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ARTICLE INFO ABSTRACT

Keywords: In this work, nanostarch was extracted from cereal (maize) and tuber (potato and cassava) crops by an enzymatic
Acid hydrolysis process and characterized. Simultaneously, the conventional acid hydrolysis process was carried out to produce
(x-Amyla‘se. nanostarch. These nanostarches were characterized by different techniques such as dynamic light scattering
;2:;?2::}?’ Scanning electron microscopy (DLS), fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), differential scanning calorimetry
(SEM) ’ (DSQ), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The smallest size was

achieved in the case of maize starch, 18 + 3 nm by acid hydrolysis and 162 + 23 nm by the enzyme hydrolysis.
The nanostarch yields by enzymatic process were 18, 29 and 41 wt% for maize, potato and cassava starches,
respectively. Significant reduction in the crystalline region of starch was observed after enzyme hydrolysis, as
analyzed by relative crystallinity using XRD spectra. The reduction of amorphous region in nanostarch decreased
its melting enthalpy as demonstrated by DSC. Enzyme hydrolyzed nanostarch could find its potential application
as fillers not only for their reinforcing properties in biocomposites but also for its renewability and

Transmission electron microscopy

biodegradability.

1. Introduction

Starch is a naturally occurring most abundant, renewable, and
biodegradable polysaccharide that is synthesized and stored as a source
of energy by most of the plants. Nevertheless, the application of native
starch is often restricted owing to its constricted solubility, weak func-
tional attributes, and limited tolerance to a wide array of processing
conditions (Yu et al., 2021). On the contrary, starch-based nanoparticles
are gaining more attention due to their improved suspending property,
bio-accessibility, and controllable release behavior. Consequently,
starch nanoparticles find applications in diverse areas, including drug
delivery systems, biocomposites, emulsion stabilizers, hydrogel, aero-
gel, bioplastics, and paper products (Dong et al., 2021). Additionally,
physical and chemical modifications of starch could facilitate the pro-
duction of diverse commodity chemicals (Roy Goswami et al., 2016).
The latest fine chemical extracted from starch in the 21%century is
nanostarch, having one or more dimensions in the nanoscale region. Due
to the increased surface area and modified crystalline and other prop-
erties, nanostarch finds potential applications in bionanocomposites,
pharmaceuticals, and food/feed products. Many reviews are available
towards the methods for extraction and preparation of nanostarch,
chemical modifications, reinforcing effects and mechanisms, and their
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potential applications (Lin, Huang, Chang, & Anderson, 2011; Le Corre
et al., 2010; Kim et al., 2015; Le Corre & Angellier-Coussy, 2014).

In contrary to the native starch, starch nanoparticles have more
surface area and modified amorphous/crystallinity ratio. During the last
few decades, manifold techniques have been used for the preparation of
nano-sized particles from the starch biopolymer. Nanostarches are
mainly synthesized by “top-down” (e.g., acid hydrolysis, enzyme hy-
drolysis or physical treatments) and “bottom-up” approaches (e.g., self-
assembly and nanoprecipitation). The conventional method of nano-
starch synthesis is sulfuric acid hydrolysis followed by ultrasonic treat-
ment (Rajisha et al., 2014). More recently, researchers have attempted
to prepare nanostarch from native starch by acid hydrolysis (Putro et al.,
2020), homogenization (Apostolidis & Mandala, 2020), rapid ultra-
sonication (Chang et al., 2019), microemulsion (Qi et al., 2017), rapid
antisolvent nanoprecipitation (Dong et al., 2021), ionic gelation (Liu
et al., 2020), alkali freezing and cross-linking (Xiao et al., 2020), acid
hydrolysis and ultrasound technique (Shabana et al.,, 2019) and
enzyme-based approach (Cuthbert et al., 2017).

