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Abstract

Direct and non-direct conjugation of kojic acid with chitosan was carried out according to the following approaches: (a) covalent
binding of chlorokojic acid to chitosan via free amino groups, and (b) complexation of kojic acid with iron(III) bound to chitosan.
Obtained products were analysed by organic elemental analysis and spectroscopic methods. The maximal degree of substitution was
~0.2 mol/mol for the chitosan—kojic acid conjugates. The triple chitosan-FeO(OH)-kojate complex contained these components in
the molar ratio of 1:0.48:0.07. UV-vis absorption, FT-IR and Raman spectra of the obtained products showed characteristic bands
of bound kojic acid and thus confirmed that both ways of kojic acid binding were efficient. Solution "H NMR and solid state '*C
CP-MAS NMR spectra of the chitosan—kojic acid conjugates supported the predicted way of 4-oxypyranone binding to chitosan.
UV-vis absorption spectra of the chitosan films subsequently modified with ferric chloride and kojic acid indicated that the ligand mol-

ecules are bound to peripheral iron(III) cations of FeO(OH) subcolloidal particles arranged on the surfaces of a film.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan is a B-(1,4)-linked polymer of partially N-acet-
ylated p-glucosamine units, and it can be defined as mostly
or completely deacetylated chitin. In contrast to water
insoluble chitin, chitosan is soluble in water at acid pHs
owing to the protonation of its free amino groups
(pK, = 6.3 for chitosan) (Park, Choi, & Park, 1983). Chito-
san has been employed in cosmetics, pharmaceuticals, food
industry, agriculture and biotechnology (Ravi Kumar,
2000). In the food industry it has been used in preservation
of foods from microbial deterioration, formation of w/o/w
emulsions (Del Blanco, Rodriguez, Schulz, & Agull, 1999;
Schulz, Rodriguez, Del Blanco, Pistonesi, & Agulld, 1998)
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and edible films (Arvanitoyannis, Nakayama, & Aiba,
1998; Kittir, Kumar, & Tharanathan, 1998), purification
of water, clarification and deacidification of fruit juices;
in cosmetics it is a component of toothpaste, hand and
body creams, shampoo, toiletries (Shahidi, Arachchi, &
Jeon, 1999). Chitosan is used in pharmaceutics as a carrier
material in drug and gene delivery systems (Dodane & Vili-
valam, 1998; Hejazi & Amiji, 2003; Lorenzo-Lamosa,
Remuiian-Loépez, Vila-Jato, & Alonso, 1998; RaviKumar,
Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004). Such
biodegradable chitosan-based forms as nanoparticles,
microspheres (RaviKumar et al., 2004), hydrogels (Berger
et al., 2004a, 2004b), blends (Arvanitoyannis, 1999), fibres
and tablets (RaviKumar et al., 2004) have been prepared
for various biomedical applications (Khor & Lim, 2003).
Chitin and chitosan have been widely used for prepara-
tion of various derivatives that significantly enlarge the
area of their applications (Kurita, 1998; Kurita, 2001;
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Morimoto, Saimoto, & Shigemasa, 2002; Sashiwa & Aiba,
2004; Sashiwa, Fujishima, & Yamano, 2003). Partially,
chitosan-complexing agent conjugates showed good bioad-
hesive properties (Il'ina & Varlamov, 2005; Li, Ramay,
Hauch, Xiao, & Zhang, 2005), inhibition of various
enzymes (Bernkop-Schniirch, 2000; Bernkop-Schniirch &
Freudl, 1999; Bernkop-Schniirch & Kast, 2001) and high
affinity to metal cations (Varma, Deshpande, & Kennedy,
2004).

Chitosan and its derivatives are able to bind selec-
tively metal cations involving ion exchange, sorption
and chelation processes (Guibal, 2004; Schmuhl, Krieg,
& Keizer, 2001; Sipos, Berkesi, Tombacz, St Pierre, &
Webb, 2003; Varma et al.,, 2004; Wang, Du, & Liu,
2004). This feature of chitosan has been applied to heavy
metal uptake from contaminated water (Babel & Kurni-
awan, 2003). Recently the interaction between chitosan
and iron(III) received considerable attention due to the
potential applications of chitosan as an iron(IIl) binding
agent (Burke, Yilmaz, & Hasirci, 2000; Sipos et al.,
2003). To describe the structure of such adducts, there
are two main approaches in the literature. The first is
based on site specific interaction between cations and
polysaccharide moieties (site binding model), the second
proposes the formation of FeO(OH) precipitate on the
surface of chitosan (colloidal model) (Sipos et al.,
2003). It has been elsewhere reported that chitosan mac-
romolecules acts as steric stabiliser of the subcolloidal
FeO(OH) particles and inhibits their further aggregation
(Sipos et al., 2003).

Kojic acid (5-hydroxy-2-hydroxymethyl-4 H-pyran-4-
one) is an antibiotic produced by many species of Asper-
gillus, Acetobacter and Penicillium in an aerobic process
from a wide range of carbon sources (Uher, Chalabala,
& Cizmarik, 2000; Uher et al., 1989). This compound
has been observed during investigation of steamed rice
fermentation, but it is also a component of some other
fermented foodstuffs and oriental beverages (saké, soy-
bean paste and soy sauce). Kojic acid is commonly used
in the food industry as a food additive for preventing
enzymatic browning (Burdock, Soni, & Carabin, 2001)
and in cosmetics due to its inhibition of melanin produc-
tion (Uher et al., 2000). As a component of cosmetic
preparations, it possesses bleaching skin effects and pre-
vents skin against sun tan and ultraviolet radiation. Kojic
acid derivatives are promising compounds of potential
usage in human and/or veterinary medicine (Brtko
et al., 2004).

Kojic acid is also known as an effective metal chela-
tion agent forming complexes with metal cations and
organometallic compounds (Marwaha, Kaur, & Sohdi,
1994; Sallam, Haggag, & Masoud, 1990). Anions of kojic
acid and its derivatives behave as bidentate ligands coor-
dinated to the iron(III) via the carbonyl and phenolic
hydroxyl oxygens (Sima et al., 1993). Chelating ability
of kojic acid and its derivatives has been used for analyt-
ical purposes, but also plays a significant role in their

antimicrobial, antifungal and antineoplastic activity
(Balaz et al., 1993; Bransova, Brtko, Uher, & Novotny,
1995; Novotny, Rauko, Abdel-Hamid, & Vachalkova,
1999; Uher et al., 2000). Like some other natural antibi-
otics, these compounds contain a specific siderophore
structure (hydroxypyranone), which is able to sequester
iron cations.

