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a  b  s  t  r  a  c  t

To  detect  more  credibly  the  changes  in  the  crystal  structure  of  chickpea  starch  during  processing  treat-
ments,  two  methods,  a deconvolution  method  based  on  X-ray  diffraction  (XRD)  pattern  of  starch  and
a moisture  analysis  method  based  on  starch  moisture  content,  were  applied  to  determine  the relative
crystallinity  (RC)  of  A- and  B-type  polymorphs  (RCA and  RCB)  in  the  same  chickpea  starch  sample.  It  was
found  that  the  values  of  RCA for  chickpea  starch  samples  determined  by these  two  methods  were  close  and
showed  similar  trend.  The  results  suggested  that  these  two methods  could  be used  to estimate  RCA in  the
eywords:
hickpea
tarch
esistant starch
rystalline
oisture

same chickpea  starch  sample  and provide  mutual  corroboration.  Based  on  the  deconvolution  method,  it
was observed  that  the  crystalline  region  of  chickpea  starch  was less  susceptible  to  �-amylase  hydrolysis
than  its  amorphous  region,  and  B-type  polymorph  in chickpea  starch  was  more  resistant  to  �-amylase
hydrolysis  than  A-type  polymorph.

©  2014  Elsevier  Ltd. All  rights  reserved.
-ray diffraction

. Introduction

Chickpea (Cicer arietinum L.) is the third important pulse crop
n the world and is cultivated mainly in the semi-arid regions of
sia and Africa (Hiremath et al., 2011; Jukanti, Gaur, Gowda, &
hibbar, 2012). It can be divided into two types according to the
eed morphology: Desi variety with dark coated and small seed
nd Kabuli variety with light color coated and large seed (Chavan,
adam, Salunkhe, & Beuchat, 1986; Jukanti et al., 2012). The grains
f chickpea are rich in starch (37.2–50.8%) which is considered to
e as a C-type starch (Chavan et al., 1986; Miao, Zhang, & Jiang,
009; Xu et al., 2013).

Native starch granules are semi-crystalline with two  polymor-
hic forms of A- and B-types that differ in their conformations
nd structural water contents (Buléon, Colonna, Planchot, & Ball,
998; Imberty, Chanzy, Perez, Buleon, & Tran, 1988; Imberty &

erez, 1988; Sarko & Wu,  1978). Based on the types of polymorphs
resent in the granules, starches can be classified into A-type
A-type polymorph), B-type (B-type polymorph) and C-type

∗ Corresponding author. Tel.: +86 2584396791; fax: +86 25 84396791.
E-mail address: zengxx@njau.edu.cn (X. Zeng).

ttp://dx.doi.org/10.1016/j.carbpol.2014.12.048
144-8617/© 2014 Elsevier Ltd. All rights reserved.
(a mixture of A- and B-type polymorphs) starches which are
mainly found in cereal, tuber and pulse starches, respectively
(Hoover, Hughes, Chung, & Liu, 2010).

The proportions of A- and B-type polymorphs are considered to
have impacts on the properties of C-type starch, specifically ther-
mal  property (Bogracheva, Wang, Wang, & Hedley, 2002; Tahir,
Ellis, Bogracheva, Meares-Taylor, & Butterworth, 2011). At present,
the proportions in C-type starch can be determined by X-ray diffrac-
tion (XRD) or differential scanning calorimetry (DSC) method. The
XRD method is used to determine the proportions of A- and B-type
polymorphs in C-type starch by analyzing their contribution in XRD
pattern, while the DSC method is based on the difference in thermal
properties between A- and B-type polymorphs (Bogracheva et al.,
2002; Cairns, Bogracheva, Ring, Hedley, & Morris, 1997; Davydova,
Leont’ev, Genin, Sasov, & Bogracheva, 1995; Gernat, Radosta, Anger,
& Damaschun, 1993; Gernat, Radosta, Damaschun, & Schierbaum,
1990; Lopez-Rubio, Flanagan, Gilbert, & Gidley, 2008; Mutungi
et al., 2011; Mutungi, Passauer, Onyango, Jaros, & Rohm, 2012).
However, these two  methods are not generally applied to analyze a

same starch sample because XRD and DSC methods are only avail-
able for dry starches and wet starches, respectively (Bogracheva
et al., 2002). In our previous study, we developed a new method
for determining the relative crystallinity (RC) of chickpea native

dx.doi.org/10.1016/j.carbpol.2014.12.048
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.12.048&domain=pdf
mailto:zengxx@njau.edu.cn
dx.doi.org/10.1016/j.carbpol.2014.12.048
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Fig. 1. General scheme for preparation of chickpea starch samples.

nd resistant starches by using Fourier-transform infrared (FT-IR)
pectroscopy (Sun et al., 2014). In order to detect more credibly the
hanges in crystal structure of chickpea starch during processing
reatments, two methods were applied in the present study to
etermine the proportions of A- and B-type polymorphs in the same
hickpea starch sample. One is a deconvolution method based on
he XRD pattern of chickpea starch sample, another is a moisture
nalysis method based on the moisture content of chickpea starch
ample.

