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Effect of reaction solvent on physico-chemical properties,
microstructure and digestive properties of starch-fatty acid complexes

ZHANG JIAYAN - XIONG JIANWEN - CHEN ZHENGPEI - CUI NA

Summary

The starch-fatty acid complex is of great significance for digestibility, nutrition and production of starchy foods. To
further broaden the application range of starch-fatty acids, rice starch in this paper was complexed with fatty acids using
deionized water, sodium sulfate solution, acetone and ethanol to investigate the effects of solvents on physico-chemical
properties, microstructure and digestive properties of starch-fatty acid complexes. Results on physico-chemical and
digestive properties showed that organic solvents could improve the complex‘s ability to resist digestion, while the
water content could assist in regulating the rigidness of the complex, thereby increasing the degree of insertion of the
guest substance into the helical structure of amylose. The complex prepared in an aqueous solution loses the granular
structure of natural rice starch, while the composite particles prepared in an organic solvent largely retain the shape of
the original rice starch. The study showed that these differences might be due to the different solubilities and affinities
of different solvents. Choosing a suitable solvent and adjusting the ratio of the solvents can help improve the degree of
complexation and decrease the digestibility of the complex.
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Amylose and some linear segments of the side
chains of amylopectin can interact with linear
chain molecules and form V-type helical inclu-
sion complexes [1], in which the guest molecules
are confined in the helical cavities of amylose [2].
Starch-lipid complexes have many functions, such
as delaying starch retrogradation [3], slowing en-
zymatic digestion [4], inhibiting microbial growth
[5], enhancing the tensile strength of starch-based
films [6] and carrying biologically active substances
to improve their bioavailability and slow down
their release in the intestines [7].

Many papers have discussed the factors in-
fluencing the properties of starch-guest complexes,
such as the type of starch [8, 9], the structure of
the guest [10], temperature[11], pH [12], moisture
content [13] or order of addition of the guest sub-
stances [14]. Starch with pores or channels, high
amylose content and proper depolymerization
could facilitate the formation of starch-lipid com-
plexes [8]. Conversely, a fatty acid with cis double

bonds [9], hydrophobic chains that are too short
or too long, and inappropriate ligand concentra-
tions can lead to fewer crystalline complexes [10].
In addition, physical modification technology,
such as high-pressure homogenization [15], mi-
crofluidization [16] or annealing treatments [17],
was reported to increase V-type crystallization and
the resistant starch content. Other ingredients in
food, such as NaCl, can promote the complexation
of medium-chain fatty acids (such as lauric acid)
and starch but have little effect on long-chain fatty
acids (such as palmitic acid or stearic acid) [18]. In
contrast to NaCl, triglycerides promote the forma-
tion of complexes between starch and long-chain
fatty acids (C16:0 and C18:0) but hinder the for-
mation of complexes between starch and medium-
chain fatty acids (C12:0 and C14:0) [19]. In addi-
tion, the hydrophilic-lipophilic balance values
(HLB) and head size of the emulsifier also signifi-
cantly affect the degree of complexation [3].

Three main solvents, namely, dimethyl
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sulfoxide (DMSO), alkali solutions and high-tem-
perature water, are used to induce the formation
of inclusion complexes [20]. Precipitation from
an ethanol solution can also induce the forma-
tion of single helixes and V-type crystals of starch.
Dries found that the thermal stability of Vy crys-
tals was affected by the ethanol concentration [21].
ZHONG [22] used methanol, ethanol, n-propanol,
isopropanol, and tert-butanol to induce the for-
mation of V-type crystals of starch, which were
used to encapsulate ethylene. The encapsulation
efficiency of the complex prepared with ethanol
for ethylene was found to be higher than those
of the complexes prepared with other solvents.
KoNG and ZIEGLER [20] used ethanol to precipi-
tate DMSO-dissolved starch to prepare ,,empty”
V-amylose, and the crystallinity of V-starch was
found to be significantly improved by annealing in
a high-temperature ethanol solution.