Highly dispersed palladium-nanoparticles grafted onto amino-
functionalized nanostarch were demonstrated to be excellent hetero-
geneous catalysts for direct conversion of various aromatic iodides to
their corresponding aldehydes in excellent yields without using any
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base. The developed catalyst was recovered and recycled several runs
without any significant loss in its activity (Kumar et al., 2015). Nano-
starch was also used for grafting of oxo-vanadium Schiff base catalyst for
use in the oxidation of alcohols (Verma et al., 2013). The nanostarch
derived from tapioca starch was highly effective in filtration control in
water-based drilling muds (Zoveidavianpoor & Samsuri, 2016). The
nanostarch was demonstrated as a carrier for diclofenac sodium drug for
enhancing its controlled release and successful permeation, thus, offer-
ing a promising nano-system for the transdermal delivery of a
non-steroidal anti-inflammatory drug (El-Naggar et al., 2015). The
reinforcing effects of nanostarch have been demonstrated as excellent
nanofiller for natural rubber latex and have the potential for replacing
conventional fillers like carbon black and silica, which are a real threat
to the environment (Rajisha et al., 2014). The starch nanoparticles
prepared by using in situ nanoprecipitation and water-in-oil micro-
emulsion methods were efficiently used to load the curcumin for its
controlled release (Acevedo-Guevara et al., 2018; Chin et al., 2014). As
demonstrated in amaranths protein based composite film, the nano-
starch may also improve the mechanical and barrier properties of the
composite film (Condés et al., 2015). The state-of-the-art in the field of
starch-based nano-biocomposites was reviewed in the year 2013 (Xie
et al., 2013). In other applications, starch nanoparticles prepared using
non-solvent precipitation could be used in pickering emulsions (Fuentes,
Sjoo, Rayner, &Wahlgren, 2017). Most of these nanostarch preparing
methods have some concerns, such as the use of toxic chemicals and very
high energy cost economics. Consequently, there is a growing interest to
develop more greener and eco-friendly processes for processing the
starch biopolymer (Maleki et al., 2019; Maleki et al., 2017). A newer
scalable physical method of starch nanoparticle production by stirred
media milling reduced the original particle size of native starch from
3-20 pm to around 245 nm in 90 min (Patel et al., 2016). But, nano-
starch synthesized by this method had low stability of less than a week.
Some researchers have also tried to prepare nanostarch using an enzy-
matic process, which is a greener and eco-friendly method. Using
enzyme-catalyzed hydrolysis, the synthesis of spherical or oval-shaped
nanostarch with a significant loss due to hydrolysis (85 to 90%) was
also reported (Kim & Lim, 2009). Likewise, nanostarch was prepared
from the Proso millet by enzymolysis and recrystallization wherein the
yield was about 55% (Sun et al., 2014).

Several enzymes obtained from diverse microorganisms have been
extensively used in many foods and non-food sectors. Worldwide, the
diverse roles of amylases extracted from fungal and bacterial sources in
different areas are well recognized and have been reported by various
researchers. In this context, as a replacement for the conventional acid
hydrolysis process, microbial amylases can be used in the controlled
hydrolysis of starch granules to produce nano-sized particles from the
native starch. Maize, cassava, wheat, and potato are the major sources
for starch production and they are either used by industry as such or
after modification (Waterschoot et al., 2015). With this background,
herein, we have prepared the nanostarch from maize, potato, and cas-
sava starch by enzymatic (a-amylase) and acid hydrolysis processes.
Further produced nanostarches have been characterized by various
techniques.

2. Materials and methods
2.1. Materials

Three different starches were used for the preparation of nanostarch,
viz., one cereal starch (maize) and two tuber starches (potato and cas-
sava). All the types of starch were of analytical grade, purchased from
Sigma Aldrich. The amylase enzyme used is BAN® 480L (Novozymes),
a-amylase produced by submerged fermentation of a selected strain of
Bacillus amyloliquefaciens. The systematic name is 1,4-alpha-D-glucan
glucano-hydrolase (EC 3.2.1.1).
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2.2. Proximate analysis of starch

Moisture, protein, and ash content were determined using standard
methods (AOAC, 2005). The lipid/oil content was determined using
standard methods (AOAC, 2005). The total amount of soluble sugars was
determined using 0.5 g starch after extraction using ethanol (95%) and
subsequent quantification using the method given by DuBois et al., and
Smith (1956). The crude fiber was determined according to a method
described earlier (Repo-Carrasco-Valencia et al., 2009).

