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Abstract

Soy (Glycine max) and oats (Avena sativa) are plant sources used in milk-alternative beverages. However, protein and
lipid constituents of these food matrices can undergo alterations during the storage. In this work, a commercial
formulation of soy and oat-based beverages were comparatively evaluated. During the 12 months of shelf life and
two following months, their phenolic content, antioxidant capacity, lipid peroxidation, protein carbonyl formation
and protein breakdown were assessed. Total phenolic content and antioxidant capacity of soy and oat-based
beverages were maintained during the entire period of 14 months. Both beverages did not show any increase in
spontaneous lipid peroxidation beyond the basal level, however, due to the different content of unsaturated fats,
when lipid peroxidation was stimulated, soy exhibited a major peroxidizability with respect to oat beverage.
Oxidative alteration of proteins, estimated as carbonyl group formation, presented no increase with respect to the
basal levels both in soy and oat beverages for all 14 months. Finally, soy proteins showed a gradual increase of
proteolytic activity up until half of the shelf life, while oat did not show significant changes in protein
fragmentation. In conclusion, both soy and oat beverages resulted oxidatively stable throughout their storage.
We suggest that phytochemicals might guarantee the oxidative stability of the product, possibly in combination
with antioxidant bioactive peptides, which already have well-known benefits on human health.
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Introduction
The consumption of non-dairy milk alternatives is steadily
increasing and consumers show a noticeable interest in
using plant-based beverages. These foods are milk substi-
tutes suitable for vegetarian and vegan diets and for people
suffering from lactose intolerance or milk proteins allergy
(A. R. A. Silva et al. 2020). From a nutritional point of view,
each plant-based beverage is endowed with a characteristic
composition of carbohydrates, lipids, proteins and micronu-
trients. In addition, the various plant sources present unique

bioactive compounds with potential health benefits. The
most studied and popular beverages are derived from soy
(Glycine max), due to its large use in Asian countries which
dates back at least 2000 years. However, other milk alterna-
tives, such as beverages based on oats (Avena sativa) are also
requested (Sethi et al. 2016; A. R. A. Silva et al. 2020).
In the legume soy, the principal components are

proteins (40%), in particular the two major fractions β-
conglycinin (7S) and glycinin (11S), together with other
proteins such as protease inhibitor and lipoxygenase.
Methionine is the least abundant amino acid in soybean
proteins. Soybeans also contain lipids (about 20%),
mostly polyunsaturated fatty acids (about 59% of total
fats), and carbohydrates (about 25–30%). Furthermore,
soybeans contain vitamins, minerals and bioactive
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molecules. These include isoflavones (daidzein and ge-
nistein) and phenolic molecules with estrogenic activity,
which are considered the major factor responsible for
the health effects of soy products (Battistini et al.
2018; El-Shemy 2011).
Oats is a cereal and, consequently, carbohydrates

constitute a large part of its composition, as it contains
60% starch. In oats, proteins (11–15%) are higher in con-
tent with respect to other cereals and include globulins
(avenalins) with fraction 12S as their principal component,
albumins, prolamins and glutelins (Ames et al. 2013;
Gulvady et al. 2013). Globulins contain low amounts of
cysteine and methionine but are rich in asparagine and
glutamine (Shewry and Casey 1999). Moreover, oats con-
tain lipids (7%) such as polyunsaturated fatty acids (about
41% of total fats) (Ames et al. 2013; Gulvady et al. 2013;
Rasane et al. 2015; Singh et al. 2013). Oats also contain
phenolic compounds including phenolic acids, flavonoids
and precursors of phytoestrogens such as lignans. Notably,
oat beverages contain avenanthramides, which are low
molecular weight phenolic compounds found specifically
in oats. They are amides of anthranilic and hydroxycin-
namic acids which present different aromatic ring substit-
uents (Gangopadhyay et al. 2015). They are endowed with
different biological properties ranging from anti-irritant to
anti-inflammatory and antioxidant effects (Gangopadhyay
et al. 2015; Perrelli et al. 2018; Wise 2013). An important
group of phytochemicals is represented by β-glucans as
fibers. Other health beneficial compounds in oat are carot-
enoids and vitamins, vitamin E in particular.
Generally, the health effects of soy and oats are mainly