The preparation of kojic acid—chitosan conjugates could
be interesting for some applications in food industry, cos-
metics or pharmacy because such products may combine
the advantages of both these compounds. The aim of the
present paper is preparation of such conjugates by using
two different approaches: (a) covalent binding of chloro-
kojic acid to chitosan via free amino groups, and (b) com-
plexation of kojic acid with iron(II) bound to chitosan as
nanoparticles of subcolloidal FeO(OH). Obtained products
were analysed by elemental analysis and spectroscopic
methods.

2. Experimental
2.1. Materials

Chitosan lactates originated from mycelium Aspergillus
niger were obtained from Contipro s.r.0., Czech Republic.
A proportion of the chitosans was converted to NH, (free
base) and NH," (hydrochloride) forms by washing with
sodium hydroxide (0.05moll1™") and hydrochloric acid
(0.05mol 1™") solutions in aqueous ethanol (50% v/v),
respectively. Kojic acid (5-hydroxy-2-hydroxymethyl-4 H-
pyran-4-one) was prepared according to Uher et al.,
1989. Chlorokojic acid (5-hydroxy-2-chloromethyl-4H-
pyran-4-one) was prepared by the reaction of kojic acid
with tionylchloride in chloroform Uher et al. (1989). Fer-
ric chloride hexahydrate was purchased from Winlab lim-
ited, United Kingdom. Ferric kojate complex was
prepared by crystallisation from ethanolic solution of fer-
ric chloride hexahydrate and kojic acid (molar ratio 1:3).
The complex is highly hygroscopic, so it was stored under
P205.

2.2. Preparation of the chitosan—kojic acid conjugates

Six chitosan-kojic acid conjugates assigned as chit/
koj1-6 were prepared by the reaction of initial or free base
chitosan with chlorokojic acid in dimethylsulfoxide
(DMSO) or dimethylformamide (DMF) (Fig. 1(a)). Reac-
tion conditions are summarised in Table 1. Chlorokojic
acid (0.5 g) was dissolved in 20 ml of the reaction medium.
By stirring, 0.25-0.5 g of chitosan (lactate or free base
form) was added into the solution. Chitosan dissolved
completely in DMSO and formed a suspension in DMFA,
so the reaction was homogeneous in the former case and
heterogeneous in the latter. The reaction mixtures were
stirred at room temperature for 7 days. Then an excess of
acetone was poured into the DMSO solutions and the
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Fig. 1. (a) N-alkylation of chitosan with chlorokojic acid; (b) two-step
preparation of chit/Fe/koj; (c) two-step surface modification of chitosan
film with FeCl; and kojic acid.

product were precipitated. The solids were isolated, repeat-
edly washed with acetone and finally oven-dried at 40 °C.

2.3. Film preparation

Small volumes (ca. 2 ml) of chitosan and chitosan/kojic
acid conjugate solutions (0.5% m/m) were poured over a
food folia stretched between two plastic rings and put into
a desiccator at 50 °C for 10 h. Dried films were separated
from folia and stored under P,Os.

2.4. Preparation of the chitosan—FeO(OH) composite and
chitosan—FeO( OH )—kojate complex

In addition to direct linkage onto chitosan, kojic acid
was attached to this polysaccharide via FeO(OH) nanopar-
ticles (Fig. 1(b and c)). In the first step the chitosan—
FeO(OH) composite was formed by reaction of chitosan
(solution or film) with FeCl; and in the second step kojic
acid was chelated to peripheral iron(IIl) cations of the
FeO(OH) particles bound to chitosan.

For the preparation of the chitosan—-FeO(OH) compos-
ite, an alkali washed powder chitosan (0.2 g) was dissolved
in an aqueous solution of FeCl; (0.1 mol 17!). The mixture
was continuously stirred for 10 h, then an excess of acetone
(4:1 v/v) was added. Precipitated chitosan-FeO(OH) com-
posite (chit/Fe) was repeatedly washed with acetone and
dried. A part of the precipitate was used for the analysis
and the rest was dissolved in aqueous solution of kojic acid
(0.1 mol I™1). After 24 h of continuous stirring an excess of
acetone (4:1 v/v) was added to the mixture. The precipi-
tated chitosan-FeO(OH)-kojate (chit/Fe/koj) was col-
lected by filtration, washed repeatedly with acetone and
finally dried. The filtrate was evaporated in a crystallising
dish and obtained residue containing kojic acid and some
amount of ferric kojate (koj/Fe) was milled and dried.

Chitosan films were immersed into the solution of FeCl;
(0.1 mol 17!y in 50% (v/v) aqueous ethanol for 22 h. Then
films were subsequently washed with 50% and 96% (v/v)
aqueous ethanol for an hour in each solvent to remove
an access of iron(III) cations. The chitosan/FeO(OH) films
were dried between sheets of filtration paper to avoid the
deformation. These composite films were immersed into
the solution of kojic acid (0.1 mol I™') in 50% (v/v) aqueous
ethanol for 68 h. Obtained chitosan/FeO(OH)/kojate films
were washed and dried by the same way like the initial
chitosan/FeO(OH) ones.

