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Abstract

Chitooligosaccharides (COSs) were successfully prepared using an ultrafiltration membrane bioreactor system, and named as COS-I

(10–5 kDa), COS-II (5–3 kDa), COS-III (3–1 kDa), and COS-IV (below 1 kDa), respectively. In addition, their phosphorylated derivatives

were prepared by a P2O5 in methanesulfonic acid solution, and inhibitory activity on the formation of insoluble calcium phosphate of

phosphorylated chitooligosaccharides. Phosphorylated COS-IV exhibited the highest inhibitory activity of calcium phosphate precipitation

among tested chitooligosaccharides. Its inhibitory activity, especially at the concentration more than 4 mg/ml, was similar to that of CPP,

which is widely used as a calcium fortifying agent increasing calcium absorbability. Therefore, phosphorylated chitooligosaccharides may be

potential inhibitors of calcium phosphate precipitation.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan is a deacetylated polymer of N-acetylglucosa-

mine, which is obtained after alkaline deacetylation of the

chitin derived from the exoskeletons of crustaceans and

arthropods. It has received considerable attention for its

commercial applications in biomedical, food, and chemical

industries. In addition, chitosan has been widely used in

vastly diverse fields such as pharmaceutics, medicine and

biotechnology (Muzzarelli, 1997). However, increasing

attention has recently been given to convert its oligosac-

charides because of their biological activities, such as

antitumor activity (Jeon & Kim, 2002; Suzuki et al., 1986),

immunostimulating effects (Jeon & Kim, 2001; Suzuki,

Watanabe, Mikami, Matsumoto, & Suzuki, 1992), enhan-

cing protective effects against infection with some patho-

gens in mice (Yamada, Shibuya, Kodama, & Akatsuka,
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1993), antifungal activity (Kendra, Christian, & Hadwiger,

1989), antimicrobial activity (Hadwiger & Beckman, 1980;

Hirano & Nagao, 1989; Jeon, Park, & Kim, 2001; Park, Je,

Byun, Moon, & Kim, 2004; Park, Lee, & Kim, 2004),

angiotensin I converting enzyme (ACE) inhibitory activity

(Park, Je, & Kim, 2003a) and radical scavenging activity

(Je, Park, & Kim, 2004; Park, Je, & Kim, 2003b, 2004).

Calcium, the most abundant mineral in the human body,

has several important functions. More than 99% of total

body calcium is stored in the bones and teeth where it

functions to support their structure (Shils, 1999). The

remaining 1% is found throughout the body in blood,

muscle, and the fluid between cells. It is needed for muscle

contraction, blood vessel contraction and expansion, the

secretion of hormones and enzymes, and sending messages

through the nervous system. Although, most people are

aware that calcium is an important element in their bodies,

calcium is severely deficient in most diets. When calcium

intake is low or calcium is poorly absorbed, bone break-

down occurs because the body must use the calcium stored

in bones to maintain normal biological functions such as

nerve and muscle function. Its deficiency in the United
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States has been shown as a major cause of osteoporosis,

affecting approximately 26 million people annually

(Melton, 1995). Therefore, the National Institute of Health

(NIH) Consensus panel revised the recommendations for

current calcium intake (NIH Consensus Development Panel,

1994). The optimal calcium intake has been estimated to

be 800 mg/day during childhood below 5 years of age, 800–

1000 mg/day for children from age 6 to 10, 1200–1500 mg/

day for adolescence or young adults from age 12–24 and

pregnant or lactating women, 1000 mg/day from age 25 to

the time of estrogen deprivation or age 65, and 1500 mg/day

for elderly people. In general, the basic source of calcium is

the diet, and the most common and trusted source of calcium

is milk or other dairy products (Anderson & Garner, 1996).

However, many elderly Korean people do not drink milk

due to lactose indigestion and intolerance which make them

allergic to milk. As an alternative, these people prefer to

drink calcium-fortified fruit juice, or to take calcium-rich

foods and calcium supplements. Several studies have been

performed in the last two decades on casein phosphopep-

tides (CPP), which may function as carriers for different

minerals, especially calcium. It has been proposed that CPP,

which form soluble complexes with Ca3(PO4)2 in vitro, may

lead to enhanced calcium absorption by limiting the

precipitation of calcium at alkaline conditions pertaining

in the distal ileum. Therefore, it is important to prevent the

formation of calcium precipitate, to enhance calcium

absorption.