attributed to bioactive compounds such as isoflavones
and β-glucans, respectively. On the whole, the positive
effects associated with the consumption of these two
food matrices are the reduced risk of chronic diseases,
maintenance of cardiovascular health and promotion of
various digestive functions (Chang et al. 2013; Fuller
et al. 2016; Korczak and Slavin 2013; Sethi et al. 2016;
Yao et al. 2004).
In recent years, a great interest was addressed to anti-

oxidants derived from natural sources and especially
from plants. In this work, two plant-based beverages
derived from soy and oats were taken into consideration
and a comparative study of their antioxidant capacity
during shelf life was carried out. In particular, their spe-
cific phenolic content and differences in composition of
lipids and proteins, that may be subjected to oxidative
damage during storage, were correlated.

Materials and methods
Materials
Trolox C, ABTS (2, 2′-azinobis(3-ethylbenzothiazoline
6-sulfonate)), gallic acid, 1,1-diphenyl-2-picrylhydrazyl
(DPPH), IGEPAL CA-630, butylated hydroxytoluene

(BHT), dithiothreitol (DTT), hemin, cumene hydroperoxide
(CHP), hydrochloric acid (HCl), n-butanol, Na2CO3, Folin-
Ciocalteau reagent, phosphotungstic acid (PTA), potassium
persulfate, sodium dodecyl sulfate (SDS), sodium hydroxide
(NaOH), sulfuric acid, thiobarbituric acid, Trizma base and
urea were purchased from Merck-Fluka-Sigma-Aldrich
(Darmstadt, Germany).
Ethanol, petroleum ether and trichloroacetic acid

(TCA) were purchased from Carlo Erba Reagents S.r.l.
(Cornaredo MI, Italy). Acetic acid glacial was purchased
from AppliChem (Munich, Germany). Sodium tetraborate
was purchased from VWR (Milano, Italy). 2,4- Dinitro-
phenylhydrazine (DNPH) was purchased from JT Baker
(Thermo Fisher Scientific, Milano, Italy).

Preparation of soy and oat-based beverages
Soy and oat-based beverages were provided by Centrale
del Latte di Vicenza as a commercial formulation. Bever-
ages were obtained through grinding and soaking soybeans
or rolled oat in water to obtain liquid extracts. Insoluble
material was removed and ultra high temperature treat-
ments were applied. Beverages derived from different
production lots were analysed during the shelf life and for
two additional months after the expiration date. The 12-
month-long shelf life of both beverages was established by
the manufacturer, accounting for safety aspects and the
sensory profile of the products.

Composition of beverages and measurement of
tocopherols and phenolic compounds
Soy and oat-based beverages were analysed by an exter-
nal facility (CHELAB, Resana, TV, Italy) for the quantifi-
cation of bioactive molecules and composition as
indicated in Table S1 and S2, respectively. In particular,
proteins were evaluated by titrimetry, while total fats,
dry substance, humidity, dietary fibers and ashes were
quantified through gravimetric analysis. UNI EN 12822:
2014 was applied for determination of alpha-tocopherol.
Total polyphenols were determined by solvent extraction
and dilution of the samples at the right concentration.
Then, extracted fractions were measured by HPLC/UV-
Vis analysis against proper standard compounds.

pH measure
pH of each beverage of soy and oat was measured after
1:1 dilution with water (sensION™ + PH31, Hach, Iowa,
USA), over the time of experimentation.

Preparation of hydroalcoholic extracts
The antioxidant activity of the beverage samples was mea-
sured by solvent extraction with a modified method de-
scribed by Xu and Chang (2007) and Citta et al. (2017).
Aliquots (0.5mL) of beverages were added to 9.5mL of
80% ethanol, mixed for 30min in an orbital shaker and
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centrifuged at 16800 g for 20min at 4 °C. Then, the super-
natants were filtered through Whatman Chr 1 to obtain
hydroalcoholic extracts used for further analysis or main-
tained at − 20 °C.