The above results showed that the solvent has
a substantial influence on the formation of starch-
lipid complexes. However, there is little systematic
information on the effects of the solvent on forma-
tion of starch-lipid complexes. Therefore, the in-
fluence of solvent on the properties of starch-fatty
acid complexes was investigated in this study. Rice
is a common staple food, but its glycemic index is
high [23], so we used rice starch complexed with
long-, medium- and short-chain fatty acids (stearic
acid, lauric acid and hexanoic acid, respectively)
in four different reaction media (deionized wa-
ter, sodium sulfate aqueous solution, ethanol and
acetone) under otherwise constant reaction con-
ditions, and the starch-fatty acid complexes were
characterized by measuring their physico-chemical
and structural properties. This study aimed to in-
vestigate the effects of various types of solvents
on the properties of complexes formed by starch
and various chain length fatty acids to improve the
efficiency of starch-fatty acid complex formation
and to reduce digestibility of the complex.

MATERIALS AND METHODS

Materials

Rice starch was obtained from Wuxi Jinnong
Biotechnology (Wuxi, China; 8.50 % moisture,
21.36 % amylose, 0.75 % protein and 0.10 %
lipids). Stearic acid and lauric acid were obtained
from Aladdin Industrial (Shanghai, China),
hexanoic acid was obtained from Xiya Reagent
(Chengdu, China), pancreatin from porcine pan-
creas (EC 232-468-9, 15 U-mg-1) and amyloglucosi-
dase (EC 3.2.1.3, 300 U-ml-!) were obtained from
Sigma-Aldrich (St. Louis, Missouri, USA). Sodium

sulfate, ethanol and acetone were obtained from
Sinopharm Chemical Reagent (Beijing, China).
All the chemicals used in this study were of ana-
Iytical grade.

Preparation of starch-fatty acid complexes

The starch-fatty acid complexes were prepared
according to the method of MARINOPOULOU et al.
[11]. First, rice starch (dry basis) was dispersed in
deionized water (15 mg-ml1), heated at 90 °C for
30 min and cooled down to 70 °C. The fatty acid
(10% on weight basis relative to the dry starch)
was dissolved in different solvents (distilled wa-
ter, 0.1 moll-! sodium sulfate solution, acetone
or 95% ethanol), and the suspension was heat-
ed at 70 °C in a water bath for 30 min, the ves-
sel with the acetone solution being equipped with
a reflux condenser. The two solutions were mixed
and stirred at 70 °C for 30 min to obtain a precipi-
tate. The starch-fatty acid complex was separated
from the suspension by centrifugation (3580 xg,
30 min). The precipitate was washed 7 times with
an ethanol-water mixture (50:50, v/v) and cen-
trifuged to remove free fatty acid residues. The
complex was transferred to a Petri dish and dried
at 25 °C for approximately 24 h until the mois-
ture was reduced to approximately 10 %. Then,
the solid was milled into a powder and filtered
through a 100 um sieve.

Starch-fatty acid complexes were also prepared
using ethanol at ratio ranging from 20 % to 80 %
(w/w) by following the above described proce-
dure. The complexes prepared in distilled water,
0.1 mol-l! sodium sulfate solution, acetone and
95% ecthanol are referred to as RFW, RFS, RFA
and RFE, respectively.

Analysis

The starch-lipid complex (0.4 g) was weighed
into a 50 ml centrifuge tube and distilled water was
added to a total weight of 5 g. The suspension was
vortexed and then heated in a boiling water bath
and shaken occasionally for approximately 20 min
until the starch was completely gelatinized. After
the solution was cooled down to room tempera-
ture, 25 ml of distilled water was added to the ge-
latinized sample. The samples were then vortexed
for 2 min and centrifuged at 3580 xg for 15 min.
Then, 500 ul of the supernatant was mixed with
15 ml of distilled water and 2 ml of iodine solution,
and the sample was thoroughly mixed. The ab-
sorbance was measured at 690 nm, three parallel
experiments being performed. The control sample
only contained distilled water and other opera-
tions were the same as above [24].

