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Prominent Methods to Process, Characterize and 
Organize Starch Polymers

Métodos Especiais para Processar, Caracterizar e Organizar Polímeros 
do Amido

Marinara Andreola,a Daiani C. Leite,b  Andresa da C. Ribeiro,c Roberta Zucatti,a  Andrielle 
Vailatti,a Diana A. de Sousa,a  Luís P. Fonseca,d Nádya P. da Silveiraa,*  

Starch is the most abundant storage reserve carbohydrate in different plants such as seeds, fruits, tubers, and 
roots. This carbohydrate is a renewable raw material and can be used for many pharmaceutical, cosmetic, 
food, and industrial applications. In the last decade, several groups have been dedicated to studying starches, 
applying enzymatic and chemical modification of the granules, improving their properties, and developing 
new materials with specific features. In this work, we describe some research done in our group on starch 
and its polymers over the years, using several unconventional ways to process, characterize, and organize 
them. We explored starch hydrolysis under different conditions and characterized the crystallization 
degree, gelatinization temperature, and morphology. Besides that, different light scattering techniques were 
used to study amylose fractions extracted from starch. Also, acetylated amylose was applied to prepare 
amylose-based inclusion bromothymol blue complexes. Finally, starch nanoparticles were fabricated, 
showing a change in the intern organization pattern. All those key findings support the research carried 
out by the group over time and give new challenges and opportunities to explore starch and its polymers.

Keywords: Starch polymers; acetylated amylose; amylose-bromothymol blue complexes; starch 
nanoparticles.

1. Introduction

Starch is arranged as semi-crystalline granules composed of two homopolymers of α-D-
glucose (amylose and amylopectin) containing crystalline and amorphous areas.1 The possibility 
of modifying their granules and improving the specific characteristics such as size, porosity, and 
crystallinity increases the search for new methodologies and applications.2-4 Starch polymers 
are one of the most abundant and renewable sources of carbohydrates, and besides this, they 
are safe and inexpensive.5,6 Starch polymers’ auto-organization and complexation ability have 
been studied as the key to preparing a new natural-based system.7,8

Many studies highlight the growing importance of starch and starch polymers in producing 
new mesoscopic colloids.9-19 However, starch granules are limited by their specific physical 
properties, such as insolubility in cold water, granule size, and amylose/amylopectin content.20-21 
To overcome these limitations, some physical or chemical modifications can be applied.22-24 
For instance, boiling water can help the gelatinization process.25-27

Regarding the modification in morphology, the chemical treatment of starch performed 
under acid conditions, including the application of an external electric field, can increase 
the crystallinity of starches. At the same time, the gelatinization temperature range also 
increases.12 Another possibility is the enzymatic treatment of starch granules using α-amylase 
and amyloglucosidase, which gives hierarchical porosities inside the granules.9,10 Ultrasound 
treatment can reduce the molecular weight of starch polymers, which reduces solution viscosity 
and, under appropriate conditions, decreases the polydispersity and hydrodynamic and gyration 
radius.13,28

Amylose and amylopectin can be extracted from starch by dissolving in aqueous solution, 
and amylose can be chemically modified using acetylation to increase its hydrophobicity, 
which may be applied as hydrophobic guest molecules.11-14,29 Furthermore, starch polymers can 
be physically reorganized into nanodomains and rearranged as stable nanostructures, usually 
called starch nanoparticles.16,30,31

Regarding the several possibilities to rearrange and organize starch and starch polymers, 
in this work we intend to present results, which are exploring some aspects less known of 
autoorganized systems obtained with starch and starch polymers. The main results are exploring 
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-ray diffraction (XRD), small-angle X-ray scattering 
(SAXS), polarized and depolarized light scattering (DLS 
and SLS), UV spectroscopy (UV-Vis), and scanning electron 
microscopy (SEM), showing the potential of starch as a 
starting material for many applications.

2. Experimental

2.1. Materials

Dimethyl sulfoxide (DMSO), acetic anhydride, 
amylose (from potato starch, dried at 50.0 °C for 12 h), 
commercial amylose, native amylose, and bromothymol 
blue dye (BB) were purchased by Sigma Aldrich®. 
Hydrochloric acid (HCl, 37%) was obtained from NEON 
(São Paulo, Brazil). Potassium hydroxide (KOH) was 
purchased by Dinamica (São Paulo, Brazil). Thymol was 
purchased by Vetec (Rio de Janeiro, Brazil). Regular corn 
starch powder (18% amylose, dried at 40.0 °C for 48 h) 
and high amylose corn starch (Hylon VII, 52% amylose, 
dried at 40.0 °C for 48 h) were gently given by Ingredion 
(São Paulo, Brazil). Amylose from rice starch was also 
used (BR-IRGA 410 industrial indica rice starch, 32% 
amylose, 58% amylopectin).

2.2. Methods

The following sections present different methods applied 
to process, characterize and prepare starch granules and 
their polymers.

2.2.1. Acid hydrolysis of starch granules
Regular corn starch (5%, w/v) dispersed in HCl (1.0 mol 

L-1) was submitted to different acid hydrolysis times (24, 
96, and 168 h) at room temperature (20.0 ± 3.0 °C). After, 
the samples were centrifuged, washed with distilled water, 
then dried at 40.0 °C in an oven.