2.3. Nanostarch production

The conventional acid hydrolysis process of nanostarch preparation
was carried out as described earlier (Angellier et al., 2004). Briefly,
44.1g starch was suspended in 300 mL of 3.16 M sulfuric acid solution in
a 1000 mL Erlenmeyer flask and incubated at 40 + 0.2°C in a reciprocal
shaker for five days at 100 rpm. After 5 days, the starch suspension made
acid free by successive centrifugation in deionized water at 10,000 rpm
for 10 min, till achieving the neutral pH. The final starch pellet was
suspended in 300 mL deionized water and characterized further.

For the enzymatic process, 1 g starch was suspended in 100 mL
deionized water and incubated at 60 + 0.2°C on a reciprocal shaker with
the a-amylase enzyme at a concentration of 0.1 U/g of starch for 30 min.
After completion of the incubation period, the reaction mixture was
centrifuged at 10,000 rpm for 10 min and re-suspended in deionized
water and used for further analysis. The supernatants that contained the
enzyme and soluble sugars were discarded. The nanostarch was freeze
dried for FTIR and XRD analyses. The yield of nanostarch was calculated
based on the weight of the freeze dried powder obtained.

2.4. DLS Particle size analysis

The average particle size was measured using the Nicomp™ 380 ZLS
analyzer. Size calibration was carried out using 90 nm size polystyrene
latex spheres. The size distribution was obtained based on the dynamic
light scattering (DLS) and autocorrelation principle. The mean diameter
of the particles was calculated from their Brownian motion via the
Stokes-Einstein equation. For this, a He-Ne laser (632.8 nm) was used
and scattering intensity was analyzed by Avalanche photodiode detector
at 90° orientation.

2.5. Scanning electron microscopy

The morphology of nanostarch was observed in a scanning electron
microscope (Philips, XL 30 SEM). A drop of liquid nanostarch aqueous
suspension was added on a sample holder (SEM stub) and dried under an
IR lamp and samples were transferred to a sputter coater for gold /
palladium coating. After uniform coating of a conductive layer, the
samples were observed under the SEM at an accelerating voltage of 12
kv.

2.6. Transmission electron microscopy

For TEM analysis, a drop of dilute aqueous solution containing the
nanostarch (0.1%) was placed on the carbon-coated copper grids and
dried at room temperature. The micrographs were obtained using Phi-
lips® EM208 operating at 200 kV. Uranyl acetate was used to enhance
the contrast. Simultaneously, selected area electron diffraction (SAED)
patterns were recorded for all the samples. ImageJ® software was used
for size analysis from the TEM micrographs. For this, the TEM micro-
graphs were first converted to 8-bit images. The scale bar in the
micrograph was used to calibrate the software. Then, the threshold
adjustment was done followed by drawing the outlines of the particles
by adjusting the image contrast. Finally, the particle size analysis was
done and reported.
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Table 1
Proximate analysis of starches from maize, potato and cassava.
Starch Moisture Reducing Ash Protein Crude Total
content sugar (%) (%) fibre fat (%)
(%) content (%)
Maize 11.80 0.44 0.50 2.80 2.44 0.31
Potato 12.50 0.35 0.29 1.33 0.28 0.77
Cassava  15.20 0.32 0.33 0.68 0.41 0.56

2.7. X-ray diffraction analysis

Wide angle X-ray diffraction patterns of native starch and nanostarch
(freeze dried) were obtained using a Philips®PW1710 X-ray diffrac-
tometer with nickel filtered Cu Ka(A= 1.54A) radiation and analyzed
using automatic powder diffraction (APD) software. The diffracted in-
tensities were recorded from 10° to 80°20angles. The relative crystal-
linity of the starch was calculated using the formula, Ac/(Aa + Ac),
where Ac was the crystalline area, and Aa was the amorphous area on
the XRD spectra.
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2.8. Fourier transform infrared spectroscopy analysis

For FTIR analysis, the freeze dried nanostarch was diluted with po-
tassium bromide in the ratio of 1:100 and made into a pellet. This pellet
was analyzed using an IRPrestige-21® FTIR in transmission mode, with
a resolution of 4 cm™!. The spectra recorded were the average of 64
scans and the contribution of the background was accounted for during
analysis.