2.5. Analytical methods

Organic elemental analysis (C, H, N and S) was
performed on Elementar vario EL III elemental analyser.
Iron content was determined by spectrophotometric
method with thiocyanate (Ivsi¢ & Tamhina, 2003) using
Unicam UV 4 UV-vis spectrophotometer (Unicam,
Great Britain). The degrees of chitosan substitution with

Table 1

Reaction conditions for N-alkylation of chitosan with chlorokojic acid and degrees of substitution (DS, mol %) and acetylation (DA, mol %) for the
derivatives

Sample Initial chitosan Mass ratio® Reaction medium Temperature (°C) Time (days) Yield (mol %)
chit/koj1l 1 (lactate) 1:1 DMSO 20 7 7

chit/koj2 1 (lactate) 2:1 DMSO 20 7 25

chit/koj3 1 (free base) 2:1 DMSO 20 7 27

chit/koj4 1 (lactate) 2:1 DMSO 40 7 16

chit/koj5 1 (lactate) 2:1 DMSO 60 7 10

chit/koj6 2 (lactate) 2:1 DMF 20 7 22

& Chlorokojic acid to chitosan.
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kojic acid residues (DS, mol/mol) and of acetylation
(DA, mol/mol) were calculated from the results of 'H
NMR and organic elemental analysis. The content of
glucan in the initial chitosan lactates was determined using
a Megazyme enzymatic kit K-YBGL 10/2005 (Magazyme,
Ireland).

Absorption UV-vis spectra (spectral region 190—
600 nm, beam width 2 nm) of chitosan films were mea-
sured by Unicam UV 4 UV-vis spectrophotometer (Uni-
cam, Great Britain). FT-IR spectra (spectral region
4000-400 cm ', resolution 2cm™') of the samples in
the form of KBr tablets were recorded on FT-IR spec-
trophotometer 1760x (Perkin-Elmer, USA). FT-Raman
spectra  (spectral region 4000-100 cm ™', resolution
2cm ') of powder samples were recorded by using Bru-
ker FT-Raman (FRA 106/S, Equinox 55/S) spectrometer
equipped with a Nd: YAG laser (A = 1064 nm), a
quartz beam splitter and a liquid nitrogen cooled germa-
nium detector. The laser power was set at 100 mW, and
256 scans were accumulated with a spectral resolution of
20cm ™.

Proton NMR spectra were measured by Varian Mercury
Plus 300 BB (Varian, USA) Fourier transform NMR spec-
trometer. Temperature of measurement was 22 °C. The
samples (5% w/v) were dissolved in D,O solution of
0.1 mol I~! DCI. Obtained NMR spectra of initial chitosan
and conjugates were used to estimate the degrees of acety-
lation (DA) and substitution with kojic acid (DK). High-
resolution '*C CP/MAS spectra were measured by NMR
spectrometer BRUKER DSX 200 in 7mm ZrO, rotors
at the frequency 50.33 MHz (Bruker Instruments Inc.,
USA). Number of data point was 2k, magic angle spinning
(MAS) frequency 4 kHz, strength of B1 field was 50.0 kHz.
The number of scans for accumulation of NMR spectra
was 1200-22,000 depending on the signal-to-noise ratio,
spectral width was 25 kHz, repetition delay and spin lock
pulse length were 3 s and 2 ms, respectively. '*C scale was
calibrated by external standard glycine (176.03 ppm — low
field carbonyl signal).

3. Results and discussion
3.1. Characterisation of the initial chitosan lactates

The chitosan lactates 1 and 2 used for the synthesis of
chit/kojl-6 and chit/Fe/koj were previously analysed.
These polysaccharides originated from the cell wall chi-
tin—glucan complex of mycelium A. niger. Subsequent
alkali and lactic acid treatment of this complex led to
deacetylation and removal of glucan, with some residual
chitosan lactate if the acidic hydrolysis was not complete.
It was found small amount of bound B-glucan (7.8% m/
m) were found in chitosan lactate 1, while chitosan lactate
2 contained no glucan. Acetylation degrees (DA) were
17.4 mol % for 1 and 17.8 mol % for 2; lactic acid 10.6%
m/m for 1 and 6.0% m/m for 2; moisture 10.7% m/m for
1 and 10.1% m/m for 2. The presence of B-glucan and dis-
similarity in DA and lactic acid content caused some differ-
ences in the C/N ratios obtained by organic elemental
analysis (Table 2). Spectroscopic data summarised below
were quite similar for both chitosan lactates.

FT-IR (solid state): 3394 cm~' (OH); 2940, 2891 cm !
(CH); 1634, 1526cm™' (NH,*); 1420, 1380, 1320,
1213cm™" (in-plane ring def.); 1154 cm™' (COC); 1082,
1034 cm ™" (CO, CC); 899, 658, 566 cm™' (skeletal). FT
Raman (solid state): 1650 cm™' (CONH); 1461 cm ™'
(CH,); 1383cm™! (CHs); 1327cm™! (CONH); 1268,
1115, 958, 900, 799, 437, 363 cm ™' (skeletal). The assign-
ment and chemical shifts of the '"H and '>*C NMR signals
of chitosan lactate are as follows. Chitosan lactate: 'H
NMR (DCI/D,0) 6 =4.53 (H_), 6 =4.30 (CHOH Lac),
0 =3.10 (H-2), 6 = 3.67-3.84 (H-3-6), 6 = 1.88 (NCOCH3)
and é = 1.33 (CH; Lac); >°C CP-MAS NMR (solid state of
the HCI form) 6 =98.9 (C-1), 6 = 56.8 (C-2), 6 =71.4 (C-
3), 0 =81.5(C4), 6 =749 (C-5), 6 =59.3 (C-6), 6 =174.3
(NCOCHj3) and 6 = 174.3 (NCOCH3;). Obtained results of
spectroscopic measurements are in agreement with the lit-
erature (Fernandez-Megia, Novoa-Carballal, Quinoa, &
Riviera, 2005; Heux, Brugnerotto, Desbrieres, Versali, &

Table 2
Experimental and calculated contents (in % m/m) of organic elements in the products and the initial chitosan lactates
Sample Content (% m/m) C/N
C H N S
Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
Chitosan lactate 1 37.10 37.10 6.78 6.82 5.61 5.61 0 0 6.61
Chitosan lactate 2 36.98 36.90 6.78 6.82 5.99 5.97 0 0 6.18
chit/kojl 35.71 35.44 6.58 6.62 5.36 5.43 1.10 1.18 6.53
chit/koj2 36.57 36.59 6.26 6.32 5.01 5.00 0 Traces 7.32
chit/koj3 37.61 37.62 6.32 6.35 5.07 5.05 0.78 0.82 7.45
chit/koj4 35.24 35.27 6.54 6.60 5.18 5.21 0 Traces 6.77
chit/koj5 34.41 34.52 6.56 6.57 5.33 5.30 0 Traces 6.51
chit/koj6 36.21 36.21 6.84 6.92 5.74 5.63 0 0 6.43
chit/Fe 26.15 26.16 5.86 5.87 435 4.40 0 0 5.95
chit/Fe/koj 30.40 30.27 6.23 6.27 4.77 4.80 0 0 6.31
Fe/koj 48.82 48.87 4.07 4.04 0.00 0 0 0 -
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Rinaudo, 2000; Lavertu et al., 2003; Paulino, Simionato,
Garcia, & Nozaki, 2006).