Analysis of hydrolyzed starch samples was performed 
by X-ray diffraction (XRD) using a D-500 diffractometer 
(Siemens), operating at 40 kV and 17.5 mA from 2θ = 3° 
to 40°. XRD patterns data were processed using OriginPro 
2019 software and smoothed with the Adjacent Averaging 
tool. Crystallinity degree (Xc) was estimated by the method 
described by Hulleman et al.:32

  (1)

where HC is the intensity of the crystalline peaks and HA 
is the intensity of the amorphous component of the peaks 
(background).

The birefringence of the starch granules was observed by 
optical microscopy (Olympus BX41, digital camera DP73, 
USA) under polarized light. Gelatinization temperature 
ranges of samples were also measured by optical microscopy 

under polarized light with temperature control (oven 
FP82HT, Mettler Toledo and FP90 processor, Mettler 
Toledo, USA). Samples were dispersed in distilled water 
(0.025 g mL-1) and observed at a 10.0 °C min-1 heating rate, 
starting at 50.0 °C.

Scanning electron microscopy (SEM) was performed 
with an EVO MA10 (Zeiss, Germany). Dried samples were 
sputter-coated with an Au layer before SEM acquisition.

Thermogravimetric analysis (TGA) (TA Instruments) 
was carried out for dried samples from 30.0 to 450.0 °C, 
with a heating rate of 10.0 °C min-1 under an ultra-pure 
nitrogen atmosphere at 25 mL min-1.

2.2.2. Amylose isolation
Amylose was isolated from industrial indica rice starch 

(BR-IRGA 410, 32% amylose and 58% amylopectin) by 
precipitation with thymol.33 The starch was dispersed in 
boiling water (1% w/v) and kept under stirring for 30 min. 
Sodium chloride (0.1% w/v) and thymol (0.13% w/v) were 
added to the mixture and the solution was rapidly cooled 
to room temperature. The mixture was allowed to settle 
for 48 h for the complex precipitation. The precipitate was 
washed with saturated thymol solution, ethanol and ether. 
The final product was dried in vacuum at room temperature. 
Isolated amylose was dispersed in KOH 1 mol L-1, gently 
stirred overnight, and then diluted till pH 10.5. The sample 
(5 mL in KOH at pH 10.5) was submitted to a gel filtration 
chromatography in a column (2.6 x 100 cm) packed with 
Sephacryl S-400 percolated with KOH pH 10.5 at a flow 
rate of 8 mL per hour (linear flow 1.5 cm h-1), at 4.0 oC. The 
initial 5 mL were rejected and the following 1 mL fractions 
were collected for light scattering analysis.

Also, after complete amylose dissolution in 
KOH 1 mol L-1, the amylose solutions were diluted with 
water or KCl solution to obtain different ionic strengths. 
The samples were filtered (0.22, 0.45, and 1.20 μm pore 
membranes) and placed into dust-free cells for light 
scattering experiments. The measurements were performed 
at different storage times.

The characteristic amylose fraction was assayed by the 
hydrodynamic radius (Rh) using dynamic light scattering 
(DLS). The radius of gyration (Rg) was determined by static 
light scattering (SLS) using the dissymmetry method, as 
well as the structure-sensitive parameter (ρ), a combination 
of Rg and Rh. SLS were performed on an automatic BI-200M 
goniometer and a BI-9000 AT digital correlator (Brookhaven 
Instruments). A coherent He-Ne laser (λ = 632.8 nm) was 
used as a light source. All solutions were thermostated 
in a refractive-index-matching liquid (decaline) at room 
temperature. The experiments were performed in triplicate. 
SLS and DLS experiments were performed at 9 different 
θ scattering angles within the range 35° < θ < 145°. 
Three individual 3 min runs per angle were taken in DLS 
experiments.

In SLS, the Zimm method was applied to estimate the 
molecular weight (Mw).34 The Rg for the amylose samples 
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was obtained by SLS using the dissymmetry method,35 
according to the following relation:

  (2)

where q2 is the square of the scattering vector and I is the 
intensity of the scattered light.

In DLS analysis, the fluctuations of the scattered intensity 
are due to the Brownian motion of the macromolecules in a 
scattering volume. The Rh can be derived from the diffusion 
coefficient in infinite dilution, Do, via the Stokes-Einstein 
relation:

  (3)

where kB is the Boltzmann constant, T is the absolute 
temperature of the sample, and η is the viscosity of the 
medium. If D is determined with q→0 e c→0, Rh corresponds 
to the absolute hydrodynamic radius. In different cases, it 
is an apparent hydrodynamic radius.

