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ABSTRACT

This paper documented a facile and green approach for synthesizing water soluble cross-linked
starch-maleate monoester gel particles from native sago starch (Metroxylon sagu). Starch-maleate (SM)
monoester gel was initially synthesized by reacting sago starch with maleic anhydride in an aqueous
medium, and followed by precipitating in absolute ethanol. The transformation of starch-maleate gel into
cross-linked gel particles of mean diameter 445 + 115 nm occurred upon UV irradiation in the presence
of cerium(IV) ammonium nitrate. The substitution of maleic anhydride onto starch chains was confirmed
by FTIR spectroscopy, and the degree of substitution (DS) as determined by the back-titration method
was within the range of 0.03-0.21. The water absorbency and hydrophilicity of SM samples of DS <0.03
was substantially lower than SM samples of DS >0.08. Being non-toxic, biocompatible and cheap, the
potential utility of starch-maleate gel particles as drug delivery carriers in biomedical applications is

therefore envisaged.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent decade, numerous biomedical applications based on
the utilization of natural polymers such as proteins (e.g. colla-
gen, gelatin and albumin) and polysaccharides (e.g. starch, dextran,
cellulose and chitosan) had been reported (Elfstrand et al., 2007;
Liu, Chen, Li, Hu, & Cai, 2004; Shanbhag, Barclay, Koziara, &
Shivanand, 2007; Tiyaboonchai, 2003). Recently, starch deriva-
tives have been studied for potential applications in the controlled
release of therapeutic agents (Alias, Silva, Goni, & Gurruchaga,
2008; Bravo-Osuna, Ferrero, & Jiménez-Castellanos, 2008; Chen,
Li, Li, & Guo, 2007). Starch derivatives are inexpensive biomate-
rials which exhibit bioavailability and biocompatibility properties
in biological fluid. Due to the presence of abundant and freely
available hydroxyl groups on the starch chains, starch can be eas-
ily modified and tailored for various desired applications (Sun &
Sun, 2002). The hydroxyl groups of starch chains can be ether-
ified through the formation of free radicals, or esterified with
carboxylic acid, acyl chloride as well as acid anhydride (Chi et al.,
2008; Fang, Fowler, Sayers, & Williams, 2004). Various sources of
starch have been utilized as the precursors for the preparation
of a wide range of starch derivatives suitable for pharmaceu-
tical applications (Elfstrand et al.,, 2007). Starch derivatives of
high amylose maize were investigated as effective colon-targeted
drug delivery carrier (Alias et al., 2008) and gastrointestinal tract
drug delivery carrier (Desai, 2007). High amylose Hylon VII starch
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was investigated as starch excipients for transmucosal delivery
(Mulhbacher, Ispas-Szabo, Ouellet, Alex, & Mateescu, 2006). Maize
starch derivative was evaluated as a potential drug delivery car-
rier for colon-targeting biomacromolecule drugs (Chen etal.,2007).
However, little or no study has been conducted on the utilization
of sago starch derivatives for biomedical applications.

In the modification and derivatization of starch, an appropriate
solvent medium is essential for the effective solubilization of starch
granules, and subsequent dissolution of their amylose and amy-
lopectin components. Upon dissolution, hydroxyl groups on the
polysaccharide chains become accessible to electrophillic substitu-
tion during the esterification reaction. The solubilization of starch
during esterification was commonly being conducted in aprotic
solvents such as LiCl/dimethylacetamide and dimethylsulfoxide
(DMSO) (Biswas, Shogren, Kim, & Willett, 2006; Fang et al., 2004).
These solvent systems were harmful and difficult to be removed
from the end products, and hence rendered them unsuitable for
biomedical applications. Nevertheless, the successful starch ester-
ification in aqueous media with a moderate degree of substitution
had been reported (Xu, Miladinov, & Hanna, 2004). It is notewor-
thy that sodium hydroxide is commonly being used as a catalyst in
aqueous starch esterification instead of using toxic reagents such
as N,N-dimethylaminopyridine, methane sulphonic acid (Biswas
etal., 2006; Chi et al., 2008; Fang et al., 2004; Wang & Wang, 2002).
Enhanced starch solubility in alkaline medium had resulted in high
accessibility of reagents and hence uniform substitution.

