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ARTICLE INFO ABSTRACT

Keywords: The integral valorisation of discarding potatoes from three local varieties using processes of low environmental
APtOhYdrOIYS‘S impact to recover the starch contained in the flesh as well as the bioactive compounds present in the skin or in
Bioactives the processing wastewaters was studied. The remaining flesh after starch extraction was also recovered to further
Foodstuff hydrogels . . . . . . .

Skin processing. The extraction of starch and active extracts using environmentally friendly technologies, the phys-
Flesh icochemical and phytochemical characterisation of the extracts, the formulation and mechanical characterisation
Starch of the corresponding functional hydrogels, have allowed proposing potential food and non-food applications.
Waste Results indicated that subcritical water extraction (220 °C) was an efficient technology to recover antioxidants

from the potato skin. Processing wastewaters exhibited high protein content. The extracted starch featured
comparable physicochemical properties to that available commercially and the corresponding hydrogels
exhibited enhanced mechanical properties with absence of syneresis. It should be remarked that Agria and Neiker
varieties provided the highest total starch and bioactive content in terms of phenolics, TEAC value and DPPH

inhibition percentage, respectively.

1. Introduction

Potato is the world’s fourth largest food crop with an estimated
production of 388 million tonnes in 2017, led by Asia with over 50.4% of
the world total and followed by Europe (31.5%), America (11.4%), Af-
rica (6.4%) and Oceania (0.6%) (FAOSTAT, 2017). The major species
grown worldwide is Solanum tuberosum, and modern varieties of this
species are the most widely consumed (Bzducha-Wrébel et al., 2015).
During the harvest and storage of this edible perishable tuber a high
degree of discarding (up to 30%) is generated, since they do not meet the
size, quality, colour or suffer from plagues, and currently has a low
added value being used primarily for animal feed (Priedniece et al.,
2017). Another massive wastes from the potato processing industry are
the peels and outer flesh layers as well as flesh or wastewaters remaining
from the starch extraction, where important amounts of gelling or
bioactive fractions are contained and could be easily recovered (Gientka
et al., 2019). Losses produced from potatoes peeling can represent up to
40% depending on the procedure used (Pathak et al., 2018); whereas
those from the flesh after the starch processing in industry can account
for 75% of initial product mass (Ahmed et al., 2018) and the
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corresponding wastewaters represented about 10.8 million m® in 2017
(Dupuis and Liu, 2019). Consequently, the valorisation of these wastes
containing high valuable compounds (starch, protein, antioxidants or
fibre, among others) is a real need that could be of relevance to the
potato industry helping to improve the economical balance of the in-
dustrial process and to commercialize new products (Priedniece et al.,
2017; Nazarian-Firouzabadi and Visser, 2017).

The functional properties of the potato recovered components highly
depend on the extraction procedure. In the case of mild extraction
procedures, the obtained potato proteins are highly soluble and exhibit
remarkable foaming and emulsifying characteristics. These methods
also allow to recovery fibers that can lead to development of a three-
dimensional network in the end-product which impressively improve
the texture and stability of the matrix (Priedniece et al., 2017). An
alternative with great potential is the recovery of biopolymer com-
pounds with gelling properties as the starch required to alleviate the
growing market of biopolymer-based hydrogels with food and non-food
applications (Torres et al., 2018). As well as, bioactive extracts with
antioxidant, anti-inflammatory, antimicrobial or antitumor properties
(Friedman et al., 2017), present in potatoes, using extraction techniques
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based on so-called clean technologies as subcritical water extraction,
following the current trends in green chemistry, using water as the only
extraction agent (Gonzalez et al., 2017). Briefly, subcritical water
extraction is a pressurized hot water extraction, which is also called
high-temperature water extraction or autohydrolysis. As it is
well-known, this technique consist in applying high temperature and
pressure in the subcritical water region, between the boiling tempera-
ture at normal conditions (100 °C) and the critical point (374 °C). In this
reaction medium, the biopolymers can react with high conversion rates
and in very short residence times (Burnner, 2009). Some recent studies
can be found in the literature on the valorisation of the potato disposals
(see as e.g. Sepelev and Galoburda, 2015; Nazarian-Firouzabadi and
Visser, 2017; Pathak et al., 2018), but a comprehensive research on the
integral valorisation as proposed here has not been reported yet.

Hydrogels from starch are the most available and economic mate-
rials. The incorporation of functional components in formulations with
high starch content and bioactive compounds is a growing trend for food
and non-food applications (Witczak et al., 2015). An intense search for
new renewable sources to produce natural biopolymers for edible
coatings or biodegradable films is observed as they offer lower envi-
ronmental costs (Larotonda et al., 2016). In addition, other sectors, such
as biomedical, pharmaceutical and cosmetic, increasingly use com-
pounds with high bioactivity extracted from natural sources (Liu et al.,
2015). The future of biopolymer materials is to show that vegetable
materials from natural, under-utilized and renewable sources can
overcome their traditional counterparts based on oil. These biopolymers
recently gained attention for emerging manufacturing technologies such
as 3D printing, since it is much easier to work with them during pro-
cessing, they are compatible for use in food, pharmacy or cosmetics,
non-toxic and smell-free (Jonathan and Karim, 2016). The knowledge of
the thermomechanical behaviour during the formulation of
starchy-based gels provides relevant information to select the optimum
processing conditions to achieve well-defined and tailor-made final
products, especially for hydrogels from extracts from disposal sources
(Torres et al., 2018). This developing market has enormous potential to
improve the welfare of the population.

