
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2023) 148:4151–4169 
https://doi.org/10.1007/s10973-023-12034-2

Impact of the ripening process and extraction method 
on the properties of starch from achachairu seeds

Mônica Ikeda1  · Bruno Patrício Costa1 · Anely Maciel de Melo1 · Igor Artur Eller Pazzini1 · 
Rosemary Hoffmann Ribani1

Received: 16 February 2022 / Accepted: 11 February 2023 / Published online: 3 March 2023 
© Akadémiai Kiadó, Budapest, Hungary 2023

Abstract
Starch was isolated from the seeds of ripe and unripe fruits of achachairu (Garcinia humilis) using three extraction methods: 
neutral, using distilled water at pH 7.0, acid, using ascorbic acid solution at pH 4.0, and alkaline, using sodium hydroxide 
solution at pH 10.0. After extraction, the starches were characterized in terms of proximate composition and antioxidant, 
morphological, structural, thermal and spectrometric properties. In general, the highest starch yield was observed for neutral 
extraction, although the morphological structure and proximate composition revealed higher purity for the starch obtained 
by acid extraction. Starches obtained from mature matrices can be characterized as products with a high-amylose content, 
as they resulted in amylose contents greater than 50%. However, alkaline extraction, in addition to promoting greater 
agglomeration and damaged starch, is also related to the reduction in amylose–lipid complexes. The viscosity parameters 
of the starches confirmed their apparent levels of amylose, mainly those extracted from mature seeds. Starches also showed 
antioxidant activity, especially those obtained by neutral extraction, since the highest total phenolic content was determined 
in this sample, while the other extractions (acid and alkaline) showed results according to method affinity for antioxidant 
activity. The results suggest that the attributes of the starches found in achachairu seeds make them viable for use in several 
applications, mainly in the development of biodegradable films, especially for starches obtained in neutral extraction, whose 
rheological characteristics proved to be favorable for this application.
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Introduction

Starch is both the most important supply of carbohydrates 
in plants and the main source of calories in the human diet; 
it is also a non-toxic and renewable resource [1].

The structural properties of starch play a significant role 
in food processing, as well as in the development of new 
products [2]. In general, the food sector is responsible for 
the largest proportion of starch consumption, although starch 
is also used for the processing of various materials in the 
paper, chemical, pharmaceutical and textile industries [1, 3].

In the production sector, the pursuit of innovative tech-
nologies has led to the search for new ingredients having dis-
tinct characteristics and structures; such ingredients include 
non-conventional starches, which are isolated from sources 
having distinctive properties that set them apart from heav-
ily used conventional starches, with regard to applicability 
and nutritional content [4, 5]. There is therefore a growing 
interest in the extraction of starch from new cultivars, as well 
as in the reuse of underutilized vegetable matrices [6, 7].

In view of the above, the starch extracted from achachairu 
seeds is a promising alternative that may be incorporated 
into the industrial sector, since the composition of these 
seeds (which make up approximately 15% of the fruit) is rich 
in carbohydrates. Various extraction techniques for obtaining 
non-conventional starch have been attracting attention, since 
altering variables such as the pH of the solution may result in 
starches having different characteristics, thus facilitating the 

possibility of specialized applications for individual starches 
according to the specific advantages they provide [8–10]. 
Such applications of non-conventional starches include the 
development of biodegradable films, the substitution of fat 
in cold meats, breaded foods and hamburgers, the elabora-
tion of gluten-free doughs and the encapsulation of various 
compounds [11, 12].

The achachairu is a fruit belonging to the Garcinia genus, 
from the Clusiaceae family and humilis species. Though the 
plant is originally from Bolivia, it also grows in diverse 
regions of Brazil. The Garcinia humilis species has the 
ability to perform various functions in the human organism, 
including healing, digestive and laxative activities; it also is 
effective against rheumatism, gastric ulcers and inflamma-
tion [13]. Moreover, both its leaves and fruits contain bifla-
vonoid and benzene compounds, which are related to immu-
notoxic, anti-inflammatory and anticancer activities [14]. 
There are currently no studies in the literature involving the 
extraction of starch from the achachairu seed, although a few 
studies exist showing that it does possess potential antioxi-
dant properties that are similar to those present in the fruit 
itself [15, 16].

Although the functional characteristics of the fruit have 
been scientifically verified, the available data is still very 
sparse, especially with regard to the seed, which is usu-
ally treated as a waste product. Therefore, the goal of this 
study was to use different extraction techniques to isolate 
and characterize the starch present in achachairu seeds from 



4153Impact of the ripening process and extraction method on the properties of starch from achachairu…

1 3

fruits obtained at different maturation stages, in order to 
identify their properties and thus serve as a guide for future 
applications.

Material and methods

Material

The achachairu seeds were obtained from fruits collected 
in the rural region of the city of Corupa (S26°25′01,9″; 
W49°18′07,5″), in the state of Santa Catarina, Brazil, dur-
ing the months of December and April, which correspond to 
the unripe (UN) and ripe (RI) maturation stages, respectively 
(Fig. 1). The achachairu fruits were cleansed using an aque-
ous 1% sodium hypochlorite solution and the seeds were 
removed from the pulp, after which they were first frozen 
(193.15 K) and then freeze-dried (Benchtop Pro 8L XL-70, 
Virtis Sp Scientifica) under the following operating condi-
tions: vacuum pressure 31 mT, temperature, 198.85 K. After 
drying, the seeds were ground into flower using a knife mill 
(MA630/1, Marconi Ltda., Brazil), resulting in a fine (45 
mesh) sample. The flours thus obtained were vacuum-packed 
in low-density polyethylene bags (PEBD) and kept under 
refrigeration (277.15 K) until the starch was extracted.

