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Abstract
Background and Objective: Native sago starch (NSS) was phosphorylated white sodium tripolyphosphate (STPP) or phosphorous
oxychloride (POCl3) to increase the properties of starch. The phosphorylated sago starch play a significant role in forming new structure
that affect the physical properties and  in  vitro  digestibility of resistant starch (RS). The objective of this study was to investigate the
effects of the reaction of NSS with STPP or POCl3 at  pH  8,  9,  10  and  11  on  the  physical  properties  and  in  vitro  digestibility  of  RS.
Materials and Methods: The RS from NSS was prepared by phosphorylating with 5% STPP or 4% POCl3 at pH 8-11 for 1 h. The functional
groups,  relative  degree  of  cross-linking,  degree  of  crystallinity  of  selected  RS  samples  and  RS  contents,  were  also  investigated.
Results: The FT-IR spectra showed that after being hydrolyzed, RS contains ",γ-dextrin enriched with phosphate groups. The di-starch
phosphate had relative degrees of cross-linking ranging from 22.83-85.33%, while that mono-starch phosphate had not able to estimate.
The XRD pattern indicated that the crystalline structure of RS was destroyed. The mono- and di-starch phosphate had degrees of
crystallinity ranging from 6.53-6.64%. Compared with NSS, the RS contents of mono- and di-starch phosphate were higher by 20 and 40%,
respectively. The RS content of phosphorylated starch was affected by the substitution of phosphate groups. Conclusion: The RS from
mono- and di-starch phosphate were affected by the presence of the phosphorus group in the structure and the RS content could be
improved greatly with phosphorylation. The RS content of di-starch phosphate was increased with increasing pH of the reaction mixture.
X-ray patterns of RS from native and phosphorylated sago starches indicated that a crystalline structure transformation of those starches
took place during preparation of RS.
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INTRODUCTION

Resistant starch (RS) is defined as the sum of starch and
starch degradation products not absorbed in the small
intestine of healthy individuals1. The RS can be found in
processed  food  and  raw  food  materials  and  is  subdivided
into  four  categories  depending  on  the  cause  of  resistance:
RS1, physically located within the food matrix and are thus
inaccessible to enzymes in the digestive tract; RS2, raw starch
granules with associated crystallinity; RS3, retrograded
starches formed when crystalline structures are formed and
RS4, chemically modified (including cross-linked) starch2-4.
Among the four types, RS4 or chemically modified starches are
known to be the most resistant when treated with appropriate
enzymes in vitro5.

The RSs are of particular interest because of their
potential health benefits for humans. The RS is recognized as
a type of nondigestible carbohydrate in humans, where it has
been shown to be a mild laxative. It may almost totally
ferment in the colon to short-chain fatty acids and it tends to
reduce fecal pH and secondary bile acids6. Sang and Seib7

reported that the proportion of RS generated in the
phosphorylated form increased as the level of the
phosphorylating agent (STMP/STPP) increased. These data
suggest that it may be desirable to increase the level of RS in
foods through the modification of native starches by chemical
methods. Mun and Shin5 reported that the addition of RS4,
manufactured by chemical modification, can increase the RS
level in food. Phosphorylation or cross-linking inhibits the
migration   of   the   molecules   into   a   combining   site   with
"-amylase.

Most research on RS has focused on starches from wheat,
rice, maize, potatoes, peas, waxy maize and amylomaize3,4,8-10.
The RS formation of starches derived from crops indigenous of
the tropical regions, such as sago starch, was still limited. In
nature, native sago starch contains chemically bound
phosphorus at levels <0.01%11-13. The phosphate groups affect
the properties and behavior of the sago starch11,13. To obtain
higher phosphorus content, starch may be chemically
phosphorylated.

Sago starch granules have a broad size range,  between
20 and 40 mm with an oval or polygonal-shape and with a
number of truncated oval granules14,15. Haska and Ohta16

found that sago starch is resistant to enzymatic degradation.
Govindasamy et al.17 suggested a number of factors may well
be responsible for the low levels of amylolysis of sago starch
granules: (1) The "-amylase may be unable to attain access to
the granular components. Enzymes are restricted by the
specific molecular orientation of the starch chain components
at the granular surface, the extensive degree of crystallinity,

tight  packing  or  the  presence  of  minor  components  and
(2) There may be limited surface available for absorption. This
may reflect the comparatively small size of the granule or the
fact that only a few suitable chain segments are available
because this enzyme hydrolyzes only "(1÷4) linkages that are
remote from both the chain end and the branch point.