In this context, the main aim of this work is the integral valorisation
of discarded potatoes from different local varieties using sustainable
approaches based on the biorefinery concept for potential food and non-
food applications. For this purpose, the extraction of biopolymer and
bioactive compounds using environmentally friendly technologies is
proposed. The physicochemical and phytochemical characterisation of
the extracts and the mechanical properties of the corresponding func-
tional hydrogels are studied.

2. Materials and methods
2.1. Raw materials

Low-sized or irregular shape discarded potatoes from three varieties
(i.e. Agria, Kennebec and Neiker) harvested in Galicia (Spain), were
kindly provided by the Instituto Ourensan de Desenvolvemento Econémico
(INORDE). Above varieties were selected based on their potential high
content of starch and bioactive compounds, when compared with other
local varieties. Commercial potato starch (CAS: 9005-84-9, Scharlau,
Spain) was also used as raw material with comparative purposes.

2.2. Extraction of high valuable compounds

2.2.1. Starch

The starch extraction conditions (i.e. water ratios, samples sizes,
mixing times, sieve size, among others) were optimised for the potato
samples using only water as extraction reagent to increase the starch
yield and purity. The employed procedure was based on the conven-
tional extraction process used for the industrial potato starch extraction
(Wu, 2016). Concisely, the proposed method to extract starch from
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discarding potatoes consisted of several sequential steps: (i) manual
peeling of potatoes; (ii) cutting and milling the flesh; (iii) adding water
(solid:liquid ratio, 1: 2), (iv) mixing the milled flesh with water (60 min,
200 rpm) and (v) filtering with a sieve (80 pm), separating the flesh from
the liquid filtrate. After this, (vi) washing the flesh to drag the remaining
starch; (vii) leave overnight the filtrate and washing water in the fridge
24 h to promote the starch decantation and (viii) separate the starch
from filtering and washing waters. Then, (ix) drying the starch in an air
drying convective oven at 40 °C for 48 h and (x) homogenizing the
moisture content of the starch placing the samples in petri dishes in a
desiccator containing MgCl, for about one week until constant weight.
Finally, (xi) storing of the starch in closed plastic boats at room tem-
perature and storing of processing wastewaters and remaining flesh after
starch extraction in jars in the freezer (—20 °C) until further analysis.

2.2.2. Bioactive fractions

In order to recover the bioactive fractions, the coarse milled potato
skin (0.25-2 mm) was subjected to subcritical water extraction. Initially,
a temperature sweep between 120 and 220 °C was performed with the
most bioactive potato variety to select the autohydrolysis conditions.
Then, the milled skin was contacted with water (solid:liquid ratio, 1:15),
the aqueous suspension was stirred and heated up to selected tempera-
ture (220 °C) in a pressurized reactor (Parr Instruments series 4848,
Illinois, USA). The liquid fraction was separated by filtration and was
stored in a fridge (4 °C) until further phytochemical analysis. In all cases,
analyses were performed before a week.

2.3. Physicochemical characterisation

2.3.1. Composition

Moisture content was determined according to the standard gravi-
metric method, 925.10 (AOAC, 2000). Ash amount was obtained after
calcination in a muffle for 6 h at 575 °C. Total starch and amylose
content were calculated using two enzymatic kits (Megazyme, Co.,
Wicklow, Ireland) following standard procedures (AACC, 2010). Protein
content was quantified by Kjeldahl method using a Flash EA 1112
Elemental Analyser (Thermo Fisher Scientific, MA, USA) with the ni-
trogen conversion factor of 6.25 (Torres et al., 2019). Nat and K*
content was determined by atomic emission spectrophotometry;
whereas Ca?*, Mg?" and Fe?" content was obtained by atomic absorp-
tion spectrophotometry. In both cases, minerals experiments were con-
ducted on a 220 Fast Sequential Spectrophotometer (Varian, NY, USA).
Previously, a pre-treatment of the samples consisting of an acid diges-
tion with HNO3 in a microwave (Marsxpress-CEM Co., NY, USA) oper-
ating at 1.6 KW for 15 min followed by 200 °C for 10 min was necessary
in this work, following the conditions detailed by Florez-Fernandez et al.
(2019). Carbohydrates determination was carried out by High Perfor-
mance Liquid Chromatography, using a 1200 series Hewlett-Packard
chromatograph with a refractive index (RI) detector, as reported else-
where (e.g. Florez-Fernandez et al., 2019). In order to determine the
fraction of carbohydrates, aliquots of liquors obtained at different
temperatures during the autohydrolysis treatment were analysed by
HPLC-RI (Aminex HPX-87H, BioRad, Hercules, USA). Note here that a
previous filtration through 0.45 pm cellulose acetate membranes was
made. Saccharide fractions were determined by means of a 300 x 7.8
mm Aminex HPX-87H column (BioRad, Hercules, USA). The operating
conditions were 5 N HySO4, 0.6 mL/min and 50 °C. The samples were
also subjected to posthydrolysis with 4% sulphuric acid in autoclave at
121 °C for 20 min and then were cooled down at room temperature.
Posthydrolysis was made to hydrolyse the oligomers and to evaluate the
content of oligomers in liquors by difference between the content of
monomers in the posthydrolysis liquor and in the autohydrolysis liquor.