The iodine solution was prepared by dissolving
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2 g of potassium iodide and 1.3 g of iodine in dis-
tilled water to a total volume of 100 ml.

C_AS

[ =
Cc 7

X 100 (1)
where CI is the complex index (in percent), Ac is
the absorbance of control and A is the absorbance
of samples.

Solubility and swelling power

The solubility (S) and swelling power (SP)
were determined according the methods described
by L1 et al. [10]. S and SP of each sample were cal-
culated as follows:

Waq
S =—%x100 2
W 2)
W,, x 100
SP=——x(100-25) (3)
Ws

where § is solubility (in percent), SP is swelling
power, Wy is the weight of dried supernatant, Ws
is the dry weight of starch, W, is the weight of wet
sediment.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy
(FTIR) of the starch samples was done using
an IRAffinity-1S spectrometer (Shimadzu, Kyoto,
Japan) in the spectral range of 4004 000 cm-! with
a resolution of 4 cm-! using 32 scans per sample.

X-ray diffraction

The formation of the V-starch complex was
confirmed using a D8 Advance diffractometer
(Bruker, Bremen, Germany) with a Cu target
and Ko radiation (A = 0.15406 nm) at 40 kV and
40 mA. The starch powder was scanned between
5° and 40° (20) in steps of 2° per minute at room
temperature. The crystal size (CS) is the crystal-
line grain diameter perpendicular to the crystal
plane, and was calculated by Scherrer‘s equation
[11].
5 A
~ (FWHM X cos 6) )

where A is wavelength, FWHM is the full width at
half-maximum, and 6 is diffraction angle.

The relative crystallinity (RC) of the samples
was calculated according to the Hermans‘s formu-
la[11]:

CcS

RC X 100 (5)

_ Sc
" (Sc+ Sa)

where Sc is the crystallinity area, Sa is the amor-
phous area.
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Scanning electron microscopy

The starch samples were attached to double-
sided tape under an infrared lamp. After remov-
ing the excess starch, the samples were placed in
a SU8020 model scanning electron microscope
(SEM) SU8020 (Hitachi, Tokyo, Japan) for obser-
vation. The acceleration voltage was 20 kV.

Determination of sample digestibility

The in vitro digestibility of each sample was
determined according to the methods of ENGLYST
et al. [25] and Liu et al. [15] with some modifi-
cations. Briefly, 1.0 g of sample was dispersed in
20 ml of 0.1 mol'l"! sodium acetate buffer (pH 5.2)
and mixed thoroughly with heating in a 37 °C wa-
ter bath for 20 min, and then 5 ml of enzyme so-
lution containing 150 U-ml-! porcine pancreatin
and 3 U-ml! of amyloglucosidase was added. The
mixture was heated in a water bath at 37 °C with
magnetic stirring to ensure sufficient mixing. After
heating for 20 min and for 120 min, 0.5 ml of the
hydrolysis solution was removed and mixed with
2.5 ml of 95% ethanol to terminate the enzymatic
hydrolysis reaction. The hydrolysis solution was
centrifuged for 10 min (3580 xg) and the glucose
concentration in the supernatant was measured by
the glucose oxidase and peroxidase method using
GOPOD reagent (Megazyme, Bray, Ireland).
Each sample was analysed in triplicate.

Resistant starch (RS), slowly digestible starch
(8DS) and rapidly digestible starch (RDS) in the
samples were calculated using the following for-
mulas.

Ty X 0.9
RDS = ——x 100
(6)
Tio0 — Too) X 0.9
SDS — ( 120 20) % 100
TS (7)
(TS — RDS — SDS)
S = x 100
TS 8)

where Ty is the glucose content after 20 min of
enzymatic hydrolysis, 7120 is the glucose content
after 120 min of enzymatic hydrolysis and 7 is the
total starch content in the samples.