The interest of nutritionists and the food industry in
phosphorylating and cross-linking starches is increasing and
has led to an extensive investigation of the contribution of
these starches to the nondigestible carbohydrate component
of the diet and its associated physiological implications5. The
extent of in vitro  resistance of RS is related to the degree and
type of modification. Increasing the degree of substitution of
the starch may be expected to inhibit the entrance of enzyme
molecules. Previous studies have demonstrated the properties
of sago starch modified using STPP or POCl3 reagents,
resulting in potentially starch resistant molecules13,18. Earlier
researchers reported that the level of cross-linking made
starch difficult to swell and gelatinize, so the pasting viscosity
was very low13. Therefore, the objective of this study was to
investigate the effects of the reactions of sago starch with
STPP or POCl3 at pH 8, 9, 10 and 11 on the physical properties
and in vitro  digestibility of RS.

MATERIALS AND METHODS

Materials: The native sago starch (NSS) was donated by PT,
Tiga Pilar Sejahtera Food Tbk., Indonesia. The starch was
phosphorylated with sodium tripolyphosphate (STPP) or
phosphorous oxychloride (POCl3). The moisture content of the
sago starch ranged from 12-13%. The POCl3 was obtained
from Merck (Germany), while food-grade STPP was obtained
from the local market. Thermally stable "-amylase (63 U mLG1)
and glucoamylase (151 U mLG1) for the resistant starch assay
for the determination of the RS content were donated by the
Sumber Manis factory (Pati, Center of Java). All chemicals used
for analyses were of analytical grade.

Preparation    of    chemically    modified    starches:    The
STPP-treated   sago   starch   was   prepared   using   the
methodology of Lim and Seib19. Fifteen grams of STPP was
dissolved in 300 mL of water containing 15 g of Na2SO4. The
pH of the solution was adjusted between 8 and 11 by adding
10% NaOH (Merck, Germany). The NSS (300 g) was dispersed
in the solution. Then, the pH of the dispersion was readjusted
with 5% NaOH and the total weight was brought to 667 g by
adding water. The slurry was stirred for 1 h at 27EC and dried
to  10-15%  moisture  at  40EC  in  a  forced-air  oven.  To  effect
phosphorylation, the dried starch cake was heated for 2 h at
130EC  in  a  forced-convection  oven  (Memmert,  Germany).
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After being cooled to room temperature, the reaction mixture
was dispersed in distilled water (350 mL). The starch was
recovered by centrifugation (3,500 rpm, 10 min) and
redispersed in 600 mL of distilled water. The pH of the
dispersion was adjusted to 6.5. The starch was washed with
water (4×600 mL) and dried overnight at 40EC in a cabinet
dryer (CDR-9, China).

The POCl3-treated sago starch was prepared using the
methodology    of    Felton    and    Schopmeyer20.    The    NSS
(50  g,  dry  basis) was phosphorylated at various pH levels
(from 8-11) with 4% POCl3 in the presence of 7.5 g of Na2SO4.
POCl3 was added dropwise over a 20 min period, while
maintaining the pH with 1.0 M NaOH. The starch dispersion
was  stirred  at  25EC  for  1  h  and  then  adjusted  to  pH  6.5
with 1.0 M HCl (Merck, Germany). Modified starch was
recovered  by  centrifugation  (3,500  rpm,  10  min),  washed
with water (4×100 mL) and dried overnight at 40EC in a
cabinet dryer.

Determination  of  functional  groups:  The  functional
groups  of  modified  starches  were  characterized  using  an
IR  Prestige-21  FT-IR  spectrometer  (Shimadzu,  Japan)  using
the KBr pellet technique. The equipment was operated with a
scanning range from 4000-400 cmG1 21.

Determination of relative degree of cross-linking: The
relative degree of cross-linking of the cross-linked starches
was determined from the viscosity values, according to the
method of Kaur et al.22. The peak viscosity of the starch
samples   was   recorded   using   a   Rapid   Visco   Analyser
(Model RVA-4SA, Newport Scientific Pty Ltd. Warriewood,
Australia). The starch slurry was heated from 50-95EC and was
then held at 95EC for 2 min and 30 sec. Afterwards, the paste

was cooled to 50EC and finally kept at 50EC for 2 min. The
relative degree of cross-linking was calculated as follows22:

(A B)Relative degree of cross-linking = 100
A




where, A is the peak viscosity in rapid viscosity units of the
native starch sample and B is the peak viscosity of the
phosphorylated starches.

