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This work aimed to characterize the physicochemical, film-forming properties, and 3D printability of a
nonconventional starch from chachafruto. The chachafruto native starch (CHS) presented an excellent extraction
yield (10 % db) and purity (99 % db), along with an oval and round morphology, a smooth surface with few
defects, and a mean diameter of 15.4 pm. The typical B-type diffraction pattern was observed in the CHS with a
crystallinity of 17.4 %. The starch presented a paste temperature of 66.1 °C, an enthalpy of 11.5 J g1, and a final
viscosity of 596 Brabender Units. The thermal analysis demonstrated good thermal stability. The evaluated film
presented a reduction in crystallinity (8.18 %) to the CHS, which generated a good elasticity in the material.
Likewise, it presented a continuous structure without cracks, providing good barrier properties (2.3 x 107°
gem leslePa~!) and high transparency. Meanwhile, 3D prints prepared with CHS showed good textural
properties and high consistency. The morphological analysis showed that the prints generated organized cell
structures. However, high concentrations of CHS were not efficient in obtaining 3D prints. The results of this
work demonstrate the tremendous industrial potential of chachafruto as an unconventional source of starch and

some alternative uses for adding value to the crop.

1. Introduction

Starch is a natural polysaccharide in cereal grains, legumes, tuber,
and root crops. This macromolecule is consumed worldwide and is used
as a raw material in different industries such as pharmaceuticals, food,
biomedical, and plastics [1]. By 2026, the production of this material is
expected to reach 120 million tons, with corn, wheat, cassava, and po-
tatoes being its primary sources [2]. This situation has generated
concern worldwide about the possible impact on food security, which
has led to the search for alternative sources of starch in its native form
[3-5]. However, the chemical composition of the starches obtained from
these alternative sources, as well as their industrial potential, may vary
according to the crop's botanical source and agro-ecological conditions.
Consequently, it is necessary to characterize the physicochemical
properties and evaluate their industrial potential.

The chachafruto (Erythrina edulis Triana) is a legume plant native to
South America, cultivated mainly at altitudes between 1600 and 2000 m
above sea level. The plant has a broad spectrum of uses ranging from

animal feed (as fodder) to soil recovery due to its nitrogen fixation ca-
pacity in soils [6]. The seeds have a high protein content with values
ranging from 18 % to 24 %, as well as a high content of carbohydrates
(70 %), mainly starch (28.6 % db) [7-9]. Despite its nutritional poten-
tial, its use in the human diet is limited and is restricted to consumption
by local populations. The lack of a chachafruto industry represents an
opportunity for exploitation and adding value to this crop. Recent
studies have focused on obtaining chachafruto protein fractions with
different biological potentials [7,10]. However, the studies focused on
revaluing the starch obtained from its seeds, and its use is limited. In
order to promote the integral use and exploitation of the chachafruto, as
well as generating a circular economy around this crop, it is necessary to
carry out studies focused on the complete characterization of the mac-
romolecules obtained from the starch and its potential use at industrial
level.

Among the alternative uses of starch in the food industry, the pro-
duction of biodegradable films that can partially replace petroleum-
derived plastics, has been a topic of interest and development in
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recent years largely due to its environmental impact. Different starch
sources have been evaluated for preparing these biomaterials, such as
sweet potato, rice, pumpkin, lentil, and quinoa starches, showing great
potential for the packaging industry mainly due to their low oxygen
permeability, flexibility, and optical properties [11-13]. However, the
material's performance depends on the processing conditions and the
starch's physicochemical properties. The characteristics of starch-based
films rely on the ratio of amylose and amylopectin in the starch. Basiak
et al. [14] compared biodegradable films made from wheat (25 %
amylose), corn (27 % amylose), and potato (20 % amylose) starches and
found differences in their barrier, mechanical and hydration properties.
They reported that films with lower amylose content had lower water
permeability, solubility, and better mechanical properties.

3D printing is an innovative technology that can produce food
products with defined shapes by depositing one or more materials layer
by layer [15,16]. This technology offers several benefits for food pro-
duction, such as diet customization, process automation, time and waste
reduction, as well as enhanced sensory attributes [17]. The materials
used for printing must be malleable, self-supporting, quickly solidifying,
and have a certain flowability that allows them to pass through the
nozzle, which means that only some food materials can be used for this
purpose [18]. Starch is a material that meets all these characteristics due
to its ability to gelatinize and form viscoelastic gels. However, the
printability properties depend on the type and properties of the starch
used [17]. Zheng et al. [19] compared the effects of amylose content on
3D printing using potato, wheat, and corn starches. They found that the
microstructure and texture of the 3D prints varied significantly, even
with the same starch concentration (25 % w/v). Furthermore, print-
ability was associated with the lowest final viscosity observed in wheat
starch preparations. Starch concentration in 3D printing preparation
influenced the technological properties of the materials. Qiu et al. [20]
reported that higher starch concentration in gels increased the gel vis-
cosity and the interaction of the amylose and amylopectin chains,
resulting in more defective and less printable materials. Similar obser-
vations were reported for 3D prints prepared with potato starch [21].
The authors found that intermediate starch concentrations enhanced
printability and the resistance of the monolayer of the 3D prints.

Considering the growing demand for new starch sources and the
unexplored industrial potential of chachafruto starch, this study aimed
as well, to evaluate the physicochemical characteristics and the tech-
nological potential of starch obtained from chachafruto as a novel ma-
terial for edible films production and food 3D printing. The study hopes
to contribute to the generation of a circular economy for the cultivation
of chachafruto, as well as being the basis for added value on an industrial
scale, of the starch obtained from this material.