2.9. DSC analysis

The thermal transition properties of nanostarch were examined using
a differential scanning calorimeter (Mettler®) in nitrogen atmosphere.
The instrument was calibrated with indium and an empty pan was used
as the reference. The starch sample (3.0 mg, dry basis) and water (6.0
mg) were transferred to an aluminum DSC pan, which was then her-
metically sealed and equilibrated at 4°C for 2 h before analysis. The
sample pan was scanned from 40°C to 180°C at a heating rate of 5°C/
min.

Fig. 1. SEM images of acid hydrolyzed nanostarch from maize (a), potato (b) and cassava (c) and enzyme hydrolyzed nanostarch from maize (d), potato (e) and

cassava (f). Scale bars correspond to 1 pm.
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Fig. 2. TEM images of acid hydrolyzed nanostarch from maize (a), potato (b) and cassava (c) and enzyme hydrolyzed nanostarch from maize (d), potato (e) and

cassava (f). Scale bars correspond to 100 nm for a, b and ¢ and 1 pm for d, e and f.

Table 2

Size distribution of nanostarches as evaluated by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). All the values are mean of 3 rep-
lications + SE.

Sources of Size by DLS Size by TEM

nanostarch Acid Enzyme Acid Enzyme
hydrolysis hydrolysis hydrolysis hydrolysis

Maize 18 + 3 nm 162 + 23 nm 22+ 5nm 140 + 40 nm

Potato 78 £17 nm 301 £ 90 nm 55+ 14 nm 275+120 nm

Cassava 88 + 24 nm 255 £ 61 nm 72 + 29 nm 210 + 80 nm

3. Results and discussion

Starch is an abundant, natural, renewable and biodegradable poly-
mer produced by many plants as a source of stored energy. Due to the
structure of starch granules consisting of alternating crystalline and
amorphous concentric layers, the controlled acid hydrolysis treatment of
native starch disrupts this organization and releases crystalline platelet-
like particles with nanoscale dimensions (Dufresne, 2015). The di-
mensions of native starch granules are critical for controlling digestion

by amylase. In general, small starch granules are digested faster than
large granules due to their larger exposed surface area (Qi & Tester,
2016). The average sizes of maize, potato and cassava starch granules
were 16.9 pm, 50.4 ym and 16.3 pm, respectively (Md. Sharif et al.,
2011). The proximate analysis of starches from maize, potato and cas-
sava is given in Table 1. The moisture content was highest in the cassava
starch followed by potato starch and maize starch. The ash content was
highest in maize starch followed by cassava and potato. Additionally,
protein and fat were also present in a significant amount.

In this work, enzyme hydrolysis yielded 18, 29 and 41 wt% of
nanostarch for maize, potato and cassava starches, respectively. In case
of acid hydrolysis, it was 16, 25 and 35 wt%, respectively for maize,
potato and cassava starches. Here, apart from the initial granular sizes of
starches, their internal structure might have played a role in deciding the
final yield of the nanostarch; but the yield trend looked similar in both
the enzymatic and acid hydrolyses for all three types of starch. In an
earlier report, it was possible to obtain starch nanocrystals after only 5
days of sulfuric acid hydrolysis with a yield of 15 wt % and having the
same shape as those obtained from the classical procedure after 40 days
of HCl treatment, with a yield of 0.5 wt % (Angellier et al., 2004). In this
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Table 3
Examples of recent studies reporting the enzymatic preparation of nanostarches and their relevant characteristics.
Sources of starch Preparation method Shape Size (nm) References
Waxy potato starch Enzymatic (glucoamylase) pretreatment by Square 50 to 100 (Hao, Chen, Li, & Gao,
sulfate acid hydrolysis 2018)
Waxy maize starch Enzymatic treatment with pullulanase. Globular 5to 25 (Chena Aldao et al., 2018)
Teff starch Enzymolysis Irregular 3to 10 (Cuthbert, Ray, &
Emmambux, 2017)
Maize starch Enzymolysis Irregular 2.4t06.7 (Cuthbert et al., 2017)
Maize starch Enzymolysis (Pullulanase treatment) Irregular 60 to 120 (Sun et al., 2014)
Corn starch Enzymatic (Amylase) hydrolysis of starch Sphere or oval 10 to 20 (Kim & Lim, 2009)
~butanol complex
Maize, potato and Enzymolysis (Amylase treatment) Spherical, Octahedral, Spherical, 162 + 23, 301 + 90, 255 + 61, Present study
cassava starches respectively. respectively.
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Fig. 3. XRD spectra of native starch from maize (a), potato (b) and cassava (c) and enzyme hydrolyzed nanostarch from maize (d), potato (e) and cassava (f).
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Fig. 4. FTIR spectra of native starch from maize (a), potato (b) and cassava (c) and enzyme hydrolyzed nanostarch from maize (d), potato (e) and cassava (f).