X-ray  diffraction  measurements:  The  X-ray  diffraction
analysis   was   performed   using   an   X-ray   diffractometer
(Lab X 116 XRD-6000, Shimadzu Japan) with a copper anode
X-ray tube (Cu-K" radiation) as described by Nara and
Komiya23. The starch powders were packed tightly into sample
holders. Each sample was exposed to the X-ray beam at 30 kV
and 30 mA. The  scanning  region  of  the  diffraction  angle 
ranged  from 22 = 5E-30E in increments 0.40 with a count time
of 1.0 sec, the rotary speed of the sample holder was 30 minG1.
A  smooth  curve,  that  connected  peak  baselines,  was
computer-plotted on the diffractograms (Fig. 1). The area
above the smooth curve was taken as the crystalline portion
and the lower area between the smooth curve and the linear
baseline which covered the 22  range from 5E-35E was taken
as the amorphous section. The ratio of the upper area to total
diffraction was used as the degree of crystallinity. The
equation for calculating the degree of crystallinity is as follows
(Nara and Komiya23):

C

C m

A
Crystallinity (%) 100

A A
 



where, Ac is the crystalline area on the X-ray diffractogram and
Am is the amorphous area on the X-ray diffractogram.

Fig. 1: Measurement degree of crystallinity using UTHSCSA image tool software
Ac: Crystallinity region, Am: Amorphous region
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Preparation and determination of resistant starch: The RS
from native, mono- and di-starch phosphate were prepared
according to the enzymatic-gravimetric method24, with slight
modifications.  The  starch  sample  (4  g)  was  suspended  in
160 mL of 0.08 M phosphate buffer (pH 5.5) (Merck, Germany).
The  solution  was  gelatinized  in  boiling  water  for  15  min,
then  cooled  to  85EC.  Forty  microliters  of  "-amylase  was
added to the starch suspension and incubated at 85EC in a
shaking water bath for 30 min. After cooling, the pH of the
digested  starch  was  adjusted  to  4.5  by  adding  1  N  HCl
(Merck, Germany). The digested starch was further hydrolyzed
with 80 µL of glucoamylase and incubated for 80 min at 60EC
in a shaking water bath. After incubation, the hydrolysate was
heated at 100EC for 5 min, then centrifuged at 3,500 rpm for
10  min.  The  soluble  starch  fraction  was  precipitated  with
95% ethanol (Sigma-Aldrich, Germany) to make an 80%
concentration of alcohol and allowed to stand for over 1 h at
room temperature. The residue was centrifuged at 3,500 rpm
for 10 min. The RS precipitate was washed using 78% ethanol
and subsequently centrifuged at 3,500 rpm for 10 min and
then freeze-dried (Alpha 1-2 LD Plus, Germany).

To determine the resistant starch content, the hydrolyzed
starch fraction was incubated with 10 mL of glucose
oxidase/peroxidase reagent for 20 min at 20EC to determine
the  glucose  content.  Absorbance   was   measured   using   a

UV-Vis 1650 spectrophotometer (Shimadzu, Japan) at 510 nm.
The concentration of RS was calculated as follows:

 1 G 0.9
wt. sa

RS (%
m

) 100
ple

 
 

where, wt. sample is the initial weight (g) and G is the weight
of glucose (g).

Statistical  analysis:  Data  were  statistically  analyzed  by
one-way analysis of variance, with three replicates and
significant differences were identified by Tukey’s test (p<0.05)
using SAS 9.0 software (SAS, Inc.).

RESULTS AND DISCUSSION

FT-IR measurements: The FT-IR spectra of RS from NSS,
mono-starch phosphate and di-starch phosphate are shown
in Fig. 2. The FT-IR spectroscopy was used to verify the
presence of phosphate groups in RS with chemical structures
resulting from the hydrolysis of starches. Spectra were
observed   in   the   regions   at   1172   and   956   cmG1,   which
originated  from  the  P=O  stretching  vibration  (ν  P=O)  and
C-O-P (δ C-O-P), respectively. Heinze et al.25 showed, for the
phosphate   group   in   particular,   that   ν   P=O   is   between

Fig. 2: Fourier transform-infrared spectrum RS of (a) Native sago starch, (b) Mono-starch phosphate and (c) Di-starch phosphate
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1150 and 1185 cmG1 while δ C-O-P is between 1055-950 cmG1.
This  observation  was  also  supported  by  the  report  of
Polnaya et al.13, who showed that 31P NMR spectrum of starch
phosphate    has    signals    for    mono-starch    phosphate    at
δ  3.41  and  4.94 ppm and di-starch phosphate at the  range
δ -0.51 to 0.20 ppm. The FT-IR spectra of RS showed two
uniform groups for ν P=O and δ C-O-P. The similarities in the
spectra of RS are probably due to the hydrolysate of the RS
preparation containing ",(-dextrin enriched with phosphate
groups.