Methods

Starch extraction and yield

The seed flours from both ripe (RI) and unripe (UN) acha-
chairu were submitted to three different extraction methods, 
producing neutral (NS), acid (ACS) and alkaline starches 
(ALS) (Fig. 2). For the neutral extraction, the method fol-
lowed was a modified form of that described by Hornung 

et al. [17], according to which the seed flours were sus-
pended in distilled water (1:2 m/v), pH 7.0 and subsequently 
stored under refrigeration (278.15 K—24 h). For the acid 
extraction, the flours were treated with a 1% (m/v) ascorbic 
acid  (C6H8O) solution, pH 4.0, and subsequently stored in a 
refrigerated environment (278.15 K—24 h), according to the 
method described by Maniglia and Tapia-Blácido [8]. The 
flours used in the alkaline extraction were placed in a 0.25% 
NaOH solution, pH 10, in a proportion of 1:2 (m/v), and then 
stored (278.15 K—24 h), according to the method described 
by these same authors, Maniglia and Tapia-Blácido [8].

For all extractions, the prepared solutions were homog-
enized after storage using an industrial blender (3 min), after 
which they were sieved (80 mesh). The resulting pastes were 
decanted (277.15 K—24 h), the supernatants discarded, 
and the re-suspension process was repeated using distilled 
water until a pH value of 7.0 had been achieved. The sam-
ples were then centrifuged (1500 rpm—10 min), and the 
final precipitates were filtered under vacuum, after which 
they were dried in an oven with air circulation and renewal 
(313.15 K—24 h). The dry starches were then sieved to 
standard size (60 mesh), vacuum-packed in low-density 
polyethylene bags, and stored under refrigeration and in the 
absence of light.

The yield of each starch was determined according to 
the method described by Wang and Chong [18], using the 
relationship of the initial mass of the flour and the mass of 
the extracted starch, as shown in Eq. 1.

Centesimal composition and amylose content

The centesimal characterization of the starches consisted of 
analyzing their moisture, ash, total protein and total dietary 
fiber contents, according to the protocols of the AOAC [19]: 
934.01, 942.05, 990.03 and 985.29. The lipid content was 
determined according to the method described by Bligh 
and Dyer [20], and total carbohydrates were calculated by 
subtraction (100% − (%moisture + %ash + %protein + % 
fiber + %lipid)).

Apparent amylose content was determined using the col-
orimetric method described by Martinez and Cuevas [21], 
which is based on the transmission of light via the color 
complex formed by the amylose upon reaction with iodine.

Total phenolic compounds and antioxidant activity

Antioxidant activity was determined by evaluating 
the methanolic extract of the starches according to the 
method described by Pantèlic et al. [22]. The prepared 
samples were submitted to total phenolic compound and 

(1)Starch yield (% ) =
Mass of starch obtained

Initial mass of flour
× 100

UNRIPE RIPE

Fig. 1  Achachairu (Garcinia humilis) fruits in two stages of matura-
tion (UN—unripe and RI—ripe)
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antioxidant assays (DPPH, FRAP and ABTS). In order to 
determine total phenolic compounds, the Folin–Ciocalteu 
spectrophotometric method was used, based on the proce-
dure described by Singleton et al. [23]. The DPPH method 
(1,1-dienil-2-picrilhidrazila), which quantified the DPPH 
radical scavenging capacity via absorbance (515 nm), was 
conducted as described by Brand-Williams et al. [24]. The 

method proposed by Benzie and Strain [25] was used to 
determine antioxidant capacity based on the reduction in 
the ferric ion (FRAP). The method described by Re et al. 
[26] was used to determine the antioxidant activity of the 
starches using ABTS (2,2-azino-bis-3-ethylbenzothiazo-
line-6-sulfonic acid).

Fig. 2  Achachairu seed’s 
starches extracted by neutral, 
acidic and alkaline (NS, ACS 
and ALC) in two stages of 
maturation (UN—unripe and 
RI—ripe)

UN-NS RI-NS

UN-ACS RI-ACS

UN-ALS RI-ALS
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Morphological properties

Scanning Electron Microscopy (SEM) The starch granules 
(NES, ACS and ALS) were observed by means of scanning 
electron microscopy (SEM) using a Tescan Vega 3 micro-
scope (Kohoutovice, Czech Republic). The samples were 
first prepared by being fixed using adhesive copper supports 
and metalized by coating with gold under vacuum using a 
Sputter Coater SCD 050 (Balzers). The micrographs were 
taken at magnifications of 4500 at an acceleration of 15 kV 
and under low vacuum. Particle size was determined using 
the ImageJ free software (version 1.49 v).

X‑ray diffractometry (XRD) The diffractometry (XRD) pat-
terns of the starches were obtained using an X-ray diffrac-
tometer (Bruker—D8 Advance model), which used a radia-
tion of Cu Kα (λ = 1542 Å) configured at 40 kV and 20 mA. 
Scattered radiation was measured at the angular interval 
between 5º and 80º (2θ), with a flow rate of 2 °  min−1, at a 
step of 0.041º. The graphical representation was generated 
using the Origin 8.6 software (Origin Lab, Massachusetts, 
EUA). To determine the relationship between the incident 
X-ray wavelength, the angle of incidence and the spacing 
between the planes of the crystalline lattice of starches, the 
Bragg's Law was applied, described according to Eq. 2.

Thermal properties

The thermogravimetric curves (TG/DTG) were obtained 
using the PerkinElmer TGA 4000 system (PerkinElmer Inc., 
Waltham, Massachusetts, EUA) by means of the method 
described by Hornung et al. [1]. Approximately, 6 mg of 
each sample was used, which was analyzed while being 
heated from 303.15 to 1023.15 K at a rate of 283.15 K  min−1.

The differential scanning calorimetry graphs (DSC) 
were obtained using a DSC 8000 device (PerkinElmer Inc., 
Waltham, Massachusetts, EUA). The samples, which had 
been previously hydrated in a proportion of 4:1 (water/
starch, m/m), were heated at a rate of 283.15 K  min−1, begin-
ning at 303.15 K and continuing until a final temperature of 
373.15 K. The analysis was conducted in a nitrogen atmos-
phere (20 mL  min−1).

The results obtained from the TG/DTG and DSC curves 
were read using Pyris™ software (PerkinElmer Inc., 
Waltham, Massachusetts, EUA).

