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INTRODUCTION

In plants, starch is present at various places as tiny white
granules, for example, in grains (such as sorghum, oat, rice,
barley, wheat and maize), seeds of legumes (such as beans and
peas), tubers (such as potatoes), stems (such as sago palm), and
roots (such as cassava, sweet potatoes, yam and arrowroots) [1].
The main sources of commercial starch are potatoes, cassava,
wheat, maize and waxy maize. Similarly, starch is extracted
from sweet potatoes, rice, potatoes, arrowroots, sorghum, sago
and mung bean [2].

The properties of starch vary considerably based on their
sources. The biological origin of starch can be identified from
its physical and chemical properties [3]. Furthermore, the prop-
erties of starch can be altered through chemical modifications
[4]. However, relative differences exist between the intended
starches and corresponding modified starches. The properties
of the modified starch are influenced by its native properties.
Starches can be classified as (i) grain (rice, sorghum, wheat,
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maize, efc.), (i) root (tapioca, arrowroot, sweet potato, efc.) and
tuber (potato) and (iii) waxy (waxy rice, waxy maize, waxy
sorghum, efc.) starches [5,6]. The structure and properties of
the first two starches differ considerably from each another.
Although the first and third classes of starch are derived from
cereals, the rheological properties of waxy starches are similar
to that of tapioca starch. In contrast to potato starch, which has
oval granules that are relatively large, maize starch has small
polygonal or round granules. The atmospheric temperature
and relative humidity determine the water content absorbed
by starch granules. Under normal atmospheric conditions, most
commercial native starches contain 10-20% moisture [7].
Common starches (sorghum, rice, wheat, maize, efc.) contain
a higher percentage of fatty substances (0.6-1%) than tapioca
(0.1%) and potato (0.05%) starch. The fatty lipid substances
are predominantly lysophospholipids in wheat starch and free
fatty acids in waxy maize and maize starch. In wheat and maize
starches granules, lipids reduce the swelling and the water
dissolving capacity of starches [8]. In general, starch molecules
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are hydrophobic with a quantum yield of fluorescence. This
quantum yield is related to starch hydrophobicity. When starch
forms a complex with hydrophobic molecules, such as poly-
aniline, fluorescence intensity increases with increased hydro-
phobicity interaction.

Under a fluorescence microscope, starch exhibits intense
fluorescence. Starch granules naturally extracted from plant
tissues have fluorophore [9]. The native starch has straight-
forward fluorescence characteristics. Fluorescence imaging is
used for observing starch in plant cells [10,11]. For biomedical
applications, a fluorescence technique was developed [12].
Generally, fluorescent labelling is performed by using a reactive
fluorophore derivative that binds exclusively to a specific group
in the target biomolecule [13-15]. A few criteria must be addre-
ssed to select a fluorescent probe and labelling technique, i.e.
(1) fluorescent label must be small sized and chemically stable,
with minimal functional groups to bind with the target mole-
cule and (ii) the fluorescent labelling reaction must be highly
compact with the target molecule, preferably forming a covalent
linkage between the fluorescent label and the target molecule
[16].

Starch, being a sustainable resource for industrial appli-
cations, is extensively studied [17]. In general, starch is modified
for non-food applications [18,19]. However, the literature lacks
studies dealing with starch-based fluorescence sensors using
fluorescence techniques. Chemically modifying starch through
the introduction of organic molecules (n-t*) may effectively
improve starch fluorescence and increase its usability [20,21].
Therefore, we attempted to synthesize a low-cost fluorescent
material from starch by using the gamma technique. Gamma
irradiation is a promising technique for producing polymeric
materials [22-25].

Amylopectin and amylose in starch can form inclusion
complexes with other molecules. Amylose can form inclusion
complexes with hydrophobic guest molecules, such as aromatic
compounds, iodine and fatty acids. Hydrophobic guest mole-
cules change the conformation of amylose from double helix
to a single left-handed helix structure called V-amylose [26,27].
Furthermore, in the presence of polyaniline, amylose retains
its single helical conformation, forming a V-amylose based
on the XRD pattern. V-amylose has a central hydrophobic cavity
consisting of a hydrocarbon chain of polyaniline. The guest
hydrophobic molecules pass through the amylose helix axis,
which has a highly hydrophobic central cavity and a highly
hydrophilic outer surface. The hydrophilic property is derived
from outer hydroxyl groups. Inclusion complexation binds the
inner-cavity hydrophobic molecules more than it does to hydro-
phobic sites [28,29]. The interactions between guest hydro-
phobic molecules and amylose molecules form an inclusion
complex through the transfer of molecules from a polar environ-
ment to a less polar environment [30]. The hydrophobicity of
the helical cavity is mandatory for inclusion complex formation.