Relative  degree  of  cross-linking:  The  relative  degree  of
cross-linking can be estimated by using RVA. From these
results, it was found that di-starch phosphate treated at
various pH levels (from 9-11) had different relative degrees of
cross-linking ranged between 22.83 and 85.33 (Table 1). On
the other hand, researchers were not able to estimate the
relative degree of cross-linking in mono-starch phosphate
treated at various pH levels (from 8-11) and POCl3-treated sago
starch at pH 8 because of the relatively higher peak viscosity
compared to NSS. Polnaya et al.13 showed that NSS
phosphorylated with POCl3 produced predominantly di-starch

Fig. 3: X-ray diffraction patterns of the (a) Native sago starch,
(b) Mono-starch phosphate and (c) Di-starch phosphate

phosphate and much less cyclic mono-starch phosphate in
modified starch. These results indicated that the mono-starch
phosphate was easier to paste because it contained more
hydrophilic groups than NSS, while di-starch phosphate
generated cross-linking, which reinforced the intermolecular
linkages in the starch granule, resulting in more difficulty with
pasting26. When NSS was treated with POCl3 in this
experiment, researchers observed that pH 8 was not optimal
to  form  di-starch  phosphate.  Therefore,  mono-starch
phosphate was formed predominantly. Cross-linking of starch
molecules to give a di-starch phosphate was favored by
alkalinity above pH 10 in the presence of a neutral sodium salt.
This was expected because a higher pH catalyses starch
phosphorylation13. Otherwise, mono-starch phosphates are
formed13,27,28. At the high relative degree of cross-linking of
sago starch, the peak viscosity of di-starch phosphate was
lower than the NSS. The relative degree of cross-linking was
great enough to restrict the swelling of the granules13.

Crystallinity of resistant starch: The X-ray diffraction patterns
of  RS  from NSS,  mono- and di-starch phosphate are shown
in Fig. 3 and Table 2. The RS from mono- and di-starch
phosphate showed a different pattern and degree of
crystallinity than that of RS from NSS (Fig. 3), indicating that
with gelatinization occurring in the boiling water prior to the

Table 1: Relative degree of cross-linking and resistant starch content (%) of
native sago starch, STPP and POCl3 treated sago starches with different
pH reaction

Reagent (%) pH Relative degree of cross-linking RS (%)
Native starch
0 - -nd 9.52f

STPP
5 8 -nd 20.99de

9 -nd 31.55bc

10 -nd 24.41de

11 -nd 23.11de

POCl3
4 8 -nd 20.14e

9 22.83c 27.21cd

10 78.66b 36.29ab

11 85.33a 41.38a

Means superscripted with the same letters in the same column are not
significantly different at p<0.05 level by Tukey’s test. ndRelative degree of cross-
linking was not detectable

Table 2: X-ray diffraction intensities of peak and crystallinity of native sago starch, STPP treated sago starch at pH 9 and POCl3 treated sago starch at pH 11
22 with intensities
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Resistant starch 5o 9o 10o 11o 21o Crystallinity (%)
Native starch 5.33 (11) 9.68 (40) 10.26 (36) 11.22 (20) 21.32 (42) 15.58a

10.68 (35) 11.88 (73)
STPP treated sago starch 9.97 (42) 11.44 (32) 21.76 (18) 6.64b

POCl3 treated sago starch 5.11 (2) 9.70 (48) 10.46 (49) 11.69 (75) 21.26 (26)
5.51 (3) 21.42 (22) 6.53b

Means superscripted with the same letters are not significantly different at p<0.05 level by Tukey’s test
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enzyme hydrolysis process, the crystalline structure of RS from
starches was destroyed and the degree of crystallinity of RS
from starch phosphate was decreased compared to NSS.
Mangala and Tharanathan29 showed different X-ray patterns
among rice starch and its RS. With a higher degree of
crystallinity (15.58%) (Table 2), RS from NSS contains mainly
crystals of retrograded amylose and these structures resist
enzyme hydrolysis, rendering a highly resistant material.

The RS from NSS exhibited peaks at 22 = 9E, 11E and  21E
(Fig. 3a), while the diffraction patterns of RS phosphate were
indicated by the pronounced peaks at 22 = 8E, 9E, 10E and 11E
(Fig. 3b and c, Table 1). These peaks are not associated with
any known starch crystalline structure. Polnaya et al.13 showed
that  NSS  was  characterized  by  a  weak  diffraction  peak  at
22 = 5.67E and broad peaks at 22 = 15.30E, 17.12E, 18.08E and
23.46E, which indicated the type C starch. Native and sago
starch phosphate showed similar type and degree of
crystallinity.