Although the preparation of starch esters with substituted
hydrophobic end groups such as acetylated starch have been fre-
quently reported (Gunaratne & Corke, 2007; Roesser, McCarthy,
Gross, & Kaplan, 1996), little attention has been focused on starch
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Fig. 1. Schematic representation of the reaction between sago starch and maleic anhydride.

monoesters derived from dicarboxylic acids such as maleic acid,
fumaric acid and succinic acid (Yoshimura, Yoshimura, Seki, &
Fujiok, 2006). Biswas et al. (2006) prepared starch maleate half-
esters of degree of substitution (DS) up to 0.25 using microwave
assisted heating with DMSO and pyridine being used as the solvent
and catalyst, respectively. Maleic acid and fumaric acid form unsat-
urated polyesters with starch, and these resulting macromolecules
are stabilized by the formation of cross-linked networks via pho-
tocuring of the unsaturated double bonds of dicarboxylic acids
(Mahmoudi, Simchi, Imani, & Hafeli, 2009).

In this study, we have successfully synthesized starch-
maleate (SM) monoester gels of DS up to 0.21 in an aqueous
medium by a facile and green synthesis approach using non-
toxic precipitating media (ethanol, propan-2-ol, or butan-1-ol).
Starch-maleate monoester gels were transformed into discrete
spherical gel particles upon UV irradiation of SM solution in the
presence of cerium(IV) ammonium nitrate, and subsequently pre-
cipitated in absolute ethanol under controlled conditions. The
physico-chemical characteristics and properties such as surface
morphology, particle size, degree of substitution, and moisture
absorbency of both starch-maleate monoester gels and cross-linked
starch-maleate monoester gel particles (CSM) were investigated.

2. Experimental
2.1. Materials

Native sago starch powder was obtained from a local gro-
cery store (Commercial Food grade, 27% amylose). Sodium
hydroxide (AR grade, Cat No. 7708-12) was supplied by Mallinck-
rodt. Cerium(IV) ammonium nitrate (Cat. No. 1.02276.0100),
maleic anhydride (Cat. No. 8.00408.1000), butan-1-ol (Cat. No.
1.01990.2500) and propan-2-ol (Cat. No. 1.09634.2511) were pur-
chased from Merck; Absolute ethanol (GPR grade) was purchased
from Hamburg. All chemicals were used without further purifica-
tion. Ultrapure water (18.2 M2) was used in all syntheses.

2.2. Synthesis of starch-maleate monoester gels

Starch-maleate monoester gels were prepared by esterification
of starch in an aqueous medium (Fig. 1). Typically, about 8.0 g of
sago starch (0.05 mol anhydroglucose unit or AGU) was added into
different volumes of ultrapure water (10 mL, 50 mL or 100 mL) in a
conical flask. The dispersion mixture was stirred while the required
amount of 2.0M NaOH solution (50 mL, 25mL or 12.5mL) was
added. The dispersed starch solution was slowly gelatinized to form
a dark brown solution. 7.4 g of maleic anhydride (MA) (1.5 mol MA
to 1.0 mol of AGU) was then added to the gel which gradually turned
into a less viscous and pale yellowish solution. The resulting mix-
ture was stirred continuously at 100 °C for 4 h. Upon completion of
reaction, the mixture was cooled to room temperature, and the sol-
uble SM product was isolated by precipitation with 50 mL of various

precipitating media (ethanol, propan-2-ol or butan-1-ol) at room
temperature. The pinkish white precipitate was collected by vac-
uum filtration, rinsed three times with pure precipitating media to
remove excess maleic anhydride, and then dried overnight at 60°C
in a conventional oven. These SM samples (0.15g) were further
purified by dissolving them in ultrapure water (15mL) and re-
precipitated by adding SM solutions dropwise into absolute ethanol
(30 mL) under constant stirring. All SM precipitates were then dried
overnight at 60 °C in a conventional oven.