2.2.3. Acetylated amylose and inclusion complexes with 
bromothymol blue

Acetylated amylose (AA) was prepared according 
to the method proposed by Mark and Mehltretter36 
with modifications.11 Amylose from potato starch 
(Mw > 150,000 g mol-1) was dried at 50.0 °C for 12 h, then 
1 g of amylose and 3 mL acetic anhydride were mixed 
in a glass vial and the solution was stirred on a magnetic 
stirrer at 500 rpm for 5 min. Right after, 0.9 mL of 50% 
NaOH aqueous solution was added under continuous 
stirring for 90 min at 90.0 °C. Then, the suspension was 
cooled to 50.0 °C and the amylose was precipitated with 
the addition of 10 mL of 96% ethanol. At once, the solution 
was centrifuged at 3,000 rpm for 10 min (Labofuge 200, 
Heraeus Instruments) and then the precipitate was washed 
with 96% ethanol and centrifuged two times till most acetic 
anhydride was eliminated. Finally, the precipitate was dried 
for 12 h in a vacuum pump at 2 × 10−2 mbar (rotary vane 
pump RZ 2.5, Vacuubrand) at 25.0 °C.

Amylose-bromothymol blue (A-BB) inclusion complexes 
were prepared with 10 mg of amylose dissolved in 20 mL 
of 0.1 mol L-1 KOH solution. The solution was stirred on a 
magnetic stirrer for 6 h at 90.0 °C under a N2 atmosphere. A 
bromothymol solution (0.01 g L−1) was prepared separately by 
dissolving in 0.1 mol L-1 KOH solution for 30 min at 25.0 °C 
and then added into native amylose (A) solution (1:30 v/v).37 
The inclusion complex of acetylated amylose-bromothymol 
blue (AA-BB) was prepared according to a similar procedure, 
except the acetylated amylose was dissolved in water at 
neutral pH (0.5 g L−1) and then mixed with an aqueous 
solution of bromothymol blue (0.01 g L-1). Both solutions 
were mixed and stirred for 24 h at 40.0 °C or 65.0 °C. All 
experiments were performed in triplicate.

Complex formation between native (A) or acetylated 
amylose (AA) with bromothymol blue was accessed by 
UV-Vis spectroscopy. The UV-Vis absorbance spectra 
were obtained on a PerkinElmer spectrophotometer 554 
using a quartz cell with an optical length of 1 cm in water 
or 0.1 mol L-1 KOH. UV-Vis spectroscopy was also used 
to determine the inclusion efficiency (%IE) and loading 
capacity (%LC) of bromothymol blue in the inclusion 
complexes. For this, the absorbance of various bromothymol 
blue concentrations was recorded over wavelengths ranging 
from 200-700 nm. The maximum peak, with minimum 
interference, was centered at 616 nm. For the inclusion 
complexes, free bromothymol blue concentration was 
determined in the same manner. From that, the percentage 
of included bromothymol blue and loading capacity were 
determined using Eqs. (4) and (5):

 (4)

 (5)

All measurements were carried out at 25.0 ± 0.1 °C. 
All data shown represent the average of, at least, three 
independent determinations.

The apparent average hydrodynamic radius (Rh) of 
inclusion complexes was performed by DLS using a 
Zetasizer Nano ZS (Malvern Instruments, USA) equipped 
with a 4 mW He-Ne laser. Measurements were performed 
at a wavelength of 632.8 nm, using the detection angle of 
173°, at 25.0 ± 0.1 °C. All samples were purified through 
a 0.45 µm filter (PTFE, Millex Millipore) and each sample 
was measured 3 times. The reported values are the mean 
diameter ± s.d.

The zeta potential (ZP) was measured by a Malvern 
Zetasizer (Malvern Instruments, USA) at 25.0 ± 0.1 °C. 
ZP was calculated using the Smoluchowski equation from 
the electrophoresis mobility and electric field strength. The 
value was recorded as the average of five measurements and 
the values reported are the mean ± s.d.

2.2.4. Starch nanoparticles
A solution containing 2% high amylose corn starch (w/v) 

in DMSO/H2O (ratio 9:1) was prepared and maintained 
under magnetic stirring at 40.0 °C for 2 h. After cooling 
to room temperature, the solution (viscous and cloudy) 
was submitted to ultrasonic treatment (Branson Sonifier, 
model 250 and 450, 20 kHz, USA, DES500 tip) for 1 min, 
using 100% amplitude. In this step, ultrasound was used to 
reduce the starch polymers’ molecular weight.13 An ice bath 
was used around the sonicated sample to prevent heating 
due to sonication. After, 1 mL of the sonicated solution 
was added drop by drop in 20 mL of absolute ethanol,38 
under a magnetic stirrer at 900 rpm controlled speed (final 
concentration of 20 mg mL-1), for 60 min. After this, the 
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suspension was purified through 3 successive centrifugations 
(3,000 rpm, 15 min) and re-suspensions in absolute ethanol 
to remove DMSO and residual water and then dried at 
40.0 °C for 24 h.

The starch nanoparticles were characterized by XRD 
using the same procedure and described in section 2.2.1 and 
the crystallinity degree (Xc) was estimated using equation 1.

3. Results and Discussion

In the following sections, the main results related to 
starch granules and their polymers are presented, prepared 
as described in the previous sections.