Total phenolic content (TPC)
The total phenolic content was determined with the
Folin-Ciocalteau reagent. Briefly, 1 mL of hydroalcoholic
extract of beverages obtained as above was added to 1
mL of Folin-Ciocalteau reagent diluted 1:2 with water
and incubated for 3 min. Then, samples were treated
with 2mL of 10% Na2CO3 for 15 min at room
temperature and then centrifuged at 6000 g for 5 min. 1
mL of supernatant was estimated spectrophotometrically
at 750 nm (Citta et al. 2017; Tonolo et al. 2019). Gallic
acid was used as standard for the calibration curve. The
results were expressed as milligrams of gallic acid equiv-
alents per 100 mL of products (GAE).

Antioxidant activity of hydroalcoholic extracts with ABTS
method
The antioxidant capacity of beverage extracts was ana-
lysed using ABTS scavenging test (Sochor et al. 2010;
Tonolo et al. 2019). The method is based on the oxida-
tion of ABTS to a free radical molecule (ABTS•+). The
latter was obtained after reacting 7 mM ABTS with 2.46
mM potassium persulfate for 18 h in the dark at RT.
Antioxidant activity was estimated by adding 0.02 mL of
hydroalcoholic extract to 1 mL of ABTS•+ solution and
the decrease of absorbance was measured at 734 nm
after 20 min. Trolox C was used as standard molecule by
setting up a calibration curve and the obtained values
were indicated as Trolox C equivalent antioxidant
capacity (TEAC).

Antioxidant activity of hydroalcoholic extracts with DPPH
method
The antioxidant activity of hydroalcoholic extracts was
performed by the method described with some modifica-
tions (Tonolo et al. 2019 Wong et al. 2006). 0.8 mL of
0.1 mM DPPH (1, 1-diphenyl-2-picrylhydrazyl) solution
were added to 0.2 mL of hydroalcoholic extract. De-
crease of absorbance was evaluated spectrophotometric-
ally at 517 nm after 30 min. Percentage of DPPH
scavenging inhibition was calculated as:

%DPPH scavenging ¼ Abscontrol −Abssample
� �

= Abscontrolð Þ � 100

TBARS determination as an index of lipid peroxidation
Lipid peroxidation was assessed following the formation
of thiobarbituric acid-reactive substances (TBARS) (Citta
et al. 2017). Aliquots of soy or oat-based beverages were
treated with 3.9 mL of 0.1 N sulfuric acid and 0.5 mL of

10% phosphotungstic acid (PTA) for 10min at RT. Then,
samples were centrifuged at 4000 g for 10min and pellets
were treated again with 2mL of 0.1 N H2SO4 and 0.3mL
of 10% PTA, following the same procedure. The dry
pellets were dissolved in an aqueous solution (final volume
of 4 mL) in the presence of 0.25% IGEPAL, 0.01% BHT
and 0.17% thiobarbituric acid. Samples were incubated for
60min at 95 °C and then cooled on ice for 15min. After
centrifugation (4000 g for 10min), 3 mL of n-butanol were
added to the supernatant and vigorously mixed. Samples
were centrifuged at 4000 g for 15min and the fluorescence
of the upper phase was measured with a plate reader
(TECAN Infinite® M200 PRO, Männedorf, Switzerland) at
530 nm (λEx) and 540 nm (λEm). Calibration curve for soy
and oat beverages was set up with 1,1,3,3-tetrahydroxy-
propane standard solution and the results were expressed
as nmol MDA equivalents/mL of product. When indi-
cated, beverage samples were treated with 12mM cumene
hydroperoxide (CHP) and 24 μM hemin for 30min at RT,
and then processed as described.

Proteolytic activity
The proteolytic activity of samples was estimated utilizing
ortho-phtalaldehyde (OPA) which is able to bind the
amino group of proteins (Church et al. 1983). The light
yellow “OPA reagent” is formed by 0.1M sodium tetrabo-
rate, 0.1% sodium dodecyl sulphate, 5.76mM ortho-phta-
laldehyde dissolved in ethanol, and 5.7mM dithiothreitol
(DTT). Briefly, 1 mL of soy and oat beverage was treated
with 2mL of 1% cold trichloroacetic acid (TCA) and 1mL
of water. Samples were filtered through Whatman Chr 1
and then with 0.22 μm filters (Sartorius, Gottinga,
Germany). Finally, 0.15mL of filtered sample was added
to 3mL of “OPA reagent” and the absorbance was mea-
sured at 340 nm after incubation at RT for 2min.