In this article, a simple method is described for introd-
ucing certain organic molecules (polyaniline) into starch mole-
cules to increase its florescence without affecting its properties.
Polyaniline enhances the optical density of starch through electro
donation from 7t to starch. Fluorescent organic starch can provide

long-term stability and rapid response of the equilibrium, which
could be used as a practical polymeric fluorescent probe material.

EXPERIMENTAL

Starch powder was procured from the local market and
used as received without further purification. Monomer of aniline
99% from Sigma-Aldrich, Germany.

Fluorescence microscopy: Fluorescence images were
obtained using an optical microscope (ZEISS Axio Lab.Al)
was used in the excitation wavelengths were 365, 380, 455
and 470 nm while the emission maxima were at 455 nm and
470 nm for blue fluorescence.

Preparation of organostarch samples: Aniline monomer
(10 mL) was completely mixed with raw starch powder (10 g).
After keeping the mixture standing overnight, it was subjected
to 50-kGy gamma radiation. Then, polyaniline/starch powder
was washed several times with ethanol/water solvents and unre-
acted aniline monomer was extracted through filtration. Poly-
aniline was introduced into starch layers formed after poly-
merization.

Gamma radiation source: The sample was irradiated at
a dose of 1.66 kGy/h with the “Co Indian irradiation facility
gammarays. The irradiation cell was established by the Egyptian
Atomic Energy Authority (AEAE) Cairo’s National Center for
Radiation Research and Technology (NCRRT).

Characterization: The structural characterization and
surface morphology of starch and organostarch samples were
done by scanning electron microscopy (SEM) 1550 (Leo/Zeiss)
was used. The measurements were done with an in-lens detector
at 10 kV. APEX™ js EDAX’s intuitive and user-friendly 64-
bit software program for the collection and analysis of Energy
Dispersive Spectroscopy (EDS) data and the compositional
characterization of materials. The crystal structure was perfor-
med using X-ray diffraction patterns obtained with The XRD-
6000 series, including residual austenite quantitation, stress
analysis, lattice strain, crystallite size , crystallinity calcula-
tion, materials analysis via overlaid X-ray diffraction patterns
Shimadzu apparatus using nickel-filter and CuKow Shimadzu
Scientific Instruments (SSI), Kyoto, Japan. The chemical struc-
ture of starch and organostarch were performed using FTIR-
ATR. The Attenuated total reflectance-Fourier transform infra-
red (ATR-FTIR) is Vertex 70 FTIR model equipped with
HYPERION™ series microscope (BrukerOptik GmbH, Ettlingen,
Germany) over the 4000-500 cm™ range at a resolution of 4
cm’! was used. Software OPUS 6.0 (Bruker) was used for the
data processing.

RESULTS AND DISCUSSION

Proposed mechanism of formation organostarch
induced by gamma irradiation: Compared with traditional
adsorbents, such as silica gels, bentonites and activated carbons,
starch is widely used for adsorbing numerous guest molecules,
such as dyes and heavy metals from aqueous solutions. Parti-
cularly, no published studies indicate that starch adsorbs aniline.
Therefore, this study aimed to prepare starch-aniline crosslinks
to produce modified starch called organostarch. Gamma irradi-
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Fig. 1. Proposed mechanism of starch-polyaniline inclusion complexes formation followed by starch polyaniline crosslinked, (a) unstable

boat form (b) stable chair form

ation technique was used for initiating and crosslinking starch-
aniline. Fig. 1 shows how the starch-aniline inclusion complex
forms before gamma irradiation induces starch-polyaniline cross-
links (organostarch). Fig. 1a shows that the glucose molecules
arrange themselves to form a stereochemical chair as shown
in Fig. 1b, which is more stable than the boat form shown in
Fig. la. Fig. 1b corresponds to the chemical structure of the
amylose helix. The inner structure has a hydrophobic character
with three oxygen atoms facing inside and the outer structure
has a hydrophilic character. The internal surface of amylose
helix binds with hydrocarbon molecules, which leads to amylose
affinity with gust hydrophilic molecules (polyaniline).
FTIR analysis: FTIR analysis of starch revealed a charac-
teristic peak due to the stretching vibration of C-H (2929 cm™).
The C-O-H modes of bending at 1078 cm™ ordered the amor-
phous starch samples [31,32]. The infrared spectrum at 999
cm' was assigned to glycosidic bonds [33] (Fig. 2). In the organo-
starch sample, characteristic peaks were observed for polyaniline.
The IR peak at 1485 cm™ is attributed to C=C stretching
vibrations in the benzene ring and the corresponding C-N peak
is observed at 1306 cm™. The IR peaks at 3280 and 1644 cm™
(attributed to an intermolecular H-bond) have high intensity
for organostarch samples (Fig. 2). This is because the O atoms
of starch form bonds with H-atoms, with NH groups of aniline
molecules along polyaniline chains and the helical axis.
SEM-EDX analysis: SEM-EDX analysis showed that
starch and organostarch samples have different surface morph-
ologies. The elemental constituents of starch and organostarch
were identified and their positions confirmed through SEM-
EDX. The SEM image (Fig. 3a) shows the changes in size and
morphology of organostarch granules compared with Fig. 3b.
Most of the starch granules are large and oval, with size varying
from 10 to 50 um. Chemical modification of starch severely
damages these granules (Fig. 3b). Fig. 3a shows that the initial