3.2. Characterisation of the chitosanlkojic acid conjugates

The introduction of the kojic acid moieties into the
chitosan macromolecule via the nucleophilic substitution
of a primary amine with chlorokojic acid yielded a chitosan
derivative with different properties from the initial chitosan
lactate. Since both reactants are soluble in DMSO, this sol-
vent goves homogeneous conditions. Chlorokojic acid is
poorly soluble in water and methanol, so water-methanol
mixtures which have been successfully used for similar N-
alkylation of chitosan with chlorocarboxylic acids (Kim
& Choi, 1998) cannot be used for this purpose. Chitosan
is not soluble in DMF but form gentle suspension in this
medium that support the reaction at heterogeneous condi-
tion. Thus, DMSO and DMF were chosen as the appropri-
ate reaction media.

Generally, the nucleophilic substitution of a primary
amine is promoted by the presence of a catalytic base,
which binds the acid generated from the reaction and
improves the nucleophilic properties of the amine. How-
ever, the N-alkylation of chitosan was ineffective in this
case (Kim & Choi, 1998) as has been explained by chitosan
precipitation or the competitive reaction of the base as a
nucleophile. The formation of mixed N,O-substituted
chitosan derivatives has been reported for the reaction with
chloroacetic acid under strong alkali conditions (Carolan,
Blair, Allen, & McKay, 1991; Rinaudo, Dung, Gey, Milas,
& Mariotti, 1992), so the presence of a base lead to non-
selective alkylation. According to these experiences, we
decided to carry out the reactions of chitosan with chloro-
kojic acid without a base catalyst.

The efficacy of N-alkylation could also be improved by
the use of an excess of a reagent. The 6- to 12-fold excess
of the chlorocarboxylic acids has been applied for the prep-
aration of N-carboxylalkylated chitosans (Kim & Choi,
1998). We used the 1:1 and 2:1 chlorokojic acid to chitosan
mass ratios owing to the restricted availability of the
reagent. This reaction expected to be slow and, indeed, it
was required at least 7 days to reach about 0.2 mol/mol
degree of substitution. We assume that kojic acid is bound
to chitosan mainly as the secondary amine, while the for-
mation of the tertiary amine seems to be improbable owing
to steric hindrance.

The results of organic elemental analysis are summa-
rised in Table 2. In addition to carbon, hydrogen and
nitrogen contents displayed, sulphur content originated
from the reaction medium (DMSO) was also determined
and confirmed by '"H NMR. Small or trace amount of
sulphur was found in all the products obtained by the
reaction in this solvent. Removal of residual DMSO is
a difficult procedure that involves multiply washing and
drying. The degrees of substitution (DS) and the reaction
yields were obtained from the results of organic elemen-
tal analysis; the DS values were also calculated from the

chitosan

----------- chit/Fe/koj
————- chit/koj4

Absorbance

T 1 T T T i ' T Y T L TR T ‘
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 2. UV-vis absorption spectra of the initial chitosan film (solid) and
the modified chitosan films: chit/Fe (dash), chit/Fe/koj (dot) and chit/koj4
(dash dot).

'"H NMR spectra (Tables 1 and 2). The highest substitu-
tion was achieved in the case of chit/koj3. The low chlo-
rokojic acid to chitosan ratio (1:1) was ineffective and led
to reaction yields of 7 mol %. Free base chitosan (chit/
koj3) and chitosan lactate (chit/koj2) showed similar
reactivity at the same conditions. Thus, the state of free
amino groups in chitosan (NH, or NH,™) slightly influ-
enced N-alkylation of chitosan with chlorokojic acid.
Surprisingly, reaction at higher temperatures (40 and
60 °C) reached significantly lower reaction yields than
could be explained by the occurrence of side reactions
(Kim & Choi, 1998). The product chit/koj6 prepared in
DMF showed similar DS like chit/koj2 prepared at the
similar conditions in DMSO.

UV-vis absorption spectrum of the film prepared from
chit/koj4 is shown in comparing with the spectra of an ini-
tial chitosan film before and after subsequent modification
with FeCl; and kojic acid (Fig. 2). Two absorption bands
at 218 and 274 nm indicated the presence of 4-oxopyranone
groups. These bands were assigned to intraligand n — =*
and © — n* transitions of the chromophoric C=0 group
(Marwaha et al., 1994; Sima et al., 1993).

FT-IR spectra of chitosan—kojic acid conjugates chit/
kojl-6 obtained at different reaction conditions were quite
similar to each other (Fig. 3(a)). New IR bands of kojic acid
residues were observed at ~1650cm™' (C=O stretch),
1630-1617 cm~! (C=0, C=C stretch) and 1220-1210 cm !
(aromatic C—O—C stretch) (Marwaha et al., 1994). Corre-
sponding bands of chlorokojic acids are centred at 1658,
1624 and 1230 cm™' (not shown). The intense band at
1218-1212cm™! and the shoulder at 922cm™' were
broadened and shifted from the corresponding features of
chlorokojic acid that could be due to covalent binding of
the kojic acid residues onto the polysaccharide. The shoulder
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Fig. 3. FT-IR (a) and FT Raman (b) spectra of chit/koj1-6.

near 1242 cm™' in the spectra of chit/koj5 and chit/koj6

prepared at higher temperatures, respectively, 40 and
60 °C, may indicate another way for 4-oxypyranone binding.
New bands of the derivatives at 1660-1620 cm ™' are highly
overlapped by the chitosan bands at 1630 and 1526 cm ™!
(Paulino et al., 2006), so their identification is difficult. These
new bands, however, cause significant absorbance increase
near 1630 cm ™ in comparison with the neighbouring region
around 1530 cm™!, where kojic and chlorokojic acids do
not absorb. The products chit/koj4 and chit/koj5 also
showed new shoulders at 1744 and 1702 cm ™' that could
be assigned to difficultly identified products of side reactions,
probably carbonyls. These bands were more pronounced
in the case of chit/koj5 prepared at higher temperature
(60 °C).