In this study, the inhibitory activity on the formation of

insoluble calcium phosphate of phosphorylated chitooligo-

saccharides prepared from chitosan oligosaccharides with

different molecular weight was investigated.
2. Materials and methods

2.1. Materials

Chitin prepared from crab shells was donated by Kitto

Life Co. (Seoul, South Korea). The chitosanase (35,000 U/g

protein) derived from Bacillus sp. was purchased from

Amicosen Co. (Jinju, Korea), and an ultrafiltration (UF)

membrane reactor system (Minitane) for production of

hetero-COSs was from Millipore Co. (Bedford, MA, USA).

All other reagents were the highest grade commercially

available.

2.2. Preparation of chitooligosaccharides using

an UF membrane bioreactor

Four kinds of chitooligosaccharides were prepared

according to our previous method (Park et al., 2003a,b).

One percent (1%) solution was prepared by dispersing 100 g

of chitosan in 1.0 l of distilled water while stirring

with 550 ml of 1.0 M lactic acid and making the final

volume up to 10 l with distilled water. The pH of
the solution was adjusted to 5.5 using saturated sodium

hydrogen carbonate solution. Ninety-three (93%) deacety-

lated chitosan was hydrolyzed with an endo type chitosa-

nase (35,000 U/g protein) with substrate to enzyme ratio of

1.0–1.5 for 18 h in a batch reactor, and then heated at 98 8C

for 10 min to inactivate the enzyme. Thereafter, hydro-

lysates were separated using an UF membrane reactor

system. UF membranes used in the system had molecular

weight cut off (MWCO) 10, 5, 3, and 1 kDa, respectively.

The chitooligosaccharides recovered were lyophilized in a

freeze-dryer (model PVTFD50A, Ilsin Lab. Co., Korea)

for 5 days.

2.3. Preparation of phosphorylated chitooligosaccharides

Chitooligosaccharides were phosphorylation by P2O5 in

methanesulfonic acid solution according to the procedure

mentioned by Nishi et al. (1986). The reaction mixture was

filtrated and the filtrate was dialyzed thoroughly against

distilled water to remove small molecular substances. After

concentration by vacuum evaporation and lyophilization,

solid phosphorylated chitooligosaccharides was obtained.

2.4. Evaluation on the inhibition of calcium phosphate

formation by measuring the amount of calcium

phosphate precipitated

The assay was performed according to the methods of

Hay, Moreno, and Schlesinger (1979) with slight

modification. Twenty millimolar phosphate buffer (pH 7.4)

was used as the phosphate source. A half-milliliter phosphate

solution, 0.2 ml of 200 mM KCl to control the ionic strength,

and 0.2 ml of 15 mM NaN3 as an antiseptic were mixed in

1.5 ml polypropylene tubes. Chitooligosaccharide (0.2 ml,

2 mg/ml) was added to the solution at specified

concentrations. Afterward, 0.25 ml of 20 mM CaCl2 was

added to the solution, immediately, it was incubated in shaker

at 37 8C for 0–12 h. Each solution was then centrifuged at

8000g for 10 min, and the supernatant was diluted with a

0.1 N nitrate solution and stored. The calcium concentration

in the diluted supernatant solution was measured by an

inductively coupled plasma mass spectrometer (ICP-MS,

Elan 6100, Perkin Elmer/SCIEX, Norwalk, USA).

2.5. Evaluation on the inhibition of calcium phosphate

formation by sample concentration

Sample solution (0.2 ml; 8 mg/ml), 1.0 ml of 10 mM

phosphate buffer (pH 7.4), and 0.25 ml of 4 mM CaCl2 were

mixed in tubes. The solution was incubated in a shaker at

37 8C for 3 h. Each solution was then centrifuged at 8000g

for 10 min, and the supernatant was diluted with a 0.1 N

nitrate solution and stored. The calcium concentration in the

diluted supernatant solution was measured by ICP-MS. The

percentage rate of Ca solubilization (%) was calculated as

follows:
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The percentage rate of Ca solubilization (%)Zthe

amount of residual calcium in the supernatant solution/the

amount of total calcium treated in the tube.
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Fig. 2. Inhibitory of phosphorylated chitooligosaccharides against the

formation of calcium phosphate.
3. Results and discussion

The chitooligosaccharides were successfully prepared

using an UF membrane bioreactor system with four different

membranes, and the molecular weight profiles of each

oligosaccharide showed a distinct decrease of molecular

weights according to the pore size of membranes used with

molecular weight cut-off (MWCO) 10.0, 5.0, 3.0, and

1.0 kDa, respectively. The chitooligosaccharides were

named as COS-I, which is the chitooligosaccharides passed

out through MWCO 10.0 kDa membrane, but not through

5.0 kDa, COS-II, which is the chitooligosaccharides passed

out through MWCO 5.0 kDa membrane, but not through

3.0 kDa, COS-III, which is the chitooligosaccharides

passed out through MWCO 3.0 kDa membrane, but not

through 1.0 kDa, and COS-V, which is the chitooligosac-

charides passed out through 1.0 kDa membrane. In general,

the phosphorylation of many materials was performed by

P2O5 in methanesulfonic acid solution (Nishi et al., 1986).