Paste viscosity

The behavior of the starch pastes (NS, ACS and ALS) was 
determined using 2.25 g samples in 25 mL of distilled 
water placed in a Rapid Visco Analyzer (Perten, RVA 4500, 

(2)n� = 2d sin �

Huddinge, Sweden), according to the description of the RVA 
20.05 method, suggested by the manufacturer Perten Instru-
ments. The profile used was that described by Ravi et al. 
[27], as appears in the International Association for Cereal 
Science and Technology [28]. The analysis evaluated the 
properties of peak viscosity, final viscosity, tendency to ret-
rograde, time necessary in order to achieve peak viscosity 
and average temperature of the starch pastes.

Fourier transform infrared (FTIR)

The method used to conduct the Fourier transform infra-
red (FTIR) spectroscopy analysis was that described by 
Maniglia and Tapia-Blácido [8], using a Vertex 70 infrared 
spectrophotometer (Bruker, USA), which operated within 
the spectral range of 400–4000  cm−1, with a resolution of 
4  cm−1 and 1024 scans.

Statistical analysis

The experimental data were submitted to an analysis of vari-
ance (ANOVA) and a Tukey test in order to compare the 
significance among the results at a 95% confidence level 
(p < 0.05). The program STATISTICA 10.1 Software (Stat 
Soft, Inc., Tulsa, OK, USA) was used for this analysis.

Results and discussion

Starch extraction and yield

The technique that resulted in the greatest observed starch 
yield (for both maturation stages of the seed) was the 
neutral extraction method (38.40 g × 100   g−1—UN and 
62.43 g × 100  g−1—RI) (Table 1). A large yield was likewise 
observed for starch from ripe seeds using the alkaline extrac-
tion method (43.84 g × 100  g−1), the results being similar 
to those observed by Villarreal et al. [10], who obtained 
starch from amaranth flower using both alkaline extraction 
and alkaline extraction combined with proteolytic diges-
tion (45.29 and 46.18 g. 100  g−1, respectively). The lowest 
yield was observed for starch obtained using acid extraction, 
whose average value (22.23 g × 100  g−1) exhibited no differ-
ence between the two maturation stages.

It is assumed that the greater yield is due to the presence 
of other constituents that might have been loaded during 
extraction and counted as part of the final starch content. 
This hypothesis may be verified by means of the centesimal 
composition analysis, which is discussed below. The pres-
ence of non-starch constituents in the starches is related to 
the methods used during the extraction process, in addition 
to variables such as additional purification stages, matura-
tion stage and matrix preparation conditions [29].
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The purity of the starch may be compromised due to the 
tendency of the carbohydrate molecules to interact with the 
constituents derived from the vegetable matrices. These 
compounds include lipids, proteins and fibers, which fre-
quently adhere to surfaces or become trapped between the 
starch grains [30].

Centesimal composition and amylose content 
analysis

The centesimal composition characterization (Table  1) 
revealed that the moisture contents of the starches range 
from 5.75 to 7.90 g × 100  g−1. These values are within the 
limit imposed by Resolution 263/05 of the Brazilian govern-
ment, described by ANVISA, which states that the maxi-
mum humidity allowed for starches obtained from grains is 
15.0 g × 100  g−1 (p/p) [31].

Of the three extraction techniques, it was observed 
that the neutral technique preserved the greatest pro-
tein (7.87 g × 100  g−1) and lipid (13.73 g × 100  g−1) con-
tents in starches produced from unripe seeds. According 
to Damodaran et al. [32], most proteins from vegetable 
sources are soluble in an alkaline pH; however, extraction 
using ascorbic acid proved to be more efficient in removing 
both protein (5.10 g × 100  g−1—UN and 3.27 g × 100  g−1—
RI) and lipid contents (10.05  g × 100   g−1—UN 
and11.65 g × 100  g−1—RI) from the starches, resulting in 
a greater carbohydrate yield (76.36 g × 100  g−1—UN and 
77.80 g × 100  g−1—RI). This suggests that starches obtained 
using this extraction method are purer than those obtained 
using the other two methods. The association between 
metabolites and the biosynthesis of the compounds in the 
seed formation process is dependent upon other factors, such 
as climate, soil and other cultivation conditions. Therefore, 
proteomic and metabolomic analyses must be conducted in 
order to achieve a comprehensive understanding of the seed 
constituents [33].

Regarding the amylose content, the acid and alkaline 
extractions did not exhibit any significant differences when 
results for the same maturation stage were compared, 
although they did exhibit a greater amylose content, possibly 
due to the effects of modifying the pH of the solution, since 
under such conditions, the lipids are solubilized, thus reduc-
ing the presence of amylose–lipid complexes and therefore 
allowing the leaching of the amylose molecule [8].

According to Lineback [34], although differences in 
apparent amylose content are observed among starches with 
different vegetable origins, it generally makes up between 20 
and 30% of starches obtained from grains and approximately 
17% of starches obtained from manioc. The same author 
also states that starches composed only of amylopectin are 
known as waxy starches; these may be found in some starchy 
varieties of maize, barley and wheat. Starches with amylose 
contents greater than 50%, known as high-amylose starches, 
have different applications, due to their viscosity properties 
being the opposite of those of waxy starches.

The apparent starch contents observed were greater than 
30% for all starches, the smallest values being observed 
for starches obtained using the neutral extraction method 
(30.23 g × 100  g−1 for the UN-NS and 52.21 g × 100  g−1 for 
the RI-NS).

In general, the values observed for all extraction meth-
ods pointed toward greater apparent amylose values for RI 
starches (between 52.21 and 57.71 g × 100  g−1), thus indi-
cating that these samples may be classified as high-amylose 
starches (Table 1). According to Wu et al. [35], several 
physiological changes that may influence the apparent amyl-
ose content occur during the seed maturation stage, during 
which the amylose proportion tends to increase over time.