2.3.2. Size measurements
The average size/weight of the used potatoes (25 samples per vari-
ety) was determined using a calibre and an analytical balance,
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respectively. The weight-average particle diameters (Dy,) of the extrac-
ted starches were obtained according to standard sieving procedures
(ASAE Standards, 1995).

2.3.3. Colour measurements

Colour trials were conducted on a Minolta CR-400 (Japan) tristim-
ulus colorimeter and expressed in the CIELab system (L*, a* and b*). It
should be indicated that L* defines the lightness (whiteness, L* = 0,
brightness, L* = 100), a* (degree of greenness, a* < 0, or redness, a* >
0) and b* (degree of blueness, b* < 0, or yellowness, b* > 0) are the
chromaticity responsible parameters. All samples were measured at
room temperature under the same light conditions at least ten times.

2.4. Phytochemical characterisation

Total phenolic content was analysed by the Folin-Ciocalteu method
using gallic acid as standard (Singleton and Rossi, 1965). Liquors from
autohydrolysis or processing wastewaters (0.5 mL) were mixed with
distilled water (3.75 mL), Folin-Ciocalteu’s phenol reagent (0.25 mL)
and sodium carbonate (0.25 mL, 10%, w/v). Samples were incubated in
darkness at room temperature for 1 h, before absorbance measurements
(765 nm) in an Evolution 201 UV-Vis spectrophotometer (Thermo Sci-
entific, Illinois, USA).

The ABTS radical [2,2-azinobis(3-ethyl-benzothiazoline-6-
sulfonate)] scavenging was expressed as TEAC value (Trolox equiva-
lent antioxidant capacity) (Re et al., 1999). A mixture of diluted ABTS
solution (1.0 mL) and above liquor fractions (10 pL) were analysed at 37
°C for 6 min recording the absorbance at 734 nm.

The antiradical capacity against the a,a-diphenyl-b-picrylhydrazyl
(DPPH) radical was also measured. In this case, liquor fractions (50 pL)
were mixed with the DPPH radical solution (2 mL). After 16 min, the
decrease in absorbance (515 nm) was measured. The percentage
perceptual absorbance reduction regarding the initial value was used to
calculate the inhibition percentage.

2.5. Preparation of the hydrogels

Hydrogels from commercial and extracted potato starches were
formulated in a wide range of biopolymer content (15-30%, w/w) and
gelling temperatures (60-90 °C). Functional hydrogels were also pre-
pared with selected starches using as solvent the autohydrolysis liquor
with the most adequate bioactive features. Note here that processing
conditions were selected based on the conditions previously optimised
for commercial potato starches (Torres et al., 2018). In all cases, starches
were dispersed in distilled water or selected liquor using cylindrical
flasks (5 cm height and 12.5 cm diameter) and were stirred at 3000 rpm
for 10 min at 25 °C. For rheological testing, the dispersions were directly
placed into the measuring system. In contrast, for textural assays, the
above dispersions were immediately heated up to certain temperatures
(from 60 to 90 °C) and held for 30 min with stirring in a thermal bath.
Afterwards, samples were cooled down at room temperature for 60 min
and were placed in a fridge (4 °C) for 24 h to allow complete gels
maturation before performing textural trials. Even though, hydrogels
were equilibrated at room temperature for 60 min before textural
testing.

2.6. Mechanical measurements

Rheological testing in terms of elastic (G') and viscous (G”) moduli
were conducted on a stress-controlled rheometer (MCR302, Anton Paar
Physica, Austria) using a plate-plate geometry (25 mm diameter and 1
mm gap). Starch dispersions were placed in the measuring system and
the exposed edges were sealed with paraffin oil to prevent water evap-
oration during trials. Initially, stress sweep tests were made at different
frequencies and times (1, 10 Hz-5, 25, 90 °C) to determine the linear
viscoelastic region in both dispersions (below 17 Pa) and hydrogels
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(below 32 Pa). Then, rheological testing consisted of the following five-
steps procedure: (1) temperature ramp from 25 to 90 °C (1 °C/min, 1 Hz,
5 Pa) to monitor the heating profile; (2) time sweep (90 °C, 15 min, 5
Pa); (3) cooling temperature ramp from 90 to 5 °C (1 °C/min, 1 Hz, 15
Pa) to evaluate the gelling profile; (4) time sweep (5 °C, 30 min) to allow
full hydrogels maturation, and (5) frequency sweep (5 °C, 15 Pa) to
analyse the viscoelastic features of the gel.

Textural testing was performed in a texture analyser (TA-XT2, Stable
MicroSystems, UK) with a load cell of 5 kg by means of the texture
profile analysis (TPA). Starch hydrogels were subjected to a double
penetration using a cylindrical probe P/05R (5 mm penetration and 2
mm/s crosshead speed). Firmness or peak force of the first cycle,
adhesiveness or negative area of the first bite and cohesiveness or ratio
between the areas of both peak forces, were calculated for tested
hydrogels.