Statistical analysis

The effects of solvents on the physico-chemical
properties of the starch-fatty acid complexes were
analysed by one-way ANOVA using SPSS statisti-
cal software (IBM, Armonk, New York, USA).
Differences were considered significant at p < 0.05
as determined by Duncan‘s multiple range test.
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RESULTS AND DISCUSSION

Complex index analysis

The CI value indicates the degree of complexa-
tion between starch and the fatty acid. The com-
plexation ability and efficiency between starch and
the guest were affected by solubility of the reactant
and the affinity coefficient, which was influenced
by hydrophobic forces, hydrogen bonding and con-
centration gradients [26].

CI values of the samples are shown in Fig. 1A.
They were found to be different in individual
solvents, indicating that the solvent significantly
influences the complexation degree and reac-
tion efficiency. The CI values of the complexes
prepared in organic solvents were higher than
those of complexes prepared in aqueous solvents.
However, when ethanol was mixed with water,
the CI values increased with a decrease in alcohol
concentration (Fig. 1B), reaching a maximum at
an ethanol concentration of 40 %, and then de-
creased as the ethanol concentration was further
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decreased, indicating that the concentration of
ethanol has a significant effect on the CI value.
This effect may be due to water increasing the
mobility of the starch molecular chains, as water
can disrupt the intermolecular interactions among
the starch molecules by reducing the intra- and
intermolecular hydrogen bonding density. Thus,
a moderate water content could lower the rigidity
of the starch chains, facilitating insertion of guests
into the single helix [27]. However, increasing the
water content decreases the reactant solubility, so
when the ethanol concentration is less than 40 %,
the effect of the decrease in solubility was greater
than the effect of the increase in the affinity coeffi-
cient and the CI value decreased with a decrease
in ethanol concentration. This result is similar to
those of previous studies. KONG and ZIEGLER [20]
found that moderate concentrations (40-60 %) of
ethanol afforded suitable solvents for precipita-
tion of V-type structures, as the starch was flexible
enough to provide ample space for guests.

The CI values of RFE were higher than those
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Fig. 1. Complex index values, solubility and swelling power of starch-fatty acid complexes.

A — complex index values of samples in various solvent media, B — complex index values of samples in different concentrations
of ethanol, C — solubility of samples in various solvent media, D — swelling power of samples in various solvent media.
Different letters in superscript indicated significant differences in each column at p < 0.05.

Cl - complex index, RFW — complex prepared in distilled water, RFS — complex prepared in 0.1 mol-I-! sodium sulfate solution,
RFA — complex prepared in acetone, RFE — complex prepared in 95% ethanol.
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Fig. 2. Fourier transform infrared spectra of starch-
fatty acid complexes prepared in various solvent
media.

A — complexed with stearic acid, B — complexed with lauric
acid, C — complexed with hexanoic acid.

300

of RFA (Fig. 1A), which can be attributed to the
differences in both the solubility and affinity
coefficients. Fatty acids are more soluble in
ethanol than in acetone, and the solubility de-
creases with increasing chain length. The affinity
coefficients decrease as the polarity of the system
decreases [23-26], and acetone is less polar than
ethanol [28]. Fatty acids are less soluble in so-
dium sulfate solution than in water due to the
salting-out effect [29], which leads to RFW having
a higher CI value than RFS.

Solubility and swelling power

S and SP of each sample are shown in Fig. 1C
and Fig. 1D. Compared with those of native rice
starch, S and SP of the complexes were signifi-
cantly lower. The decrease may be due to the
higher crystallinity of the complexes, which makes
it difficult for water to enter the starch molecules
[10]. In addition, fatty acids can effectively prevent
the leaching of amylose and delay gelatinization,
thereby reducing the swelling capacity [30]. More-
over, previous studies showed that amylose-fatty
acid complexes can form hydrophobic films on the
surfaces of starch particles, reducing their ability
to bind water molecules [31].

Compared with those of native starch, S and SP
of RFE were the lowest, followed by RFA, RFW
and RFS. This can be explained by the fact that
more starch-fatty acid complexes were formed
from the organic solvent system (Fig. 1A), so those
complexes have a greater capacity to limit the
entry of water and concomitant expansion. Simi-
lar results were found by Lr et al. [10] and VAsI-
LIADOU et al. [32].Their results indicating that
solubility and swelling power decreased with in-
creasing CI value due to the tighter crystal packing
in the complexes.