FT-Raman spectra of chitosan—kojic acid conjugates
(Fig. 3(b)) contained several bands assigned to the substi-
tuted kojic acid groups. The intense sharp band at 1647-
1651 cm ™! and several smaller bands at 1609-1592 cm ™!
were assigned to C=0 and C=C stretch in the kojic acid

moieties; the band at 754-759 cm ™! to skeletal vibration
of the 4-pyronone ring. Corresponding Raman bands of
chlorokojic acid were found at 1648 and 1589 cm™' (not
shown). The first group of bands is overlapped by the
chitosan bands of similar position (1657 cm™' — amide I,
1598 cm™! — in-plane deformation of —NH,). The ratio
between the intensities of the bands at 1647-1651 and
896-898 cm ' could be used for the estimation of the sub-
stitution degree (Table 3). It is evident that this ratio corre-
lated well with the DS value obtained by elemental analysis
or ' H NMR. Raman spectrum of chit/koj5 showed weak
features and a strong fluorescence background due to the
presence of products of chitosan oxidation, so the intensity
ratio did not calculated for this product. Nevertheless, the
marker bands of kojic acid were definitely present even in
this case. Two bands at 711 and 677 cm ™" present in chit/
kojl and chit/koj3 were assigned to residual DMSO
(Bianco et al., 1986).

Proton NMR spectrum of chit/koj4, which is similar to
those of the other derivatives, is shown in Fig. 4(a) together
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Table 3
Characterisation of the chitin—kojic acid conjugates and the initial chitosan lactates
Sample Tiesol Isos Content (mol/mol)*
DS DA Lactate Glucan DMSO Water
Elem. '"H NMR '"H NMR '"H NMR Elem. GC 'H NMR Elem.
Chitosan lactate 1 - - 0.17 0.28 0.11 0.11 - 1.4
Chitosan lactate 2 - - - 0.18 0.17 0 0 - 1.4
chit/koj1 1.5 0.06 0.09 0.17 0.02 0.11 ND 0.08 1.3
chit/koj2 2.5 0.21 0.18 0.16 Traces 0.11 ND Traces 1.5
chit/koj3 3.0 0.22 0.20 0.13 Traces 0.11 ND 0.06 1.3
chit/koj4 1.7 0.13 0.13 0.14 0 0.11 ND Traces 1.7
chit/koj5 ND 0.08 0.08 0.11 0 0.11 ND Traces 1.6
chit/koj6 2.5 0.18 0.19 0.14 0 0 ND - 2
% Calculated on the monomeric unit of chitosan.
a H-2 GIcNAc
HOD &
(32

with band assignments based on previous reports (Fernan-
dez-Megia et al., 2005; Lavertu et al., 2003; Marwaha et al.,
1994). The signals of chitosan protons at 3.83, 3.67, 3.10

T T

140

T
100
PPM

Fig. 4. "H NMR (a) and '*C CPMAS NMR (b) spectra of chit/koj4.

and 1.88 ppm did not change significantly their chemical
shifts after the reaction with chlorokojic acid, while lactate
hydrogen peaks at 4.20 and 1.23 ppm vanished from the
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spectrum and three resonance signals appeared at ca. 4.2,
6.6 and 8.1 ppm. These new peaks were assigned to the pro-
tons of kojic acid residues bound to the polysaccharide.
Corresponding resonance signals of chlorokojic acid in
D,0 solution were found at 4.40 and 4.65 ppm (CH,),
6.53 ppm (H-3') and 7.97 ppm (H-6’). Therefore, the sig-
nals of aromatic proton H-3’ and H-6' in chit/koj4 were
downfield shifted by 0.1 ppm in accordance to the initial
chlorokojic acid, while the CH, signal was upfield shifted
by 0.2-0.5 ppm. Aromatic protons of the 4-pyron ring
are much less sensitive to the chlorine substitution than
the methylene protons, so observed shifts confirm that
the kojic acid moiety is bound to chitosan via the CH,
group.

3C CP-MAS NMR spectrum of chit/koj4 with the
assignment of the resonance signals (Heux et al., 2000;
Marwaha et al., 1994; Paulino et al., 2006) is shown in
Fig. 4(b). Spectrum of the product contained broad signals
of all the carbons of kojic acid residues bound to chitosan.
The signals of C-2’ (159.2 ppm), C-3’ (114.7 ppm) and CH,
(61.5 ppm) carbons of the substituents are markedly shifted
in comparison with the corresponding carbon signals of
chlorokojic acid (respectively, 162.7, 113.9 and 40.9-
43.4 ppm). Chemical shift of the last one is nearly identical
with that of chlorokojic acid. According to '*C CP-MAS
NMR the degree of substitution DS was 0.12 mol/mol
which is close to the value obtained by 'H NMR
(0.13 mol/mol) (Table 3).

3.3. Characterisation of the chitosan—FeO(OH) composites
and the chitosan—FeO(OH )—kojate complexes

Subsequent reactions of chitosan with FeCl; and kojic
acid were carried out both in homogeneous (aqueous solu-
tions) and heterogeneous (polysaccharide films) conditions.
Obtained products were precipitates and modified films.
The precipitate chit/Fe was yellow coloured, so it con-
tained FeO(OH) bound to chitosan. The reaction with
kojic acid led to a change in colour of the product chit/
Fe/koj from yellow to reddish brown that could be an evi-
dence of complexation. During the reaction of a chitosan
film with FeCl; the subcolloid particles of FeO(OH) are
formed and assembled into thick layers on the opposite
surfaces of the film; further reaction with kojic acid led
to partial dissociation of the particles, while the thinned
FeO(OH) layers carrying bound kojate retained on the film
surfaces (Fig. 1(c)). Chitosan films became yellow coloured
after interaction with iron(III) salt, and this colour was
more intense for longer reaction times. Further reaction
of modified film with kojic acid induced dissolution of
some FeO(OH) that led to colouring of the reaction med-
ium. This fact could be clarified by appearing of soluble
ferric kojate complex. A fraction of FeO(OH), however,
was still bound to chitosan film. The colour of the modified
films was stable after washing.