2.3. Preparation of cross-linked starch-maleate monoester gel
particles (CSM)

About 1.30g of SM with DS=0.21 (0.05 mol anhydroglucose-
maleate unit) as prepared previously was dissolved in 10 mL of
ultrapure water in a glass vial. 5mL of 1.0M cerium(IV) ammo-
nium nitrate solution was then added into the SM solution. The
reaction mixture was purged with purified nitrogen gas to remove
dissolved oxygen. In this study, a UV lamp of short wavelength
(254 nm) and a power of 6 W was positioned at a distance of about
1cm from the sample in a tightly sealed vial. The reaction mix-
ture was continuously stirred while being irradiated with UV light
at ambient temperature for 8 h. The resulting reaction mixture was
added dropwise into 30 mL of absolute ethanol under constant stir-
ring. The resulting white pinkish precipitate of CSM was collected
by vacuum filtration and dried overnight at 60 °C in a conventional
oven.

2.4. Characterization of SM and CSM

Fourier transformed infrared (FTIR) spectra of native sago starch,
SM and CSM samples were obtained from KBr/sample pellets, using
a PerkinElmer System Spectrophotometer within the wavenumber
range of 4000-400cm~!.

The morphology of SM and CSM samples were studied by SEM
(JEOL JSM-6390LA) with an accelerating voltage of 10-15kV. The
CSM samples were pre-coated with a thin layer of platinum to
reduce the charging effect during SEM imaging. SEM micrographs
were generated at three randomly selected spots of samples from
which the mean particle size and size distribution of dispersed CSM
samples were determined. The mean particle diameter (D) of CSM
was determined by randomly measuring at least 50 discrete and
spherical CSM particles. according to Eq. (1) (Arnal, Matos, Morales,
Santana, & Miiller, 1998):

where n; is the number of particles of diameter d;.

The degree of substitution (DS) of SM was determined according
to the method reported by Xu et al. (2004) with some modifica-
tions. Typically, a known weight of the SM sample was dissolved
in 10 mL of 0.1 M NaOH with stirring at ambient temperature for



S.H. Tay et al. / Carbohydrate Polymers 88 (2012) 1195-1200 1197

~
1158

1081 1025

3400

Transmittance (%)

934

1155
3395 1079

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

1024

Wave Number (cm)

Fig. 2. FTIR spectra of (a) native sago starch, and (b) starch-maleate monoester
(DS=0.21) which was precipitated in absolute ethanol.

30 min. The excess NaOH was back-titrated with standard 0.2 M HCl
using phenolphthalein as the indicator. The titration was repeated
twice, and the average volume of HCl was corrected against the
control sample as blank. The DS of SM sample was calculated using
Eq. (2):

162 x ncooy

DS= ———————
m — 99 x Ncoon

(2)
where 162 g/mol is the molar mass of an AGU, 99 g/mol is the net
increase in the mass of an AGU for each maleate molecule substi-
tuted, m is the weight of sample analyzed, and ncgoy is the amount
of COOH calculated from the average titrated volume of standard
HCl according to Eq. (3):

NcooH = VNaoH % CNaoH — Vhal % Cual (3)

The moisture absorbency of the SM sample at room temperature
was evaluated after it has been equilibrated in arelative humidity of
100% for 6 days. A known amount of the sample was placed inside
a plastic container and maintained at a constant relative humid-
ity (RH) of 100%. The moisture absorbance of the SM sample was
calculated according to Eq. (4):

Wa— W,

W % 100 (4)

Moisture absorbency (%) =
where W, and W, are the weight of the samples before and after
equilibration, respectively.