FTIR analyses

Fig. 2 shows the FTIR spectra of the native rice
starch and the starch-fatty acid complexes. Each
spectrum of each sample has an absorption peak
at approximately 3 400 cm-1, which is derived from
the stretching vibrations of the hydroxy groups.
This peak does not notably change with a change
in solvent. The peak at 2935 cm! in the spectrum
of native rice starch was attributed to asymmetric
stretching vibrations of the methylene group in the
glucose ring [33]. The corresponding peaks in the
spectra of the complexes prepared in different sol-
vents are all shifted to lower wavenumbers (appro-
ximately 2850 cm!), indicating that the added
fatty acids promote intermolecular interactions
involving the methylene groups, thereby favouring
hydrophobic interactions between the starch and
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Tab. 1. Absorbance ratios of rice starch fatty acid complexes.

. Absorbance Solvent medium
Fatty acid .
ratio Water Na2S04 Acetone Ethanol

Stearic acid A1045/A1022 1.032 £ 0.005¢ 1.021 £ 0.005¢ 1.58 = 0.008b 1.959 +0.0102

A1022/A995 0.993 +0.0032 1.014 £ 0.0072 0.538 = 0.005¢ 0.621 + 0.006 bc
Lauric acid A1045/A1022 1.168 = 0.006 P 1.133 +£0.009b 2.459 +0.0112 2.517 £0.0122

A1022/A905 0.857 +£0.0032 0.871 +£0.0062 0.124 = 0.004b 0.110 = 0.003b
Hexanoic acid | A1045/A1022 1.023 +0.008d 1.121 £ 0.006 ¢d 1.266 + 0.005° 1.791 =0.0092

A1022/Ag95 0.966 + 0.004 2 0.865 =+ 0.003b 0.438 +=0.001¢ 0.372+0.0014d

Data are mean = standard deviation (n = 3). Different letters in superscript within the same row with different letters are signifi-

cantly different (o < 0.05).

A1045/A1022 — ratio of absorbance at 1045 cm-' and 1022 cm-1, A1022/Ag0s5 — ratio of absorbance at 1022 cm-! and 995 cm-1.

Tab. 2. The in vitro digestibility of starch-fatty acid complexes prepared in various solvent media.

. ) - Solvent medium
Fatty acid Digestibility
Water Na2S04 Acetone Ethanol
Stearic acid RDS [%] 59.0 + 2.8bc 63.6 +3.22 56.9+26¢ 51.5+1.8d
SDS [%] 19.4+1.5b 17.2+26¢ 20.1 £1.9b 229+ 1.8a
RS [%] 21.6+1.8b 19.3x21¢ 23.0+2.3b 25.7+1.62
Lauric acid RDS [%] 58.4 +£3.4b 65.1 £3.02 57.6+2.9b 543+2.1¢
SDS [%] 20.7 +1.2b 15.4+1.0¢ 20.9+2.2b 225+29a
RS [%] 21.0+2.3bc 194 +21¢ 215+22b 23.1 £2.32
Hexanoic acid | RDS [%] 67.5+3.5b 726+4.12a 62.6 +3.7¢ 59.1 +2.8d
SDS [%] 15.1+£0.9¢ 10.7 +0.7d 18.4£2.2P 20.2+=1.5a
RS [%] 17.4+£1.1bc 16.8+2.0¢ 19.0+2.8b 20.6+1.82

Data are mean = standard deviation (n = 3). Different letters in superscript within the same row with different letters are signifi-

cantly different (o < 0.05)

RDS - rapidly digestible starch, SDS — slowly digestible starch, RS — resistant starch.

the fatty acids [34]. This shift was more obvious in
the spectra of the stearic acid and lauric acid com-
plexes than in the spectrum of the hexanoic acid
complex, which can be explained by the weaker hy-
drophobic interactions between the rice starch and
hexanoic acid, as the molecular chain of hexanoic
acid is shorter.

