK _2t5' 159I‘753- < &K . (1889Polym. Bull, 21 1317
. e . . urita, K., Inoue, S., Oyama, Y. -0lym. bull, —17.
hydrolysis of glycolchitin measured by viscosity decrease | u." "¢ 1sni's. (Eds.). (1995)Chitin, chitosan handbookpp. 227).
(Hamaguchi & Funatsu, 1959). Nishimura et al. reporte@ Tokyo: Japanese Society for Chitin and Chitosan.
that there was a remarkable enhancement of accessibilitymcCormick, C. L., & Lichatowich, D. K. (1979)J. Polym. Sci., Polym.
of CM-chitin to lysozyme upon modification &-6 of N- Lett. Ed, 17, 479-484.
acetyglucosamine residue, though the accessibility was Mcggrlrg'c"' C.L. & Dawsey, T. R. (1990Macromolecules23, 3606~
decre.asgd _by furth(_ar _SUbStltu“on at O-3 (T_Okura et al, Nishi, N., Nishimura, S., Ebina, A., Tsutsumi, A., & Tokura, S. (1984j.
1996; Nishimura, Nishi & Tokura, 1986b). Hirano et al. J. Biol. Macromolec.6, 53—54.
reported that O-carboxymethylN-acylchitosan (acyl: Nishimura, S., Nishi, N., & Tokura, S. (1986&)arbohydr. Res146 251—
acetyl, propionyl, butanoyl, pentanoyl, and hexanoyl) was  258. o
hydrolyzed by both lysozyme and chitinase and the highestN'Shg‘;“ra’ S., Nishi, N., & Tokura, S. (1986lgjarbohydr. Res156 286~
hydrolygls Wa,ls ob_served by tm—acetyl group (H|rano, Sakamoto, M., Tsung, H., & Furuhata, K. (199@arbohydr. Res.265
Hayashi & Hirochi, 1992). Further, the effect of tié 271-280.
substitution of chitosan and DDA on the hydrolysis by chit- sashiwa, H., Saimoto, H., Shigemasa, Y., Ogawa, R., & Tokura, S. (1990).
inase and lysozyme have also been reported (Hirano &  Int. J. Biol. Macromolec.12, 295-296.
Yagi, 1980; and Hirano, Tsuchida & Nagao, 1989. Although :ﬁmara”aya$e’§-:t& i'azser;]w- G|_-| (12??'302‘3"’; Pigglzﬁ’ é_‘7|'
the enzymatic hydrolyses of various chitin derivatives have If\’/lee:z?;ibléé 18 aag e T & SO, T (198).J. Biol.
been repqrted as de§cribed earlier, the Correllation .b.etw_een\;higemasa, Y., Ishida, A., Sashiwa, H., Saimoto, H., Okamoto, Y., Minami,
the substituted functional group and hydrolytic activity is S., & Matsuhashi (1995Chem. Lett.1995 623—624.

still not clear. Suzuki, K., Kurata, S., & lkeda, 1. (1992polym. Int, 29, 1-6.
Terbojevich, M., Carraro, C., & Cosani, A. (198&arbohydr. Res.180,
73-86.
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