Defatted soy and oat-based beverages
Soy and oat-based beverages were defatted according to
Tsopmo et al. (2010) with some modifications. Beverages
were diluted with petroleum ether 1:3 and then, mixed
overnight at 4 °C. After 2 hours, solvent in the upper
phase was removed and the lower phase lyophilized.

Determination of carbonyl content
Carbonyl content of soy and oat-based beverages was
determined with modifications of the method described
by Georgiou et al. (2018). Briefly, 5 mg of lyophilized
powder of the defatted beverages described above was
dissolved in 0.1 mL of water. 5M urea/50 mM NaOH
(0.5 mL) was added to the samples and then, carbonyl
groups were derivatized with 0.1 mL of 6 mM DNPH in
4M HCl at RT for 30 min in the dark. A Master Mix so-
lution was prepared (0.32M Trizma-base and 0.32M
acetic acid at pH 10) and was used (0.575 mL) to reach
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pH 7. Samples were transferred to glass tubes and 15
mM SDS (final concentration) was gently added. Then,
samples (1.25 mL) were extracted three times with ethyl
acetate/ petroleum ether solution (5:2), and centrifuged
at 4000 g for 5 min at RT. The upper phase was removed
and the bottom phase was extracted again and centri-
fuged at 15800 g for 5 min. Protein content was esti-
mated using the Bradford method (Bradford 1976).
Supernatant absorbance was measured at 370 nm and
results were expressed as nmoles/mg proteins of carbonyl
groups.

Statistical analysis
Reported values are the mean ± SD of at least four inde-
pendent experiments. The analysis of variance was per-
formed by multiple comparison test with Tukey-Kramer
method. GraphPad InStat 3 was the software used for
analysis. Only differences with p < 0.05 were considered
significant.

Results and discussion
In this work, we compared the antioxidant properties of
soy and oat-based beverages during shelf life. To this
purpose, different assays for determination of the anti-
oxidant activity were performed and, in addition, lipid
and protein oxidation were also estimated.

Determination of total phenolic content
The total phenolic content (TPC) was estimated with
the Folin-Ciocalteau reagent and reported as milligrams
of gallic acid equivalents (GAE) per 100 mL of sample
(Fig. 1a). In both beverages, GAE values (mg/100 mL
product) were stable during shelf life and also for 2
months after the expiration date, showing remarkable
oxidative stability. However, this test revealed differences
in soy and oat beverages. In particular, oat-based bever-
ages exhibited GAE values (about 15 mg/100 mL of
product) lower than those observed in soy-based bever-
ages, which are in the range of 25–30 mg/100 mL of
product. This result reflects the different total phenolic
content of the two beverages (Table S1). Oats contain
phenolic acids and flavonoids (Gangopadhyay et al.
2015), and this cereal is specifically rich of avenanthra-
mides showing antioxidant activities (Perrelli et al. 2018;
Wise 2013). On the other hand, soy is plentiful of isofla-
vones, a group of flavonoids belonging to phytoestro-
gens. The major isoflavones present in soy are genistein
and daidzein (50 and 40% of total isoflavones), but glyci-
tein is an important component as well (10%) (El-Shemy
2011). The different classes of phenolic compounds re-
flect the differences in GAE values obtained with the
two matrices. However, both beverages showed stability
in total phenolic content during the observed period and
no loss of phenolic content was noted even after the

expiration date. In soy beverages, the obtained trend was
in accordance with what previously observed in fermen-
ted soy products, analysed during 50 days of shelf life
(Tonolo et al. 2019).