. Materials and methods

.1. Materials and reagents

Kabuli chickpea seeds were provided by Xinjiang Agricul-
ural University (Urumqi, Xinjiang, China). Amyloglucosidase from
spergillus niger (100 U/mg) was purchased from Shanghai Kayon
iological Technology Co., Ltd (Shanghai, China) and heat-stable
mylase from Bacillus licheniformis (20,000 U/mL) was purchased
rom Jiangsu Ruiyang Biotech Co., Ltd (Wuxi, Jiangsu, China). All
ther reagents were of analytical grade.

.2. Preparation of chickpea starch

The preparation of chickpea starch samples was performed
ccording to the reported method (Sun et al., 2014). The proce-
ures for preparation of chickpea starch samples are outlined in
ig. 1. Briefly, native chickpea starch (NS) was prepared from Kab-
li chickpea seeds by a wet-milling process. Resistant chickpea
tarch I (RSI) was prepared from NS by autoclaving treatment at
21 ◦C for 30 min, cooling treatment at 4 ◦C for 24 h and enzymatic
igestion with heat-stable-amylase (pH 6.0, 500 U/g starch, 96 ◦C)
or 30 min  and amyloglucosidase (pH 4.5, 500 U/g starch, 59 ◦C) for
0 min. Resistant chickpea starch II (RSII) was obtained from RSI by
xtensive hydrolysis with heat-stable-amylase (5000 U/g wet basis,
6 ◦C, pH 6.0) for 24 h and amyloglucosidase (500 U/g starch, 59 ◦C,
H 4.5) for 30 min. Resistant chickpea starch III (RSIII) was  isolated
rom RSII by the treatment with high concentration of K2CO3 solu-
ion (ratio of K2CO3/water, 4:5 (w/v)). All chickpea starch samples
ere vacuum freeze-dried under the same conditions.
.3. Chemical analysis

The nitrogen content of chickpea starch sample was  measured
y an Elementar Vario EL II analyzer in duplicate, and the protein
ers 121 (2015) 169–174

content of chickpea starch sample was  calculated as 6.25 times of
the nitrogen content. The starch content of chickpea starch sample
was determined by the phenol-sulfuric acid method (Fox & Robyt,
1991) in triplicate. The moisture content of chickpea starch sam-
ple was determined gravimetrically by oven drying at 105 ◦C to a
constant weight in triplicate.

2.4. XRD analysis

XRD analysis was carried out on a Bruker D8 Advance
Diffractometer. The radiation used was  Cu-K� (wavelength of
0.15406 nm). The scan was performed at 40 kV and 40 mA  for a 2�
range of 5–37◦ with a step size of 0.02◦ and a collection time of 6.7 s
at each step. All analyses were performed in triplicate.

2.5. Data analysis

SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) was used for sta-
tistical analysis. Significance of difference was tested at P = 0.05 by
using ANOVA and Post Hoc Test (LSD).

3. Results and discussion

3.1. XRD analysis

As shown in Fig. 2a, NS, RSI, RSII and RSIII all displayed C-type
crystallinity with a weak peak at 2� about 6◦ (characteristic of
B-type polymorphs) and strong peaks at 2� of 17◦ and 23◦ (char-
acteristic of A-type polymorphs) according to their XRD patterns
(Hughes et al., 2009; Mutungi, Rost, Onyango, Jaros, & Rohm, 2009;
Salman et al., 2009). The results indicated that the polymorphs of
these starch samples all consisted of A- and B-type polymorphs.
Furthermore, it was  observed that the chickpea starch samples
showed marked changes in their XRD pattern (Fig. 2a). Firstly, NS
displayed a peak at 2� about 15◦, while the corresponding peak
was not observed in RSI, RSII and RSIII. Secondly, RSI, RSII and RSIII
exhibited a broader and higher peak at 2� about 23◦ compared with
NS. These results strongly indicated that the changes in the crystal
structures of chickpea starch samples occurred due to processing
treatments.