In this study, chitooligosaccharide phosphates were

obtained in over 90% yields as white and water-soluble

materials. As shown in Fig. 1, the infrared spectra of the

phosphorylated COS-I (P-COS-I) showed that peaks at 1650

and 1544 cmK1 from amide absorptions were still remain-

ing. Hydroxyl group absorption in chitosans at 1318 cmK1

became weak while new PaO and P–O absorptions of

phosphate group at 1258 and 1000 cmK1, respectively,

appeared gradually as the degree of substitution increased

in phosphorylated samples. The hydroxyl groups at C-3 and
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Fig. 1. The IR spectra of the chitooligosaccharide (COS) and phosphory-

lated chitooligosaccharide (COS-I). Peaks at 1650 and 1544 cmK1

illustrated by specific absorption and vibration of amide groups. Hydroxyl

groups (–OH) and phosphate groups (PaO and P–O) in P-COS molecules

led to arise peaks at 1318, 1258 and 1000 cmK1.
C-6 of chitin polymer were mainly substituted with the

phosphate group, and 10.6% (w/w) phosphorus was

measured in the derivatives by elemental analysis as

reported by Nishi et al. (1986). Wang, Ma, Wang, and He

(2001) have suggested that some hydroxyl groups in

chitosan were phosphorylated. All phosphorylated

chitooligosaccharides exhibited the inhibitory activity of

calcium phosphate formation (Fig. 2). The calcium

concentration in the supernatant was suddenly decreased

until 1 h, and became almost constant after 3 h. As the

incubation time increased, the calcium concentration in the

supernatant decreased. This result indicates that

chitooligosaccharides delayed rather than prevented the

calcium phosphate formation as reported by Hay et al.

(1979), Termine and Posner (1970), and Yamamoto,

Kumagai, Sakiyama, and Song (1992). Naito (1986)

reported that the calcium concentration in the supernatant

was linear with the logarithm of poly-L-glutamate

concentration, and Williams and Sallis (1979) reported

that citrate was a poor inhibitor over the citrate concen-

tration range tested (10–200 mM). In addition, Yamoto et al.

(1992) reported that alginates exhibited an inhibitory

activity against calcium phosphate formation. In addition,

several researchers reported on the effects of molecular

weight against the inhibitory activity of calcium

phosphate formation. Amjad (1990) reported that poly-

disperse polyacrylic acids has the maximal molecular

weight (about 2000 Da) for inhibiting calcium phosphate

insolubilization. Okamoto (1986) also stated that the

chelating ability of PAA for calcium ions increased and

the gelation of PAA by calcium ions was facilitated as the

molecular weight was increased. In the present study,

the inhibitory activity of calcium phosphate formation in the

supernatant was not dependant on their molecular weights,

and the maximal molecular weight was not found

for the inhibitory activity against calcium phosphate
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Fig. 3. Inhibitory effect of the formation of calcium phosphate on various

concentrations of phosphorylated chitooligosaccharides. The percentage

rate of Ca solubilization or soluble Ca (%)Zthe amount of residual calcium

in the supernatant solution/the amount of total calcium treated in the tube.

S.-K. Kim et al. / Carbohydrate Polymers 60 (2005) 483–487486
insolubilization. Since phosphorylated chitooligosacchar-

ides have no gelation tendency, the maxima might have

disappeared. Fig. 3 shows the dependence of the calcium

concentration in the supernatant on the various concen-

trations of chitooligosaccharides. In addition, P-COS-IV

exhibited the highest inhibitory activity of calcium phos-

phate precipitation among tested chitooligosaccharides.

Its inhibitory activity, especially at the concentration more

than 4 mg/ml, was similar to that of casein phosphopeptide

(CPP), which is widely used as a calcium agent. Many

inhibitors of the formation of insoluble calcium phosphate

have been reported, such as casein phosphopeptide,

alginate, glutamate, and so on. However, there has been

reported little information on the inhibitory activity of the

phosphorylated chitosan polymers or oligomers against

calcium phosphate formation until now. In addition, we

have previously reported that we could not observe any

toxic effects of the chitooligosaccharides in three groups

of Sprague–Dawley rats given orally 500, 1000, and

2000 mg/kg per day weight change, general symptoms,

food consumption, urinalysis, hematology, blood biochem-

istry, relative organ weights, and histopathological findings.

In vivo study on toxicity of the chitosan derivative, P-COS,

will be further performed to identify its bioavailability, and

it may be potential inhibitors of calcium phosphate

precipitation.
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