work, a maximum yield of 41% and 35% could be achieved by enzyme
and acid hydrolyses, respectively.
The SEM images of acid hydrolyzed and enzyme hydrolyzed nano-
starches are given in Fig. 1. The nanostarches obtained from maize by
both acid (Fig. 1a) and enzyme (Fig. 1d) hydrolysis resulted in ultrafine
sized (less than 50 nm) spherical nanoparticles. In the case of potatoes,
the resultant nanostarches by acid hydrolysis (Fig. 1b) and enzyme
(Fig. 1e) assisted processes were octahedral shaped and in the size range
of about 300 nm. Also, many of the particles looked aggregated that
could have happened during the drying process. In the case of cassava,
the acid process resulted in an octahedral shape (Fig. 1¢) and the enzyme

process resulted in a spherical shape (Fig. 1f); and, the sizes were in the
range of 300 to 400 nm. The size observed in SEM images did not match
well with that of DLS analysis since no cross-linkers or stabilizers were
used, resulting in aggregation during the drying of samples.

Fig. 2 shows the TEM micrographs of the nanostarches stained using
uranyl acetate. The average sizes obtained by image analyses are given
in table 2. While the acid hydrolyzed nanostarches are well below 100
nm size, the enzymatic process resulted in the size ranging between 100
to 300 nm and also with wide size distribution. The morphology / shape
of the observed nanostarches were in line with that of SEM observations.
Here, aggregations were not prominent possibly due to the addition of
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Fig. 5. DSC spectra of hydrolyzed nanostarch from maize (a), potato (b) and cassava (c) and native starches from maize (d), potato (e) and cassava (f).

uranyl acetate during the drying process. Though the mechanical pro-
cess (homogenization followed by extrusion) is easily scalable for
nanostarch production, it is difficult to achieve a size range of less than
100 nm (Chen et al., 2018). Hence, a process like acid hydrolysis is
crucial in achieving a size much lesser than 100 nm, as demonstrated in
this work. But, enzyme hydrolysis could not achieve the desired size
range, may be due to the comparatively larger size of the enzyme mol-
ecules (than that of acid molecules) that attack the starch polymer.
Table 3 lists the recent studies reporting the enzymatic preparation
of nanostarches and their relevant characteristics. From this table, it is
clear that chemical treatment coupled with the enzymatic hydrolysis/
catalyzed reactions have resulted in the production of starch nano-
particles with reduced size. In this work, we have produced

nanostarches using enzyme treatment alone. Consequently, the size of
obtained nanostarches was comparatively higher than that of the liter-
ature values. In regards to the morphology, we have almost obtained
similar shapes of different nanostarches prepared using the enzyme
hydrolysis approach for maize and cassava. Only in case of potato starch,
we have obtained an octahedral shape of nanostarch and such a shape
was not reported earlier. Hence, the source of starch biopolymers in-
fluences the shape of the resulting nanostarch. Based on the size and
shape requirement of intended application, we need to choose the source
of the starch and also the method of hydrolysis.