The complexes exhibited a -C=O stretch-
ing vibration resulting in an absorption peak at
1700 cm-1, and this peak was mainly attributable
to the carbonyl vibrations in the fatty acids. Com-
pared with the carbonyl vibration peak of native
rice starch (1652 cml), the carbonyl vibration
peaks of the complexes were shifted to higher
frequencies because the hydrogen bonds of the
fatty acids were broken during the crystalliza-
tion stage and new hydrogen bonds were formed
between the carbonyl group of the fatty acid and
the hydroxy groups of amylose [35]. The stretch-
ing absorption peak for -CH3 and -CH appeared
at 2800 cm-!, and this was attributed to the me-
thyl and methylene groups in the fatty acids. The
appearance of peaks at 1700 cm! and 2850 cm-!
indicates that the fatty acids were successfully en-

capsulated into starch. The peaks of the complexes
prepared in organic solvents were more intense
than those of the complexes prepared in aqueous
solvents (Fig. 2), indicating that the complexa-
tion ability between starch and fatty acids might
be stronger in organic media. This result is con-
sistent with the CI values of the starch-fatty acid
complexes listed in Fig. 1A.

Previous studies [31-34] showed that the ab-
sorbance bands at 1045 cm! and 1022 cm! are
related to the amorphous and crystalline struc-
tures of starch, respectively, so the absorbance
ratios of 1045 cm1/1022 cm! (A1045/41022) and
1022 cm1/995 ecm-! (A1022/A4995) can be used as in-
dicators of the short-range order in the helix. The
values of of these ratios are shown in Tab. 1. The
A1045/A1022 ratio of the complex prepared in an or-
ganic solvent was high, while the A1022/4995 ratio
was lower, indicating that starch-fatty acid com-
plexes prepared in organic solvents have a higher
degree of short-range molecular order than do
the complexes prepared in aqueous solvents. The
complexes formed in ethanol had the highest ra-
tio (1.96), implying that organic solvents pro-
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mote the formation of a more ordered structure
in starch. For inorganic solutions, no significant
differences in the 41045/41022 and A1022/A4995 ratios
were observed among the complexes (Tab. 1). This
is probably due to the salt solution promoting ret-
rogradation of starch, which increases the overall
short-range molecular order in the complexes. In
addition, higher short-range order in the helical
structure makes it more resistant to enzymatic hy-
drolysis and thus results in a higher resistant starch
content (Tab. 2).

X-ray diffraction analysis

The X-ray diffraction patterns of rice starch
and the starch-fatty acid complexes prepared
in various solvents are shown in Fig. 3, and the
relative crystallinity (RC) and crystal size (CS) of
starch-fatty acid complexes prepared in various
solvent media, calculated based on the X-ray dif-
fraction data, are shown in Tab. 3. Rice starch has
strong diffraction peaks at 20 values of 15°, 17°,
17.8° and 23°, which are typical of A-type crystal
structures [36]. The complexes prepared in etha-
nol, acetone and water showed diffraction peaks
at approximately 7.6°, 12.8° and 19.8°. These peaks

Intensity

Ethanol

Acetone

Intensity

26 [7]

are typical diffraction peaks of V-type crystalline
structures, indicating the formation of starch-lipid
complexes [37]. As the chain length increases, the
diffraction intensity of the characteristic V-type
peaks also increases. This is because the number
of hydrophobic sites on the fatty acid chains in-
creases as the chain length increases, so fatty acids
can bind to the hydrophobic sites of starch with
more hydrophobic interactions. The complexed
samples obtained from organic solvents presented
stronger V-type diffraction peaks at 12.8° and 19.8°
(20) than did the samples prepared in aqueous
solvents, implying that more regularly arranged
helical cavities formed in organic solvents. The
starch-fatty acid inclusion complexes prepared in
aqueous sodium sulfate solution showed a mix-
ture of V-type and B-type patterns with diffraction
peaks at 20 values of 17° and 22.8°. V-type crystals
can be completely transformed into B-type struc-
tures during crystallization or during recrystalli-
zation after dissolution as long as sufficient water
is present [38]. However, while RFS showed a B-
type pattern, RFW did not, suggesting that certain
salt ions can promote the transformation of the
starch crystal pattern. This may be because sulfate
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Fig. 3. X-ray diffraction patterns of samples.