2. Materials and methods
2.1. Materials

Chachafruto (Erythrina edulis Triana) was harvested on the farm “El
Mirador” located in the village “La India”, Coello Cocora, Ibagué city
(4°22'14.2”"N 75°19'16.4” W). Samples were selected and washed, and
those exhibiting mechanical damage were discarded.

2.2. Starch isolation

The chachafruto samples were selected, discarding any that showed
mechanical damage, washed with tap water and peeled manually. They
were then cut into thin slices (approx. 2 mm) and milled using a food
blender (BRLYOQ7 - Zoo, Oster, Colombia) for 1 min with distilled water
at a ratio of 1:2. The resulting mixture was filtered using a cloth sieve.
Then, the solid was re-extracted, and the filtrates pooled and stored at
4 °C and left to stand for 18 h until phase separation. After this, the
supernatant was discarded, and water was added to re-suspend the
sediment. The mixture was filtered again using a cloth filter. This
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procedure was repeated four more times until a translucent supernatant
was obtained. The last two washes were performed using distilled water.
The chachafruto starch (CHS) obtained was dried in a forced convection
oven (Thermolab, DiEs, Colombia) at 40 °C and stored at room tem-
perature (~25 °C) in a vertical desiccator cabinet.

2.3. Chemical composition, apparent amylose content, color, and
morphological characterization of chachafruto starch

The moisture (Method 925.10), protein (Method 920.87), lipids
(Method 920.85), and ash (Method 923.03) contents were determined
according to the methods of the A.O.A.C [22]. The total carbohydrate
content was obtained by subtracting the sum of the protein, lipid,
moisture, and ash content from 100. Apparent amylose content analysis
was carried out according to the method reported by Galindez et al.
[23]. The color parameters were obtained according to the CIELAB color
system using a Konica Minolta colorimeter (Cr 410, Minolta Co., Japan).
Morphological characterizations were examined with and without
polarized light in optical microscopy (BX60, Olympos, Japan) coupled
with a camera Moticam 3.0 MP Color Digital Camera (3.0MP, Motic,
Hong Kong), as well as with scanning electron microscopy (SEM/S-3400
N, Hitachi, Germany) as reported previously by Daza et al. [1].

2.4. Particle size distribution

The particle size distribution of the CHS was evaluated using a Laser
Particle Analyzer (Sync Microtrac MRB, wet operation Flowsync,
Montgomeryville, PA, USA) according to Lin et al. [24]. For this pur-
pose, the CHS was suspended in distilled water and stirred at 2000 rpm.
For the analysis, water and starch refractive indexes were adjusted to
1.33 and 1.53, respectively. The samples were sonicated in the equip-
ment at 25 Hz for 15 s before analysis, to avoid aggregation of the
granules. Results were reported as diameters at 10th percentile [d(.1)],
median [d( 5)], and 90th percentile [d.9)].

2.5. Pasting properties, gel texture, and paste clarity

The pasting properties of CHS were evaluated using a Visco-Amylo-
Graph (Micro Visco-Amylo-Graph®, Brabender Instrument Inc., Ger-
many) according to [3]. Pasting temperature (PT), peak viscosity (PV),
trough viscosity (TV), breakdown (BD), setback (SB), and final viscosity
(FV) were calculated. Viscosity was expressed in Brabender Units (BU).
The gels' texture was measured according to the method described by
[3] using a texture analyzer with a load cell of 20 N (LS1, Lloyd Ltd.,
USA). The CHS gels obtained in pasting properties analysis were trans-
ferred to plastic containers (25 mm diameter, 50 mm height) and stored
at 4 °C for 24 h before analysis. For the analysis, the sample gels were
subjected to two compression cycles at a distance of 10 mm (0.05 N
trigger force) at a speed of 0.5 mm s * by a flat-ended using a cylindrical
probe (6 mm diameter). Hardness, adhesiveness, and cohesiveness were
determined using Nexygen Plus software (Lloyd Ltd., Version 3.0) [25].

2.6. X-ray diffraction (XRD)

The X-ray diffraction patterns of the samples were obtained using a
Bruker D8 ADVANCE diffractometer (Bruker, Billerica, USA) with Ni-
filtered Cu-Kal radiation (40 kV and 40 mA) and a specific wave-
length of 1.5406 A. Data was collected in the 20 range of 3.5-70°
(0.02035° of step size) and a counting time of 0.8 s/ step. Relative
crystallinity was calculated using the DIFFRAC.EVA software (Bruker,
Billerica, USA).

2.7. Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectra of the CHS were obtained using a Fourier — trans-
form infrared spectroscopy (Nicolet 380, Thermo Scientific Inc., USA).
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The measurements were recorded over the 4000 to 500 cm ™, with a
resolution of 4 cm ™! and 40 scans at room temperature (~20.4 °C).

2.8. Thermal properties

The Onset (Tp), peak (Tp), and conclusion (T.) temperatures and
enthalpy of gelatinization (AH) of the CHS were measured using a dif-
ferential scanning calorimeter (2920, TA Instruments, Japan) according
to the methodology described by Lin et al. [3]. The obtained thermo-
grams were examined using Universal Analysis 2000 V3.9A software
(TA Instruments, Japan).

CHS's thermal degradation temperature and weight loss (WL) were
measured using a thermogravimetric analyzer (SDT 2960, TA in-
struments, Japan) over the temperature range of 20-600 °C at a heating
rate of 20 °C min~! and under a stream of nitrogen.