3.1. Acid hydrolysis of starch granules

Acid hydrolysis is one of the most common methods 
applied to starch modification.39 Our research group 
performed experiments called free acid hydrolysis (FAH), 
in which the ions responsible for promoting hydrolysis 
are free in solution, unlike the hydrolysis methodology 
of a previous publication, where an external electric field 
was employed to orientate the ions in solution, and the 
method was named oriented acid hydrolysis (OAH).12 The 
physicochemical properties of modified starches by FAH 
and OAH are shown in Table 1. The results were obtained 
by XRD, optical microscopy, TGA, and SEM.

The increase in relative crystallinity (Table 1) until 96 h 
of FAH is due to the primary degradation of amorphous 
regions since amylose chains are more susceptible to acid 
attack and of the lamella containing the branching points in 
amylopectin too. Depending on hydrolysis time, the acid 
can also interact with amylopectin clusters, as indicated 
by the decrease of crystallinity in sample FAH3. Despite 
changes in the crystallinity degree, all samples kept a 
characteristic A-type crystalline profile (peaks at 15.0°, 
17.0°, 18.0°, and 23.0° 2θ), as can be seen in Figure 1. 
For the sample OAH3, a similar behavior was detected as 
compared to the FAHs.12

Initially, the acid attacks the granule surface, causing 
morphological changes. The superficial pores start to 

function as channels to the interior of the granules with 
hydrolysis time, allowing the acid to reach regions closer 
to the hilum.40 SEM images (Figure 2) showed that, while 
regular corn starch granules presented smooth surfaces 
(Figure 2a), the acid-treated samples acquired small 
cavities at the surface, which are more pronounced as the 
hydrolysis time increases. Also, according to the hydrolysis 
time, the surface of granules highlights its polygonal shape 
(Figure 2b, 2c, 2d). Yan et al.41 reported a similar cavity 
pattern in nano-precipitated amylose granules submitted 
to acid hydrolysis.

In searching for improvements in hydrolysis conditions, 
such as time or effectiveness of the treatment without 
disrupting the granule, the most common methodology 
is associating heat with the treatments.32,42 In previous 
work, we incorporated a device to upgrade the hydrolysis 
methodology employing an external electric field.12 Corn 
starch was submitted to a fixed voltage, varying the external 
electric field application time and the number of cycles. The 
optimal reaction condition was five cycles of 10 seconds 
each. This method (OAH) allowed the reaction time to 
be reduced, and the acid attack intensified the surface 
modifications. This behavior is due to the organization 
provided for the ions in solution by the applied potential. The 

Table 1. Crystallinity degree, thermal degradation temperatures, and gelatinization temperatures of regular corn starch 
(RCS) and acid-treated starches prepared by free acid hydrolysis (FAH)

Sample
Hydrolysis 

time / h
Crystallinity 
degree / %

Thermal 
degradation 

temperature / °C

Gelatinization 
temperature 
range / °Ca

∆T / °Cb

RCS - 33.4 316.5 68.8 – 73.0 4.2

FAH1 24 39.7 301.3 56.8 – 69.5 12.7

FAH2 96 48.5 304.4 57.0 – 71.9 14.9

FAH3 168 35.0 304.6 63.8 – 73.6 9.8

OAH3c 0.014 54.2 - 64.5 – 75.5 11.0
a Onset and offset temperatures are related to the beginning of and the total Maltese cross disappearance, respectively 
monitored by polarized light optical microscopy. b ∆T: gelatinization temperature range. c Prepared by oriented acid 
hydrolysis (OAH) as reference .12 Thermal degradation temperature was not evaluated.

Figure 1. XRD patterns of regular corn starch and acid-treated starch 
samples prepared by free acid hydrolysis method (FAH)
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acid treatment also affects the internal lamellar organization 
of the granules, as evaluated by small-angle X-ray scattering 
(SAXS).12 The main difference between FAH and OAH can 
be observed through the corn starch characteristic peak in 
q-value of 0.6 nm-1, as presented at Figure 3, corresponding 
to the periodic arrangement of the lamellar structure of 
starch.43 In our former work,12 the samples prepared under 
the influence of oriented acid hydrolysis maintained the 
characteristic peak with slight changes in intensity and 
subtle shifts in the peak q-values compared with the regular 
corn starch. Hence, we concluded that the semi-crystalline 
lamellar structure was maintained. In the sample FAH1, the 
peak disappeared due to the loss of lamellar organization, 
corroborating the inner modifications caused by FAH. 
Glycosidic bonds were broken in the amorphous and 
crystalline regions of the granules.44

The crystalline order of starch granules and their internal 
lamellar organization are essential in starch properties, 
such as thermal stability and granular gelatinization profile. 
The lower onset and offset gelatinization temperatures of 
acid-treated samples (Table 1) compared to regular corn 
starch could be related to internal structural changes, 
including the loss of lamellar organization detected by 
SAXS, which creates instability and makes the granules 
less resistant towards gelatinization. The evident increase 

in the gelatinization temperature range (∆T) could be 
interpreted as an effect of longer amylopectin double 
helices that may form due to the removal of branch points.45 
Another possibility is that it is a consequence of the increase 
in relative crystallinity since a lower amylose content 
attenuates the destabilizing effect of swelling in amorphous 
regions on the melting of the crystallites.46 It has already 
been reported in the literature that there is no significant 
relationship between microstructure (crystallinity and 
granular size) and the thermal degradation process.47 Such 
reports agree with the data in Table 1, in which it can be seen 
that a significant increase (FAH1 and FAH2) or decrease 
(FAH3) of the crystallinity degree was not related to any 
pattern regarding the thermal degradation temperatures. 
However, the loss of lamellar organization detected in 
sample FAH1 by SAXS,12 contributed to a decrease in its 
thermal degradation temperature compared to regular corn 
starch (Table 1). The thermal behavior of FAH2 and FAH3 
indicates that a loss of lamellar organization may have also 
occurred in these samples.