In XRD analysis, all the starches exhibited diffraction peaks around
15, 18 and 23 degrees indicating the presence of A-type crystal
arrangement (Fig. 3). The hydrolysis with a-amylase changed the X-ray
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pattern significantly in all three starches and substantially decreased the
crystalline components. The relative crystallinity of native starches,
34.5, 31.2 and 29.4 were reduced to 21.3, 17.5 and 13.2 in maize, potato
and cassava nanostarches, respectively. This indicates that the hydro-
lysis by a-amylase eroded not only the amorphous region but also,
significantly eroded the crystalline region. A similar reduction in crys-
tallinity was reported earlier, during 24 h of hydrolysis (Kim et al.,
2008). In the case of acid hydrolysis, the amorphous region is prefer-
entially attacked, thereby retaining more amount of the crystalline re-
gion. Earlier work reported the nanostarch exhibiting typical V-type
crystalline structures that were independent of the crystal type of the
native starch and the relative crystallinity of nanostarch increased with
the increasing amylose content in native starch (Qin et al., 2016).

The FTIR spectra of nanostarches are given in Fig. 4 and the char-
acteristic bands correspond to the vibrational modes of amylose and
amylopectin components of starch. The strong absorption band in the
range of 3500-3300 cm ™! was attributed to the O-H stretching of starch.
The C-H stretching peak was observed at around 2930 cm™! in all the
samples. The absorption bands that appeared in between 1000 cm ™! and
1200 cm™! were characteristic of the C-O stretching of the poly-
saccharide skeleton. The bands between 850 to 860 cm™! were sensitive
to crystallinity changes (Sun et al., 2014). This peak in all nanostarch
samples shifted towards higher wave numbers, to the level of 5 to 10
em L. The peak expected at 960 cm ! to represent the skeletal mode
vibrations of a-1,4glycosidic linkage (C-O-C), and the peak of the
C-O-C group of all the nanostarch samples were shifted toward lower
wave numbers to around 932 cm ™! indicating that the hydrogen bonds
between starch molecular chains in the nanostarch were stronger
compared to their native counterparts.

Fig. 5 shows the DSC thermograms of the native starch and their
hydrolyzed nanostarch counterparts. The increase in melting enthalpy
after enzyme hydrolysis suggested the preferential erosion of amorphous
region of starch, in line with the observation of XRD analysis. Also, it
affected the melting of crystals as water became more readily accessible
to the crystalline regions after the erosion of amorphous region. The
endotherm peaks of gelatinization for native starches were observed at
84°C, 78°C and 82°C for maize, potato and cassava, respectively. These
peaks shifted to 52°C and 56°C, respectively in case of nanostarches of
potato and cassava. In case of maize nanostarch, this peak shifted well
below 50°C. A similar result was reported earlier wherein, the gelati-
nization enthalpy of the corresponding nanostarch decreased when
compared with native starch, except for high amylose maize starch (Qin
et al., 2016). An earlier work reported that the ultrasound-processed
nanostarch was more similar to native starch; while that prepared by
acid hydrolysis showed the greatest difference, being more soluble,
more translucent and more hygroscopic (Goncalves et al., 2014).This
work compared the nanostarches prepared by acid and enzyme hydro-
lyses and established the differences among the nanostarches prepared
from maize, potato and cassava starches..

4. Conclusions

Nanostarch, originated from biopolymer, has the potential for ap-
plications in biocomposites, food and pharmaceutical areas. Tradition-
ally, the protocols developed for the production of nanostarch focused
on acid hydrolysis, ultrasonication, homogenization and precipitation.
This work focused on the development of an enzymatic process for the
production of nanostarches from maize, potato and cassava starches.
The acid hydrolysis resulted in a much smaller size of nanostarch as
compared to that of enzyme hydrolysis. The nanostarch produced from
maize is smaller than that of potato and cassava. An enzymatically
prepared nanostarch was found to aggregate during the drying process
as observed in SEM, since cross-linkers/stabilizers were not added dur-
ing the process. The hydrogen bonds between the molecular chains in
nanostarch were stronger compared to their native counterparts as
analyzed by FTIR. The melting enthalpies of nanostarches were lower
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than their bulk counterparts. Though the size of enzyme processed
nanostarch is bigger than that of the acid process, the eco-friendly
enzymatic process will add to its value for diversified applications.
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