2.9. Potential as food packaging of CHS

2.9.1. The CHS - based films preparation

The CHS was dissolved in distilled water at a concentration of 2.0 %
(w/v, dry basis d.b.) (CHSF) (this concentration was selected after pre-
liminary analysis, data not shown) and agitated for 10 min using a
magnetic agitator. The mixture was heated to 95 °C and maintained at
this temperature for 5 min. Then, glycerol (1.0 % w/v) was added to the
mixture when it reached 50 °C. The prepared solutions were cast in a
Petri dish (~0.53 g of the film solution per cmz). The films were dried at
40 °C for 24 h in a forced convection oven. Before the analyses, the
samples were stabilized in a vertical desiccator cabinet at room tem-
perature (~23 °C) and relative humidity (RH) of 54 % for 24 h.

2.9.2. CHS - based films characterization

The CHS - based films were characterized with regard to swelling
power (SP; %), solubility (S, %), opacity (OP), mechanical properties
[Young Modulus (YM; MPa), elongation at break (EB; %), tensile
strength (TS; MPa)], morphology and water vapor permeability (WVP)
according to the methodologies described previously by Homez-Jara
et al. [26]. The XRD, FTIR, and TGA were carried out according to the
methods described in previous sections.

2.10. CHS potential for 3D printing

2.10.1. Sample preparation and 3D printing

For the preparation of the starch gels, the CHS was mixed with
distilled water at three concentrations [8 % (CHS3D1), 10 % (CHS3D2),
and 12 % (CHS3D3) w/v d.b.] (selected from preliminary analysis).
Then, the mixture was heated to 90 + 2 °C with constant stirring using a
mechanical stirrer (RZR 2021, Heidolph, Germany) at 180 rpm for 10
min. Then, the samples were left to stand until they reached a temper-
ature of 60 °C and then transferred to a print cartridge (nozzle of 1.5
mm). The 3D printing was carried out in an extrusion-based 3D printer
(Foodini™, Natural Machines, Spain) based on preliminary analysis and
the manufacturer's specifications [27]. A cuboid model (geometry given
by the machine by default) with dimensions of 20 mm x 20 mm x 10
mm was printed with a monolayer height and nozzle movement speed of
1.4 mm and 500 mm/min. Printed specimens with dimensions of 10 mm
x 10 mm x 5 mm were used for the dynamic-mechanical analysis
(DMA).

2.10.2. Characterization of 3D prints

The microstructural characteristics of the samples were analyzed
using scanning electron microscopy (SEM/S-3400 N, Hitachi, Germany)
in freeze-dried and cold-broken samples using liquid nitrogen [1,28].
Textural analysis was performed using a universal test machine (Zwick/
7100, Zwick Roell, Germany). For this purpose, each printed sample was
placed in the center of a steel plate and submitted to compression (40 %
of the total sample height) using a cylindrical probe at a 6 mm/min
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compression rate with an initial gap separation of 13 mm. The XRD
parameters were adjusted according to the methodology described in
the previous section (Section 2.6). Before the analysis, the samples were
dried by lyophilization and ground using an analytical grinder universal
mill (Yellowline A10, IKA, Germany), according to Liu et al. [29]. The
DMA was evaluated according to Yang et al. [30] using a dynamic me-
chanical analyzer (DMA, Q800, TA Instruments, USA) with a parallel-
plate geometry (diameter of 20 mm and a gap of 10 mm). The speci-
mens (10 mm x 10 mm x 5 mm) were loaded and submitted to a
compression test in a “frequency sweep” mode ranging from 0.1 to 30 Hz
at a fixed strain amplitude of 1 & 0.004 % of the total sample height and
at room temperature (24 + 2 °C). The storage modulus (G) and loss
modulus (G") of the materials were plotted and analyzed using Universal
Analysis 2000 V3.9A software (TA Instruments, Japan).

2.11. Statistical analysis

The results were reported as the mean and standard deviation of each
property based on at least three replicates for each sample. Analysis of
variance (ANOVA) and Tukey—Kramer range tests at a significance level
of 0.05 were performed to compare the properties of the biodegradable
films.

3. Results and discussion

3.1. Chemical composition, apparent amylose content, color, and
morphological characterization

The yield and chemical composition of the chachafruto starch (CHS)
is shown in Table 1. The yield of starch obtained from chachafruto was
slightly lower than the 13 % reported for the same species [31], which
could be related to differences in the extraction method and agro-
ecological conditions. The CHS showed acceptable moisture content
considering that the maximum value for industrial use is 20 % [32]. The
low content of protein, fat, lipids, and ashes in the material analyzed (<
1.0 % of the total composition) is related to the efficiency of the
extraction process and the purity of the material extracted [33]. Similar

Table 1
Chemical composition, color characteristics, and particle size
of chachafruto starch.

