HEALTH, FOOD & BIOTECHNOLOGY | ORIGINAL ARTICLE
BIOTECHNOLOGY

https://doi.org/10.36107/hfb.2022.i1.s131

X-ray Diffraction for Detecting Starch
Adulteration and Measuring the Crystallinity
Indices of the Polymorphic Modifications

of Starch

Ekaterina M. Podgorbunskikh, Karina V. Dome, Vladimir A. Buchtoyarov,
Aleksey L. Bychkov

Institute of Solid State Chemistry and ABSTRACT
Mechanochemistry, Siberian Branch,
Russian Academy of Sciences, Novosibirsk,  Introduction. Starch is widely used in the food industry and biotechnology, including for

Russia manufacturing food packaging materials. Native starches from various sources exist in the
form of three polymorphic modifications (A-, B- and C-types) differing in their crystal struc-

Correspondence: ture, which has an indirect effect on their physicochemical and technological properties.

Ekaterina M. Podgorbunskikh,

Institute of Solid State Chemistry and Purpose. To properly and efficiently use starch as a raw material for biotechnology, one

Mechanochemistry SB RAS, 18, Kutateladze ~ needs to preliminarily identify its polymorphic modification and crystallinity, as well as detect

Str, Novosibirsk, 630090 Russia. and discard adulterants or substandard raw materials. X-ray diffraction is suggested to be a

E-mail: podgorbunskikh@solid.nsc.ru rapid and accurate method for solving the outlined problems.

Declaration of competing interest: Materials and Methods. In this study, properties of commercial starch from various plant

none declared. sources (corn, rice, wheat, potatoes, peas, and tapioca) were analyzed by X-ray diffraction

. and scanning electron microscopy.
Received: 16.01.2022

Accepted: 10.03.2022 Results. Starch of some brands was shown to be adulterated: the more expensive potato
Published: 30.03.2022 starch was replaced with cheaper corn starch. The crystallinity indices were determined for
all the selected samples; the crystal structure of corn starch was found to be most highly or-
dered. Contrariwise, the C-type pea starch was characterized by the lowest degree of crystal
structure ordering. The findings obtained in this study show that it is necessary to prelimi-
narily determine the source of starch in order to identify its polymorphic modification, as well
as physical and chemical properties by X-ray diffraction.

Copyright: © 2022 The Authors

Conclusions. This information will be demanded for developing the new types of functional
foods and reproducing the currently used biotechnologies.

KEYWORDS
starch, crystal structure, polymorphic modifications, crystallinity index, X-ray diffraction, edible pack-
aging, identification, adulterated food

To cite: Podgorbunskikh, E. M., Dome, K. V, Buchtoyarov, A. V,, & Bychkov, A. L. (2022). X-ray Diffraction for
Detecting Starch Adulteration and Measuring the Crystallinity Indices of the Polymorphic Modifications of
Starch. Health, Food & Biotechnology, 4(1), 62—70. https://doi.org/10.36107/hfb.2022.i1.s131
@ @ @ Acknowledgments: this work was supported by the grant of the President of the Russian Federation for
BY NG governmental support of young Doctors of Sciences (project No. MD-2330.2022.1.3).

62 HEALTH, FOOD & BIOTECHNOLOGY | ToM 4, N° 1 (2022)



HEALTH, FOOD & BIOTECHNOLOGY | OPUTTMHAJIBHOE MCCJIELOBAHME

BHUOTEXHOJIOI'NU

https://doi.org/10.36107/hfb.2022.i1.s131
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INTRODUCTION

There currently is an increasing interest in environmen-
tally friendly materials for packaging, storage, and trans-
portation of food products, which could potentially replace
coatings and packaging produced using petroleum deriv-
atives. The most promising trend is to manufacture edible
films and coatings based on biopolymers fabricated using
physicochemical methods, while harsh conditions, chemical
and biological agents are used to a minimal extent (Li et al.,
2020). However, nowadays it is rather challenging to produce
biopolymer films complying with the modern requirements
posed on the conventional packaging materials, since they
are supposed to exhibit comparable performance charac-
teristics (Pogorelov et al., 2019). The strand of research fo-
cusing on production of biodegradable starch-based films
has been maximally developed (Agarwal et al., 2021; Balles-
teros-Martinez et al., 2020).