Table 4 represents molar relations between iron(III),
kojic acid and monomeric units of chitosan in the precipi-

Table 4
Characterisation of the iron(II) contained products
Sample Fe (%) Content (mol/mol)*

Calc. Exp. Kojic acid Fe Water
chit/Fe 24.14 24.36 1.39° 2°
chit/Fe/koj 9.18 9.23 0.07° 0.48° 2b
Fe/koj 2.42 2.41 0.06° 0

% Obtained by elemental analysis and photometry.
® Calculated in moles per a mole of monomeric units of chitosan.
¢ Calculated in moles per a mole of kojic acid.

tates calculated from the results of organic elemental and
iron(III) analysis. A large amount of iron(Ill) bound to
chitosan (~24% m/m or 1.39 mol/mol of chitosan units)
in chit/Fe obtained by first step reaction of chitosan with
FeCl; was significantly reduced by the second step reaction
with kojic acid. Nevertheless, a significant part of kojic acid
molecules (0.17 mol/mol of chitosan units) was retained by
binding to some peripheral iron(III) cations of chit/Fe. As
a result, a triple complex chit/Fe/koj was formed. For this
complex the molar ratio of chitosan units:iron(III):kojate is
about 2:1:0.34.

UV-vis absorption spectra of modified chitosan films are
shown in Fig. 2. Absorption increase in the case of the chit/
Fe film indicated the presence of iron(III), that led to
appearance of a broad shoulder in UV and partially visible
region due to the charge transfer in FeO(OH). Absorption
spectrum of the chit/Fe/koj film had an intense band with
absorption maximum at 281 nm assigned to 7 — n* transi-
tions of the chromophoric C=0 group in the ligand. This
band is shifted towards the red in comparison to the corre-
sponding band of free ligand at 272 nm that is attributive to
the involvement of carbonyl group into the complexation
(Marwaha et al., 1994). The absence of the characteristic
ferric kojate band at 490 nm that has been assigned to the
LMCT transition (02p — Fe3d) (Sima et al., 1993) could
be explained by weaker interaction between kojic acid and
metal on the film surface than in ferric kojate. The ligand
is able to bind to the peripheral iron(I1I) cation on the sur-
face of the FeO(OH) coating of the chitosan film. This reac-
tion may lead to the elimination of the cation or to the
addition of the kojate onto the composite depending on that
how strong the cations are connected inside the FeO(OH)
particle. The metal cation connecting to other ones inside
a subcolloid particle cannot possess enough binding sites
to form chelates with kojic acid like in ferric kojate.

Vibration spectra of the precipitates obtained are shown
in Fig. 5 in comparison with those of FeO(OH) and
Fe(koj);. FT-IR spectrum of chit/Fe/koj demonstrates a
number of characteristic bands assigned to vibrations of
bound ligand (Fig. 5(a)). These are bands and shoulders cen-
tred at 1620, 1568, 1478, 920, 860 and 758 cm ™. Two bands
at 1568 and 1478 cm ™!, which are overlapped by the chito-
san bands, are the most intense of them. All these bands
as well as an evident change of the broad band at
1620 cm™" due to the ligand contribution confirm the
presence of kojic acid in chit/Fe/koj. In contrast, FT-IR
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Fig. 5. FT-IR (a) and dispersion Raman (b) spectra of chit/Fe, chit/Fe/koj, Fe(koj); and FeO(OH).

spectra of chitosan films did not markedly change after sub-
sequent modification with FeCl; and kojic acid (Fig. 6). The
difference in relative intensity and width of the most inten-
sive polysaccharide bands in the region of 1200-900 cm ™!
is caused by the variation in thickness across the whole film
area; other spectral changes were insignificant. Thus, the
surface modification of chitosan films slightly influenced
the IR bands because its contribution is negligible in com-
parison with that of the whole film thickness.

Raman spectra of chit/Fe and chit/Fe/koj (Fig. 5(b))
showed intense band at 1115-1117 cm™" and very broad
band at 250-600 cm . These bands indicate the presence
of FeO(OH). Raman spectrum of chit/Fe/koj showed two
intense bands at 1570 and 1511 cm™' assigned to C=O0,
C=C stretching vibrations of kojic acid bound to iron(III).
Several new bands were also found at 1303, 978, 803, 761,
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Fig. 6. FT-IR spectra of the chitosan film before (solid) and after
subsequent modifications with FeCl; (dash) and kojic acid (dot).

642, 571 and 505 cm™!. These bands arise from skeletal
vibrations of kojic acid in ferric complex. Their positions,
however, are shifted from those of corresponding ferric koj-
ate bands. Thus, the type of kojate binding to iron(III) is not
identical for chit/Fe/koj and ferric kojate.

4. Conclusions

Direct and non-direct conjugation of kojic acid with
chitosan was carried out and the products obtained were
characterised by elemental analysis and spectroscopic
methods. The results of analysis lead us to following
conclusions.

(a) N-alkylation of chitosan with chlorokojic acid is an
effective method of covalent conjugation of 5-hydroxypyr-
anone group to the polysaccharide. The highest substitu-
tion degree was obtained for free base chitosan in a
homogeneous reaction with an excess of chlorokojic acid
in DMSO at the laboratory temperature, while the hetero-
geneous reaction in the medium of DMF led to comparable
yields. A decrease in the substitution degree was observed
for the products prepared at higher temperatures that
could be due to acceleration of side reactions. The reaction
yields were not high (up to 27 mol %) but may be sufficient
to enhance antimicrobial properties of chitosan based edi-
ble films or other products. Detailed characterisation of
such films will be a topic of further investigation. In addi-
tion, the presence of 5-hydroxypyranone substituents may
improve the ability of chitosan to bind metal cations.