3.2. Amylose isolation

It is known that the challenge for the preparation of 
natural starch polymers is the separation of amylose and 

Figure 2. SEM images of (a) regular corn starch; (b) FAH1; (c) FAH2; and (d) FAH3 (scale bar = 5 μm)

Figure 3. SAXS curves of regular corn starch, free and oriented acid hydrolysis covering 
all q-range measured
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amylopectin.48-51 In our group, we extracted amylose from 
industrial indica rice starch. After extraction, amylose was 
submitted to gel filtration chromatography and the fractions 
were collected and analyzed without previous filtration. 
Table 2 shows the different amylose fractions in this work. 
Where the corresponding mL number represents each 
fraction, for example, f6 is the fraction collected during the 
elution of the 6th mL. 

As was foreseen, the respective hydrodynamic radius (Rh) 
values decrease as a function of the fraction (f) eluted, since 
for the first fractions, the highest molecular weights (Mw) 
are expected to be eluted. The Rg varies characteristically 
with the structure of the macromolecules. Also, taking 
the Rg values (32 to 84 nm), the molecular weight was 
calculated according to equation <Rg

2>z = Kν<Mw>ν, where  
Kν = 2.71 x 10-22 m2 mol g-1 and ν = 1.13, in 0.1 mol L-1 
KOH.52 The relation between Rg and Mw is presented in 
Figure 4, as a function of the elution volumes collected 
during the gel filtration chromatography. High Rg and Mw 

values were essentially observed up to an elution volume of 
10 mL. Then, the values remained quasi-constant and, for 
elution volumes higher than 16 mL, Rg and Mw decreased 
to 32 nm and 2.7 x 105 g mol-1, respectively.

The combination of Rg and Rh gives the structure-
sensitive parameter (ρ),53 and at 25.0 °C, ρ was found to be 
between 0.70 and 0.86 (Table 2) for the different amylose 
fractions. These values approach what is predicted for 
a homogeneous sphere (0.788),53 and agree with those 
obtained by Roger and Colonna54 for amylose isolated using 
thymol. These values also agree with the literature data from 
starch granules dissolved in an alkaline solution.55

Commercial amylose (Mw = 1.7 x 105 ± 5% g mol-1) 
was used to prepare standard solutions and follow the 
amylose chain’s behavior in terms of their hydrodynamic 
and gyration radius. Figure 5 shows this behaviour under 
the influence of alkaline (KOH) and salt (KCl) media. 
Light scattering measurements were done in the amylose 
concentration range of 0.8 - 1.4 mol L-1 to KOH and 0.8-2.2 
to KCl. The main results showed that storage time is 
essential in the solution’s amylose chain structure. Hence, 
we determined the structure-sensitive parameter ρ, under 
the influence of those different solutions. The values of ρ 
for amylose in KOH and in KCl are depicted in Figure 6.

As seen in Figure 6, the ρ parameter increases with 
the storage times for all concentrations in KOH, from 
approximately 1.4 to 3.2. Most of the –OH groups in the 
anhydrous glucose units are ionized at high pH (12.5); hence, 
aggregation of amylose chains and paste retrogradation can 
be avoided.45,56 The values of ρ for the amylose in KCl 
also increase with the storage time for all concentrations, 
obeying the same behavior as in KOH. Bello-Perez et al.55 

Table 2. Hydrodynamic radius (Rh), radius of gyration (Rg), structure-
sensitive parameter (ρ), and molecular weight (Mw) for the amylose 
fractions (f)

Fraction Rh (nm) Rg (nm) ρ Mw (g mol-1)

f6 120 84 0.70 1.6 x 106

f8 73 64 0.86 9.5 x 105

f11 53 45 0.84 4.6 x 105

f13 54 44 0.82 4.6 x 105

f16 52 44 0.84 4.3 x 105

f18 40 32 0.80 2.7 x 105

Figure 4. Relationship between the apparent radius of gyration (Rg), elution volume, 
and molecular weight (Mw) of rice starch amylose
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reported the same effect for the ρ values during the storage 
time of amylose in KCl, showing an expected variation 
in the structure when the storage time increases. As a 

general rule, KOH is a friendly solvent for amylose and 
the observed Rg increment when KOH concentration 
increases can be related to the polymer’s good solubility. The 

Figure 5. Influence of the KOH (above) and the KCl (below) concentration in the Rh (left) and Rg (right) values of amylose 
solutions stored for different times. Relative error less than 3%