The syneresis was also analysed following the procedure previously
reported (Bashir et al., 2017). Hydrogels were stored in centrifuge tubes
in the fridge (4 °C) for two weeks. Afterwards, samples were centrifuged
(2500 g for 20 min) and the syneresis calculated as the percentage of
water release in relation to the gel weight.

2.7. Statistical analysis

All above trials, both extractions and analysis, were made at least in
triplicate. Statistical analysis of the experimental data was performed
using RStudio (version 1.1.463 — © 2009-2018 RStudio, Inc.), through
variance analysis (one-way ANOVA), by the Tukey test — Post Hoc
Comparison at a significance level of 95% (p < 0.05). All results are
presented as average + standard deviation.

3. Results and discussion
3.1. Schematic procedure

Fig. 1 shows an overview of the proposed processing for an integral
valorisation of the discarded potatoes. For three tested varieties, the
average weight of the discarded potatoes varied between 39.6 and 66.6
g, with average sizes (major x minor axis) ranging from 4 x 4.5t0 6 x 5
cm. Independently of the used variety, the flesh and peel yields were
around 87.5 + 0.7% and 12.5 £+ 0.7%, respectively. This means two
important fractions for the extraction of starch and bioactive
compounds.

During the flesh processing for the starch extraction, two residual
streams, one liquid (wastewaters) and the other solid (processed flesh)
were generated. The starch yield (%) accounted 24.4 + 1.1 for Agria
variety, followed by Kennebec (22.1 + 0.8) and Neiker (18.5 + 1.2).
These yields were notably higher than those reported for other similar
starchy materials (below 15%) using similar conventional extraction
procedures (Dupuis and Liu, 2019). A proposed challenge was to
develop a pallet of hydrogels with a broad range of mechanical prop-
erties from selected starches. Concerning the waste streams, the waste-
waters represented about 300 mL/100 g of the initial flesh and the solid
fraction of this stream accounted between 4.5 and 9.5% of the initial
flesh rich in bioactive compounds. The residual solid stream containing
the remaining flesh after starch extraction meant between 66.1 and 77%
of the initial flesh, being the highest fraction generated in Kennebec
variety. These values are consistent with those previously reported for
this fraction (around 75%) after starch extraction (Ahmed et al., 2018).
An attractive proposal for the valorisation of this waste stream could be
to develop a baked snack type potato flake using the remaining flesh
after the starch extraction (Fig. 1), whose processing is based in a recent
preliminary work (Reyniers et al., 2018) and detailed in a parallel work
(Torres et al., 2019).

During the peel processing by autohydrolysis, one liquid stream rich
in bioactive compounds can be separated from a waste solid stream that
could have a potential use as fertilizer or adsorbent agent following the
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Fig. 1. Scheme of the biorefinery approach proposed for discarded potatoes. Grey symbols corresponds with processes from parallel works not detailed in this work.

physicochemical (e.g. mineral content, water sorption capacity, among
others), low-cost or affinity for pollutants features stablished in previous
works (De Gisi et al., 2016; Wu, 2016). The liquid stream represented
around 91% of the initial peel accounting the dry weight about 5.9 +
1.4 g/100 g. This liquid fraction could be an interesting bioactive source
to prepare functional hydrogels, as it was in this work. Further pro-
cessing could extend the possibilities of these hydrogels transforming
them into healthy biofilms as detailed in a parallel work (Torres et al.,
2019), based on the procedure reported elsewhere for other starchy
materials (Larotonda et al., 2016).

3.2. Proximate streams characterisation

Table 1 shows fundamental physicochemical properties of the peel
and flesh from the studied potato varieties. Peels from Agria exhibited
the largest protein content (around 22 g/100 g), which was reduced to

60% for Kennebec and Neiker. Fleshes presented lower protein content
(g/100 g), varying from 12.7 for Kennebec to half for Neiker variety.
Even though, relevant values of this parameter were identified in all
cases when compared with those reported for other varieties of potatoes
(Robertson et al., 2018; de Albuquerque et al., 2019). In all cases, ashes
varied in a restricted range with the lowest values observed for Neiker
variety. No significant differences between Agria and Kennebec were
found in this parameter. Concerning minerals, it is worth noting the
content of potassium, followed by those of calcium and magnesium
present both on the peel and the flesh of the three studied varieties.
Kennebec variety showed the highest mineral values. High sodium
values were noted in both tested fractions of this variety. From a
nutritional standpoint, potatoes in general are a good source of minerals
due to the cations being associated with the phosphate ester groups on
potato amylopectin. As expected, tested potato varieties were rich
minerals sources containing more potassium than bananas, a

Table 1

Physicochemical features of peel and flesh from the three tested potato varieties.
Components/Varieties Peel Flesh