Antioxidant capacity of hydroalcoholic extracts with ABTS
and DPPH methods
By using the ABTS radical scavenging activity test, other
differences between the two food matrices emerged (Fig.
1b). TEAC (μM Trolox equivalent/mL product) values
obtained in soy beverages (300 μM TEAC) were three
times higher with respect to the values observed in oat
beverages (about 100 μM TEAC), indicating a minor
antioxidant capacity of the latter. However, both oat and
soy beverage values were stable during shelf life and
after the expiration date. Furthermore, in soy samples,
from the fourth month of shelf life, a moderate increase
of antioxidant capacity was observed with respect to the
first 2 months, probably due to a slightly increased avail-
ability of antioxidant molecules in these phases of shelf
life. In fact, this result correlates with the slight increase
of total phenolic content in soy beverages at the end of
shelf life, as previously shown (Fig. 1a). In addition, to
confirm our data, DPPH scavenging test was utilized for
measuring the antioxidant activity in hydroalcoholic ex-
tracts of the two beverages, as depicted in Fig. 1c. In soy
beverage the obtained trend reflected what was found by
the TPC and ABTS assays, with an increase occurring in
the last months while in oat the antioxidant capacity was
maintained rather constant or slightly decreases (Fig. 1b
and c). The DPPH assay did not show the marked differ-
ences between the two beverages observed with the
ABTS method, although the trend is still the same. This
discrepancy might be due to the different chemistry oc-
curring in the various assays utilized for estimating the
total non-enzymatic antioxidant capacity, as each free
radical probe exhibits different reactions rates and
mechanisms.
Plants are rich in phytochemicals such as vitamin E,

lignans and phenolic compounds. The effects of these
molecules include not only benefits to human health but
also food oxidative stability. In oats, vitamin E, phenolic
acids such as caffeic and ferulic acids, and avenanthra-
mides are the principal antioxidant molecules. In the
analysed oat samples para-coumaric acid and ferulic
acid content did not show significant changes during the
shelf life (Figure S1 and Table S4). Other compounds
present in small quantities are flavonoids (Peterson
2001; Rasane et al. 2015). On the other hand, the princi-
pal components of soy that show antioxidant activity are
isoflavones, including both glucoside forms as genistin,
daidzin and glycitin and especially aglycones (genistein,
daidzein and glycitein) (El-Shemy 2011). As reported in
Table S3, the total amount of isoflavone content in our
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Fig. 1 Antioxidant capacity of soy and oat beverages during shelf life. Total phenolic content (a) was estimated with Folin-Ciocalteau reagent in
hydroalcoholic extracts of the two beverages. Values are expressed as milligrams of gallic acid equivalents (GAE) per 100mL of sample. In the
ABTS assay (b), antioxidant capacity is expressed as μM Trolox equivalents/mL product (TEAC). Trolox C was used as standard molecule for the
assay. In the DPPH assay (c), antioxidant capacity is expressed as percentage of DPPH scavenging capacity. * p < 0.05, ** p < 0.01
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samples (0, 14 months) of soy beverages did not change
significantly, although the aglycones decreased during
the shelf life. In fact, as reported by M. B. R. Silva et al.
2019, in soy-beverages the aglycone content is affected
by the production and processing. Furthermore, as re-
ported in Table S1, soy-based beverages contain a higher
content of total tocopherols with respect to oat-based
beverages.

Lipid peroxidation in soy and oat beverages
Lipid peroxidation of the two beverages, potentially oc-
curring during shelf life, was evaluated with the thiobar-
bituric acid (TBA) test which estimates the products
deriving from lipid peroxidation (TBARS). Tetraethoxy
propane, the bis (diehyl acetal) derivative of malondial-
dehyde (MDA), was utilized as standard and results are
reported as MDA equivalents (nmol MDA equivalents/
mL). MDA, together with several other aldehydes, is one
of the terminal products of unsaturated lipids oxidative
degradation and a useful marker for quantifying the lipid
peroxidation process (Yagi 1984). The results reported
in Fig. 2 show the spontaneous lipid peroxidation for soy
(Fig. 2a) and oat (Fig. 2b), while Fig. 2c (soy) and d (oat)
indicate the extent of lipid peroxidation stimulated with
inducers of oxidative stress such as the combination of
cumene hydroperoxide (CHP) and hemin. TBA assay
showed that soy and oat-based beverages do not increase
spontaneous lipid peroxidation during 14 months of
storage (Fig. 2a and b). Instead, a decline of peroxidizabil-
ity was seen, particularly in the soy beverage. However,