Parameter Value + SD
Chemical composition

Moisture (%) 8.70 + 0.08
Yield (% db) 9.54 + 0.71
Protein (% db) 0.88 + 0.17
Lipids (% db) 0.01 + 0.00
Carbohydrates (% db) 99.1 +£ 0.1
Ash (% db) 0.03 + 0.00
Amylose (% db) 36.6 + 1.2
Color characteristics

L* 98.0 + 0.6
a* 5.91 + 0.04
b* —3.57 + 0.08
WI 92.8 £0.1
Particle size distribution

do.1y (pm) 9.0 + 0.6
deo.5) (pm) 15.4 + 0.5
d0.9) (pm) 21.9 £ 0.7
D [3, 4] (pm) 15.3 +£ 0.5
D [2, 3] (pm) 10.8 £ 0.2

db: dry basis; a*: CIELab coordinates (redness/greenness); b*:
CIELab coordinates (yellowness/blueness); L*: CIELab co-
ordinates (Luminosity); WI: white index; d: diameter at
different percentiles. Values are expressed as means + standard
deviation of at least three repetitions.
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purity results were observed in the extraction of other starches [5]. The
apparent amylose content of CHS was in agreement with that of the
mung bean [5] and the common bean [34]; however, it was greater than
tamarind and moth bean starches [4,35]. Amylose content can influence
the film-forming properties and printability of starches. Thus, starches
with a high content of this molecule can produce films with more ho-
mogeneous morphologies and greater tensile strength, this being related
to the organization of the network due to the retrogradation of amylose
[34]. Similar to the chemical composition, the color parameters can also
be associated with the purity of the extracted starch. According to
Boudries et al. [28], high luminosity (L* > 90) and high white index
(WI) values (WI > 90) correspond to starches with high purity. In
addition, the low values in parameters a* and b* are associated with the
absence of pigments (Table 1), which can interfere with the CHS's
coloration and the consumer's final perception.

The CHS granules exhibited mainly elongated and spherical shapes
with smooth surfaces (Fig. 1 A-C). However, some irregular granules
were observed, which may be due to a physical influence of the
extraction method on some of the analyzed granules (red arrows in
Fig. 1B). The morphology of the CHS is in agreement with the
morphology of the bean [34], tamarind kernel [4], moth bean [35], and
kidney bean [37] starches. In addition, the birefringence of the granules
was confirmed with the Maltese cross observation using polarized light
microscopy (Fig. 1C). The presence of the Maltese cross can be related to
the integrity of the granules [38].

3.2. Particle size distribution

The starch granules obtained from the chachafruto showed a
bimodal distribution (Fig. 2A). The first granule size population, cor-
responding to 6.78 % of the granule population and ranged between 1
and 4 pm with a mean diameter of 2.33 + 0.31 pm (Fig. 2A). Meanwhile,
the second and the main population corresponded to 93.2 % of the
granule population and ranged between 6 and 44 pm with a mean
diameter of 15.8 + 0.5 pm. The bimodal distribution has also been
observed in starches obtained from legumes such as mung bean [39] and
kidney bean [40]. In addition, the mean granule diameter obtained for
the analyzed starch (Table 1) is in accordance with the results reported
for Yard-long bean seed starch [41]. However, the values obtained for
CHS were lower than those observed in starches from different bean
starches [42]. The differences in size particle distribution are related to
the botanical sources and associated with the techno-functional prop-
erties of starches [39].

3.3. Pasting properties and gel texture

Fig. 2B shows a low pasting temperature (PT) (68.2 £+ 0.2 °C), with a
maximum increase in the CHS viscosity at peak viscosity (PV) of 666 +
13 BU (Brabender units) (Table 2). The PV shows the capacity of CHS to
hold water and the resistance of the swollen granules to rupture. The
values of PV obtained in this work could be related to the particle size
distribution, since low particle size distribution leads to a lower hy-
dration capacity due to a limited filling space [43]. With regard to PV,
CHS showed lower values than that reported for potatoes (1421 BU) but
higher than wheat (333 BU) and corn starches (476 BU) [44]. As a
consequence of the swelling, a rupture of the granule occurs, which
generates a decrease in the viscosity of the paste; this phenomenon is
known as breakdown (BD) and measures the stability of the pastes and
the tendency of the granules to resist the shear force during the heating
process [34]. The BD obtained for CHS was 290 + 14 BU, reducing about
44 % of the maximum observed viscosity (PV). This decay value was
similar to those observed in mung bean starch, for which a viscosity
reduction of approximately 43 % was reported in the BD stage [39]. The
setback (SB) and final viscosity (FV) of CHS were 220 4+ BU, and 596 + 6
BU, respectively. The SB and FV are related to the retrogradation ten-
dency to amylose release from the BD stage starch granule, which has
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Fig. 1. Light microscope (A), scanning electronic microscope (B), and polarized
light microscope (C) images of chachafruto starch.

strong reassociation capabilities [45]. The FV obtained for the analyzed
starch was higher than for wheat starch [46].

The hardness, cohesiveness, and adhesiveness of the chachafruto
starch gels were 49 + 7 N, 0.07 + 0.01 N, and 0.59 + 0.05 N s’l,
respectively. The hardness of the chachafruto starch gel can be related to
the starch's FV and apparent amylose content since high viscosity is
partially associated with a molecular re-association in the BD process. In
addition, amylopectin chain length can influence the hardness of the
paste [33]. The hardness of the starch gel analyzed was higher than
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Fig. 2. (A) Particle size distribution, (B) pasting properties of chachafruto starch (CHS), (C) XRD diffractograms of CHS and film (with 2 % of CHS w/v), (D) FTIR
spectrums of glycerol, CHS and film, (E) weight loss curve of CHS, (F) weight loss curve of film.

Table 2

Pasting properties of chachafruto starch.
Pasting properties Value + SD
Pasting temperature (PT, °C) 68.2 £ 0.2
Peak viscosity (PV, BU) 666 + 13
Trough viscosity (TV, BU) 376 £ 2
Breakdown (BD, BU) 290 + 14
Setback (SB, BU) 220 + 4
Final viscosity (FV, BU) 596 + 6

BU: Brabender Units. Values are expressed as means + standard
deviation of at least three repetitions.

values obtained for wheat starches [47]. Meanwhile, adhesiveness was
higher than those reported for kidney bean starch, but the cohesiveness
showed lower values than for the same species [40]. The results

obtained in this work show a high capacity to form elastic pastes with
the ability to retain their initial structure under mechanical stress.