Native starch granules are semi-crystalline aggregates
of amylose and amylopectin consisting of ordered and
non-ordered domains (Zhu et a., 2018). The double helix
formed by amylopectin chains is connected to the crystal-
line domains arranged regularly with respect to each other
(Vamadevan and Bertfort, 2020). The non-ordered amor-
phous domains are formed both by amylose chains and
by non-ordered domains of branched amylopectin chains
(Kim et al., 2020).

There are three main types of polymorphic modifications of
native starch. Depending on structural organization of lamel-
lag, starches are subdivided into the A-, B-, and C-types. The
A- and B-types of amylopectin have identical conformation
of the helix, while having different unit cells: the orthorhom-
bic one for A-type amylopectin and hexagonal one for B-type
amylopectin (Litvyak et al., 2019). Brief characteristics of
the unit cells of starches are summarized in Table 1 (Sarko
and Wu, 1978).

Table 1
Brief characteristics of the polymorphic modifications of starch

Starch and products of its modification are widely used
in the food industry as components of preventive nutri-
tion (Lemos et al., 2018; Firdaus et al., 2018; Chevigny et
al., 2016; Ferreira et al., 2016). The applicability of starch
for designing eco-friendly products can be attributed to
its advantages such as renewability, biodegradability, ver-
satility, affordability, and cost. The specific application of
starch depends on its physicochemical properties such as
the length of a-glucan chains, the degree of branching and
crystallinity index, which are the parameters responsible
for the granule size, shape, and structure (Lorente-Ayza
et al,, 2015). Potato starch was found to possess better
film-forming properties than other sources of starch due to
its greater solubility (Jiang et al., 2020). However, materi-
als based on potato starch with high amylopectin content
are extremely sensitive to moisture and mechanical im-
pact (Zotek-Tryznowska and Holica, 2020). The chemical
and structural modifications of starch-based nanocrystals
have also been widely studied. Along with cellulose, chitin
and chitosan nanocrystals, starch nanocrystals are used as
polysaccharide fillers for reinforcing composites (e.g., poly-
lactic acid-based nanocomposites) due to their high crys-
tallinity (Jadhav et al., 2020). Starch nanoparticles can also
be used as food supplements, drug vehicles, components
of glues, plastics, and other biodegradable composites (Es-
pino-Pérez et al., 2016; Garcia et al., 2009).

One of the relevant problems related to food biotechnolo-
gy is designing special food products or their components
that have tailored properties and improved bioavailability to
compensate for deficiencies of essential nutrients (Rastogi
and Bhatia, 2019).Controlled variation in crystallinity allows
one to obtain a more reactive product possessing improved
mechanical properties, since the crystallinity index of native
starches depends on their source and varies broadly from
15% to 45% (Rodrigues et al., 2020; Litvyak et al., 2019; Pozo
et al., 2018; Bajer et al., 2013). We have previously shown
that the efficiency of native starch amorphization depends

Type a, A b, A c, A Q° B,° v, © Source
A 11.90 17.70 10.52 90 90 90 Cprn (Luchese et al., 2017), wheat (Alay and Meireles, 2015),
rice (Nara et al., 1978)
o ms0 om0 mo so o [oelSnhets 0 b Choer i,
c 18.50 18.50 10.47 90 90 120 Soybean (Purohit et al., 2019), tapioca (Singh et al., 2006),

chickpea (Ghosal and Kaushal, 2019)

Note. a, b, and c are the unit cell parameters; q, B, y are the angles formed between the edges of a unit cell.
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on the type of the crystalline structure of starch (Author et
al., 2020). Findings on the efficiency of mechanical activation
of starch-containing raw materials have also been obtained
(Author et al., 2022).

The initial step to identify the range of applicability of starch
should involve confirming the type of polymorphic modi-
fications of starch from various plant sources (corn, rice,
wheat, potatoes, peas, and tapioca), measuring the crystal-
linity index, as well as potentially identifying and discarding
adulterants and substandard raw materials.

MATERIALS AND METHODS

Thirty samples of commercially available starches (see Ta-
ble 2) derived from various plant sources (corn, rice, wheat,
potato, peas, and tapioca) were used as study objects.

The morphology of the selected starch samples was char-
acterized by scanning electron microscopy (SEM) on a
TM-1000 microscope (Hitachi, Japan) at a voltage of
15 kV; gold was pre-deposited onto the surface of the
material on a JFC-1600 magnetron sputtering machine
(Jeol, Japan). The sputtering time was 30 s; ion current
was 30 mA.