Agria Kennebec Neiker Agria Kennebec Neiker

Moisture (g/100 g) 87.0 + 1.5° 84.9 + 0.7% 85.4 + 0.6 80.5 + 1.2° 81.6 + 0.8% 80.7 + 0.1%
Protein (/100 g) 21.7 +0.3% 13.6 +0.1° 13.6 + 0.1° 11.1 +0.3° 12.7 + 0.4° 6.2 + 0.2
Ash (g/100 g) 9.7 +0.2? 9.3+0.1° 8.2+0.2° 5.2+ 0.2° 5.7 +0.2° 42+01°
Minerals (mg/kg)
Na* 140 + 13° 1731 + 31° 181 + 2° 75 + 9° 1630 + 37° 86 + 19°
K 42,305 + 1060" 49,089 + 980% 36,803 + 903° 22,116 + 320° 28,883 + 410° 26,886 + 390°
Ca®* 1925 + 105" 2462 + 1557 1277 + 37¢ 482 + 7° 537 + 222 436 + 94°
Mg+ 1878 + 194° 2336 + 78% 1499 + 13¢ 863 + 3° 1326 + 48° 1096 + 80°
Fe?* 485 + 152 76 + 4° 64 + 2" 24 +1°2 <15° 18 +1°
Colour (—)
L* 66.1 + 3.1 61.5 +2.7% 48.1 +1.9° 67.2 + 0.4 64.4 + 0.9° 67.1 +0.5%
a* 2.9 £ 0.6" 25+ 1.1° 11.3 + 2.4° 3.5+ 0.2° 2.3 +0.2° 4.4 +0.2°
b* 28.1 + 1.6° 28.0 + 2.2% 12.8 + 2.2° 25.9 + 2.2° 15.4 + 0.5° 24.0 + 2.4°

Data are presented as mean + standard deviation. Data values in a row (peel and flesh independently assessed) with different superscript letters are significantly

different at the p < 0.05 level.
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well-known potassium source (Navarre et al., 2019). Regarding to
colour, the largest differences in the peel were identified for the Neiker
variety, whereas in the flesh were observed for Kennebec. In all cases,
traditional yellow-fleshed varieties were studied with colour values in
the range to those previously reported (Grudzinska et al., 2016).

Table 2 presents a comparative between the physicochemical prop-
erties of extracted starches and a commercial one. Note here that the
moisture content of both commercial starch and three extracted starches
was around 16.7 + 2.5% and the average particle size <0.71 pm. These
values are within those commonly used in the hydrogels preparation
(Lefatle and John, 2018; Torres et al., 2018). It should be remarked that
all extracted starches exhibited larger total starch content to their
commercial counterparts, as well as significantly higher amylose values.
The total starch content was also higher than those commonly extracted
using conventional procedures (Nor Nadiha et al., 2010; Dupuis and Liu,
2019), exhibiting values usually found in the starch control (around
93%) from commercial enzymatic kits to asses chemical starch features.
This behaviour is indicative of the suitability of the proposed green
extraction method to obtain high quality starches. The results suggests
that the absence of chemicals and the optimisation of the solid:liquid
mixing or the stirring conditions (speed rate and contact time) during
the extraction procedure promoted the selective starch extraction and
the dragging of unwanted components. The obtained results also sug-
gested less content of other associated relevant components in the starch
such as proteins or lipids. These differences in the chemical composition
can provide starches with different functional properties, and deliver a
broad range of hydrogels with different mechanical properties to those
commercially available. Note here that Agria variety showed the highest
percentages of total starch. Concerning protein content, the corre-
sponding values in all isolated starches were around half of the tested
commercial starch (1.6%), except for Kennebec variety where no sig-
nificant differences were found. The starch of tested potato varieties
exhibited high values of potassium, even much higher than its com-
mercial counterpart. The second position in the rank was occupied by
calcium. Large sodium content was identified in the commercial starch
sample. Other relevant fact, it is that extracted starches showed com-
parable colour parameter values to those from commercial starch, not
observing significant colour differences with starch from Agria. Even
though, all tested starches presented colour features in the range of those
reported for this kind of material (Priedniece et al., 2017; Witczak et al.,
2015).

The wastewaters resulting from the starch processing also exhibited

Table 2
Physicochemical properties of commercial potato starch used as control and
extracted starches from the three discarded potatoes varieties.

Components/ Commercial Agria Kennebec Neiker
Varieties
Moisture (g/100 g) 167 +1.5° 159+17* 16.4+13* 184+ 1.9°
Total starch (g/100 80.0 + 1.99 91.24+ 0.5 83.4+0.2° 88.6+0.3"
2
Amylose ratio (%) 15.6 + 0.4  293+23* 273+11° 23.0+1.7°
Protein (g/100 g) 1.6 + 0.3° 07+02> 1.1+03* 07+02°
Minerals (mg/kg)
Na* 5354 + 121°  25.1 + 4¢ 66 =+ 3¢ 27 + 59
K* 175 + 13¢ 688 £ 32 15754+ 96° 1120 +
101°
Ca?* 322 + 21° 2485 + 225 + 16° 220 + 9°
13°
Mg+ 23.4 + 19¢ 45 + 6° 54.2 + 9 42.7 + 4°
Fe?* <15 <15 <15 <15
Colour (-)
L* 92.4+22° 948+1.1° 915+1.7° 938+ 1.5
a* ~5.0+£02° -51%+ ~4.9+0.7° —45+0.2°
0.5%
b* 126 £0.5°  11.2+1.3* 7.7+0.1° 7.5+ 0.2°
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interesting features (Table 3). In all cases, it is worthy of underlining the
high protein content of washing waters, with values ranging between
15.1% for the Kennebec variety and 19.2% for the Neiker variety. Note
here that the majority of potato proteins are of high nutritional and
biological value. Likewise, potato proteins are appreciated by their high
solubility with efficient emulsification, high foaming and good gelation
properties, allowing accomplish optimal texture, stability or appearance
in a wide array of food applications (Peksa et al., 2009). Washing waters
from the starch extraction of Neiker flesh also presented the best values
in terms of bioactive compounds and the darkest colour. The obtained
magnitudes are comparable with those found for other natural sources
proposed as alternative bioactive sources (Liu et al., 2015; Sepelev and
Galoburda, 2015). These data support the relevance of recovering high
valuable fractions from these wastewaters.