3.4. X-ray diffraction (XRD) of starch

The X-ray diffraction of the starch is shown in Fig. 2C. The CHS
exhibited a typical B-type pattern with peaks at 5.6, 15, 17, 20, 22, and
24° at diffraction angles of 20 [23]. Although the C-type pattern is ex-
pected in starches extracted from legumes, different authors have re-
ported the presence of a B-type pattern for starches obtained from
various legumes such as wrinkled peas [48] and faba beans [49]. The X-
ray diffraction pattern depends on the botanical origin and the organi-
zation of crystalline lamellae of amylopectin [41]. In addition, the starch
showed relatively low crystallinity of 17.4 + 1.1 %, which is in accor-
dance with the crystallinity values reported for wrinkled peas (17.7 %)
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[50], black bean (17.0 %), lentil (18.7 %), and chickpea (17.6 %)
starches [48]. The relative crystallinity of the starch was low, which
could be partly related to the intermediate apparent amylose content
since it's amylopectin that mainly contributes to the crystalline structure
in starch [41]. The crystallinity of starches also can be influenced by the
length of the amylopectin chain, the orientation of the double helices,
and the interaction between them [41].

3.5. Fourier-transform infrared (FTIR) spectroscopy

The Fourier-transform infrared (FTIR) spectrum of the native starch
is shown in Fig. 2D. Native starch showed a broad band at 3400 cm™!
associated with the stretching of free hydroxyl groups [41]. The ab-
sorption peak exhibited at about 2900 cm™! is related to the C—H bond
stretching [35]. At the same time, the peak at 1650 em! corresponds to
the absorption of water molecules in the amorphous region of the starch
[51]. Bands between 900 and 1100 cm ™! are sensitive to starch structure
changes [32]. Thus, the bands observed at 970 cm™~! are associated with
the bending vibration of C-O-H groups (water-starch interactions).
Meanwhile, signals at 1025 cm ! and 1080 cm ™! are related to the
amorphous and crystalline structure of the starch [32]. Similar spectra
have been reported for other starches obtained from legumes [35,41].

3.6. Thermal properties

The gelatinization temperatures [Onset (To), peak (Tp), and
conclusion (Tc) temperatures] and the gelatinization enthalpy (AH) of
the CHS are shown in Table 3. The Tp of CHS was similar to those re-
ported for the same species and kidney bean [40], sorghum [36], and
common bean (73-76 °C) starches [34]. However, this value was lower
than those reported for starches obtained from young bamboo culm
(78-80 °C) [38] and Talipot palm (82 °C) [52]. Compared with the same
starches, the CHS showed an intermediate AH value. As Boudries [36]
mentioned, low gelatinization temperature can indicate the low stability
of starch crystallites in the granule and lower resistance to swelling. In
addition, the AH is related to the energy required for the gelatinization
process and the loss of molecular order for the dissociation of double
helices [40]. These results are in accordance with the low degree of
crystallinity of the CHS analyzed.

The thermogram of CHS is shown in Fig. 2E. For the analyzed starch,
the degradation took place in three stages with a total weight loss of 83.7
+ 0.4 %. The first stage of degradation is related to water loss, which
occurs in a temperature range between 55 °C to 134 °C with a maximum
degradation peak at 93 °C and a weight loss of 12.1 + 0.0 %, which is
consistent with the moisture content of the sample. The second stage
occurs in a temperature range of 278 °C and 321 °C (maximum degra-
dation peak at 301 °C) with a loss of mass of 66.3 + 0.2 %. This
degradation is associated with the depolymerization of the carbonic
chain [41]. The final stage occurs in temperatures above 330 °C and is
associated with the formation of inert carbonaceous residues. The
degradation of the analyzed starch agrees with the behavior reported for
other starches [41,53].

Table 3

Thermal properties of chachafruto starch.
Pasting properties Value + SD
T, (°C) 66.1 + 0.6
T, (°C) 71.1 £ 0.5
T °C) 76.4 + 0.9
AH@J g 11.5+ 1.0

T,: onset temperature; Tp,: peak temperature; Tc: conclu-
sion temperature, AH: enthalpy of gelatinization. Values
are expressed as means + standard deviation of at least
three repetitions.
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3.7. Potential as food packaging of CHS

The chachafruto starch film (CHSF) exhibited peaks at 17, 20, and
22° at diffraction angles of 20, which indicates a partial loss of crystal-
linity due to the heating of the starch that generates the disruption of the
granules (Fig. 2C). However, the reorganization of amylose and
amylopectin chains in retrogradation provided a relative crystallinity
value of 8.2 + 0.4 %. The presence of an organized structure can posi-
tively impact the increasing barrier properties of the films, due to the
increase in the organization of the structure, which will make the pas-
sage of water molecules more tortuous [23]. The crystallinity value
observed for the film analyzed in this work is similar to that obtained for
sweet potato starch films [11].