Starches characterized as high-amylose starches may be 
easily used in the development of films and exhibit the fluid-
ity necessary for the formation of gels, due to the interaction 
of the amylose with the water molecules. These starches 
may be applied in products for which crunchiness is a desir-
able characteristic and as protection against excessive oil 

Table 1  Average yield of extractions, proximate composition and amylose content of neutral, acidic and alkaline starches (NS, ACS and ALC) in 
two stages of maturation (UN and RI)

Equal lowercase letters in the same column do not differ statistically (p > 0.05) according to Tukey's test
dw dry mass; UN-NS Achachairu unripe seed neutral starch; UN-ACS Achachairu unripe seed acid starch; UN-ALS Achachairu unripe alkaline 
starch; RI-NS Achachairu ripe seed neutral starch; RI-ACS Achachairu ripe seed acid starch; RI-ALS Achachairu ripe alkaline starch

Samples Average 
yield/g × 100  g−1

Moisture/g × 100  g−1 Ashes/g × 100  g−1 Protein/g × 100  g−1 
dw

Lipids/g × 100  g−1 
dw

Carbohydrates/g × 100  g−1 
dw

Amylose 
content/g × 100  g−1

UN-NS 38.40 ± 1.5bc 5.75 ± 0.14b 0.67 ± 0.031e 7.87 ± 0.07a 13.73 ± 0.16a 71.99 ± 0.34d 30.23 ± 0.37d

UN-ACS 23.40 ± 2.5d 6.94 ± 0.25ab 1.56 ± 0.010b 5.10 ± 0.01c 10.05 ± 0.01c 76.36 ± 0.24b 40.58 ± 0.27c

UN-ALS 28.32 ± 1.8 cd 6.64 ± 0.01b 1.64 ± 0.005a 6.26 ± 0.01b 12.04 ± 0.07b 73.43 ± 0.01c 41.22 ± 0.71c

RI-NS 62.43 ± 1.0a 7.90 ± 1.14a 0.45 ± 0.008f 3.13 ± 0.08e 11.94 ± 0.12b 76.58 ± 1.17ab 52.21 ± 2.19b

RI-ACS 21.15 ± 2.7d 6.32 ± 0.01b 0.96 ± 0.003c 3.27 ± 0.02e 11.65 ± 0.11b 77.80 ± 0.15ª 56.60 ± 0.61a

RI-ALS 43.84 ± 2.0b 6.94 ± 0.13ab 0.84 ± 0.016d 3.79 ± 0.07d 11.99 ± 0.39b 76.44 ± 0.20ab 57.71 ± 0.97a
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absorbance during their preparation; they are therefore rec-
ommended for use in nuggets and other breaded products. 
Starches having high-amylose contents also exhibit favorable 
characteristics for the chewy candy industry, since they com-
prise up to 50% of candy formulations [36, 37].

Total phenolic compounds and antioxidant activity

In general, the greatest values for total phenolic content 
(TPC) and antioxidant activity as determined by DPPH and 
FRAP were observed for the NS. However, for the ABTS 
analysis, both ACS and ALS exhibited values superior to 
those of NS. It was also observed that the starches isolated 
from the unripe matrix exhibited greater TPC values than 
those isolated from the ripe matrix, showing differences of 
approximately 32.01, 59.61 and 0.29% for the neutral, acid 
and alkaline extractions, respectively. However, the great-
est reductions were observed for the FRAP method, which 
exhibited reductions of 89.86 and 62.18% from the unripe 
stage to the ripe stage for acid and alkaline extractions, 
respectively (Table 2).

Although the total phenolic content was obtained in the 
neutral extraction, in the antioxidant activity, it was veri-
fied that the extraction technique can vary according to the 
affinity of the method used, since the ABTS differed from 
the DPPH and FRAP when comparing the starches of the 
different extractions (neutral, acidic and alkaline). However, 
the factor with the greatest impact on the results of these 
analyses was the ripening stage of the samples.

In vegetables, phenolic compounds are considered sec-
ondary metabolites that occur naturally and are used as a 
defense mechanism in the plants. They also participate in 
their development during maturation and in the reproduction 
of the vegetable material [31]. Therefore, unripe fruits tend 
to contain a greater proportion of secondary metabolites 
than ripe fruits, since these compounds are necessary for 
their development. The results obtained in this study agree 
with those of other studies that report that the concentration 
of phenolic compounds gradually diminishes as the fruit 
ripens [38, 39].

The presence of antioxidant compounds in achachairu 
starches may represent an opportunity for these products to 
be developed and applied in innovative ways. One example 
is the use of starches as an alternative renewable source for 
producing biodegradable and functional films. This applica-
tion has already been explored using an amylaceous matrix 
with added antioxidant agents in order to obtain an active 
film [40]. Studies exist involving combinations such as beet 
waste products in gelatin capsules [41], olive bagasse in 
chitosan [42], mango peel flour [43] and a variety of other 
fruit and vegetable waste products [44, 45]. According to 
Adilah et al. [46], the incorporation of bioactive compounds 
in the development of films promotes a synergistic effect that 
enhances the antioxidant capacity of the packaging.

In view of the environmental appeal, low cost, flexibility 
and transparency attributed to starch-based films [47], the 
authors suggest that the use of starches obtained from the 
achachairu seed, especially those obtained using the neutral 
extraction method, which exhibited a greater antioxidant 
potential, be pursued as a promising possibility for applica-
tion in the packaging industry.