Figure 6. Structure-sensitive parameter, ρ, as a function of the aqueous medium (KOH and 
KCl) and its concentration and time of storage, at room temperature (20.0 ± 3.0 °C). Relative 

error less than 5%
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opposite behavior observed in KCl is related to a polymer-
polymer interaction preferentially over those of polymer-
solvent, through hydrogen bonding and the decrease of 
the electrostatic repulsion by salt screening effect.57 An 
apparent decrease in macromolecular size as a function of 
salt concentration should be possible because increasing salt 
content reduces colloidal stability and leads to coagulation. 
This possibility has been discarded due to the stability of 
the DLS measurement in the amylose solutions stored for 
seven days at high salt concentrations, a period in which 
stability in the diameter of the particles was observed. This 
high degree of reproducibility in DLS measurements was 
observed for all samples.

The results point out that amylose does not change its 
radius instantaneously according to the medium. A delay 
was verified between amylose stabilization in the alkaline 
medium and the salt solutions. Interestingly, in 1.2 mol L-1 
KCl, the effect of storage time was not observed. This KCl 
solution concentration (1.2 M) stabilizes amylose, and the 
balance of charges between the amylose and solvent medium 
is ideal for the amylose coil structure. Based on these 
results, efforts were devoted to investigating the amylose as 
a random coil in aqueous solutions, and evidence of amylose 
coil-to-helix transition in stored dilute solutions was revealed 
by depolarized light scattering.58 Following this work, we 
prepared nanostructures of V-amylose crystalline inclusion 
compounds with α-naphthol,59 including a modeling study 
to solve the molecular structure of the complexes.

3.3. Acetylated amylose and inclusion complexes with 
bromothymol blue

The use of native amylose (A) is limited because it has 
low water solubility due to the multiple intramolecular 
hydrogen bonds between the hydroxyl groups. For 
this, modification with acetyl groups in the amylose is 
exciting.11,60-64 In this modification, the acetyl groups are 
introduced, preventing the formation of several hydrogen 
bonds and increasing amylose solubility in water without a 
significant loss of the helical structure.11,65,66 Colussi et al.60 

studied high-, medium-, and low-amylose rice starches, 
where the starches were acetylated by using acetic anhydride 
for 10, 30, and 90 min of reaction. The low-amylose rice 
starch with 90 min of reaction was more susceptible to 
acetylation compared to the medium- and high-amylose 
rice starches. Furthermore, this modification reduced 
crystallinity, pasting temperature, breakdown, peak and final 
viscosities, swelling power, and solubility.

Wulff et al.61 investigated five different modified amylose, 
including acetylated amylose. The amylose was acetylated 
using acetic anhydride for 15 min at a high pH (at 8 or 9). 
The authors found that acetylation significantly increased 
the amount of soluble amylose complexes recovered from 
aqueous solution and enhanced the inclusion of guest 
molecules. The method proposed in our group for acetylation 
of amylose followed the one by Mark and Mehltretter,36 
with modifications,11 aiming at an amylose with a lower 
degree of substitution (0.86 ± 0.01) which corresponds to a 
substitution of about 22% of total OH groups available per 
anhydroglucose unit. For this low degree of substitution, the 
acetylated amylose presents higher solubility (0.5 g L−1) in 
water at neutral pH than native amylose. Modifications may 
occur essentially in the outside chains, while the inside chains 
are not involved in substitution.

 In this former study,11 acetylated amylose was used for 
the inclusion of the rifampicin drug. As a result, the inclusion 
efficiency and loading capacity increased after the substitution 
of hydroxyl groups by acetyl groups in amylose, promoting 
better interaction with drugs. This suggests that the modified 
amylose-containing acetyl groups have stronger hydrophobic 
interactions with the piperazine tail of rifampicin.

Below, we present the results of the TGA of the native 
amylose (A) and acetylated amylose (AA) to examine 
the changes in the thermal properties of amylose caused 
by acetylation. TGA results of native amylose showed a 
two-stage weight loss, with the first peak corresponding to 
a loss of water around 60.0 - 100.0 °C and a weight loss 
of 10% (Figure 7a). Once dehydrated, the native amylose 
sample was stable up to ~300.0 °C. When heated until 
500.0 °C, the thermal decomposition with a weight loss of 

Figure 7. (a) TG/DTG curves of native and (b) acetylated amylose 
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83% is observed. Acetylated amylose also showed two-stage 
weight loss (Figure 7b), but the temperature of each event 
was smaller when compared to the native sample (~ 50.0 °C 
for 1st stage and ~ 220.0 °C for 2nd stage).

The acetylation promotes partial hydrolysis, reducing 
the length of the chains of α-D-glucose. This modification 
promotes more inter-chain space, increasing the heat transfer 
process and reducing the onset decomposition temperature.67 
Differential thermogravimetric (DTG) results showed that 
the native amylose samples presented higher decomposition 
temperatures than acetylated samples, 321.65 °C and 
257.89  °C, respectively. According to the literature, the 
acetylated samples are thermally more stable than native,67,68 
due to the low amount of remaining hydroxyl groups in 
amylose chains after modification, increased molecular 
weight, and acetylation covalent binding.