3. Results and discussion
3.1. Evidences of maleate substitution on starch molecules

Fig. 2 shows the FTIR spectra of native sago starch and SM sam-
ples. The SM sample showed an absorption band at 1721cm™!
which could be attributed to the carbonyl group of maleate moi-
ety in the substituted starch (Pang, Chin, Tay, & Tchong, 2011;
Raquez et al., 2008). The absorption peak at 1581 cm~! could be
attributed to the C=Cbond of the maleate moiety (Thakur, Chauhan,
& Ahn, 2009), and non-symmetric deformation of the carboxy-
late (-COO~) group (Rivero, Balsamo, & Miiller, 2009). The absence
of absorption peaks at 1787 and 1857 cm~! which corresponded
to ring anhydride carbonyl group showed that no maleic anhy-
dride remained in the sample (Wu, 2003). In the fingerprint region,
several peaks were observed at 1155, 1079, 1024 and 934cm™!,
which could be attributed to C-O bond stretching of sago starch
(Fang et al., 2004). The peaks at 1079 and 1024 cm~! were char-
acteristic of the anhydroglucose ring O-C stretching, indicating

Table 1
Synthesis parameters used and reaction efficiency (RE) in the preparation of starch
maleate monoester samples.

Sample Molar ratio? Volume of water (mL) DSP RE€ (%)
1 1:3:1 10 0.21 7.0

2 1:1.5:1 10 0.11 7.3

3 1:0.75:0.5 10 0.12 16.0

4 1:1.5:0.25 10 0.07 4.7

5 1:1.5:0.25 50 0.03 2.0

6 1:1.5:0.25 100 0.04 2.7

7 1:0:0.25 10 -

2 Molar ratio of anhydroglucose unit:maleic anhydride:sodium hydroxide.
b Degree of substitution (DS) of starch-maleate based on duplicate samples.
¢ Reaction efficiency (RE) was calculated based on the following equation:

DS x mole of anhydroglucose unit
mole of maleic anhydride

RE(%) = x 100.

that there was no ring opening of the anhydroglucose unit dur-
ing the substitution reaction (Sun & Sun, 2002). In other words,
the structural integrity of the anhydroglucose unit was retained
in the substituted sago starch. A characteristic peak occurred at
1636 cm~1, which was presumably a feature of tightly bound water
present (Kacurakova & Wilson, 2001), and overlapped with the
C=C stretching of maleate moiety on the starch chains (Liou &
Wang, 1996). An extremely broad band due to hydrogen bonded
hydroxyl groups (OH) appeared at 3395 cm~! which was attributed
to the complex vibrational stretches associated with free, inter
and intra-molecular bound hydroxyl groups of the starch chains
(Pal et al., 2008). The absorption band at 2931 cm~! was charac-
teristic of the C-H stretching (Elvira, Mano, San Roman, & Reis,
2002). These results indicated the feasibility of substituting the car-
boxylic group of maleic anhydride onto the starch chains to form
SM monester.