Morphological properties

Scanning electron microscopy (SEM)

The morphology and dimensions of starch granules vary 
according to their botanical source, the extraction method 
used, and the conditions of the extraction matrix. Starch 
granules normally exhibit an oval shape with rounded ends 
and a diameter that may vary between 1 and 110 µm [48], 
with a record of ∼1 µm for the smallest granule found in 
nature, referring to quinoa starch [49]. The studied starches 
presented predominantly oval structures (Fig.  3), with 
dimensions occurring in a narrow range of variation, from 
21.38 to 31.16 µm (Table 3); their diameters can be con-
sidered medium, because among the commercially avail-
able starches, rice starch has diameters between 3 and 5 µm, 
while potato starch has diameters ranging between 10 and 
5 µm. An example of a starch that exhibits intermediate 

Table 2  Total phenolic content 
(TPC) and antioxidant activity 
of phenolic extracts of UN-NS, 
UN-ACS, UN-ALS, RI-NS, 
RI-ACS and RI-ALS achachairu 
seed starches by the DPPH, 
ABTS, FRAP and UPLC assays

Equal lowercase letters in the column do not differ statistically (p > 0.05) according to Tukey's test

Samples Total phenolic content and antioxidant activity

TPC (mg GAE × 100  g−1) DPPH (µmol 
TE × 100  g−1)

ABTS (µmol TE × 100  g−1) FRAP (µmol 
TE × 100  g−1)

UN-NS 969.32 ± 26.03a 887.59 ± 1.97b 2412.56 ± 4.98e 583.39 ± 2.11a

UN-ACS 607.37 ± 2.73c 773.46 ± 0.01d 2510.34 ± 0.01a 379.32 ± 0.45c

UN-ALS 495.36 ± 8.88d 784.31 ± 2.52c 2510.20 ± 1.95a 226.81 ± 0.69d

RI-NS 659.0 ± 14.89b 939.95 ± 0.99a 2431.98 ± 4.49d 457.65 ± 1.40b

RI-ACS 245.32 ± 1.37e 758.95 ± 1.32e 2468.64 ± 1.25c 38.47 ± 0.26f

RI-ALS 493.91 ± 0.63d 782.63 ± 0.01c 2478.71 ± 1.24b 85.78 ± 0.52e
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dimensions is maize starch, whose diameters range from 5 
to 26 µm, the average diameter being approximately 15 µm 
[50].

Although the appearance of the NS granules was similar 
to that normally exhibited by starch granules, their structures 
also exhibited other linked constituents, perhaps compounds 
that were loaded during the extraction process. The ACS 
micrographs were more defined, although they still show 
some structures attached to the granules. However, higher 
purity can be suggested in these samples, corroborating the 
results of the proximate composition for both extractions, 
whose protein and lipid contents were observed to be higher 

Fig. 3  Scanning electron 
microscopy (SEM) of neutral, 
acidic and alkaline starches 
(NS, ACS and ALC) in two 
stages of maturation (UN—
unripe and RI—ripe) at 4.5 × 

UN-NS RI-NS

UN-ACS RI-ACS

UN-ALS RI-ALS

Table 3  Scanning electron 
microscopy (SEM) diameters 
of neutral, acidic and alkaline 
starches (NS, ACS and ALC) in 
two stages of maturation (UN 
and RI)

Samples Average size/µm

UN-NS 24.29 ± 1.09b

UN-ACS 21.38 ± 0.42c

UN-ALS 24.63 ± 0.42b

RI-NS 25.84 ± 0.73b

RI-ACS 31.16 ± 0.43a

RI-ALS 21.91 ± 0.54c
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for the NS and lower for the ACS [51] also observed that 
starches extracted using an aqueous medium exhibit trace of 
other constituents, especially proteins. However, Silveira and 
Tápia-Blácido [52] state that none of the methods cited are 
capable of producing starches that are entirely pure, since 
none of the proposed solutions remove all the protein, lipid, 
fiber, phenolic compound and carotenoid content present in 
the structures.

For starches extracted using the alkaline medium, 
grouped structures were observed, which contained gran-
ules that were damaged and interconnected, thus revealing 
that the reagent used had acted upon the starch molecules. 
According to Suortti et al. [53], starch granules become vul-
nerable to the alkaline medium, resulting in the breakage of 
weaker bonds and the ionization of glucose groups having 
the hydroxyl radical; this causes the residual content of the 
starch structures to agglomerate.

Visually, by means of scanning electron microscopy, 
it was possible to perceive that the acid extraction allows 
obtaining starch granules of greater purity; without the pres-
ence of other constituents as occurs in the neutral extrac-
tion. The alkaline extraction, on the other hand, facilitates 
the agglomeration of the granules, also promoting a greater 
concentration of damaged starches in the final amount.

X‑ray diffractometry (XRD)

The X-ray diffraction patterns recorded from the Bragg’s 
angle were similar to those found in the study by Rodriguez-
Garcia et al. [54], whose interplanar spaces are found at 
7878, 5867, 5136, 3859 and 3339 Å for amaranth starch. 
Such data associate the structure of starches with the 
A-amylose type, since the diffraction patterns are divided 
into A-amylose and B-amylose, although both are indis-
tinctly associated [55, 56]. The A-type corresponds to an 
orthorhombic structure, while B-type corresponds to a hex-
agonal structure [54]. According to the authors, the crystal-
line structure of starch presents the beginning of the hex-
agonal phase marked by initial peaks at 5.639º, while the 
orthorhombic phase starts at higher values, above 9.074º. 
Therefore, this finding affirms that the starch profiles of 
achachairu seeds are defined by A-type, since in all sam-
ples, the interplanar spaces corresponded to the orthorhom-
bic phase in the crystalline structure (Table 4).

The graphical reading from the diffractometer indicated a 
slightly higher definition in the NS peaks (Fig. 4). However, 
the resulting graphic profile of the samples, regardless of the 
extraction method, can be correlated with the diffractogram 
produced by commercial potato starch [57].

In general, the crystalline portions of the granules are 
formed from part of the linear structure present in the amy-
lopectin molecule, which forms double helicoidal struc-
tures, whereas the amorphous portion is formed by chains Ta
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of amylose and part of the branches of the amylopectin mol-
ecules [58]. In this regard, it was seen that the area corre-
sponding to crystallinity was more evident in the RI samples, 
which exhibited higher peaks.

It has been observed that during the maturation process 
of an amylaceous matrix, the crystalline portion becomes 
amorphous due to the partial degradation of the starch, a 
transformation that results in a greater proportion of amylose 
[59]. These observations corroborate the results found in the 
current study, which found that apparent amylose contents 
were higher for the ripe stages; however, they also disagree 
with the relationship between crystallinity and the propor-
tion of amylose and amylopectin. In this regard, it is pos-
sible that the crystalline portion formed as a result of the 
conformation of the double helix and the large number of 
long chains in the amylose molecule portions, as observed 
by [60], who reported these characteristics in starches having 
a high-amylose content and a crystallinity pattern showing 
peaks similar to those observed in the present study.