The structural properties of starches were characterized by

X-ray diffraction on a D8 Advance powder diffractometer
(Bruker, Germany) with monochromatic CuKa radiation in

Figurel

the Bragg—Brentano reflection geometry. The step size was
0.0195°. The analysis was performed within a wide range of
26 angles (3+70°) at a voltage of 40 kV and current of 40 mA.
X-ray wavelength was 1.5406 A.

Amorphous standards were obtained for each sample by
prolonged mechanical activation of native samples in an
AGO-2 planetary ball mill (20 g) identically to the procedure
described in ref. (Author et al., 2020). The activation time was
10 min.

The crystallinity indices of starches under study were cal-
culated using the procedure proposed by Nara and Kom-
iya (Frost, 2009; Nara et al., 1978). A fit curve connecting
the base lines of the peaks was plotted on the recorded
XRD pattern (see Figure 1). The area above the fit curve
corresponded to the crystalline portion of starch, and
the area below the curve corresponded to its amorphous
portion.

The crystallinity index (Cl) was calculated as the ratio be-
tween the area of the crystalline phase and the total area un-
der the XRD curve using the formula:

_ Scr,phase

Cl=

-100 %, M

total

where S, ... is the area of crystalline phase and S, is the
total area below the XRD pattern curve.

Graphic illustration of the method used to calculate the crystallinity index of

starch

Intensity, rel. units

Note. CR — the crystalline phase; AM — the amorphous phase.
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RESULTS

The microimages of the analyzed starches having different  Table 2 lists the crystallinity indices for the 30 analyzed
crystal structures were recorded by electron microscopy starch samples.
(Figure 2).

Figures 3A-C show the X-ray diffraction patterns recorded

for the analyzed starches depending on the type of crystal
structure.

Figure 2

SEM images of A-, B-, and C-type starches obtained from different sources

100 um 100 um

100 um

E

Note. A-type starches: A — corn starch, B — rice starch, and C — wheat starch; B-type starch: D — potato starch; C-type starches: E — pea starch
and F - tapioca starch.
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Figure 3

Examples of X-ray diffraction patterns typical of A-, B-, and C-type
starches

Table 2

Crystallinity indices of starches depending on their source and
type of crystal structure

[ A-Type —Corn starch Poly- c
iy . ountry of o
‘ w‘\ th ,’m\% Rice starch No. m:rphlc Source manufacture Cl, %
\ nm ,' [ ".,l Wheat starch ype
i f !
Ll £\
% Ao o 1 France 451
% | 1“.“ MF”‘M"JM “ { \ h‘W‘, M“' o
3 f\ \ ‘\\, A 2 France 42 +3
E ‘4“ { |".’ " W " 4. g\ .
Z ", e MR N 3 Russia 43+3
§ Moy ) v"‘Mv»Hm —
£ Bt WO 4 Russia 4212
5 Russia 42 +3
E— Corn
6 Russia 40+2
A
: | : L |‘ ! ! : I. 7 Russia 37+2
3 6 9 12 15,18 21 24 27 30
26, 8 Russia 39+2
A -
9 Russia 41+3
\ B-Type -
| f —Potato starch 10 Russia 41+2
L] _—
\1” 'M' I 1 Rice Vietnam 39+2
\ il -
9 i\ [ 12 Wheat China 352
HE. .
3 ! f \ 13 Finland 403
> \ f 1
G N ¥ "'er . 14 Russia 403
2 Y il "'llt t
£ N i “\m 15 Russia 36+ 2
TWQPM \ R
Y [ 16 Russia 40+4
K S
Y
ke 17 Russia 37+2
I [ [ | [
3 6 9 215,18 21 24 27 30 18 Russia 384
B 19 Russia 38+3
g 20 B Potato Russia 4142
CType Tapioca starch -
21 Russia 36+3
—Pea starch
22 Russia 40+2
£ 23 Russia 37+1
?; —
= 24 Russia 42+ +3
2 -
8 25 Russia 42+ +3
= —_—
26 Russia 38+ +2
27 Russia 40* £ 2
28 Tapioca Russia 4142
3 6 9 12 1518 21 24 27 30 29 C Russia 26+3
28, E— Peas
c 30 China 29+2

Note. A: X-ray diffraction patterns of corn, rice, and wheat starches; B:
X-ray diffraction pattern of potato starch; C: X-ray diffraction patterns
of tapioca and pea starches.