To detect the changes in crystal structure, a deconvolution
method was  performed to quantify RC and RC of the A- and B-type
polymorphs (RCA and RCB, respectively) in chickpea starch sam-
ples according to the method reported by Lopez-Rubio et al. (2008)
with slightly modifications. Taking RSI as an example, the steps of
the deconvolution method were as followings: (1) the XRD pattern
of RSI was  smoothed with a Savitzky–Golay algorithm (8.0%) and
baseline-corrected by drawing a tangent line between 2� = 5–37◦

using PeakFit software version 4.12 (Seasolve Software Inc., CA,
USA); (2) the smoothed curve was further baseline-corrected with
the amorphous baseline which was acquired following the litera-
ture (Nara & Komiya, 1983) using MDI  Jade 5.0 software (Materials
Data Inc., Livermore, CA) and the resulted pattern represented the
crystalline fraction (Fig. 2b); (3) the crystalline fraction pattern of
RSI was modeled with 9 Gaussian function peaks at 2� about 6◦,
11◦, 15◦, 17◦, 18◦, 23◦, 24◦, 30◦ and 33◦ by using PeakFit software
version 4.12 (Fig. 2c) and the model R2 was at least 0.99; (4) the
fitting peaks were determined the contribution from A- or B-type
polymorph according to the approaching degree of the actual peak
position and RC apportioned to peak to the respective standard peak
(Table 1); and (5) the RC was  the ratio of the area of crystalline frac-

tion pattern to the area of the total XRD pattern according to the
method described by Nara and Komiya (1983), the RCA was the ratio
of the sum area of peaks contributed from the A-type polymorphs
to the area of the total XRD pattern and the RCB was the ratio of the
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Table 1
X-ray diffraction peaks and relative crystallinity apportioned to peak.

Sample X-ray diffraction peaks at 2� (◦) and relative crystallinity (%) apportioned to peak

6 10 11 14 15 17 18 23 24 26 30 33

A-type polymorpha N/A 9.98 11.19 N/A 15.11b 17.14b 18.14b 22.93 23.68 26.27b 30.30 33.08
B-type  polymorpha 5.51 10.01 11.02 13.85 14.60 16.85 N/A 22.30 23.71 26.16 30.61 33.84
NS

Pd 5.43 ± 0.22 9.63 ± 0.45 11.77 ± 0.09 nd 15.09 ± 0.11 17.46 ± 0.12 nd nd 23.32 ± 0.20 nd 30.73 ± 0.77 33.23 ± 0.80
Pc 0.3 ± 0.3 0.3 ± 0.1 0.4 ± 0.1 nd 5.4 ± 2.7 13.3 ± 0.7 nd nd 5.6 ± 2.3 nd 3.0 ± 1.7 2.7 ± 2.2

RSI
Pd 5.97 ± 0.09 nd 11.07 ± 0.02 nd 15.14 ± 0.13 17.00 ± 0.07 18.80 ± 0.14 22.73 ± 0.11 24.38 ± 0.75 nd 30.81 ± 0.12 33.64 ± 0.55
Pc 1.1 ± 0.1 nd 1.2 ± 0.3 nd 9.4 ± 1.8 17.6 ± 1.7 4.2 ± 1.3 6.4 ± 1.9 2.5 ± 1.5 nd 3.8 ± 1.1 2.0 ± 0.7

RSII
Pd 6.02 ± 0.16 nd 11.02 ± 0.04 nd 15.13 ± 0.16 17.02 ± 0.05 18.81 ± 0.27 22.69 ± 0.14 23.71 ± 0.39 25.94 ± 0.40 30.63 ± 0.11 33.50 ± 0.33
Pc 1.7 ± 0.8 nd 2.0 ± 0.6 nd 10.9 ± 1.3 18.6 ± 1.4 5.7 ± 2.5 5.0 ± 1.4 4.3 ± 1.7 1.1 ± 0.8 3.8 ± 0.5 3.0 ± 0.5

RSIII
Pd 5.99 ± 0.45 nd 11.05 ± 0.04 nd 15.09 ± 0.06 17.01 ± 0.07 18.90 ± 0.29 22.66 ± 0.16 23.92 ± 0.23 25.87 ± 0.37 30.55 ± 0.13 33.62 ± 0.43
Pc 0.8 ± 0.4 nd 1.4 ± 0.8 nd 8.5 ± 1.5 19.3 ± 0.6 3.8 ± 1.1 6.7 ± 1.4 3.7 ± 1.4 1.3 ± 0.4 3.7 ± 0.6 3.3 ± 0.6

Pd, diffraction peak position; Pc, relative crystallinity apportioned to peak; N/A, not applicable; nd, not detected; the data with shading is contributed from the A-type polymorphs.
a Data adapted from the reference Lopez-Rubio et al. (2008).
b Strong diffraction peak.
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Table 2
The relative crystallinity of chickpea starch samples.