3.2. Effect of synthesis parameters

The degree of substitution (DS) of SM sample is defined as
the fraction of substituted AGU regardless of whether single or
multiple substitution have occurred (Besheer, Hause, Kressler, &
Mader, 2007). The DS could be determined from the carboxyl con-
tent of the maleate moiety substituted onto the starch chains. The
percentage of SM with carboxylic end group was determined by
dissolving a given amount of sample in NaOH solution of known
concentration and the amount of excess NaOH was back titrated
with HCl. As shown in Table 1, SM gels of DS within the range of
0.03-0.21 were prepared in the present study. Samples of SM gel
with moderate DS were subsequently subjected to UV irradiation to
obtain cross-linked starch-maleate monoester gel particles (CSM).
Our synthesis approach differed considerably from most previ-
ously reported works which involved the use of aprotic solvents
in the esterification of starch in order to obtain high DS (Yoshimura
et al,, 2006). In the present study, the formation of diester was
deemed unlikely due to the short reaction time between hydroxyl
groups of starch and maleic anhydride used (Sun & Sun, 2002).
The presence of excess water could have led to the formation of
starch-maleate monoester samples with lower DS value (sample 6).
Reducing the amount of water through evaporation at the reaction
temperature of 100 °C would prevent the hydrolysis of SM products
formed. However, it would be difficult to obtain a homogeneous
mixture from the highly viscous gelatinized starch solution formed
at exceedingly low amount of water under alkaline condition. Such
high viscosity of alkaline gelatinised starch solution was attributed
to increased intermolecular hydrogen bonding between starch
chains. Upon addition of maleic anhydride, the resulting reaction
mixture of substantially reduced viscosity would readily promote
the homogenous substitution reaction. In this study, the reaction
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Fig.3. FTIR spectra of starch-maleate monoester (DS=0.21) precipitated in different
precipitating media (a) ethanol, (b) ethanol:butan-1-o0l (1:1), and (c) propan-2-ol.

efficiency (RE) of starch maleate substitution reaction was observed
to vary between 2.0% and 16.0% (Table 1).

3.3. Effect of precipitating media

FTIR spectra of SM samples precipitated in different media were
shown in Fig. 3. The chemical composition and structure of SM
gels formed were observed to be influenced by the nature of pre-
cipitating media used. SM gels precipitated in ethanol showed
a comparatively more distinctive carbonyl peak at 1721 cm! as
compared to samples precipitated in butan-1-ol or propan-2-ol.
The relative abundance of substituted amylose and amylopectin
components of SM gels being precipitated in various types of alco-
hol could be associated with different DS of maleic anhydride
onto both components of starch. Our findings concurred with
results reported by Tang, Mitsunaga, and Kawamura (2006) that
the structural composition of starch-based materials precipitated
in a mixture of iso-amyl alcohol and butan-1-ol was different from
those precipitated in butan-1-ol alone.

3.4. Moisture absorbency of SM

In general, the introduction of hydrophilic carboxylic groups
onto the molecular structure of starch molecules is expected
to alter its water absorbency. Fig. 4 shows the effect of DS on
the moisture absorbency of SM samples after being equilibrated
at a relative humidity of 100% for 6 days. The rates of water
absorption by SM samples were observed to be relatively faster
initially, but slowed down gradually with passage of time. All SM
samples were observed to exhibit very similar pattern of increas-
ing water absorbency with equilibration duration. Generally, the
water absorbency of SM samples of low DS values (DS <0.03) was
observed to be substantially lower than SM samples of higher
DS values (DS >0.08). SM sample of DS 0.21 showed consistently
lower moisture absorbency than SM sample of DS 0.08, but higher
moisture absorbency than SM sample of DS <0.03. The carboxylate
groups had been shown to play an important role in water absorp-
tion as compared to the hydroxyl groups of the starch chains. At low
DS, the effect of carboxylate groups on the moisture absorbency of
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Fig. 4. Effect of degree of substitution (DS) on the moisture absorbency of starch-
maleate monoester (precipitated in ethanol) with duration of equilibration at
relative humidity of 100%.

SM samples was not significant compared to hydroxyl groups. The
observed lower water absorbency for SM sample of DS 0.21 could be
due to its overall reduced hydropilicity at increased substitution of
maleate moieties, each of which contained an unsaturated double
bond. The formation of extensive intramolecular hydrogen bonding
by carboxylate groups of SM monoester chains at higher DS could
also have contributed to the observed lower water absorbency.