Note. Cl — crystallinity index. * — Starch mismatches the declared type
of polymorphic modification.
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DISCUSSION

The polymorphic modifications of starch have different
crystal structures and different crystallinity indices (the
ratio between the number of crystalline and amorphous
regions) in particular. Starch that was already amorphized
is often used in food industry as a thickener, a stabilizer,
a gelling agent, a food filler, or a water retention agent. The
amorphized starch can also be used for manufacturing bi-
odegradable films to store the finished product. As shown
earlier (Author et al., 2020), mechanical pretreatment of
potato (B-type) starch requires less energy than pretreat-
ment of corn (A-type) or tapioca (C-type) starch does. In
order to enhance the efficiency of starch application in the
food industry, one needs to acquire information about the
polymorphic modification and crystallinity index of starch
being used.

Granules of the A-type corn and rice starches have an irreg-
ular polyhedral shape (see Figure 2A-B). Granules of wheat
starch (see Figure 2C) are different: they have a flattened
round shape and can form aggregates under normal stor-
age conditions. Granules of B-type potato starch are prefer-
entially shaped as spheres or ellipsoids and have a smooth
surface characterized by slight roughness (see Figure 2D).
Granules of C-type starches have different structures de-
pending on their source. Thus, granules of pea starch are
likely to have an elliptical shape (see Figure 2E), while gran-
ules of tapioca starch (see Fig. 2F) are irregularly shaped.

The XRD patterns of corn, rice, and wheat starches contain
diffraction peaks characteristic of A-type starch at (26):

Figure 4

15.00°,17.02°,17.92°, and 22.93° (Munoz, 2015; Singh et al.,
2006). The XRD pattern of potato starch contains diffrac-
tion peaks characteristic of B-type starch at (28): 5.58°,
15.13°, 17.23° 19.67°, 22.20°, 24.00°, and 26.35° (Munoz,
2015; Singh et al., 2006). The polymorphic modification of
C-type starch is a mixed crystal structure: a starch granule
has a hilum with a B-type structure surrounded with A-type
crystallites (Zobel, 1988). Therefore, crystallites having
different structures coexist. The XRD patterns of pea and
tapioca starches recorded in the Bregg—Brentano geome-
try contain the following characteristic diffraction peaks at
(26): 5.58°,15.15°,17.12°,18.19°, and 22.78° (Munoz, 2015;
Singh et al., 2006).

X-ray diffraction analysis revealed a mismatch of the crystal
structures of declared potato starch for a number of brands
(see samples Nos. 24-27 in Table 2). Figure 4 shows the XRD
patterns of isolated samples compared to the theoretical
profiles of the A- and B-type polymorphic modifications. The
XRD patterns recorded for these potato starch samples were
shown to contain diffraction peaks typical of A-type starch.
The difference in costs of potato and corn starches (the av-
erage cost of potato starch is 1.1-1.2-fold higher than that
of corn starch) gives grounds to assume that the analyzed
packages contained corn starch.

CONCLUSIONS

The findings obtained in this study prove that X-ray diffrac-
tion can be used not only to routinely determine the crystal-
linity index of starch but also to identify its crystal structure,

X-ray diffraction patterns of samples Nos. 24-27 and the diffraction peak

profiles typical of A- and B-type starch

—Sample #24
—Sample #25
—Sample #26
Sample #27
2
c
=
E
Z
2
3
£
|| |1 | | | AType
I | (. | [
T T T T T T T T 1
3 6 9 12 15 18 21 24 27 30
20,°
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thus affecting the choice which source of starch to use (e.g.,
corn, rice, wheat, potatoes, peas, tapioca, etc.).

Identifying the samples of commercial starch of different
brands has revealed a number of mismatches: the starch
declared to be potato starch by the manufacturer was actu-
ally corn starch. The crystallinity indices were determined.
The A-type corn starch was found to have the most high-
ly ordered crystal structure. Contrariwise, the lowest or-
dering of crystal structure was revealed for the C-type pea
starch.

This information can be used when developing the novel
types of safe functional foods characterized by better nutri-
ent bioavailability.
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