The extraction techniques did not interfere with the char-
acterization of the structures verified by X-ray diffraction, 
being similar in the three patterns analyzed (neutral, acidic 
and alkaline starches).

Thermal properties

Thermogravimetric (TG) and derived thermogravimetric 
(DTG) analysis

It was observed that the thermogravimetric curves exhib-
ited a difference in the dimensions of the peaks of the sam-
ples (Fig. 5), thus indicating a change in mass loss (Δm) 

among the various maturation stages and starch steeping 
methods.

The decomposition data of the samples supported the 
observations from the graphical visualization, exhibiting 
lower Δm values for the NS during the first event (Table 5). 
In contrast, although in the more elongated peaks of the 
third event observed for the ACS the structures exhibited a 
sharper definition, their narrowness resulted in reduced mass 
loss for both maturation stages.

According to Soliman et al. [61], the first event is asso-
ciated with the dehydration of the samples, whose assess-
ment parameter may be fixed at the temperature 423.15 K. 
Minor mass losses during this event occurred for the NS 
(7.44%—UN and 8.66%—RI), an observation that is con-
sistent with the lower humidity content observed for this 
sample (Table 1) as compared to that of the remaining UN 
samples. The thermal behavior is dependent on the primary 
and secondary matter present in the crystalline structure of 
the starch, whose complexity hinders the release of water 
molecules, thus requiring higher peak temperatures [62]. In 
this case, since RI-NS exhibited a greater apparent amylose 
content (52.21 g × 100  g−1) and a peak temperature higher 
than 342.36 K, in contrast with UN–NS (30.23 g × 100  g−1 
apparent amylose and a peak temperature of 325.55 K), 
these factors may have been responsible for the higher tem-
perature observed for the RI during the first event.

For UN starches, those extracted using the acid and 
alkaline steeping exhibited smaller thermal stability ranges 
(ACS: 392.6–454.24 K and ALS: 386.54–450.5 K) as com-
pared to the neutral method (375.28–456.4 K), whereas for 
the RI starches, the acid and alkaline extractions exhibited 
improved ranges (398.74–468.85 K and 386.9–462.55 K, 
respectively).

The second event is considered to begin at 573.15 K, at 
which point the depolymerization of the starch, which under-
goes irreversible alterations, is observed [63].

Upon analyzing each maturation stage during the second 
thermal event, it was observed that the greatest values for the 
depolymerization of the macromolecules were exhibited by 
the ACS (66.52–70.08 Δm/% for UN and RI, respectively), 
whereas the lowest mass loss values were exhibited by the 
NS (63.53–58.35 Δm/% for UN and RI, respectively). This 
result may be correlated with the carbohydrate contents 
(Table 1) observed in the samples, for which the ACS exhib-
ited higher values that those of the NS.

The presence of residual proteins was observed in all 
samples analyzed; these proteins may interfere with the 
thermal behavior, since among the decomposition products 
present during this event are glycosidic derivatives, complex 
gasses and compounds resulting from the Maillard reaction, 
which occurs at high temperatures through amino acids and 
reducing sugars [64].
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Fig. 4  X-ray diffractometry (XRD) patterns of neutral, acidic and 
alkaline starches (NS, ACS and ALC) in two stages of maturation 
(UN—unripe and RI—ripe)
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The third thermal event is attributed to carbonization. 
This is the stage during which the decomposition of acids, 
saturated fats and the remaining compounds resulting 
from the polymerization of the previous event reaches its 

conclusion [65]. It was observed for all samples that deg-
radation occurred between 773.15 and 873.15 K. The cor-
relation of the ash content was consistent with the residual 
mass loss of each sample, since the remaining material 
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Fig. 5  Thermogravimetry (TG) and derived thermogravimetry (DTG) curves of neutral, acidic and alkaline starches (NS, ACS and ALC) in two 
stages of maturation (UN—unripe and RI—ripe)
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corresponds to the inorganic residue content present in each 
starch.

A greater residue, temperature variation amplitude and 
peak temperature (797.78 K) were observed for the UN-NS 
for the carbonization (third) event. This observation pre-
supposes that there was no total degradation of the sample, 
although it exhibited the greatest amplitude. According to 
Lawal [66], the disintegration of granules that require high 
temperatures may be a result of the breakage of certain com-
plex bonds, especially in the amylopectin molecule, whose 
structural characteristics make complete carbonization dif-
ficult. This corroborates the thermal data observed for this 
event, since the UN-NS was the starch with the lowest amyl-
ose content, thus suggesting that it has a greater amylopectin 
content.

Differential scanning calorimetry (DSC)

The flow of heat associated with the gelatinization process 
occurred around 343.15 K, during which clear peaks formed 

for RI-ACS and for RI-ALS, and in general exhibited greater 
stability for RI-NS; in the curves that represent the UN 
starches, a slight peak was visible only for UN-NS (Fig. 6).

The stability seen in the curves may be a result of the rela-
tionship between the amylose and the lipid content. During 
the gelatinization process, the amylose complexes formed 
from the lipid load remain constant throughout the tempera-
ture variation, in some cases making possible an increase in 
peak temperature [67]. However, the elevated gelatinization 
temperatures in starches rich in amylose may also be a result 
of the joint crystallization that occurs between the amylose 
and amylopectin [68].

An analysis of the change in temperature (ΔT) in Table 6 
revealed that the greatest observed values were consistent 
with the graphs that showed the greatest stability, as was 
discussed above, for the samples UN-ACS, UN-ALS and 
RI-NS, attributed to the following variations: 280.28, 280.42 
and 280.47 K.

However, the small temperature range in the gelatiniza-
tion process suggests starch chains with a low degree of 
polydispersity [69]. This characteristic reflects in a smaller 
distribution of starch molecular mass [70], favoring the 
crystallization of amylose [71]. This structure can justify 
the observation made in the XRD analysis by relating the 
maturation stage with the crystalline portion of the starches.