The RS phosphate exhibited lower crystallinity (~6%) than
starch  phosphate.  Polnaya  et  al.13  showed  that  the mono-
and di-starch phosphate had degrees of crystallinity ranging
from 22.96-24.76%. The lower crystallinity of RS phosphate
could be attributed to a poorly organized crystalline structure.
The decrease in crystallinity of RS phosphate suggests that the
disruption of the crystalline regions occurred during the
gelatinization and hydrolysis processes. Alpha-amylase and
glucoamylase hydrolysis can simultaneously solubilize both
amorphous and crystalline regions of starch granules30. This is
based on the observation that "-amylolysis did not produce
an increase in crystallinity30. Crystallinity of barley starch has
been shown to decrease during the later stages of
"-amylolysis31. From these results, it was suggested that the
substitution of phosphate groups might help increase the RS
content from mono- and distarch phosphate compared to the
crystallinity.

Resistant starch content: The RS content of NSS, mono-starch
phosphate and di-starch phosphate measured by the RS assay
procedure are shown in Table 1. The RS contents of NSS are
less than 10%. The digestibility of NSS has often been related
to crystallinity and is also partly affected by the presence of
minor   components,   such   as   phosphate   groups.
Muhammad et al.11 and Polnaya et al.18 showed that the NSS
contained <0.01% phosphorus. It has been reported that NSS
is resistant to enzyme attack16 and is in general resistant to
both microbial and enzyme digestion12.

The RS contents of mono- (20.99-31.55%) and di-starch
phosphate (20.14-41.38%) were higher than that of NSS
(9.52%). This was likely due to the introduction of phosphate

groups to the starch molecules that contribute to the
retardation of the enzyme-substrate complex. Chemical
modification of starches, including esterification, etherification
and cross-linking, renders "-(1-4) and "-(1-6) bonds resistant
to hydrolysis32,33. Chemical modification has long been known
to  inhibit  the  in  vitro  digestibility  of  starch3.  According  to
Abe et al.34, it is clear that the phosphate groups of starch
prevent   enzyme   action   and   the   large   phosphorylated
limit-dextrin molecules remain in the hydrolysate.

The   di-starch   phosphate   with   relative   degrees   of
cross-linking >78% had higher RS content than that of the
mono-starch phosphate (Table 1). These data show that the
di-starch phosphate was more resistant to hydrolysis than the
mono-starch phosphate. This may be the reason why di-starch
phosphate showed higher RS content compared to NSS and
mono-starch phosphate. These data are in accordance with
the study of Woo and Seib3, who showed that cross-linking of
starch with STPP imparts resistance to "-amylase hydrolysis
(thus creating ‘RS’). Therefore, di-starch phosphate would be
difficult to hydrolyze by amylolytic enzymes.

Starch  phosphorylation  using  STPP  was  conducted  at
pH 8-11, with the reaction at pH 9 giving the highest RS
content. This might have been due to the reaction at pH 9
giving the highest degree of substitution. The RS content of
di-starch phosphate had the tendency to increase with the
increase in pH. This was expected because a higher pH
catalyzes a higher degree of cross-linking of starch. Increasing
the degree of substitution or cross-linking also inhibits access
of the enzyme. Song et al.10 showed that the level of di-starch
phosphate was positively correlated with the level of RS4.
Many studies have reported that the cross-linking reaction
increases the RS level and is highly dependent on the degree
of chemical modification3,9.

CONCLUSION

The  RS  was  prepared  from  sago  starch  by
phosphorylation with STPP or POCl3 at pH 8-11. The RS from
NSS, mono- and distarch phosphate spectra, using FT-IR
spectroscopy, were characterized by the presence of the
phosphorus groups in the structure. It has been demonstrated
that the content of RS could be improved greatly with
phosphorylation. The highest RS content could be obtained by
di-starch phosphate. After phosphorylation, the RS content
was higher than that of NSS. The RS content of di-starch
phosphate increased with increasing pH of the reaction
mixture.  The  X-ray  patterns  of  RS  from  native  and
phosphorylated sago starches indicated that a crystalline
structure transformation of those starches took place during
preparation of RS.
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SIGNIFICANCE STATEMENT

This study reveals that phosphorylation of NSS can have
beneficial effects on the structure of RS. It has also shown that
the RS contents of mono- and distarch phosphate are higher
than that of NSS. The results of this study will help other
researchers in the formulation of new products, such as
prebiotics, that can enhance human life.
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