 Extending our previous work about inclusion complexes 
between A and AA with guest molecules, such as the one 
carried out with rifampicin,11 we explored the potential 
of these structures to form inclusion complexes with 
bromothymol blue dye (BB). BB is a non-metabolized 
anionic dye,69 whose deprotonation (pKa ≈ 7.1) opens a 
sulfone ring, allowing the compound to establish a more 
extended delocalized electron system that corresponds 
to a color change from yellow (lower pH) to blue (higher 
pH) and green at neutral pH (bathochromic shift).70 This 
dye was chosen as a model drug because its structure is 
similar to aspirin, lidocaine, and propranolol.71 As a result, 
BB solubilized in aqueous 0.1 M KOH and ultrapure 

water presented a maximum UV-Vis peak with minimum 
interference centered at 616 nm (n → π* transition) and 
430 nm (π → π* transition), respectively, as shown in 
Figure 8. After complexation with native amylose (A-BB) 
and acetylated amylose (AA-BB), the maximum absorption 
intensities of BB in both solvents decreased. This fact is 
due to the partial protection of the excitable electrons and 
chromophores in the amylose cavity, indicating that the 
inclusion complexes were formed.

Another information obtained through UV-Vis analysis 
is the inclusion efficiency (% IE) and loading capacity 
(% LC) of the dye in both of the complexes. The BB 
inclusion efficiencies were high in both complexes and both 
temperatures, as presented in Table 3.

These results allow us to conclude that BB molecules can 
be encapsulated in a hydrophobic environment. However, 
no difference in inclusion efficiency was found comparing 
amylose or acetylated amylose BB complexes. According to 
the literature,72 the attractive force between the hydrophobic 
surface and the hydrophobic groups (i.e., benzene rings and 
-CH3) of the BB molecule is larger than the solvation force 
between water and BB hydrophilic groups such as -SO3, 
-Br, and -OH.

For the loading capacity, complexes prepared with 
amylose in 0.1 mol L-1 KOH showed the best results in 
both temperatures (~ 9.8%). KOH solution is a suitable 
solvent for amylose, leading to a strong solvation.73 Then, 
this result is probably due to the better solubility of A and 
BB in the KOH solution than that of AA. Besides, amylose 

Figure 8. UV-Vis spectrum of samples. In (a), native amylose (A, dotted line), bromothymol blue (BB, black line) and amylose-bromothymol blue 
(A-BB, bold black line) in 0.1 KOH solution; in (b), acetylated amylose (AA, dotted line), bromothymol blue (BB, black line) and acetylated amylose-
bromothymol blue (AA-BB, bold black line) in ultrapure water. The arrow indicates the decrease in absorbance caused by BB inclusion in the amylose 

or acetylated amylose cavity

Table 3. Inclusion efficiency (% IE) and loading capacity (% LC) of bromothymol blue complexation with amylose 
or acetylated amylose

% IE % LC

40.0 °C 65.0 °C 40.0 °C 65.0 °C

Amylose-bromothymol blue 94.10 ± 2.70 90.10 ± 2.10 9.88 ± 0.30 9.80 ± 0.20

Acetylated amylose-bromothymol blue 93.70 ± 0.40 92.90 ± 0.20 1.37 ± 0.20 1.29 ± 0.10
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has OH- groups that can promote a nucleophilic attack in 
BB, shifting the indicator into a colorless form. However, 
in this case, despite the increase in the loading capacity, 
the decrease in color is not evident. In this case, the AA 
molecule presents a low degree of substitution (0.86 ± 
0.01).11 Thus, as the amount of OH- ions is decreased, this 
attack’s action is also decreased.

DLS characterization showed that the A-BB complex 
displays a higher hydrodynamic particle size (∼ 113.0 nm) 
than the AA-BB complex (∼ 76.0 nm). The BB chains are 
probably surface-exposed and oriented toward the solvent 
for the complex prepared with A. This hypothesis is in 
remarkable agreement with the result of a study about the 
formation of amylose inclusion complexes.74 For the complex 
prepared with AA, the size of the complex is very similar to 
the A. In this case, it is believed that there is a slight decrease 
in the helicity of amylose molecules after acetylation. This 
fact changes the exposed functional groups of AA-BB and 
decreases the interaction of the guest molecule with the 
amylose cavity. ZP results indicated electrostatic stability for 
the A-BB complex with a –47.0 ± 1.0 mV value. This result 
was already expected because the native amylose molecules 
present hydroxyl groups on the surface of the complex. The 
AA-BB complex presented a value of ZP of –6.0 ± 2.0 mV 
because AA presented a lower amount of hydroxyl groups 
and had a poorly ionized surface at neutral pH.

Hence, including the BB improved the colloidal 
stability of the complexes prepared with both samples. This 
study may provide helpful information about AA and the 
development of amylose inclusion complexes with similar 
ligands to BB in pharmaceutical applications, especially 
in an aqueous environment. Moreover, it is possible to 
conclude that the acetylation method proposed by our 
group presents a fast, simple, solvent-free, and low-cost 
methodology and can be used as a model in other studies 
about starch and its components.