the obtained results highlighted differences between the
two matrices both in spontaneous (Fig. 2a-b) and forced
(Fig. 2c-d) lipid peroxidation. In spontaneous lipid peroxi-
dation, soy-based beverages exhibited over time an aver-
age value of 7.2 nmol MDA equivalents/mL of product
while oat beverages showed an approximately five times
lower average value of 1.6 nmol MDA equivalents /mL of
product (Fig. 2a-b). After lipid peroxidation stimulation
with CHP/hemin, differences between the two beverages
were similar, but with values for soy and oat largely ampli-
fied. In fact, in soy beverages, average TBARS formation
was estimated in the order of 500 nmol MDA equivalents/
mL of product, therefore more than ten times higher with
respect to the values observed in oat beverages (about 27
nmol MDA equivalents/mL of product) (Fig. 2c-d). In fact,
total fats in soy were about double with respect to those
present in oat beverages and the fatty acid composition of
the two food matrices were different (Table S2). The ex-
tent of lipid peroxidation is essentially related to the
amount of unsaturated fatty acids, while food oxidation
depends on the type and concentration of endogenous an-
tioxidants that are critical in controlling the oxidative sta-
bility of the product. In soy matrix, lipids are about 20% of
the total composition. The major fraction is represented
by polyunsaturated fatty acids (63%) while monounsatu-
rated fatty acids account for 21% and, therefore, the rela-
tively high values of lipid peroxidation observed in soy-
based beverages are due to the relatively high concentra-
tion of this class of fats. In oats, similarly to other cereals,
lipids are lower with respect to soy. The principal lipids

Fig. 2 Estimation of lipid peroxidation during shelf life of soy and oat beverages. TBARS formation is expressed as nmol MDA equivalents/mL of
product in soy (a, c) and oat (b, d) beverages in the absence (a, b) and in the presence (c, d) of CHP/hemin
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present in the oat matrix are localized in the endosperm
and they consist of triacylglycerols, phospholipids and
glycolipids. The fatty acids mainly present in oats are
oleic acid, linoleic acid and palmitic acid (Rasane
et al. 2015; Rosicka-Kaczmarek et al. 2015). However,
the presence of specific endogenous antioxidants is a
favourable factor for stability of oat-based beverages.
Furthermore, in oat, a fiber fraction rich in proteins
was also able to reduced lipid peroxidation (Lehtinen
and Laakso 2000). Soy and oat contain enzymes such
as lipase and lipoxygenase that can lead to deterior-
ation of the product such as rancidity. However, heat
processes can inactivate lipases and lipoxygenases by
preventing their reaction with lipids. Heat treatments
are therefore useful for decreasing rancidity and im-
prove the shelf life (Ames et al. 2013; Decker et al.
2014). These observations confirm previously reported
results showing that fatty acids did not change signifi-
cantly during storage of oat-based beverages and also, lino-
leic acid shows no alterations (Zhang et al. 2007).

Determination of carbonyl groups during shelf life
Oxidative processes occurring during shelf life involve
not only unsaturated lipids but also proteins. Further-
more, heat treatment utilized to avoid growth of micro-
organisms is a potential factor able to alter protein
characteristics (Mäkinen et al. 2016). Therefore, deter-
mination of carbonyl groups, considered critical markers
of protein oxidation, was performed using the specific
reagent 2, 4-dinitrophenylhydrazine (DNPH). Most of
the amino acid residues in proteins can form carbonyl
groups either directly, after a reactive oxygen species
attack, or indirectly, by the interaction of reactive alde-
hydes deriving from lipid peroxidation. The oxidation
products of reducing sugars can also lead to the forma-
tion of protein carbonyls (Weber et al. 2015). To esti-
mate carbonyl group formation, samples were defatted

and, after reaction with DNPH, protein carbonyls were
quantified by measuring the absorbance at 370 nm. As
shown in Fig. 3, during the shelf life no increase of car-
bonyl group concentration beyond the basal levels was
observed in both soy and oat beverages. Therefore, the
lack of increase of protein oxidation after the expiration
date indicates a good oxidative stability. With soy pro-
tein, a slight decrease of carbonyl concentration took
place during the first 6 months and subsequently the
carbonyl values remained essentially constant for the
further months (Fig. 3). As apparent in Table S2, the
protein content was very different in the two matrices,
about four times lower in oat with respect to soy. In
addition, the amino acid composition of the major soy
and oat proteins was evaluated using Uniprot database.
We found that the amount of amino acid residues was
different in the two food matrices, with tyrosine for
example being more present in oat 12S globulin with re-
spect to soy glycinin G1 and β-conglycinin. Furthermore,
cysteine and methionine are lower in soybean β-conglycinin
with respect to 12S oat globulin. These differences should
be taken into account when considering protein oxidation
and the consequent formation of carbonyl groups in the oat
compared to soy-based product.