The RI starches exhibited the greatest values for change 
in enthalpy (ΔH) and peak temperature (Tp), except for ALS, 
whose ΔH was relatively low for both maturation stages 
(Table 6). Change in enthalpy is associated with the amount 
of energy required during the gelatinization process [72]; 
therefore, it is possible that the alkaline steeping caused a 
reduction in the structural complexity of the starch, thus 
resulting in a lower energy demand during its gelatinization 
process. However, starch containing a high-amylose content 
requires a higher temperature and more energy in order to 
modify its conformation, since the organization of the dou-
ble helices may be influenced by the amylose molecule by 
means of its interference in the density and packing of the 
amylopectin chains [73]. This agrees with results observed 
for RI-NS and RI-ACS starches, whose enthalpy values and 
amylose contents were higher than those of the UN starches.

The peak temperature values were similar for all sam-
ples, regardless of the type of extraction performed, being 
confined to the range between 342.84 and 344.16 K. Values 
similar to these have been observed for maize starches (both 
untreated and with acid modification), which exhibited peak 
temperatures of 345.59 and 342.75 K, respectively [74].

Paste viscosity

By means of the viscosity parameters (Table 7), it was 
seen that the RI starches exhibited the highest peak values 
over the shortest period of time, especially RI-ACS. The 

Table 5  Thermogravimetry (TG) and derived thermogravimetry 
(DTG) of neutral, acidic and alkaline starches (NS, ACS and ALC) in 
two stages of maturation (UN and RI)

∆m mass loss (%); ∆T temperature variation; Tp peak temperature

Samples TG DTG

Thermal event Δm/% ΔT  K−1 Tp  K−1

UN-NS 1º 7.44 302.74–375.28 325.55
Stability – 375.28–456.40 –
2º 63.53 456.40–680.03 567.47
3º 27.47 680.03–883.94 797.78

UN-ACS 1º 9.57 303.16–392.60 328.34
Stability – 392.60–454.24 –
2º 66.52 454.24–658.28 577.2
3º 22.93 658.28–783.69 715.25

UN-ALS 1º 10.52 303.25–386.54 384.34
Stability – 386.54–450.50 –
2º 64.59 450.50–650.92 549.94
3º 24.23 650.92–827.89 743.47

RI-NS 1º 8.66 302.89–391.10 342.36
Stability – 391.10–456.06 –
2º 58.35 456.06–612.50 583.87
3º 32.66 612.50–842.80 788.81

RI-ACS 1º 11.08 302.95–398.74 326.69
Stability – 398.74–468.86 –
2º 70.08 468.86–670.74 583.07
3º 18.53 670.74–768.47 733.45

RI-ALS 1º 9.65 303.51–386.90 328.75
Stability – 386.90–462.55 –
2º 69.34 462.55–662.34 583.66
3º 20.06 662.34 – 767.08 736.18



4163Impact of the ripening process and extraction method on the properties of starch from achachairu…

1 3

RI starches also exhibited higher final viscosity values as 
compared to the UN starches. This finding was confirmed 
by the graph generated in the analysis (Fig. 7), whose 
curves showed the formation of peaks for starches from 
ripe matrices in contrast to the resistance in the forma-
tion of viscosity peaks of starches from unripe seeds. The 

resulting data found that the stage of maturation influenced 
the viscosity of the starch paste. According to the study on 
starch properties of potato cultivars, the peak viscosity is 
significantly higher in late harvest starches compared to 
early harvest [75]. Madsen and Christensen [76] and Lui 
et al. [77] also indicated increases in the peak viscosity of 
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the starch paste during the ripening period, corroborating 
to the present study.

The peak viscosity can also be related to the rheological 
regime in terms of dilution, transition and saturation of the 
pastes [78–80]. In this sense, Fig. 7 shows the changes in the 
viscosity peak as a function of the maturation stage of the 

starchy matrices, indicating the linear behavior in the unripe 
starches. According to Quemada [79] and Quemada [80], 
viscosity changes may result from aggregates or accumula-
tions caused by interparticle forces. In addition, Quemada 
[79] affirms that the apparent viscosity of the paste increases 
as a function of the higher volumetric concentration of the 
starch particles.

The final viscosity values are proportionally related to 
the levels of amylose present in the starch; even a modest 
content is sufficient to affect the peak viscosity of the paste 
[81]. The results obtained agree with the apparent amylose 
data, which exhibited lower values for UN starches as com-
pared to RI starches. Amylose content and final viscosity 
are parameters associated with the tendency of the starch to 
retrograde [82].

The gradual increase in viscosity until the final state is 
achieved occurs by means of the reorganization of the mol-
ecules that make up the starch, especially amylose. This 
molecular reorganization occurs during the cooling process 
and is described as retrogradation; it results in the formation 
of a gel that is opaquer and has irreversible characteristics 
[83].

The values identified for the retrogradation tendency 
revealed that, in general, the UN starches exhibit low retro-
gradation, especially UN-NS, with a value of only 90 cP, in 
contrast to RI, whose greatest value, 611 cP, was observed 
for RI-ACS. This reinforces the assertion regarding amylose 
content, which was observed in greater proportions in the 
RI starches. In contrast, the NS exhibited a lower tendency 
to retrograde when compared to the ACS; this may have 
occurred as a result of the composition of the individual 
starches, since the neutral extraction exhibited greater quan-
tities of other loaded constituents, whereas the acid extrac-
tion resulted in purer starches. According to Perera and Hoo-
ver [84], retrogradation properties are influenced by previous 
starch steeping involving elements such as change of pH, 
degreasing and hydroxypropylation, all of which affect the 
structural arrangement of the amylaceous chains, thus modi-
fying the stability of the granules. However, although the 
pH is an influential parameter on the paste properties, in the 
present study, the degree of maturation had a greater impact 
on the results than the extraction method used to obtain the 
starches.