3.5. Effect of UV irradiation

As SM gel sample is very soluble in water, an aqueous solu-
tion of SM can be directly irradiated with UV light under controlled
conditions. Partial hydrolysis of the SM sample was evidenced by
the reduced intensity of the absorption peak at 1721 cm~! which
could be attributed to increased temperature during UV irradiation
(Fig. 5). The occurrence of a shoulder at 2860 cm~! adjacent to the
absorption peak at 2931 cm~! could be attributed to the methy-
lene C-H stretching band associated with the maleate substituent
(Fang et al., 2004). The vinyl moiety of SM could undergo a free
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1155/ \

3402 1080 1023

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600
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Fig. 5. FTIR spectra of starch maleate monoester (DS=0.21) (a) before, and (b) after
UV irradiation, and precipitated in ethanol.
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Fig. 6. SEM micrographs of starch maleate monoester (a) before, and (b) after UV irradiation.

radical reaction upon being irradiated with UV light in the pres-
ence of cerium(IV) ions which served as the photo-initiator (Alias
etal., 2008; Wu, 2003). Based on the reaction mechanism as shown
in elementary equation (i), a free radical was formed when the C=C
segment of the maleate moiety gained an electron. Two free radicals
could then recombine to form a CSM particle as shown in elemen-

tary equation (ii).
0 OH
0 OH
o 4 uv
/ + cCe : 0
O L]
\ (6]
ST \
ST
Starch-maleate monoester gel (SM) Starch-maleate free radical
0 OH ST
o] OH
\O ST
o + - ~
. . —0 — o0 0
o
\ o\ °©
ST o
HO sT ©

Starch-maleate free radicals

ST = starch

Most starch-based materials show high tendency to form
large aggregates of irregular morphology (Alias et al., 2008). The
agglomeration characteristics of starch-based materials could be
attributed to the hydrophilic nature of the starch chains which
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Fig. 7. Histogram showing the size distribution of spherical CSM gel particles
(DS=0.21) formed after UV irradiation.

readily interacted via hydrogen bonding and entangled with each
other easily. Self-assembly of polysaccharide molecules in aqueous
solution could take place via hydrogen bonding to form aggre-
gates of different sizes (He, Fu, Shen, & Ghao, 2008). However,
the agglomerate size could be influenced by the polarity and
the hydrophilic/hydrophobic balance of the polymer backbone. As

(O]

— (i)

Cross-linked starch-maleate gel particles (CSM)

reported by Henize, Michealis, and Hornig (2007), the introduc-
tion of hydrophobic moiety such as perpropionylated group onto
dextran furoate pyroglutamate would lead to reduction in the par-
ticle size. It was observed that exposure to UV irradiation could
induce transformation in the morphology of SM sample from its
continuous gel matrix (Fig. 6a) to individual discrete submicron-
sized particles (Fig. 6b) of spherical shape, and an unimodal particle
size distribution of mean diameter of 445 +115nm (Fig. 7). Such
unimodal particle size distribution of CSM particles could be a
result of self-aggregation in aqueous solution. CSM particles formed
by UV irradiation possessed lower hydrophilicity, and the result-
ing reduced interactions between particles via hydrogen bonding
would therefore lead to the formation of spherical and submicron-
sized aggregates of CSM particles.

4. Conclusion

In conclusion, we have reported the facile and green synthesis
of starch-maleate monoester gels (SM) and cross-linked starch-
maleate gel particles (CSM) with DS within the range of 0.03-0.21
by reacting maleic anhydride with native sago starch in aqueous
medium. In this synthesis approach, water and alcohols were used
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as the solvent and the precipitating media, respectively, whereas
UV light irradiation was used to initiate the cross-linking of SM
gels. The water absorbency and hydrophilicity of SM samples of
low DS values (DS <0.03) was substantially lower than SM sam-
ples of higher DS values (DS>0.08). The nature of precipitating
media could also affect the structural composition of SM gels
formed. Controlled UV light irradiation could transform SM gels
into submicron-sized spherical aggregates of CSM particles. Being
non-toxic, biocompatible and cheap, the high potential utility of
CSM particles as drug delivery carriers in biomedical applications
is therefore envisaged.
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