Chickpea starch sample

NS RSI RSII RSIII

RC (%) 31.0 ± 1.1a 48.2 ± 0.9b 56.2 ± 3.4d 52.5 ± 0.9c
RCA (%)A 25.0 ± 1.1a 37.6 ± 1.1b 40.3 ± 4.3b 38.3 ± 0.8b
RCB (%)A 6.0 ± 0.4a 10.6 ± 1.0b 15.9 ± 1.6c 14.2 ± 1.3c
BP (%)A 19.23 ± 1.16a 22.03 ± 1.97a 28.43 ± 3.86b 27.03 ± 2.04b
RCA (%)B 26.0–31.0 31.4–36.4 34.1–39.9 32.1–36.7

RC,  the relative crystallinity; RCA , the relative crystallinity of A-type polymorphs;
RCB , the relative crystallinity of B-type polymorphs; BP , the percentage of B-type
polymorphs in total polymorphs. Different small letters in the same line indicate
significant difference at the 0.05 level.
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CRSI
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 (RCR
A Acquired from the deconvolution method.
B Acquired from the moisture analysis method.

egions) (Bogracheva, Wang, & Hedley, 2001; Hartley, Chevance,
ill, Mitchell, & Blanshard, 1995; Imberty et al., 1988; Imberty &
erez, 1988; Sarko & Wu,  1978). If we can determine the parti-
ioning of water in different components and regions of starch in
tarch granules, the relative amounts of A- and B-type polymorphs
f starch granules can be calculated from the moisture content of
tarch granules.

.2.1. Partitioning of water in starch and non-starch solid
omponents

In order to estimate the moisture contents in starch and non-
tarch solid components of chickpea starch samples, the following

onsiderations were taken into account: chemical composition and
he partitioning of water in solid components. As shown in Table 3,
he chickpea starch samples mainly consisted of starch, protein and

oisture. According to the reports, the samples could be ranked
y decreasing the equilibrium moisture contents in the same dry
nvironment: starch ≥ the natural or artificial mixtures (mainly
onsisted of starch and protein) > protein (Hartley et al., 1995;
iganakos & Kontominas, 1997; Roman-Gutierrez, Guilbert, & Cuq,
002). As freeze-dried solid protein is an amorphous material (Hill,
halaev, & Zografi, 2005; Wang, Tchessalov, Warne, & Pikal, 2009),
he protein in chickpea starch sample could be considered to be
n amorphous form and it would not affect the crystal structure
nalysis of chickpea starch sample. Therefore, the moisture content
ssociated with starch in the chickpea starch sample (MSC) could be
stimated by the following inequality: MSC ≥ MC × SC/(100 − MC),
here MC and SC are the moisture content and starch content of

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

MNS
SC = 0.05 × RCNS

A + 0.25 × (R

MRSI
SC = 0.05 × RCRSI

A + 0.25 × (R

MRSII
SC = 0.05 × RCRSII

A + 0.25 × (

MRSIII
SC = 0.05 × RCRSIII

A + 0.25 ×
he chickpea starch sample, respectively. As a result, the MSC of
hickpea starch samples are presented in Table 3.

able 3
hemical compositions and MSC of chickpea starch samples.

Composition (%) Starch sample

NS RSI RSII RSIII

Protein 1.00 ± 0.07 2.26 ± 0.46 7.81 ± 0.16 3.61 ± 0.08
Starch 92.65 ± 0.13 90.16 ± 0.80 85.16 ± 1.58 89.87 ± 0.28
Moisture 2.56 ± 0.18 5.76 ± 0.39 7.23 ± 0.30 6.71 ± 0.22
MSC 2.43–2.56 5.51–5.76 6.63–7.23 6.47–6.71

SC , the moisture content associated with starch in the chickpea starch sample.
Fig. 3. The RCA of the chickpea starch samples at different MSCAM .