The CHSF and glycerol FTIR spectra are shown in Fig. 2D. Similar to
native starch, CHSF presented bands at 3400 cm™L, 2900 em ™, 1080
em™!, and 970 cm™!. However, the signal at 1025 cm ™! in CHS had a
slight shift towards 1018 cm ™! with an increase in peak intensity, which
is related to an increase in the amorphous character of the film. In
addition, a shift of the band corresponding to the stretching of the free
hydroxyl groups towards a lower wavelength was observed, which can
be associated with hydrogen interactions, as reported by Mantovan et al.
[54]. The band at 3400 cm ™' also presented an intermediate intensity
between that observed for glycerol and CHS, associated with the
decrease in free hydroxyl groups by the interaction between glycerol and
native starch and the reduction of the moisture content in the film
analyzed. Similar observations have been made for films prepared with
arracacha starch, glycerol, and PLA [55]. The CHSF results agree with
those obtained in films prepared using non-conventional starches from
different sources [23,56].

Regarding the thermal stability of the CHSF, the decomposition
occurred in four stages with a total loss of mass of 89.1 + 0.3 %. The first
stage ranged from 55 °C to 128 °C related to the loss of water with a loss
of mass of 10.8 £ 0.5 %. The second, ranging from 203 °C to 262 °C, is
associated with the decomposition of glycerol used as a plasticizer
(Fig. 2F) and exhibited a mass loss of 9.34 + 1.01 %. The third stage
occurred between 275 °C and 326 °C and showed the highest weight loss
of the analyzed material (64.1 %), which is related to the depolymer-
ization of carbonic chains. As in the degradation of pure starch, inert
carbonaceous residue formation occurs at temperatures above 330 °C.
Considering that the maximum degradation peak of the starch and the
biodegradable film occurs at temperatures above 200 °C, it can be
established that both materials exhibit high thermal stability [57].

The film obtained using CHS exhibited a continuous surface and
cross-sectional without porosities, which could be related to the ho-
mogeneity of the material's interaction (Fig. 3). However, some rough-
ness can be observed on the film surface, which can be attributed to the
production method (casting method). The presence of continuous sur-
faces in the films has been reported as a desirable feature in the pro-
duction of packaging materials as it helps to improve the barrier
properties of the materials [58]. With regard to the properties of affinity
for water, the CHSF showed values of swelling power (SP) and solubility
(S)of 101 £ 1 % and 18.1 + 0.9 %, respectively. The S is associated with
the ability of films to resist degradation and loss of structure in an
aqueous environment. CHSF S were lower than those observed in films
prepared using chitosan mixed with cassava and potato starch [59] and
similar to the values for ulluco starch [23]. The SP is the ability of a film
to retain water in its structure, which can be improved by the presence of
hydrophilic groups [26]. The SP was higher than that observed for films
obtained from arracacha starch and Polylactic acid (PLA) [55] and
similar to those reported for ulluco-based films [23].

The opacity of packaging materials is important in relation to their
acceptability and the perception of the consumer. Thus, this parameter
can define the final use of a material [55]. The CHSF showed an opacity
value of 0.729 + 0.08, demonstrating the high transparency of the
material. The results obtained for the analyzed samples confirm that the
films prepared with starch are highly transparent [12]; however, the
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Fig. 3. SEM micrograph of surface (x 200) (A), cross-section (x 500) (B), and
photographs (C) of chachafruto starch (CHS)-based film (prepared with 2 % of
CHS w/v).
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mixture of starch with another type of material, such as gums, proteins,
and other polysaccharides, can reduce transparency [60].

The water vapor permeability (WVP) value of the CHSF was 2.3 x
107° + 8.8 x 107! g m! s7! Pa~L. This result is in accordance with
those obtained for films prepared using cubio, pumpkin, lentil, and
quinoa starches [1,13]. However, the WVP obtained was lower than
those obtained using the same starch mixed with different concentra-
tions of commercial oil [9]. The difference between the permeability of
films obtained with starch extracted from the same species may be due
to the amylose content, since a greater amount of amylose can help
rearrange the chains after retrogradation and cause a consequent in-
crease in the final crystallinity of the film [13]. The relationship between
film crystallinity and permeability has been demonstrated in previous
studies [1].

The CHSF showed elongation at break (EB), tensile strength (TS), and
Young Modulus (YM) values of 40.1 + 2.65 %, 3.68 + 0.57 MPa, and
31.9 + 3.4 MPa, respectively. The EB and TS results were higher than
those reported for films prepared with starch of the same species and
different commercial oil concentrations [9]. The differences observed
may be due to the different concentrations of starch and plasticizer in
the formulations, but mainly to the presence of higher amylose content
in the starch analyzed in this work, which, as mentioned above, pro-
duces a greater ordering of the amylose/amylopectin chains after
retrogradation. Additionally, the analyzed sample presented a higher EB
than the potato, pumpkin, lentil, and quinoa starch films but a lower
tensile strength [13].