Due to the syneresis that results from the retrogradation 
process, one of the parameters used to estimate the durability 
of the amylaceous gel for storage or application is its ten-
dency to retrograde. This property demonstrates that these 
starches may be used as thickeners in the aging of breads or 
other products with high amylaceous contents that are meant 
for refrigeration [85].

Starches with high-amylose contents tend to retrograde 
more readily. These starches are therefore best applied in 
products in which oil absorption must be prevented, as well 

Table 6  Differential scanning calorimetry (DSC) of neutral, acidic 
and alkaline starches (NS, ACS and ALC) in two stages of maturation 
(UN and RI)

To “onset” start temperature; Tp peak temperature; Tc “endset” final 
temperature; ΔH gelatinization enthalpy gel

Samples To/K Tp/K Tc/K ΔH gel/J  g−1

UN-NS 340.28 ± 1.1a 342.98 ± 0.9b 346.49 ± 1.2a 1.16 ± 0.05 d

UN-ACS 339.84 ± 0.9a 343.35 ± 1.1b 346.97 ± 1.0a 1.38 ± 0.02c

UN-ALS 340.68 ± 0.5a 342.84 ± 1.4b 347.95 ± 0.8ª 0.19 ± 0.01f

RI-NS 340.68 ± 0.7a 343.48 ± 0.8b 348.0 ± 0.7ª 2.07 ± 0.03b

RI-ACS 341.05 ± 1.0a 344.16 ± 1.2ª 347.80 ± 1.0a 3.76 ± 0.01ª
RI-ALS 340.54 ± 0.8a 343.41 ± 0.9b 346.99 ± 1.3ª 0.78 ± 0.02e

Table 7  Paste viscosity of neutral, acidic and alkaline starches (NS, 
ACS and ALC) in two stages of maturation (UN and RI)

Samples Peak 
viscos-
ity/cP

Viscos-
ity final/
cP

Ten-
dency to 
retro-
grade/cP

Time 
for the 
peak/s

Paste 
temperature/K

UN-NS 129 214 90 412 342.15
UN-ACS 390 614 232 348 342.15
UN-ALS 282 465 189 308 342.15
RI-NS 827 764 223 288 341.15
RI-ACS 1103 1395 611 284 341.15
RI-ALS 971 1151 493 288 341.15
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starches (NS, ACS and ALC) in two stages of maturation (UN—
unripe and RI—ripe)
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as in chewable bases. Moreover, due to their high gelling 
capacity, these starches are promising alternatives for the 
development of films [36, 37].

Finally, the average temperature of the paste was simi-
lar for all starches evaluated, occurring within the range of 
341.15–342.15 K; this is consistent with the gelling tem-
perature observed in the differential scanning calorimetry.

Fourier transform infrared (FTIR)

The spectrums of the infrared regions were seen to be simi-
lar, exhibiting vibrations at coinciding peaks for all matura-
tion stages and starch extraction methods (Fig. 8).

The initial interval corresponded to the region between 
3300 and 2900  cm−1, a range that is attributed to axial defor-
mation of OH and CH bonds [86] and also indicative of the 
formation of hydrogen bonds as a result of the d-glycose 
molecule [87]. The most prominent peak in this region 
occurred at approximately 2930  cm−1, and may possibly 
be related to the stretching of CH bonded to the hydrogen 
atoms, as reported by Tapia-Blacido et al. [88], who identi-
fied this phenomenon at an absorption of 2921  cm−1.

The formation of small peaks was observed between 1750 
and 1130  cm−1, with a more prominent peak at 1700  cm−1. 
This region is identified by the absorption of esterified and 
non-esterified carboxylic groups, carbonyl esters and bands 
associated with amide I and amide II groups related to the 
presence of proteins in the samples [89]. This range is also 
attributed to the vibrations of the bonded water molecule in 
the amorphous region of the starch granules, identified at the 
wavelengths 1646 and 1300  cm−1 [90, 91].

The band that ranges from 1060 to 600  cm−1 exhibited 
the final starch peaks. This range includes vibrations related 

to the structures of carbohydrates [92], especially near the 
peak at 900  cm−1, which is associated with the stretching 
of the COH bond in the starch chain [93]. The stretching of 
primary and secondary alcohols and ethers (COC) present 
in the polymeric structures of the starches occurs within the 
manifestations observed in the 1157–1014  cm−1 range [57].

Although they were obtained by different extraction tech-
niques, the characterization of the achachairu seed starches 
was similar to the spectrum described for potato starch [94], 
which exhibited six principal peaks that illustrated the axial 
deformations of OH and OH, vibrations related to the water 
molecule and conformations that make up an amylaceous 
structure.

Conclusions

This work studied the viability of three techniques used to 
isolate starch from flours made from achachairu seeds that 
were harvested at different maturation stages. In general, it 
was possible to identify the attributes of the starch granules 
by means of their morphological, thermal and antioxidant 
characteristics, as well as paste viscosity. The starch yield 
was seen to be greatest when the neutral extraction was used, 
and lower when acid extraction was used, the purity being 
inversely proportional. Regarding alkaline extraction, it was 
observed that this pH condition promotes the agglomeration 
of granules, as well as a higher content of damaged starch. 
These observations were also verified both by both centesi-
mal composition and morphology.

For RI starches, the amylaceous composition was seen 
to have a high-amylose content and may be classified as a 
high-amylose product. However, it was possible to verify 
that the conditions of acid or alkaline pH; far from neutrality, 
they reduce the concentration of amylose–lipid complexes 
and may interfere with all amylose molecules in starch. The 
identified amylose contents corroborated the thermal and 
viscosity analysis, in which a high retrogradation tendency 
was observed. This property allows for its application in 
the development of films and agents used in food products 
for which oil absorption must be limited during process-
ing; therefore, starch obtained by neutral extraction is par-
ticularly recommended for this function. The antioxidant 
characteristics identified in starches, mainly those obtained 
using the neutral extraction method, also suggest them as 
promising materials for the development of films.

Finally, it was possible to verify that the extraction tech-
niques did not have a great impact on the results of X-ray 
diffractometry, differential scanning calorimetry and Fourier 
transform infrared.
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