3.2.2. Partitioning of water in amorphous and crystalline regions
of starch

It  has been reported that the structural water content is fixed
in A-type polymorphs (about 5%) and B-type polymorphs (about
25%) (Imberty et al., 1988; Imberty & Perez, 1988; Sarko & Wu,
1978). Therefore, we  assumed that the moisture content is 5% in A-
type polymorphs and 25% in B-type polymorphs, and the moisture
contents are the same in amorphous regions of starch samples dried
under the same condition. Then the RCA of chickpea starch samples
could be obtained by the following linear equations (1):

 RCNS
A ) + (SNS

C + MNS
SC − RCNS) × MSCAM

− RCRSI
A ) + (SRSI

C + MRSI
SC − RCRSI) × MSCAM

II − RCRSII
A ) + (SRSII

C + MRSII
SC − RCRSII) × MSCAM

SIII − RCRSIII
A ) + (SRSIII

C + MRSIII
SC − RCRSIII) × MSCAM

(1)

where MNS
SC , RCNS, RCNS

A and SNS
C are MSC, RC,  RCA and starch content

of NS, respectively, and the rest may  be deduced by analogy, MSCAM
is the moisture content of amorphous region in starch.

When the MSC, RC and starch content of chickpea starch samples
were applied to the linear equations (1), we  obtained the value
ranges of MSCAM (0.00–1.57%) and RCA of chickpea starch samples
which are shown in Table 2 and Fig. 3, respectively.

3.3. Comparison of the two methods

It was  found that the RCA of chickpea starch samples acquired
from the deconvolution method were close to those obtained from
the moisture analysis method (Table 2). Moreover, the RCA of chick-
pea starch samples determined by these two methods showed the
same trend which followed the order: RSII > RSIII ≈ RSI > NS (Table 2
and Fig. 3). The results suggested that the two methods could be
used to estimate the RCA in the same chickpea starch sample and
provide mutual corroboration.

The RCA acquired from the deconvolution method was not
located within the value range of RCA obtained from the moisture
analysis method, the reason was possible due to that the moisture
contents of amorphous, A- and B-type polymorphs were slightly
overestimated or underestimated in different chickpea starch
samples.

3.4. Changes in crystal structure of chickpea starch samples

during processing treatments

RSI was  prepared from NS by enzymatic digestion after
autoclaving-cooling. It was found that the RC,  RCA and RCB of RSI
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ignificantly increased and the BP showed a small increase com-
ared with NS. These changes might be related with the preparation
rocess of RSI which was produced by three main steps: gelatiniza-
ion, retrogradation and enzymatic digestion. After gelatinization,
he starch gel was stored at 4 ◦C for retrogradation which might be
avored to the formation of B-type polymorphs in starch (Shamai,
ianco-Peled, & Shimoni, 2003; Shamai, Shimoni, & Bianco-Peled,
004). Then the starch gel was digested by amylase which occurred
ainly in the amorphous region and had a lower digestion rate

or B-type polymorphs than A-type polymorphs (Gerard, Colonna,
uleon, & Planchot, 2001; Kim, Park & Lim, 2008; Naguleswaran,
asanthan, Hoover & Bressler, 2013; Planchot, Colonna & Buleon,
997; Planchot, Colonna, Gallant & Bouchet, 1995).

RSII was obtained from RSI by extensive hydrolysis with �-
mylase. It was found that the RC,  RCB and BP of RSII significantly
ncreased while the RCA increased only slightly compared with
SI. The results showed that the crystalline region of RSI was  less
usceptible to �-amylase hydrolysis than its amorphous region,
nd moreover, B-type polymorph in RSI was more resistant to
-amylase hydrolysis than A-type polymorph. This conclusion is
onsistent with the literatures (Gerard et al., 2001; Kim et al., 2008;
aguleswaran et al., 2013; Planchot et al., 1995, 1997).

RSIII was prepared from RSII by the treatment with high con-
entration of K2CO3 solution. It was observed that the RC value
f RSIII showed a significant decrease whereas the RCA, RCB and
P did not show significant difference compared those of RSII. The
esults indicated that A-type polymorph was not as stable as B-type
olymorph in the high concentration of K2CO3 solution.

. Conclusions

In the present study, a deconvolution method based on starch
RD pattern and a moisture analysis method based on starch mois-

ure content were applied to determine RCA and RCB in the same
hickpea starch sample. The results indicated that both methods
ould be used to estimate the RCA in the same chickpea starch sam-
le and provide mutual corroboration. Furthermore, the present
esults demonstrated that (1) the crystalline region of chickpea
tarch was less susceptible to �-amylase hydrolysis than its amor-
hous region, and B-type polymorph in chickpea starch was  more
esistant to �-amylase hydrolysis than A-type polymorph; (2) A-
ype polymorph of chickpea starch was not as stable as B-type
olymorph in the high concentration of K2CO3 solution.
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