i 1644 1148
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— Organostarch 999
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Wavenumber (cm™')
Fig. 2. FTIR spectra of starch and organostarch

granules were approximately 10-50 wm in diameter, consisting
of 63 and 36 wt% of carbon and oxygen elements, respectively.
The chemical modification of starch increased the granules
by approximately 20%. Granule sizes of approximately 20-80
wm in diameter consisted of 54, 41 and 4 wt% of carbon, oxygen
and nitrogen, respectively (Fig. 3b).

Fluorescence spectra: Fig. 4a shows fluorescence starch
granulates before and after polyaniline treatment. Fluorescence
intensity was evaluated using imageJ software, which can scan
the entire granule surface in pixel steps over the entire granule
surface and plot the fluorescence intensity of the area in pixel
and frequency. Fig. 4b presents fluorescence intensity versus
distance, where the blue line indicates organostarch, which is
shown to have a higher intensity than natural starch.

Comparison of the fluorescence intensities of organostarch
(blue line) and natural starch (pink line) suggest a co-localization.
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Fig. 3. SEM images and EDX of starch granules (a) and organostarch (b)
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Fig. 4b. Fluorescence intensity profiles of starch and organostarch

Thus, organostarch overlaps two (or more) different fluorescent
labels, each with a different emission wavelength, as organo-
starch has multi-fluorophores in the same pixel. Fig. 4c shows
fluorescence intensity versus frequency of starch and organo-

starch by using a histogram. The fluorescence intensities of starch
and organostarch samples are comparable. Fig. 4c also shows
that organostarch exhibits 17,000 times higher fluorescence
than starch, which is attributed due to aniline-associated starch
molecules.

XRD analysis: XRD indicates starch granules consist to
be a mixture of crystalline and amorphous regions. Native
starch crystals consist of A-, B- and C-type starches. Fig. 5a
shows the XRD patterns of A-, B- and C-type starches. The A-
type starch has a characteristic peak at 26 = 16.18° 17.38°,
30.49° and 33.20°. However, B-type starch has diffraction peaks
at 20 = 14.18° and 9.46° with a weak diffraction peak at 26 =
5.73°. Furthermore, C-type starch has diffraction peaks at 20
= 20.00° 22.40° and 24.90° [34]. Organostarch produced a
typical X-ray pattern of aniline molecules with its major peaks.
For crystal planes of PANI in its emeraldine salt form, four
distinct peaks appeared at 20 = 15.43°,21.21°, 25.18°, 32.60°,
33.80° and 41.80° corresponding to (020), (021), (200), (120),
(121) and (310), respectively [35,36]. When aniline molecules
are introduced into starch molecules, a shift of peaks is caused
for A type at 20 of 17.24°, for B type at 9.62° and for C type at
22.58° and 30.54°.
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Fig. 5. X-ray diffraction of (a) starch and (b) organostarch

Fig. 5b shows that amylose-polyaniline inclusion complex
forms a characteristic XRD peak of V-type starch at 26 of 12.6°,
17.6° and 19.9°, which are the typical characteristics of an
amylose inclusion complex. According to XRD, the peaks of
B-type starch disappeared at 20 = 5.73° (Fig. 5a). Thus, after
the starch-polyaniline inclusion complex formation, the charac-
teristic absorption peak of B crystal structure greatly weakened,
forming the V-type starch crystal structure [37,38]. XRD
revealed that polyaniline molecules induced the formation of
amylose single helices, leading to V-complex formation. Thus,
aniline molecules change the crystal structure. Therefore, aniline
gets distributed inside the starch helix.

Conclusion

In this article, a simple procedure is described of adding
certain fluorescent organic molecule (polyaniline) to starch
for increasing its florescence without affecting its polymer prop-
erties. FTIR confirmed that organostarch has intermolecular
bonds between H and O atoms of starch, with NH groups of
aniline molecules along polyaniline chains and the helical axis.

XRD patterns showed that that polyaniline molecules induce
the formation of amylose single helices, leading to a V-complex
with polyaniline. Thus, aniline molecules become crystalline
and well distributed inside the starch helix. Fluorescence micro-
scopy is used for imaging both modified starch and native starch.
The polyaniline crosslinking inside starch increase fluorophore
union (t-7t*) leading to improved fluorescence properties. Thus,
highly stable and long-term fluorescence of organostarch can
be obtained.
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