3.4. Starch nanoparticles

In searching for time-saving and eco-friendly starch 
nanoparticle preparation, recent literature has been quite 
innovative, as described by Qiu et al.75 in a review of 
green techniques for SNP preparation. The authors cite 
techniques described in the previous section, such as acid 
hydrolysis. As recent advances, nanoprecipitation, high-
pressure homogenization, self-assembly, and mini emulsion 
crosslinking are reported. In addition to the preparation 
methodology, the native starch source is also a critical 
impact factor on the final morphology of the SNPs since 
different arrangements of the amylopectin double helices 
induce the formation of different structures. Recently, 
a review by Troncoso et al.76 reported the use of starch 
extracted from conventional and non-conventional botanical 
sources and different nanoparticle synthesis methods, in 
addition to addressing its use in developing novel drug 
delivery systems. Sago palm, banana, jackfruit, jack bean, 

and pea starch are among the non-conventional starch 
sources reported by the authors.

Two strategies to prepare SNPs can be used, known as 
bottom-up and top-down. In the first one, glucose molecules 
and oligomers are self-organized until the formation of 
nanoparticles. The second strategy includes chemical or 
physical methods to reduce starch granules or gelatinized 
starch until nanoscale and nanoparticle formation from long 
polymeric chains by precipitation or crystallization.30,77

In our study, a solution of high amylose corn starch 
solubilized in DMSO/H2O (9:1 v/v ratio) was prepared. 
Afterward, the ultrasound treatment and a nanoprecipitation 
procedure were applied, as described by our previous work.13 
The SNP characterization by DLS showed particles with Rh 
~75 nm, as shown in SEM images (Figure 9).15

Furthermore, analyses of such SNPs using XRD show 
an effect of recrystallization during nanoparticle formation. 
Native corn starch and SNPs XRD results presented different 
scattering patterns, as presented in Figure 10.

According to Figure 10, high amylose corn starch 
presents a typical profile of A-type crystalline structure, 
usually found in cereal species.78 However, the SNP 
scattering pattern shows a mix of B + V-type crystalline 
structure (at 2θ values of 5.4, 16.7, 21.7, and 23.5 ). This 
kind of change was already described in the literature.79,80 It 
can be attributed to a mobility increase of crystalline portion 
in amorphous regions, leading to a molecular rearrangement 
involving amylose-amylose and amylose-amylopectin 
interactions.81 This finding agrees with the literature, where 
low recrystallization temperatures and long polymeric 
chains promote a crystalline packing B + V-type.82 Another 
hypothesis would be the formation of V-type crystals during 
recrystallization due to the formation of inclusion complexes 
between amylose and ethanol molecules, as described by 
other authors.83,84 The calculated crystallinity index (XC %) 
was 36.5% and 55.3% for native corn starch and SNPs, 
respectively. Usually, an increase in crystallinity is achieved 
in starch granules through an acid or enzymatic treatment (as 
discussed in section 3.1). In the recrystallization process, it 
is suggested that a break in polymeric chains in amorphous 

Figure 9. Starch nanoparticles at solid state seen by SEM analysis 
(scale bar: 1 µm)
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regions allows for a reorganization of chain segments, 
resulting in a more crystalline structure.79,85

4. Conclusions

It was possible to process, characterize, and organize 
starch and their polymers in different ways. We presented 
starch modification, extraction/chemical modification of 
amylose, and the organization of starch polymers, like 
inclusion complexes or nanoparticles. The characterization 
was made by XRD, SAXS, polarized and depolarized light 
scattering (DLS and SLS), UV-Vis, TGA, and SEM.

The acid hydrolysis of regular corn starch granules 
showed that this modification in the morphology effectively 
forms porous in the granules. As presented, all samples 
kept a characteristic A-type crystalline profile independent 
of the hydrolysis time. Meanwhile, the use of oriented acid 
hydrolysis, as discussed, showed a higher crystallinity 
degree than free acid hydrolysis and a shorter hydrolysis 
time. Concerning the starch polymers, in this work, we 
presented that amylose from rice starch was isolated using 
a precipitation method with a thymol solution. Then, we 
analyzed the results using gel filtration chromatography, 
wherein each eluted fraction of amylose showed a decrease in 
the hydrodynamic radius and molecular weight as expected. 
Moreover, through the structure-sensitive parameter, 
we found a homogeneous sphere of amylose. Likewise, 
the amylose from the starch potato, when chemically 
modified with acetyl groups, presented a satisfactory 
result of inclusion efficiency and loading capacity when 
the inclusion of bromothymol blue was tested, concluding 
that amylose acetylated can be a reasonable host to other 
similar compounds. Finally, corn starch was used to produce 
starch nanoparticles, showing an increase in their crystalline 
structure, which allowed a rearrangement of the structure 
of starch polymers.

The results presented above indicated the possibility 
of using new starch treatments, such as modified acid 
hydrolysis, and the characterization of systems through 

structure-sensitive parameters, for example. With this, we 
were able to reveal starch properties that are little known, 
as well as other techniques of characterization that have 
yet to be explored.
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