Fig. 2 shows some representative features of liquid phases obtained
by autohydrolysis at selected temperature (220 °C) for the peels of tested
potatoes. Again, the highest values in terms of total phenolic content,
antioxidant capacity or inhibition percentage were presented by Neiker
variety, followed by Kennebec and Agria. These values are in the range
of those found for other varieties of native potatoes, highlighting the
high inhibition percentages obtained for Neiker (around 20%) (Pathak
etal., 2018; Seijo-Rodriguez et al., 2018). In all cases, the most abundant
carbohydrate was glucose followed by far for xylose, being Kennebec
and Agria those with the largest values of this parameter. Colour results
are consistent with those trends observed in the wastewaters, exhibiting
the darkest colour the samples with the highest bioactive compounds.
This behaviour has been previously suggested elsewhere for different
bioactive natural matrices (Wu, 2016; de Albuquerque et al., 2019).

Based on the aforementioned outcomes, it can be indicated that
Agria and Neiker varieties provided the most adequate properties in
terms of starch and bioactives, respectively. Neiker showed higher
phenolic content, and correspondingly higher antiradical potency than
other varieties. For this variety, the effective concentration at which
50% of DPPH radical was scavenged (ECsg) was around 0.11 g/100 g dry
weight sample, increasing up to 0.29 and 0.35 g/100 g for Agria and
Kennebec varieties (Fig. 2b). The total phenolic content was consistent
with Silva et al. (2016), who reported values around 233 mg/g for po-
tato peels of a different S. tuberosum variety as Fianna. Lower phenolic
content was found for potato flesh of Agria or Kennebec (Seijo-Ro-
driguez et al., 2018). Consequently, starch from flesh of Agria (0.99
mg/g) and Kennebec (0.89 mg/g) bioactive compounds from peel of
Neiker were selected to further insight, assessing them as potential
matrices in the development of functional hydrogels.

3.3. Technological aptitude of proposed hydrogels

3.3.1. Thermorheological features

Fig. 3 shows the thermorheological behaviour of hydrogels prepared
with Agria starch (15%, 90 °C), as representative of tested systems. The
heating profile (Fig. 3a) of aqueous starch dispersions presented an in-
flection point corresponding to the initial gelatinisation temperature
(around 53 °C) and then a rapid rise of both elastic (G') and viscous (G")

Table 3

Characterisation of wastewaters from starch extraction.
Components/Varieties Agria Kennebec Neiker
Protein (g/100 g) 17.1 + 0.5° 15.1 + 0.5° 19.2 + 0.6°
Folin (g/g extract) 0.10 + 0.01° 0.06 + 0.01°¢ 0.13 + 0.01°
TEAC (g/g extract) 0.13 +0.01° 0.10 + 0.01¢ 0.16 + 0.01*
Inhibition (%) 3.2+0.1° 2.5 +0.3¢ 9.6 £0.1%
Colour (-)
L* 22.3 +0.8° 29.3 + 1.6% 18.3 £ 0.9¢
a* 5.8 + 0.3 1.4 £0.8° 3.1+05°
b* —3.6 +0.7° -1.1£0.2¢ -5.1+0.72

Data are presented as mean + standard deviation. Data values in a row with
different superscript letters are significantly different at the p < 0.05 level.

Data are presented as mean =+ standard deviation. Data values in a row with
different superscript letters are significantly different at the p < 0.05 level.
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Fig. 2. Characteristics of the selected autohydrolisis liquid phases (220 °C) for the three tested potato varieties a) Total carbohydrates where inset is a zoom to clarify
the content of minor compounds b) Phenolic content and scavenging capacity against ABTS (expressed as TEAC value) and against DPPH (expressed as inhibition

percentage) and c) colour.