3.8. Potential as food ink for 3D printing of CHS

3.8.1. Printability and morphology of 3D printing of CHS

The appearance and the microstructure of the 3D-printed pastes
based on CHS are shown in Fig. 4. All concentrations of starch allowed
good printability and produced stable structures. Despite this, it was
observed that the lowest concentration of starch (3D printed at a CHS
concentration of 8 %; CHS3D1) produced a structure with rounded
corners but with well-defined and smooth lines. Meanwhile, increased
starch concentration in the gels (3D printed at a CHS concentration of
10 %; CHS3D2, and 3D printed at a CHS concentration of 12 %;
CHS3D3) produced a structure with regular corners but with irregular-
ities on the four sides of the geometrical form (lines with some in-
dentations). The ease of printability with the lower concentration gel
paste can be associated with its lower viscosity, due to the lower con-
centration and, therefore, less interaction between amylose chains,
amylopectin, and water molecules. Similar behavior was observed in
3D-printed oxidized maize starch at different concentrations (11 % to
19 % of starch) [20]. The authors reported that the best 3D prints were
achieved at 11 % and 13 % starch concentrations; however, higher
concentrations generated print defects possibly related to greater
interaction between oxidized starch and water molecules. In addition,
Liu et al. [21] showed that a low viscosity in potato starch gels improved
printability but negatively affected the stability of 3D prints because the
structure of the first layer was not strong enough to support subsequent
layers and could collapse. The printability and degree of printing ac-
curacy of the tested materials can affect consumer perception. In the
food production process, low printing precision and sample collapse due
to the low stability of the product can generate rejection by the con-
sumer. Because of the low degree of gelatinization of CHS3D3, defects
such as the structure collapse of the printed food could be caused by
itself or in combination with other ingredients. On the other hand,
CHS3D1 and CHS3D2 would present a greater resistance and
printability.

With regard to the microstructure, it was observed that an increase in
the starch concentration produced structures with a smaller pore size
(higher cell density). In comparison, the lower concentration of CHS
produced a larger pore size (lower cell density). Cells in the structure
suggest that the gels and the 3D-printed geometries were formed under
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Fig. 4. Top, front view (photographs) and SEM micrographs of the structure of 3D prints based on chachafruto starch (CHS) prepared at different starch concen-

trations: 8 % (A-C), 10 % (D—F), and 12 % (G-I).

conditions that enabled CHS to gelatinize fully or partially and form a
cross-linked network structure [29]. Despite the observation of network
formation in sample CHS3D3, agglomeration of material could be
observed due to the low degree of gelatinization, which may be because
of the high concentration of starch and the short processing time (red
arrows, Fig. 4F). The starch granules used for 3D printing undergo
different degrees of gelatinization depending on their properties and the
process parameters. These parameters include gelatinization time,
gelatinization enthalpy, amylose content, and process temperature.
Previous studies have demonstrated that the process temperature used
for the gelatinization of corn starch affected the structure of the 3D
prints [61]. At low temperatures (<70 °C and a gelatinization time of 15
min), the starch granules do not gelatinize sufficiently to form a cross-
linked network structure. Meanwhile, high temperatures (>80 °C and
a gelatinization time of 15 min) generated greater leaching of short
chains in the retrogradation process, which have a lower capacity for
interaction, leading to the formation of structures with microfractures.
The formation of cross-linked network structures has also been

described in 3D prints from potato and corn starches [20,29]. These
structures were associated with 3D print properties such as water
retention capacity and porosity. The authors found that lower starch
concentrations produced more uniform network structures, enhancing
water absorption. A higher starch concentration leads to denser net-
works related to the aggregation and entanglement of molecular chains.
Although higher starch concentrations can form a more robust network,
this also increases the fluid viscosity, hindering the sample flow through
the nozzle and affecting printability. High starch concentrations, as in
the case of CHS3D3, can generate this type of defect in the printed
products.

3.8.2. Crystallinity of 3D printing of CHS

The 3D prints showed a crystallinity pattern similar to the CHS with
signals at 5.6°,15°, 17, 20, 22, and 24° at diffraction angles of 26 (Fig. 5).
The crystallinity values of the samples were 3.4 %, 3.5 % and 5.6 % for
CHS3D1, CHS3D2, and CHS3D3, respectively. The reduction of crys-
tallinity compared with the native starch is due to the partial loss of the
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Fig. 5. XRD diffractograms of 3D prints based on chachafruto starch (CHS)
prepared at different starch concentrations: 8 % (CHS3D1), 10 % (CHS3D2),
and 12 % (CHS3D3).

organized structure because of a partial gelatinization of the starch. The
differences between the crystallinity values of the prints may be because
the temperature and time used in the preparation of the gels were
insufficient for a total gelatinization of the starch. The decrease in the
intensity of the peaks could be evidence of this. Similar observations
were made for the crystallinity of 3D prints prepared with corn and
potato starch [29,62]. In both cases, a decrease in crystallinity was
observed after gelatinization and the printing of the gels. In the case of
3D prints prepared with corn starch, a gelatinization temperature of
90 °C was used for 25 min, achieving a partial decrease in crystallinity.
However, the remaining crystallinity of the material prepared with the
highest starch concentration, was associated with the re-crystallization
of the starch chains during retrogradation. On the other hand, in the
preparation of 3D prints obtained from potato starch, it was observed
that both the starch concentration and the temperature affected the final
value of crystallinity. Low starch concentrations (10 %) at an interme-
diate temperature (70 °C) led to the loss of the original crystalline
structure. However, low treatment temperatures (<70 °C) with inter-
mediate concentrations of starch (15 %) partially retained the original
crystalline structure.

3.8.3. Textural properties of the 3D printing of CHS

Texture analysis can be related to sensory acceptability, as well as to
the printability and overall stability of the product. Thus, a product that
is poorly printed will exhibit poor textural properties. In addition, these
textural properties are an essential sensory attribute of food accept-
ability [63]. The hardness of the samples analyzed was 2.1 + 0.2 N (213
+23¢g),23+0.4N (231 + 41 g), and 0.93 + 0.02 N (95 + 3 g) for
CHS3D1, CHS3D2, and CHS3D3, respectively. Statistical differences
were observed between CHS3D3 and samples CHS3D1 and CHS3D2 (p
< 0.05). The low degree of hardness shown by the sample prepared with
the highest starch content may be associated with the low degree of
starch gelatinization, which limited the formation of the crosslinked
network in the gel and subsequently in the 3D print. These results can be
associated to the microstructure results where the deficient formation of
the cells in the material is observed. The hardness values presented by
samples CHS3D1 and CHS3D2 may be related to a greater starch gela-
tinization, leading to its retrogradation, and forming a more organized
cross-linked network. Since the hardness of the samples is associated
with the force necessary to deform them, it was observed that samples
CHS3D1 and CHS3D2 showed an excellent ability to retain their initial
shape after being subjected to a compressive force, in comparison with
samples prepared from potato (105 g), wheat (167 g) and corn starches
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(105 g) [19,28,64]. According to Zheng et al. [28], starch syneresis and
subsequent recrystallization of amylose and amylopectin were the main
factors affecting the firmness of 3D prints from wheat starch.