A —rice starch, B — starches complexed with stearic acid, C — starches complexed with lauric acid, D — starches complexed with

hexanoic acid.
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Tab. 3. Relative crystallinity and crystal size of starch-fatty acid complexes prepared in various solvent media.

. Solvent medium
Fatty acid
Water Na2S04 Acetone Ethanol
Stearic acid |RC [%] 27.5+0.8¢ 246 +0.3d 28.8 £0.8bc 36.0+1.02
CS [%] 10.9+0.7¢ 12.1+05b 125+0.3b 14.4+0.1a
Lauric acid RC [%] 24,5 +0.6b 22.2+04c¢ 245+0.6b 30.1 £0.82
CS [%] 9.7+0.2¢ 11.9+0.8P 11.7+0.3P 13.8+0.22
Hexanoic acid | RC [%] 21.0+0.6¢d 20.9 +£0.8d 25.8+0.4b 27.5+0.72
CS [%] 8.6=0.2¢ 10.4 £ 0.33b 9.0+0.2b 11.3x0.42

Values reflect the ability of the reaction solvent to promote formation of the complex. The crystal size of starch-fatty acid com-
plexes was calculated from the diffraction peaks at 26 values 7.6°, 12.8°, and 19.8°.
Data are mean = standard deviation (n = 3). Different letters in superscript within the same row with different letters are signifi-

cantly different (o < 0.05).
RC - relative crystallinity, CS — crystal size.

radicals have radial symmetry and a low surface
charge, so they tend to protect the hydrogen bonds
among starch molecules and between starch and
water molecules. Therefore, they promote the re-
arrangement of starch molecules during the cool-
ing stage, which causes the V-type structures to
partially convert into B-type structures after com-
plexation.

The diffraction peaks at 22° and 24° were from
aggregates of uncomplexed fatty acids trapped
between the helices of the crystallized complexes
[16, 23]. Among the three fatty acids, the aggrega-
tion of uncomplexed hexanoic acid was the least
obvious. This can be explained by hexanoic acid
having a short chain (C6) and good fluidity as well
as flexibility, which make it easy to be removed by
washing with an ethanol-water mixture (50:50).
This result is similar to the results of MARINOPOU-
Lou [11], who also found that, compared to that
of long-chain fatty acids, the fatty acid aggregation
peak of capric acid (C10) is much weaker. When
complexed with the same fatty acid, the peaks
at 22° and 24° in the pattern of the complexes
generated in an aqueous solvent were stronger
than those in the pattern of the complexes ge-
nerated in an organic solvent. This was most no-
table for the material prepared in a sodium sulfate
solution, and these results indicate that one of the
reasons for the stronger V-type diffraction peaks
of the complexes from organic solvents was the
difference in solubility of the fatty acids in differ-
ent solvents.

The crystallities of the complexes prepared
in aqueous media were found to be smaller than
those of the complexes prepared in organic me-
dia (Tab. 3). This can be explained by the fact that
water and sodium sulfate solutions have higher
heat transfer rates than the organic solvents. The
higher heat transfer rate results in faster nuclea-
tion, favouring formation of more small crystallites

[23]. Moreover, absolute ethanol is more viscous
than water, and migration of the molecules is
slower in high viscosity systems, which slows down
nucleation [24], causing formation of fewer but
larger crystallites in ethanol.

The differences in thermal conductivity and
viscosity between water and 0.1 mol‘l-! sodium sul-
fate solution were small, which indicates that the
sizes of the crystallites obtained from these solu-
tions were similar. As the length of the fatty acid
chains increased, the crystal size increased. When
the chains were short, the formed crystals were
small.

Scanning electron microscopic analysis

Fig. 4 shows the SEM micrographs of the na-
tive rice starch and the starch-fatty acid complexes.
Most of the native rice starch granules were pen-
tagonal or hexagonal, and a few were irregular in
shape.