moduli, holding a peak about 60 °C. These tendencies have been
commonly found for native starches (Xing et al., 2018), with gelatini-
sation temperature for native potato starches around 57-58 °C. The
inflection point was shifted to higher temperatures with increasing
temperature (almost 10 °C) as reported elsewhere (Witczak et al., 2015;
Torres et al., 2018). The sweep time after heating step (Fig. 3b) clearly
showed the high stability of tested samples, immediately achieving
stable viscoelastic behaviour (i.e. G’>G” with constant values). The
required time to hold stable moduli can dramatically vary depending on
the biopolymer-based tested matrix (Nunes et al., 2006). This is criti-
cally relevant for potato starches, which are commonly less thermo-
stable than other commonly used starches (Mandala and Palagou, 2003;
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Torres et al., 2018). During the cooling step (Fig. 3c), the values of G’
and G” slightly rose, indicating a moderate reinforcement of the
hydrogel structure. This is consistent with the behaviour found for other
starchy (Torres et al., 2019; Nunes et al., 2006) and non-starchy (Alvarez
and Canet, 2013) gelled systems. The maturation profiles of developed
hydrogels (Fig. 3d) indicated that the dynamic hydrogel network
equilibration was instantaneously achieved with steady values for G’
(~3.1 10° Pa)and G’ (~2.5 10° Pa). These maturation times were lower
than those reported for other concentrated gels (<40% w/w) formulated
with native starches from different natural resources (Orford et al.,
1987). The mechanical spectrum in terms of viscous and elastic moduli
evolution with frequency of above hydrogel is presented in Fig. 3e. In all
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Fig. 3. Thermorheological profile representative of tested systems prepared with Agria starch (15%, 90 °C): (a) temperature profiles on heating (25-90 °C at 1 °C/
min), (b) time sweep (90 °C), (c) cooling (90-5 °C at 1 °C/min), (d) time sweep (5 °C), (e) frequency sweep (25 °C). Symbols: closed (elastic modulus, G'), open
(viscous modulus, G”).
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cases, a typical gel spectrum was observed, with G° > G” and both
moduli frequency independent (Torres et al., 2018).

Further insight of concentrated starch hydrogels behaviour is
essential in order to improve the processing conditions in multi-
component systems. Fig. 4 shows a general overview on the strength
(G’ge1, 1 Hz) of the hydrogels prepared with Agria starch when compared
with those from commercial starch, as representative of tested systems.
In all cases, extracted starch presented higher (between 3 and 5 times)
viscoelastic features to its commercial counterpart, although following
similar tendencies. It was clearly observed that G’ge increased with
increasing concentration or gelling temperature. The enhancement of
viscoelastic properties with either the rise in starch content or gelling
temperature is consistent with the results previously reported for other
starches with similar amylose content (Nunes et al., 2006). It should be
noted that among the tested varieties, hydrogels formulated with starch
from Agria exhibited the best mechanical properties, followed closely by
Kennebec. Even though, the starch of Neiker also led to hydrogels with
adequate mechanical properties. Viscoelastic values for tested hydrogels
are in the range of those reported for several potential applications from
the food (e.g. commercial savoury/sweet gelled systems) to the non-food
(e.g. cosmetics and health personal care products) fields (Nunes et al.,
2006; BeMiller and Whistler, 2009). Studied hydrogels also exhibited
viscoelastic features consistent with those reported for gelled formula-
tions employed in biofilms-based matrices (Peterson et al., 2015).

The incorporation of bioactives from Neiker variety allowed the
extension of the possibilities of application, by obtaining weaker
hydrogels (between 3 and 20 times) with suitable mechanical properties
for different applications (Fig. 4). Note here that longer maturation time
(below 12 min) was required for hydrogels prepared using as solvent the
selected liquid autohydrolysis fractions. This kind of weaker functional
hydrogels can be highly valuable as basis of preparations for target

10000000
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population with particular requirements, as gelled matrices for baby or
elder food (Alvarez and Canet, 2013). Moreover, above hydrogels could
be attractive alternatives for the development of functional biofilms
incorporated with glycerol, based on the results previously found for
other biopolymer-based biofilms (Moreira et al., 2011; Larotonda et al.,
2016) and evaluated in a parallel work (Torres et al., 2019).

3.3.2. Textural features

Table 4 summarises the textural properties of formulated hydrogels.
In all cases, absence of syneresis was found for the analysed period (two
weeks). As expected, firmness significantly increased with increasing
starch concentration or gelling temperature. Hydrogels from commer-
cial and extracted starches presented the same tendency, although
notably higher values were identified in those prepared from extracted
starches. This behaviour suggests to be related to the largest total starch
content in extracted starches. The magnitude of this parameter was
notably higher than those previously reported for commercial potato
starches and in the range of those roasted starches (Torres et al., 2018).
The firmness of tested hydrogels varied in a wide range, being compa-
rable with those values reported for hydrogels formulated with mixtures
of gelatine (8%, w/w)-corn starch (5%, w/w) (Marfil et al., 2012), but
also with those prepared with achira starch at much higher starch
content (80% w/w) (Fonseca-Florido et al., 2017). Adhesiveness values
significantly increased with increasing gelatinisation temperature for
hydrogels prepared at starch concentration of 15%, whereas the reverse
trend was observed above 20%. Concerning cohesiveness values, this
parameter did not present significant differences with gelatinisation
temperatures at starch content below 20%, whereas a decreasing trend
was noticed at the highest starch content. Overall, all functional
hydrogels provided lower values in all assessed textural parameters
when compared with those prepared in the absence of bioactive liquors.