Evaluation of pH changes of soy and oat beverages
The degree of acidity of each beverage was measured
every 2 months of shelf life during 14 months of ana-
lysis. The pH was different between the two samples, as
depicted in Table S5. Oat-based beverages showed a pH
in a range going from 6.32 to 6.02, while soy-based bev-
erages exhibited a range of pH from 7.68 to 7.41 (see
Table S5). In soy beverages a decrease of respectively
0.16 and 0.23 units of pH was observed after 2 and 4
months of shelf life with respect to the initial estimation.
However, starting from half shelf life time, the values
were stable. This indicates a slight modification of the

Fig. 3 Protein carbonyls during shelf life of soy and oat beverages. Protein oxidation was determined by estimation of carbonyl groups with the
DNPH method. The values are reported as percentage of protein carbonyls content with respect to the initial month
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beverage occurring during storage and possibly due to
proteolysis (Achouri et al. 2007). Similarly, in oat-based
beverages, a decrement of pH occurred in the first
months, but as early as the fourth month, values were
essentially constant until the end of the storage time
analysed. In both cases, the pH values observed during
shelf life and after expiration date indicated a stability of
the samples. These results led us to examine protein
fragmentation during shelf life.

Spontaneous proteolysis during shelf life
Protein fragmentation was evaluated using the ortho-
phtalaldehyde (OPA) assay. By this test, oat proteins
resulted about ten times less sensitive to proteolytic
attack compared to soy proteins (Fig. 4). Oat beverage
showed very low absorbance values measured at 340 nm
and significant changes in protein fragmentation were
not found during the entire shelf life. In soy beverages a
gradual increase of proteolytic activity until half of the
shelf life was observed, reflecting the decrease in pH
values during the initial period of shelf life and possibly
the decrease of MDA and carbonyl group formation
observed during the same time range (Figs. 2 and 3).
This observation could be explained by the production
of bioactive peptides due to spontaneous proteolysis.

Conclusions
During shelf life, soy and oat-based beverages showed
significant differences in antioxidant properties and a
different response to lipid and protein oxidation. Total
phenolic content, estimated as GAE values, was about
twice in soy with respect to oat beverages. Similarly, in
soy beverage, antioxidant capacity, estimated as TEAC
values with the ABTS test, is three times higher than oat
beverage. In both types of beverages, the antioxidant ac-
tivity was stable during the shelf life and for 2 months
after expiration date. The antioxidant capacity of the

two matrices is different for each beverage and is due
both to the amount and specific composition of
endogenous antioxidants. Subsequently, the response of
proteins and lipids toward oxidizing conditions was
taken under consideration by different methodologies.
Lipid peroxidation assayed as TBARS showed that soy
and oat-based beverages did not increase peroxidative al-
terations during shelf life. However, significant differ-
ences between soy and oat were observed as soy lipids
were more oxidized than lipids in oat matrix in both
spontaneous and stimulated conditions. This is likely
due to the higher unsaturated fatty acid content in soy
with respect to oat. Hence, from the point of view of
rancidity, during storage, oat beverages are potentially
less prone to lipid peroxidation with respect to soy
beverages. Finally, protein alterations were studied with
regards to their fragmentation and oxidation. Oat pro-
teins were not fragmented during the shelf life, while soy
proteins showed an increased fragmentation up to the
sixth month. This result suggests that antioxidant bio-
active peptides may be released, exerting their properties
of stabilizing the food matrix during the shelf life. In
both soy and oat samples, carbonyl groups did not in-
crease during shelf life and after expiration date, indicat-
ing a great stability of the products. Both beverages are
able to retain their antioxidant capability during all shelf
life of 12 months and did not undergo significant peroxi-
dation of lipids and oxidation of proteins showing a re-
markable stability. Differences in antioxidant capacity and
lipid and protein oxidation were observed depending on
the different composition of the two plant matrices.
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