The rice starch-fatty acid complexes prepared
in different solvents were morphologically quite
distinct. The starch complexes prepared in aque-
ous solvents lost the granular structure of the na-
tive rice starch and presented a dense irregular
structure. The larger structures had an amorphous
layer with rough surfaces, complexes were formed
on the surface of the layer phase [16] and com-
plexes appeared either in the form of spherulites
that protruded from the surface of the particles
(Fig. 4B, 4C, 4E and 4F) or in the form of lamellae
(Fig. 4C, 4F and 4G), which had cylindrical shapes
and were closely aggregated in parallel to each
other [23]. At the same time, there were some
protrusions on the surface of the starch granules,
which were caused by leaching of amylose from
within the starch granules (Fig. 4B, 4C, 4D, 4E
and 4F), and the amylose protruding from the sur-
face of the granules allowed the formation of com-
plexes with the fatty acids [32].
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Fig. 4. Scanning electron microscopic images of starch-fatty acid complexes prepared in various solvent media.
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The complex granules prepared in organic sol-
vents largely retained the morphology of native
rice starch. ZHONG [22] used the alcohol-alkali
method to prepare V-shaped crystals from po-
tato starch. The results showed that the V-shaped
crystalline starches prepared from five alcohols all
retained the structure of the original starch par-
ticles, and higher degrees of complexation were
associated with smoother particle surfaces and
less starch particle breakage. It was speculated
that the alcoholic solutions can inhibit expansion
of the starch granules, so the starch complexes
maintain the morphology of the original starch
granules. Although the starch complexes prepared
in organic solvents maintained the starch granule
shape, spherulites (Fig. 4H and 4K), lamellae
(Fig. 4F, 4H and 41) and protrusions (Fig. 4H and
4K) appeared on the surface of the starch gra-
nules, and the shape of the lamellae was different
from that of the complexes prepared in aqueous
solvents, which were semielliptical and closely
aggregated in parallel on the surface. The SEM
results showed that organic solvents may be more
suitable for maintaining the complete particle
morphology of starch.

Digestibility of the complexes

Tab. 2 shows the RDS, SDS and RS contents
of the starch-fatty acid complexes. The digestibil-
ity of the complexes prepared in different solvents
varied dramatically in accordance with their con-
tents of RS, SDS and RDS. The inclusion com-
plexes prepared in organic solvents appeared to
be more resistant to enzymatic attack and showed
lower RDS contents. This indicates that organic
solvents are more conducive to formation of SDS
and RS. The resistance of amylose inclusion com-
plexes to enzymatic digestion depends on the
structure of the inclusion complex, which can be
expressed in terms of its crystallinity and thermal
stability. The stability of the complex depends
on the structure of the guest compound and the
method used to form the complex. For example,
higher saturation of the included ligand and longer
hydrophobic chains lead to higher resistance to en-
zymatic digestion because lipids with longer hydro-
carbon chains form more hydrophobic interactions
with the hydrophobic helical cavity of amylose,
resulting in higher crystallinity and thermal stabil-
ity [34]. Organic solvents can improve the ability
of the complex to resist digestion, which might be
attributable to fatty acids being more soluble in
organic solvents, facilitating the insertion of the
fatty acids into the helical structures. Therefore,
the crystallinities of the complexes prepared in
organic solvents were higher, and they had higher

RS contents because the dense crystalline region
makes it difficult for digestive enzymes to enter
the starch granules, indicating that the reaction
media notably influence digestibility of starch-fatty
acid complexes.

CONCLUSIONS

The study shows that the reaction solvent has
a significant effect on properties and digestibility
of starch-fatty acid complexes, probably because
the solvents affect the solubility of fatty acids and
the affinity coefficient of the reaction system. This
study deepens the understanding of how starch
and fatty acid complexes are affected by reaction
solvents. It also provides an essential reference for
further improving the complexation degree and
reducing digestibility of starch-lipid complexes.
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