Fig. 4. Comparative of viscoelastic properties
throughout G'1y, from the mechanical spectra for
tested hydrogels, including those prepared with
bioactive fractions. Two sets of representative me-
chanical spectra are presented for clarity (left - CS,
right - AS). Symbols: white bars (CS, hydrogels from
commercial starch), striped bars (AS, hydrogels from
Agria starch) and grey bars (NBAS, hydrogels from
Agria starch and Neiker bioactives), black circles
(CS15:60, AS15:60), dark grey circles (CS15:70,
AS15:70), light grey circles (CS15:90, AS15:90),
closed (elastic modulus, G'), open (viscous modulus,
G/!)'

o
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Table 4

Texture of hydrogels formulated with commercial starch (CS) and extracted
from Agria variety (AS). Selected functional hydrogels (NBAS) prepared using as
solvent liquid autohydrolysis fraction of Neiker variety.

Hydrogels Firmness (N) Adhesiveness (N.s) Cohesiveness (—)
CS15:60 0.04 + 0.01P 0.08 + 0.01° 0.38 + 0.02¢
CS15:70 0.02 + 0.01P 0.04 + 0.01° 0.39 + 0.09¢
CS15:90 0.45 + 0.02™ 0.45 + 0.03" 0.44 + 0.014
€S20:60 0.57 + 0.03" 0.98 + 0.118 0.38 + 0.03¢
€S20:70 0.87 + 0.04* 0.75 + 0.02" 0.39 + 0.05¢
€S20:90 1.6 + 0.1 0.28 + 0.06"" 0.38 + 0.06¢
CS25:60 2.4 +0.1 2.4+0.1° 0.35 + 0.02%¢
CS25:70 2.4 +0.2! 2.3+0.1° 0.30 + 0.03°
€S25:90 47 +0.48 1.8 +0.2f 0.27 + 0.01¢
€S30:60 3.8+0.2" 0.89 + 0.058 0.07 + 0.038
©S30:70 10.8 + 0.9° 0.61 =+ 0.09! 0.10 + 0.078
€S30:90 12,5 + 1.7¢ 0.18 + 0.04™ 0.01 + 0.01"
AS15:60 0.13 +0.1" 0.25 + 0.02" 1.1 +0.1°
AS15:70 0.08 + 0.01° 0.12 £ 0.2" 1.2+0.2°
AS15:90 1.4+ 0.1 1.7 + 0.2 1.3+0.1%
AS20:60 1.8+ 0.2 3.2+ 024 1.1+0.3%
AS20:70 2.5+ 0.3! 2.4 +0.2° 1.2+0.4%
AS20:90 4.9 +0.18 0.90 + 0.18 1.1+0.2%
AS25:60 7.1 +0.1f 7.4 +0.1° 1.0 +0.3°
AS25:70 7.3+ 0.1f 6.9 + 0.4° 0.90 + 0.02°
AS25:90 14.3 +0.2¢ 5.6 £ 0.1° 0.81 + 0.01¢
AS30:60 11.1 + 0.3%¢ 2.8 +0.3¢ 0.21 + 0.04f
AS30:70 32.2 + 0.6" 1.9 + 0.2 0.30 + 0.02°
AS30:90 37.5+1.2% 0.56 =+ 0.03' 0.03 + 0.01"
NBAS15:90 0.20 + 0.01" 0.34 + 0.02! 0.40 + 0.02¢
NBAS20:70 0.65 =+ 0.03' 0.18 + 0.04™ 0.26 + 0.02°
NBAS25:60 1.7 £ 0.2 2.0 + 0.28f 0.21 + 0.01°
NBAS30:60 2.9 + 0.3 0.68 + 0.02! 0.03 + 0.01"

Data are presented as mean =+ standard deviation. Data values in a column with
different superscript letters are significantly different at the p < 0.05 level. Note
that the hydrogels are labelled with the concentration followed by the temper-
ature at which they were prepared.

The broad range of adhesiveness and/or cohesiveness values found in
this study are relevant for the product development, allowing to extent
the pallet of the potential final applications depending on the selected
processing conditions. An increase in these parameters is essential in the
processing of a number of different products such as sweet/savoury
gelled matrices, biofilms or glues (Nunes et al., 2006; Genovese et al.,
2010). The macrostructural texture outcomes obtained here were in well
harmony with those aforementioned from the microstructural rheolog-
ical results.

Overall, the largest total starch content of extracted starches,
compared to the commercial counterpart used as control, allowed
decreasing the required starch doses in the prepared formulations. It was
also possible to reduce the maturation time during the hydrogels for-
mation when compared with other starchy gelled systems (Nunes et al.,
2006; Torres et al., 2018). Another advantage was the absence of syn-
eresis of the developed hydrogels with extracted starches, which is of
great relevance from the point of view of the application.

4. Conclusions

To conclude, it should be indicated that low-sized or irregular shape
discarded potatoes properly processed have a great potential for food
and non-food applications. Each tested potato variety exhibited specific
properties, which make it suitable for its revalorisation focused on
different final products. Flesh from Agria is a good source of high quality
starch and peels from Neiker are a nice source of bioactive compounds,
whereas Kennebec is a good source of carbohydrates and minerals. The
feasibility of preparing functional hydrogels with attractive mechanical
properties provides new routes for the integral valorisation of the dis-
carded potatoes. The proposed hydrogels pallet means a relevant in-
crease in potential end-uses with healthy properties, with the
consequent added value from the economic, social, industrial and

Journal of Food Engineering 275 (2020) 109886

environmental point of view.
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