(b) Attachment of kojic acid to chitosan via FeO(OH)
was also successive. The product of two-step reaction is tri-
ple chitosan—FeO(OH )-kojate complex, in which kojic acid
is bound to peripheral iron(I1I) cations of subcolloidal par-
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ticles of FeO(OH) attached to the polysaccharide. This
complex is an example of chemically modified nanoparti-
cles assembling on the surface of chitosan fibres or films.
Iron oxides have been used as colouring agents in the prep-
aration of edible films for use in pharmaceuticals, confec-
tionery and food (Porter & Woznicki, 1985). Therefore, a
combination of FeO(OH) and kojic acid may introduce
colour and antimicrobial activity to chitosan-based films.

Acknowledgements

This work was supported by the Ministry of Education of
the Czech Republic (Project Nos. CEZ: MSM6046137305
and CEZ: MSM6046137307). Authors are grateful to
Contipro s.r.o., Czech Republic for the giving of chitosan
lactate that was used in the experiments.

References

Arvanitoyannis, 1. (1999). Totally and partially biodegradable polymer
blends based on neutral and synthetic macromolecules: Preparation
and physical properties and potential. Journal of Macromolecular
Sciences — Review Macromolecular Chemical Physics C, 39, 205-271.

Arvanitoyannis, 1., Nakayama, A., & Aiba, S. (1998). Chitosan and
gelatine based edible films: State diagrams mechanical and permeation
properties. Carbohydrate Polymers, 37, 371-382.

Babel, S., & Kurniawan, T. A. (2003). Low-cost adsorbents for heavy
metals uptake from contaminated water: A review. Journal Hazardous
Materials, 97, 219-243.

Baldz, S., Surdik, E., Ujhelyova, R., Valigura, D., Uher, M., Veverka, M.,
et al. (1993). Biologically important physicochemical properties of
kojic acid derivatives. Collection of Czech Chemical Communications,
58, 693-701.

Berger, J., Reist, M., Mayer, J. M., Felt, O., Peppas, N. A., & Gurny, R.
(2004a). Structure and interactions in covalently and ionically cross-
linked chitosan hydrogels for biomedical applications. European
Journal of Pharmaceutics and Biopharmaceutics, 57, 19-34.

Berger, J., Reist, M., Mayer, J. M., Felt, O., Peppas, N. A., & Gurny, R.
(2004b). Structure and interactions in chitosan hydrogels formed by
complexation or aggregation for biomedical applications. European
Journal of Pharmaceutics and Biopharmaceutics, 57, 35-52.

Bernkop-Schniirch, A. (2000). Chitosan and its derivatives: Potential

excipients for peroral peptide delivery systems. International Journal of

Pharmaceutics, 194, 1-13.

Bernkop-Schniirch, A., & Freudl, J. (1999). Comparative in vitro study of
different chitosan-complexing agent conjugates. Pharmazie, 54, 369-371.

Bernkop-Schniirch, A., & Kast, C. E. (2001). Chemically modified
chitosans as enzyme inhibitors. Advanced Drug Delivery Reviews, 52,
127-137.

Bianco, S., Cataliotti, R. S., Chiely, S., Guerrini, F., Gaburri, C., Paliani, G.,
et al. (1986). Solid state vibrational spectroscopy of disordered crystals. A
study of dimetbylsulpboxide at 213 K. Spectrochimica Acta, 42 4, 855-860.

Bransova, J., Brtko, J., Uher, M., & Novotny, L. (1995). Antileukemic
activity of 4-pyranone derivatives. International Journal of Biochem-
istry & Cell Biology, 27, 701-706.

Brtko, J., Rondahl, L., Fickova, M., Hudecova, D., Eybl, V., & Uher, M.
(2004). Kojic acid and its derivatives: History and present state of art.
Central European Journal of Public Health, 12, S16-S18.

Burdock, G. A., Soni, M. G., & Carabin, I. G. (2001). Evaluation of
health aspects of kojic acid in food. Regulatory Toxicology and
Pharmacology, 33, 80-101.

Burke, A., Yilmaz, E., & Hasirci, N. (2000). Evaluation of chitosan as a
potential medical iron(I1I) ion adsorbent. Turkish Journal of Medical
Sciences, 30, 341-348.

Carolan, C. A., Blair, H. S., Allen, S. J., & McKay, G. (1991). Chemical
Engineering Research Design, 69, 195-196.

Del Blanco, L., Rodriguez, M. S., Schulz, P., & Agulls, E. (1999).
Influence of the deacetylation degree on chitosan emulsification
properties. Colloid Polymer Science, 277, 1087-1092.

Dodane, V., & Vilivalam, V. D. (1998). Pharmaceutical applications of
chitosan. Pharmaceutical Science & Technology Today, 1, 246-253.
Fernandez-Megia, E., Novoa-Carballal, R., Quinoa, E., & Riviera, R.
(2005). Optimal routine conditions for the determination of the degrees
of acetylation of chitosan by "H-NMR. Carbohydrate Polymers, 61,

155-161.

Guibal, E. (2004). Interactions of metal ions with chitosan-based sorbents:
A review. Separation and Purification Technology, 38, 43-74.

Hejazi, R., & Amiji, M. (2003). Chitosan-based gastrointestinal delivery
systems. Journal Controlled Release, 89, 151-165.

Heux, L., Brugnerotto, J., Desbrieres, J., Versali, M.-F., & Rinaudo, M.
(2000). Solid state NMR for determination of degree of acetylation of
chitin and chitosan. Biomacromolecules, 1, 746-751.

I'ina, A. V., & Varlamov, V. P. (2005). Chitosan-based polyelectrolyte
complexes: A review. Applied Biochemistry and Microbiology, 41, 5-11.

Ivsi¢, A. G., & Tamhina, B. (2003). Extraction and formation of iron(III)
thiocyanate complexes: Application for spectrophotometric determi-
nation of iron. Croatica Chemica Acta, 76, 323-328.

Khor, E., & Lim, Y. L. (2003). Implantable applications of chitin and
chitosan. Biomaterials, 24, 2339-2349.

Kim, C. H., & Choi, K. S. (1998). Synthesis and properties of
carboxyalkyl chitosan derivatives. Journal of Industrial and Engineering
Chemistry, 4, 19-25.

Kittir, F. S., Kumar, K. R., & Tharanathan, R. N. (1998). Functional
packaging properties of chitosan films. Zeitschrift fiir Lebensmittelun-
tersuchung und-Forschung A, 206, 44-47.