Springiness is related to the elasticity of the samples and their ability
to return to their original shape after being subjected to initial
compression [18]. The values obtained for the samples analyzed were
0.92 + 0.01, 0.91 + 0.01, and 0.75 + 0.01 for CHS3D1, CHS3D2, and
CHS3D3, respectively (p < 0.05). Similar to the hardness values, the
sample with the highest starch content (CHS3D3) presented the lowest
values of springiness, which can be associated with the degree of gela-
tinization, leading in turn to low water retention. The samples obtained
with CHS showed higher springiness values than those reported for
samples printed from cassava, wheat, corn, sweet potato, potato, and
buckwheat starches [17] and similar to those reported for native and
annealing wheat starch [18].

Cohesiveness is a parameter related to the strength of the internal
bonds of the sample and the degree to which they can be deformed
before the break. Cohesiveness showed a similar trend to springiness and
hardness, with values of 0.88 + 0.10, 0.89 + 0.07, 0.59 + 0.02 for
CHS3D1, CHS3D2, and CHS3D3, respectively (p < 0.05). As explained
above, the partial gelatinization of starch in sample CHS3D3 generated a
low release of amylose and amylopectin, affecting the network struc-
ture's generation and reducing the sample's cohesiveness. Samples
CHS3D1 and CHS3D2 showed cohesiveness values comparable to those
reported for 3D printing from potato, corn, and wheat starch [19] and
annealing wheat starch [18]. This indicates a high consistency of the
samples obtained with low and medium CHS concentrations.

3.8.4. Dynamic mechanical analysis of the 3D printing of CHS

The behavior of the storage modulus (G') and the loss modulus (G") of
the 3D samples is presented in Fig. 6. In all the samples, the value of G'
increases as the frequency value increases. In contrast, the value of G"
tends to increase but then decreases. This behavior agrees with that
reported for 3D gels printed using potato starch [15]. Additionally, it
was observed that the value of G' was greater than G" throughout the
analysis, indicating that the samples presented a predominantly elastic
character. This can be related to the ability of the material to maintain
its shape [16]. Similar observations were made for gels used for 3D
printing prepared from cassava, corn, wheat, potato, and buckwheat
starches [17]. Among the samples evaluated, sample CHS3D1 presents
the highest value of G', followed by sample CHS3D2 and sample
CHS3D3. These results corroborate the observations made in the texture
analysis for hardness. As previously mentioned, the sample with the
highest starch content presented low gelatinization, negatively impact-
ing the material's microstructure and, therefore, the dynamic-
mechanical properties. On the other hand, the values of G' in the sam-
ples CHS3D1 and CHS3D2 can be related to a greater gelatinization and,
therefore, a greater release of amylose [17]. However, the difference
between these two samples may be due to cell structure and packing.

4. Conclusions

The native starch from chachafruto has a high extraction yield and
low lipids, proteins, and ashes content. These characteristics indicate a
high purity level and potential for consumer acceptance. The wet
extraction method preserves the morphology of the starch granules
without affecting their integrity. The technological properties of the
material, such as texture and pasting properties, are influenced by its
small particle size. The apparent amylose content of this starch was
another factor that determined its physicochemical properties and in-
dustrial potential. The X-ray diffraction analysis revealed that the starch
presents the typical characteristics obtained from legumes. Moreover,
the thermal analysis indicated that the starch has excellent thermal
stability, making it desirable for industrial use. Regarding the feasibility
of producing food packaging, the chachafruto starch exhibited good
mechanical, thermal, and barrier characteristics. These properties and
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Fig. 6. Storage Modulus (G and Loss Modulus (G") curves of 3D prints based on chachafruto starch (CHS) prepared at different starch concentrations: 8 %

(CHS3D1), 10 % (CHS3D2), and 12 % (CHS3D3).

their affinity for water suggested that chachafruto starch-based films
could suit food matrices with intermediate moisture contents. In addi-
tion, the high transparency of the starch-based films made them a po-
tential material for products that are not very susceptible to oxidation
and for products that require visualization by the consumer. Starch
concentration affected the physical properties of the 3D prints under the
process parameters used in this study. Although low-quality 3D prints
were produced at the highest starch concentration, at the other con-
centrations chachafruto starch was a suitable ingredient for 3D printing
food, as it showed good printability, integrity, texture, and microstruc-
ture. Further research should focus on optimizing the printing process;
exploring the interaction of chachafruto starch with other ingredients
and its impact on film preparation and 3D printing; as well as a com-
plementary characterization that could determine the molecular distri-
bution and lamellar ordering of the amylose and amylopectin chains
within the granule. Considering these findings, chachafruto emerged as
an unconventional source of starch with tremendous industrial poten-
tial; this study demonstrated viable strategies for adding value to cha-
chafruto crops.
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