Kurita, K. (1998). Chemistry and application of chitin and chitosan.
Polymer Degradation and Stability, 59, 117-120.

Kurita, K. (2001). Controlled functionalization of the polysaccharide
chitin. Progress in Polymer Science, 26, 1921-1971.

Lavertu, M., Xia, Z., Serreqi, A. N., Berrada, M., Rodrigues, A., Wang,
D., et al. (2003). A validated '"H NMR method for the determination
of the degree of deacetylation of chitosan. Journal of Pharmaceutical
and Biomedical Analysis, 32, 1149-1158.

Li, Z., Ramay, H. R., Hauch, K. D., Xiao, D., & Zhang, M. (2005).
Chitosan—alginate hybrid scaffold for bone tissue engineering. Bioma-
terials, 26, 3919-3928.

Lorenzo-Lamosa, M. L., Remunan-Lépez, C., Vila-Jato, J. L., &
Alonso, M. J. (1998). Design of microencapsulated chitosan
microspheres for colonic drug delivery. Journal of Controlled
Release, 52, 109-118.

Marwaha, S. S., Kaur, J., & Sohdi, G. S. (1994). Organomercury(II)
complexes of kojic acid and maltol: Synthesis, characterisation and
biological studies. Journal of Inorganic Biochemistry, 54, 67-74.

Morimoto, M., Saimoto, H., & Shigemasa, Y. (2002). Control of functions
of chitin and chitosan by chemical modification. Trends in Glycoscience
and Glycotechnology, 14, 205-222.

Novotny, L., Rauko, P., Abdel-Hamid, M., & Vachalkova, A. (1999).
Kojic acid — a new leading molecule for a preparation of compounds
with an anti-neoplastic potential. Neoplasma, 46, 89-92.

Park, J. W., Choi, K.-H., & Park, K. K. (1983). Acid-base equilibria and
related properties of chitosan. Bulletin of Korean Chemical Society, 4,
68-72.

Paulino, A. T., Simionato, J. 1., Garcia, J. C., & Nozaki, J. (2006).
Characterization of chitosan and chitin produced from silkworm
crysalides. Carbohydrate Polymers, 64, 98-103.

Porter, S. C., & Woznicki, E. J. (1985). Dry edible film coating
composition, method and coating form. United States patent 4543370.

Ravi Kumar, M. N. V. (2000). A review of chitin and chitosan
applications. Reactive & Functional Polymers, 46, 1-27.

RaviKumar, M. N. V., Muzzarelli, R. A. A., Muzzarelli, C., Sashiwa, H.,
& Domb, A. J. (2004). Chitosan chemistry and pharmaceutical
perspectives. Chemical Review, 104, 6017-6084.



A. Synytsya et al. | Carbohydrate Polymers 72 (2008) 21-31 31

Rinaudo, M., Dung, P. L., Gey, C., Milas, M., & Mariotti, S. (1992).
International Journal of Biological Macromolecules, 14, 122-128.

Sallam, S. A., Haggag, S. S., & Masoud, M. S. (1990). Thermodynamic
parameters of ionization of kojic acid and its coordinating behaviour
towards transition metals. Thermochimica Acta, 168, 1-7.

Sashiwa, H., & Aiba, S. 1. (2004). Chemically modified chitin and chitosan
as biomaterials. Progress in Polymer Sciences, 29, 887-908.

Sashiwa, H., Fujishima, S., & Yamano, N. (2003). Enzymatic production
of N-acetyl-D-glucosamine from chitin. Degradation study of N-
acetylchitooligosaccharide and the effect of mixing of crude enzymes.
Carbohydrate Polymers, 51, 391-395.

Schmuhl, R., Krieg, H. M., & Keizer, K. (2001). Adsorption of Cu(1l) and
Cr(VI) ions by chitosan: Kinetics and equilibrium studies. Water SA4,
27, 1-1.

Schulz, P. C., Rodriguez, M. S., Del Blanco, L. F., Pistonesi, M., &
Agullé, E. (1998). Emulsification properties of chitosan. Colloid &
Polymer Science, 276, 1159-1165.

Shahidi, F., Arachchi, J. K. V., & Jeon, Y.-J. (1999). Food applications of
chitin and chitosans. Trends in Food Science & Technology, 10, 37-51.

Sima, J., Chochulovd, B., Veverka, M., Makdnovd, J., Hajselova, M., &
Bradiakova, A. (1993). Efficiency of the photoreduction of iron(III)
complexes with kojic acid derivatives. Polish Journal of Chemistry, 67,
1369-1374.

Sipos, P., Berkesi, O., Tombacz, E., St Pierre, T. G., & Webb, J. (2003).
Formation of spherical iron(III) oxyhydroxide nanoparticles sterically
stabilised by chitosan in aqueous solutions. Journal of Inorganic
Biochemistry, 95, 55-63.

Uher, M., Chalabala, M., & Cizmarik, J. (2000). Kojic acid and its
derivatives as potential therapeutic agents. Ceskd a slovenskd farmacie,
49, 288-298.

Uher, M., Hudecovd, D., Brtko, J., Dobias, J., Kova¢, J., Sturdik, E.,
et al. (1989). Antifungal preparation. CS Patent No. 259592.

Varma, A. J., Deshpande, S. V., & Kennedy, J. F. (2004). Metal
complexation by chitosan and its derivatives: A review. Carbohydrate
Polymers, 55, 77-93.

Wang, X., Du, Y., & Liu, H. (2004). Preparation, characterization and
antimicrobial activity of chitosan-Zn complex. Carbohydrate Poly-
mers, 56, 21-26.



	Conjugation of kojic acid with chitosan
	Introduction
	Experimental
	Materials
	Preparation of the chitosan-kojic acid conjugates
	Film preparation
	Preparation of the chitosan-FeO(OH) composite and chitosan-FeO(OH)-kojate complex
	Analytical methods

	Results and discussion
	Characterisation of the initial chitosan lactates
	Characterisation of the chitosan/kojic acid conjugates
	Characterisation of the chitosan-FeO(OH) composites and the chitosan-FeO(OH)-kojate complexes

	Conclusions
	Acknowledgements
	References


